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Theme
Computing for a better tomorrow
This is the first volume of the conference proceedings of the 36th eCAADe Conference,
held from 19-21 September 2018 at the Faculty of Civil Engineering, Architecture and Environmental Engineering, Lodz University of Technology, Łódź, Poland. Both volumes together
contain the 181 accepted papers that are also available digitally in CuminCad (Cumulative
Index of Computer Aided Architectural Design, http://papers.cumincad.org/ or http://cumincad.scix.net).
The theme of the 36th eCAADe Conference is Computing for a better tomorrow. When we
consider the aims of research activities, design efforts and mastering towards ideal solutions
in the area of digital technologies in the built environment, such as CAD, CAM, CAE, BIM, FM,
GIS, VR, AR and others, we may realise the actual reason for that is to make life better, healthier, prettier, happier, more sustainable and smarter. The usefulness of undertaken studies
might be tested and proved by the noticeable shared approach of putting humans and their
environments in a central position: man and the environment, nature and design, art and
technology... Natural disasters and climate change, crime and terrorism, disabilities and society ageing - architects, designers and scientists active in the built environment domain are
not able to eliminate all the risk, dangers and problems of contemporary world. On the other
hand, they have social and moral responsibilities to address human needs and take up this
multifaceted challenge. It involves a co-operation and, moreover, an interdisciplinary and
user-oriented approach.
The complexity of raised problems should not discourage us, on the contrary, it should stimulate activities towards living up to human dreams of a better and sustainable tomorrow. This
calls for a revision of methods and tools applied in research, teaching and practice. Where are
we? What are the milestones and roadmaps at the end of the second decade of the 21st century? Do we really take the most of the abundance of accumulated knowledge? Or we skip to
explore another undiscovered domains?
We invited academicians, researchers, professionals and students from all over the world to
address the multifaceted notions of using computing in architectural and related domains
for developing a better tomorrow. Approaches discussing the theme from the perspective
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of computer aided design education; design processes and methods; design tool developments; and novel design applications, as well as real world experiments and case studies were
welcomed. In order to specifically address some of the questions above, we defined subthemes and organised specific sessions around these subthemes, during the conference as
well as in the proceedings.
Topics included, but were not limited to:
AI for design and built environment
Building Information Modelling
CAAD education
City modelling and GIS
Collaborative and participative design
Design concepts and strategies
Design tools development
Design and structure optimisation
Digital application in construction
Digital design for sustainable buildings
Digital fabrication and robotics
Generative design

Human-computer interaction in design
Information technologies in cultural heritage
Internet of things for built environments
Material studies
Parametric modelling
Shape, form and geometry
Simulation, prediction and evaluation
Smart and responsive design
Smart cities
Spatial reasoning and ontologies
VR, AR and visualisation

The first volume of the proceedings contains 87 papers grouped under 13 sub-themes while
the second volume contains 94 papers grouped under 14 sub-themes. In addition to the accepted papers, the first volume is preceded by Keynote papers including keynote speakers
contributions concerning the themes of their keynote lectures. Furthermore, it is enriched by
special sessions papers and workshop contributions including the papers summarizing the
ideas, goals and the content of workshops given.
Anetta Kępczyńska-Walczak
eCAADe 2018 Conference Chair
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Keynote Speakers

Krzysztof Ingarden
Born 1957, educated in Poland and Japan (MA degree in 1982, doctorate in 1987, habilitation in 2014), started his career in Tokyo (1984-5)
and New York (1986) where he worked in the oﬃce of Arata Isozaki
and J.S. Polschek & Partners respectively. Professor at the Faculty of
Architecture and Fine Arts, AFM Krakow University. The president of
Ingarden & Ewý Architects.
Architect. Graduated Faculty of Architecture, Krakow Polytechnics in
1982, doctorate in 1987, habilitation in 2014. Between 1983-1985
doctorate internship in the School of Art & Design, University of
Tsukuba, Japan; between 1984-5 worked in the oﬃce of Arata Isozaki,
Tokyo; 1987 - in J.S. Polschek & Partners, New York. Co-founder and
President of Board of JET Atelier oﬃce (1991) and Ingarden & Ewy Architects (since 1998).
In the years 2003-2014 associate professor, since July 2014 professor
at A.F.M. Krakow University, teaches architectural design at the Faculty of Architecture and Fine Arts (deputy dean in the years 20032011; dean since 10-2017). In the years 2010 – 2013 visiting external
examiner at the Faculty of Architecture, Dundee University, Dundee,
UK. Since 2002 - General Honorary Consul of Japan in Krakow, since
2015 member of Polish Academy of Arts and Sciences. In the year
2009 received the prestigious Honorary Award of Polish Architects
Association. Winner of architectural awards in Poland and abroad.
For the design of the Polish Pavilion at EXPO 2005 Aichi, Japan, was
awarded the Gold Cross of Merit, in the year 2015 awarded Gloria Artis Medal for the Europe Far East Gallery in Krakow. Author of numerous projects, among other: ICE Krakow Congress Centre (2014),The
Małopolska Garden of Arts (2012), Wyspianski 2000 Pavilion in Krakow
(2007), Polish Pavilion EXPO 2005 Aichi, Japan, (2005), Japanese Language School by Manggha Museum, Krakow (2004), Pontiﬁcal University Library in Krakow (with J.Ewy), Polish Embassy in Tokyo (2001).
Curator of exhibitions: “Localized Modernism. Contemporary Chinese Architecture”, Krakow 2017; “Poland” – UIA Congress 2011, To-
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kyo, Japan; “Polish Architects for Japan” – Polish Architects Association, Warsaw 2011; “Arata Isozaki – Sketches and Drawings” – Manggha Museum, Krakow, 2009; “3-2-1 New Architecture in Japan and
Poland”, Krakow 2004.
Keynote lecture theme:
Between critical regionalism, neovernacularism and localized modernism

Antje Kunze
Antje Kunze is a Solution Manager for BIM and Smart Cities at Esri
Germany. She is focusing on what is needed to build smart, livable,
and resilient communities and how innovative technology supports
collaborative planning and decision making across scales and disciplines.
Previously she was a co-founder and CEO of the ETH-Spin-oﬀ CloudCities, an online platform for publishing interactive 3D city models, and
a researcher at the Chair of Information Architecture at ETH Zurich.
Besides her degree in architecture Antje has a background in computer science with a strong focus on urban modelling and simulation,
participatory planning and information visualization.
Keynote lecture theme: A digital twin for cities: A challenge of bringing
BIM and GIS together

Tom Van Mele
Tom studied architecture and structural engineering at the Vrije Universiteit Brussel in Brussels, Belgium, where he received his PhD in
2008 for a dissertation on the design and analysis of retractable membrane roofs. In 2010, Tom joined the Block Research Group, where his
technical and computational developments have formed the backbone of the day-to-day research and of multiple ﬂagship projects, including the Droneport and the Armadillo Vault, both presented at the
2016 Architecture Biennale in Venice, and the NEST HiLo roof prototype completed in the Robotic Fabrication Lab in 2017. Tom is currently co-director and head of research of the BRG, and lead developer
of COMPAS, an open-source computational framework for research
and collaboration in Architecture and Structures.
Keynote lecture theme: Developing HiLo: BIM for geometrically complex and integrated structures
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Harlen Miller
Harlen Miller is an Associate Designer and practicing Architect at UNStudio’s Amsterdam oﬃce. He is the Lead Coordinator of UNStudio’s
Computational Knowledge Platform which develops digital strategies
and customized tools for rationalizing complex geometry and building systems through computational, parametric and BIM modeling
workﬂows. Harlen joined UNS in 2012 after moving from Los Angeles where his design background was cultivated in ﬁlm, narrative arts,
and high-concept futurist thinking.
Keynote lecture theme: Cultivating Next-GEN Designers

Honourable Guest

Tom Maver
Tom Maver is currently Research Professor in the Mackintosh School
of Architecture at the Glasgow School of Art; previously he founded
and Directed the world class R+D group ABACUS at the University of
Strathclyde. He also founded eCAADe and CAAD Futures and is an
Honorary Fellow of the Royal Incorporation of Architects in Scotland,
the Design Research Society and eCAADe. He has lifetime awards
from IBIPSA, BEPAC, ACADIA and SIGRADI. He holds the Esso gold
medal from the UK Royal Society. He was older then; he’s younger
than that now.
Round Table Session theme: A BETTER TOMORROW?
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Between Critical Regionalism, Neo-vernacularism and
Localised Modernism
Three projects of Ingarden & Ewy.
Krzysztof Ingarden1
1
Ingarden & Ewý Architects, Andrzej Frycz Modrzewski Krakow University
1
architekci@iea.com.pl
In the 70s-80s Kenneth Frampton, defined the phenomenon of ``critical
regionalism'' in contemporary architecture. He pointed out that the most
interesting objects arise at the threshold between local and global architecture.
These are objects that are open to modern technology in various fields of science,
and at the same time remain rooted in the local tradition of building , thus to
create a space that is approved and understood locally. The article presents two
examples of buildings (the Małopolska Garden of Arts in Krakow and the Polish
Pavilion EXPO 2005 Aichi in Japan, Europe - Far East Gallery in Krakow) that
look for their individual contextual sources, turn to experiments with traditional
materials, try to find lost threads of handicraft tradition, and at the same time
reach for modern technologies with respect for the natural and cultural
environment.
Keywords: wicker facade, building material experiments, experimental
architecture, Polish architecture

MODERNITY AND CONTEXTUALITY OF
THE MAŁOPOLSKA GARDEN OF ARTS IN
KRAKOW
The Małopolska Garden of Arts was designed in the
year 2005 as a competition entry, its implementation was started in 2010 and completed in 2012. The
building is located at the Rajska Street, just opposite
the building of the Provincial Library in Krakow. The
departure point for the design concept of the project
is the adaptation of the old XIX hall of the horseriding arena, for a contemporary space of a multi
functional theatrical-concert-conference hall. The
complementary functions are: media library dedi-

cated to art, conference rooms, a cinema and cafeteria. The main entrance to the theatre hall leads
through the foyer located in the front of the former
hall; this space is visually connected to the entrance
and communication zone. This completely glazed
zone was placed in front of the former hall façade.
The decision about its glazing is dictated by the desire to display the historic façade, and to create a visual connection with the space of the “art garden”
in front of the building. This part, roofed although
the outer space, is an intermediate place between
the street and the building. This borderland area is a
place of possible artistic activities, from outdoor ex-
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Figure 1
Malopolska Garden
of Arts - the Rajska
Street public
entrance - vertical
and horizontal
gardens

hibitions, to happenings and multimedia projections
(Figure 1). The second part of the building - the mediatheque is a new building added from the side of
the Szujskiego street. It houses multimedia collections on three ﬂoors, thematically related to art - music collections, art works and literature. Both parts are
connected in one functional arrangement through
the space of a café located at the lowest level (Orzechowski, 2013).

Design method
The main intention of the designers was to develop
a design method allowing to create a free and inno-
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vative form so autonomous that it could be considered a form with an individual and contemporary expression, that would at the same time not disturb the
character of the place. Moreover - it is the result of the
undertaken analysis of forms and their geometry of
neighbouring buildings coming mainly from the late
nineteenth and early twentieth centuries. In order to
deﬁne the characteristics of neighbouring buildings,
two analyses were carried out - the geometry of roofs
and angles found in the buildings of the entire urban
quarter, as well as the analysis of characteristic facade
materials. The neighbourhood is composed mainly
by buildings of a residential function, typical build-

ings from the 19th century, surrounding the historic
centre of Krakow. Their height is from 2 to 5 storeys
with pitched roofs with a slope of approx. 10 - 30 degrees. The elevations of most tenement houses are
eclectic, with articulation of cornices and inter-storey
divisions, building ridge parallel to the streets. Facade materials - plaster and brick.
An analysis of this system resulted in a speciﬁc
catalogue of features of the local architectural code.
This code was used when making basic design decisions - choosing ceramics as an elevation material, as
well as in deﬁning the building’s geometry. In the
roofs adjacent to neighbouring buildings, an exact
continuation of heights and falls was assumed. Elevation obtained divisions based on the previously developed catalogue of angles. The form of the historical horse riding school has been almost entirely preserved, but in the new building it is only a part of the
whole composition. The ediﬁce has a variable height,

which, however, does not go beyond the scale of the
neighbours. The collapse of the cornice line results
from a formal reference to the scale and angles of the
declines of the surrounding roofs. Facade divisions of
the new building also refer to the divisions of neighbouring buildings (cornices), despite the fact that the
form of the facade abstracts from classicizing context
and has the character of a continuous and open band
composition made of glass and a vertical layout of elements of the ceramic façade, in a range of colours
of traditional brick (Figure 2). The design method
adopted in the development of the Małopolska Garden of Arts is based on two opposing principles of
the neighbourhood interpretation - on the one hand
respectful of morphological continuity - by using the
geometric code, and the scale of the neighbourhood.
On the other hand, it is allows the formal abstraction
and interpretation of the existing system of historical
forms. Façades with irregular composition of custom

Figure 2
MGA - custom
designed ceramic
facade continues
and re-iterprets the
tradition of XIX/XX
cent. brick facades
of the urban block
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design ceramic claddings were adopted. It is an attempt to create contemporary architecture resulting
from the analysis of the place and the desire to form
a harmonious relationship between traditional and
contemporary architectural languages. The method
applied in the project can be deﬁned as the method
interpreting the typological and stylistic features of
the neighbourhood. In terms of the design attitude,
it is characterized by: a creative attempt to interpret
the source, as well as radical abstraction in the ﬁeld of
internal composition and new forms applied to the
traditional materials used (eg brick). It can be described as a method of creative, abstractive contextualism, located at the same time close to the architectural current widely deﬁned by Kenneth Frampton
as critical regionalism (Ingarden, 2017, p.76)
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POLISH PAVILION EXPO 2005 AICHI,
JAPAN - WICKER ELEVATION EXPERIMENT
The Japanese edition of the exhibition EXPO in
Nagoya in 2005 was carried out under the leading
statement “Wisdom of Nature”. This term is close to
the idea of “sustainable development” understood
as a balanced development of human civilization
and the environment in which it functions - taking
into consideration nature, economy and culture. In
the Polish Pavilion’s project, the main topic is interpreted in close connection with the supplementary
theme of “The Wisdom of Nature”. The Polish Chamber of Commerce, the organizer of the Polish pavilion, deﬁned the thematic scope of the presentation
based on the symbols such as Chopin’s music and
a unique tourist attraction - the historical salt mine
in Wieliczka. The selection of these topics was preceded by marketing research on their recognition in
Japanese society. The architectural concept of the
pavilion was intended to illustrate this subject (Ingarden, 2013, p.56-60).
The designer’s assumption was to select an unconventional architectural material that allows to
build metaphors of the immateriality and transience
of music, and of the physicality of the underground
salt chamber, and at the same time. The basic design decision concerned the problem of deﬁning the
form of the facade. The façade was an important
distinguishing feature of the pavilion seen from afar,
from the cable car transporting viewers to the “Common 4” area - a group of northern European pavilions
in which the Polish pavilion was located. It was intended to refer to the Polish Mazovian landscape in
order to be associated with Chopin’s music. The key
reference to this idea and solution has become the
statue of Frederic Chopin in the Łazienki Park in Warsaw, where Chopin is portrayed under a willow tree.
This image gave impetus to the search for a method
of using willow withes to form the facade of the building. Wicker (Salix Sp.), being a kind of willow, turned
out to be an ideal material for this purpose (Figure
3). It is a material which in the form of a braid is susceptible to spatial formation, is light and inexpensive,

Figure 3
Wicker (Salix Sp.),
being a kind of
willow, turned out
to be an ideal
material for the
elevation

Figure 4
The Polish Pavilion
was the prototype
building using
hand-woven wicker
netting on steel
frames

and at the same time Poland has several traditional
centres of artistic handicrafts in Poland, for decades
specializing in the production of wicker braids. As a
material, wicker itself carries a message to be a symbolic link between Chopin’s music, Mazovian landscape and a modern pavilion (Figure 4).

A prototype wicker facade
The Polish Pavilion was the ﬁrst prototype building
using the technology of facade made of hand-woven
wicker netting on steel frames, designed and spatially formed using the latest computer technology
3-dimensional modelling. It is a peculiar combination of “high-tech” design methods with low-tech
material and production technology. The individual
frames, after precise formation, were transported to
the Rudnik by San area, a traditional wickerwork centre with over 100 years of tradition. In a dozen villages, within 3 months, the best craftsmen managed
to hand-produce wicker mesh on around 700 steel

module frames. The speciﬁc weave pattern, its density, length and detail of the ﬁnishing was the subject
of tests and detailed analyses preceding the implementation. Ready-made modules were transported
from Rudnik in containers to Nagoya and assembled
on site. The wicker façade played a multifaceted symbolic role in the project - by precisely referring its
production process to the idea of sustainable development, it implemented the ideological line of the
EXPO exhibition, and symbolically reconstructed the
currently disturbed relationship between man, nature and architecture. In addition, what was perhaps
the most important - referred to the world famous
Polish composer and created a picture of contemporary Poland, as a country skilfully and harmoniously
combining its tradition and artistic handicrafts with
technological innovation (compare: Mimura, 2005).
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The Pavilion’s neo-vernacularism
The Polish Pavilion at the EXPO 2005 was included in the current of neo-vernalularism by art
historian, prof. Andrzej Szczerski. Examples of
neo-vernacular architecture, mentioned by Szczerski (Szczerski 2015), also include the Polish Pavilion at the EXPO 2010 in Shanghai of the WWAA
team (Wojciech Kakowski, Marcin Mostafa, and Natalia Paszkowska). Neo-vernacularism, according to
Szczerski, is one of the methods (eg alongside the
current of the so-called critical regionalism) searching for a way to return to local building traditions after the experience of modernism. It is a reaction to
globalization, and at the same time is a part of it, as it
is a global tendency, noticeable in art, industrial design and architecture regardless of geographical latitude, which is referred to in globalist terminology
as a glocalization. It diﬀers essentially from the vernacularism of the early 20th century, ( of Stanislaw
Witkiewicz or Jan Koszczyc Witkiewicz), since it is devoid of the goals of that period, in particular attempts
to create a great synthesis of the national style. Andrzej Szczerski aptly notes that ”the departure from
national contexts and the desire to subscribe to the
formula of global fashion for folk has found a charac-

teristic expression in the concepts used to describe
the new phenomenon, using the terms” folk ”or”
ethno ”(Szczerski 2015). Neo-vernacular turns to folk
and local, treating this action as a medicine for homogenization, macdonaldidization, impersonality of
contemporary global culture, reaches selected elements of the local tradition, interprets its fragments,
formulas, characteristic material solutions to return
to the sources of traditional experiences associated
with sensual feeling of materials and the perception
of forms, assuming at the same time that it creates
new values based on the contemporary language of
art (Ingarden, 2017).

EUROPE - FAR EAST GALLERY (ANNEX OF
THE MANGGHA MUSEUM) - LOCALIZED
MODERNISM
The main building of the Manggha Museum in
Krakow, designed by Arata Isozaki (1994), is a
ﬁnitely ﬁnished composition with a sophisticated
and unique roof structure, characterized by a combination of several planes based on the geometry of
the hyperbolic paraboloids. Any attempt to continuing geometry of this composition would carry the
Figure 5
Europe - Far East
Gallery - The
facades with simple
planes of glass and
gray sandstone, are
composed in
relation to
analogous forms of
the existing small
architecture of the
Manggha
foreground - to
ramps and stairs.
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Figure 6
E-FEG - the west
facade - “Pietra
Serena” sandstone
was used for the
upper part, the
lower parts were
made of black
granite

danger of disturbing its undeniable harmony. New
design should, therefore, respect and emphasize its
uniqueness and create only a fairly neutral architectural background to complement the order the surroundings. Thus, the Manggha Museum building remains the dominant feature in terms of form and
function and the new annex composition is subordinated to it. Its shape was moved as far as possible
from the Manggha foreground and situated in such
a way that it would not obstruct it from the side of
Konopnicka Street. The height has been adapted to
the scale of the undulated Manggha roof. The Gallery
has a separate entrance zone, with its own stairs, a
ramp for the disabled and a terrace, which can be
used for exhibitions and artistic activities outside the
building. The location of the terrace in this place enlarges the public space of the Manggha foreground
and creates an additional urban interior limited by
the facades of both buildings. There is a mechani-

cal underground garage in the place under the terrace. The facades with simple planes of glass and
gray sandstone, are composed in relation to analogous forms of the existing small architecture of the
Manggha foreground - to ramps and stairs (Figure 5).
The oblique upper part of the south facade is a reference to the slanting lines of the slipway ramps in the
foreground of the Manggha Center. The calmness of
the architectural form expression is a discreet background for the main museum building.
The ﬁnishing materials of the façade and interiors have been selected to create an atmosphere of
neutral exhibition space, constituting a minimalist
background for art exhibitions representing the Eastern and Western cultures. As the main material in
the upper parts of the façade, the Italian sandstone
“Pietra Serena” was used, the lower parts were made
of black granite (Figure 6). The interiors of the exhibition halls are the “white cube” spaces. Neutrality
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and synthesis of architectural forms are contrasted in
the interiors by introducing wood in all the furniture
equipment with which the viewer is in direct contact,
they are: reception counter, cloakroom counter, sitting benches, base for dragon sculpture, stairs to the
upper gallery, etc. Thanks to this treatment, the object is remembered by the sense of touch, as a warm
and friendly object.The minimalism of the project is
in this way softened to become a touch-friendly object, and the placement of the building and its subordination to the Manggha Museum makes it a statement of a “localized-modernistic” approach.
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Cultivating Next-GEN Designers
The Systematic Transfer of Knowledge
Harlen Miller1
1
UNStudio
1
h.miller@unstudio.com
This paper examines the topic of transferring technical knowledge in an expedited
fashion to designers, and/or students, through various training programs, tools,
workflows and protocols, while highlighting the invaluable cost knowledge
sharing has on global design institutions and offices. We will revisit the timeless
tribulations of the `educator', acknowledging the inherent limitations associated
with transferring technical knowledge from generation to generation within both
a design practice and on an academic level. The conceptual design, workflow
and construction of `wasl Tower', UNStudio's latest 308m landmark structure,
located in the city center of Dubai, will be referenced as a case-study to illustrate
the importance of transferring knowledge within a specific project setting.
Keywords: Talent Pooling, Education, Complexity, Efficiency, Workflow
Figure 1
UNStudio’s ‘wasl
Tower’, located in
Dubai’s city center,
next to the base of
the Burj Khalifa.
Height: 308 meter .
Façade Materiality:
Ceramic Composite
Fins.

INTRODUCTION
The transition for a young designer from academic
study to professional practice is never a seamless experience. UNStudio, over its 25+ years of practice,
has sharpened its ability to cultivate and train new
generations of designers through a distinct academic
philosophy coupled with a professionally-rooted system of training programs, custom tooling, software
workﬂows and project protocols. These educational
mechanisms all serve to expedite the transfer of technological knowledge to new designers entering the
workforce in the quickest and most resonating way
possible.
The ‘wasl Tower’ was selected from UNStudio’s
body of work not only for pushing the boundaries of
cultural iconography and complex geometry, but because its primary objective was to streamline digital
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and manufacturing workﬂows, while utilizing the latest Computational and BIM modeling software in order to achieve greater design quality, team eﬃciency,
and improved coordination with sub-consultants, all
while dealing with challenging timelines, budgets
and client considerations.

CONTINGENCY MANAGMENT
In practice, establishing a team structure where
project speciﬁc knowledge and experience is redundantly backed-up after being obtained through
key designers is essential to ensuring a generational
hand-oﬀ of information. This isn’t as relevant within
an academic setting given general team size and
project duration. This management principle is the
safeguard for all technical knowledge that will be
shared within the institution/team. Regardless if applied on a micro-project basis or throughout an entire oﬃce, this management strategy remains sound.
• Standard Team Structure: Teams are organized with little ﬂexibility to take over existing projects that are running within the institution, in emergency situations. This poses a
high-risk to the project at hand and the con-

tinued ﬂow of knowledge in an oﬃce.
• Redundant Team Structure: Teams are organized to operate smoothly in case of emergencies, with key members of the design
team backed-up through repetitive roles and
positions. This becomes costly for company
resources and poses management coordination issues.
• Eﬃcient Team Structure: Teams are organized
to operate smoothly in case of emergencies
with key members of the design team backedup through a ﬂuent knowledge of technical
practices and resources. Team members can
ﬂuidly move throughout multiple projects
without redundancy or risk.

NOTE: Eﬃcient Team Structures can only be obtained
by applying a multitude of knowledge sharing methods throughout the larger intuition. This will be outlined further.
Figure 2
Team Structure /
Management
Principles for
dynamic and
responsive
knowledge sharing
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Figure 3
UNStudio’s ‘wasl
Tower’,

tize to local temperatures through passive shading
and cooling techniques articulated throughout the
façade sets this building apart in the harsh desert climate. Its design aesthetic is derived from the classical
term ‘contrapposto’ or counterpoise, referencing the
natural tilted position of the shoulders and hips in the
human form as body weight shifts. This leads to the
tower oﬀering a unique silhouette from a 360 degree
viewing angle.
Due to the exceedingly short construction timeline for a building of this scale and geometric complexity, the decision to execute this project through a
custom Computational and BIM workﬂow was taken
early in the concept design process. This strategy was
undertaken with the primary goal of building a lean
and agile design team that operated from a position
of informed decision making instead of by a ‘trial and
error’ elimination process.
Once an optimized workﬂow was established,
training courses, tutorials, primer papers, and custom
scripting tools where created and implemented, not
only within the design team but throughout the ofﬁce to ensure knowledge continuity in case there was
a migration of key team members from within UNStudio.

Figure 4
‘Contrapposto’ or
Counterpoise

‘WASL TOWER’
The ‘wasl Tower’ is a benchmark 308 meter superhigh-rise structure located in the heart of Dubai’s City
Center, next to the Burj Khalifa. Set for completion in
the winter of 2020, the ‘wasl Tower’ will have one of
the world’s tallest ceramic façades, setting a regional
standard for the use of indigenous materials and sustainability. Its responsiveness and ability to acclima-
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KNOWLEDGE SHARING CULTURE
UNStudio has adopted the philosophy that the workplace should be an extension of one’s education. Although most employees have graduated from their
respective universities, the desire to evolve professionally and acquire new skill sets still remains.
The transfer of knowledge cannot be communicated
through a singular source or method, so a multifaceted approach to knowledge sharing is taken:
• UNS Knowledge Platforms: The KP Platforms
are a series of research topics headed by senior specialist from within the oﬃce that can
assist in
• Transferring any archival knowledge gained
from existing projects to new employees and
teams.

• Intranet Archive: Is a living repository specifically for UNS employees that communicates
the knowledge gained on projects in a searchable blog format.
• Workshops: In collaboration with the ‘Computational Knowledge Platform’ the oﬃce host
frequent courses in software workﬂows, complex geometry rationalization, parametric design and scripting, BIM, modeling, rendering,
VR and other skills.
• Custom Tooling: Repetitive or time consuming task are identiﬁed on a project basis to
evaluate if there is a bespoke solution or a universal tool or approach that can be applied.
Custom Grasshopper Toolbars, VB, C#, Python
coding languages or other tools are generated and distributed to the oﬃce on the In-

Figure 5
UNStudio
Amsterdam /
Shanghai / Hong
Kong Workﬂow
Workshops. (Above
example: HARLEN
MILLER and
SONTAYA
BLUANGTOOK
hosting a 3 day
comprehensive
workshop on
Complex Geometry
Rationalization,
Computational
Design and BIM
Workﬂows)

Figure 6
Sometimes
workshops are
hosted with
industry specialist
(Above example:
NATHAN MILLER
from THE PROVING
GROUND / creator
of LUNCHBOX and
RHYNAMO)
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Figure 7
a) The ‘Master
Design File’ controls
every aspect of the
design, from the
formal geometry,
façade
rationalization,
program stacking,
eﬃciency ratios,
structural grid
placement, MEP
requirements,
wind-tunnel test
analysis, core sizing,
vertical circulation,
ﬁre egress, building
safety, etc. b) The
‘Master Design File’
structure must be
meticulous with a
clean layering
system denoting
not only ‘live’
architectural
components but
also archival
‘Construction Lines’
linked to scripts and
plugins. Key
information from
the ‘Master Design
File’ will be
referenced into BIM
software for
documentation
later in the
workﬂow.

tranet.
• Research, Primers, and Whitepapers: Knowledge extracted from projects is documented
and published internally.
• Tutorials and Training Directories: Libraries
of autodidactic self-contained tutorial ﬁles on
various topics are available for individuals to
learn at their own pace and leisure

DEFINING THE WORKFLOW
Each project must have a ‘preliminary workﬂow analysis’ conducted in order to determine the appropriate software exchange that will be used during
the design process. Factors include project phase,
timelines, deliverables, LOD (Level of Detail), size of
team, experience level, eﬃciency of coordination,
complexity, etc.
After performing a ‘preliminary workﬂow analy-
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sis’ on the ‘wasl Tower’, it was determined that base
geometry modeled in our native design software
(Rhino) would be used to feed secondary geometry rationalization plugins (Grasshopper) and then
piplined into documentation tools such as (Revit).
The base geometry for the entire tower was created
through a series of scripted auto-lofts creating a perfectly structured UV nurbs surface. One adjustment
to a linked control geometry vertex point and every
aspect of the façade system will automatically update, including fabrication speciﬁcations and cost reports. File and workﬂow literacy on the team becomes paramount.
NOTE: there is a tendency to link workﬂows into
a seamless transfer of geometry across all software
which is fueled by the misconception that a ‘liveupdate’ or ‘real-time’ workﬂow model is beneﬁcial
and more eﬃcient. There should be caution in doing so, as the slightest accidental adjustment to a
linked ‘Construction Line’ or ‘Control Geometry’ by a
new team member can send a shockwave of updates
through the workﬂow process.
There is never a ﬂuid process where all software
will be harmoniously linked and exchanging geometry without subtle adjustments needed along the
way. At best, with a complex project, the updated
changes to the design will take hours, if not days, to
reintegrate into the workﬂow.The plus side; use this
delay in the workﬂow as a quality control protocol
to inspect material before it goes to sub-consultants
and external parties. This also reinforces why every
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line and vertex within the ‘Master Design File’ should
serve a purpose, and be labeled according to function or linked software.

EXPELLING THE MYTHS
The most disruptive factor that can block the ﬂuid
exchange of knowledge within a design practice is
the misconception or circulation of myths associated
with various ‘design tools / workﬂows’ and their inherent true value. FACT: there is no magical allinclusive tool that solves the architectural industries
gamut of problems. Each tool or suite of software a
designer uses to sculpt and execute their vision carries strengths and weaknesses. It’s up to the institution to have open discussions with all levels of staﬀ
and management about the cost beneﬁts, technical
limitations and functionality of every ‘design tool’ utilized within an oﬃce workﬂow. One inalienable truth
remains after this debate has exhausted itself;

GEOMETRY IS MERELY GEOMETRY
Regardless of the native software a piece of geometry was created in, a proﬁcient design team should
be able to transition it from point A to point B
through any workﬂow while maintaining form, geometric tolerance, tagging quantities, imbedded data,
and other relevant information. All geometry constructed in digital space can be deconstructed into its
fundamental components which remain unbiased in
any format or interface; Vertices and Vectors. From

Figure 8
The image of the
‘Master Design File’
on the far LEFT
shows the scripted
closed polysurface
façade system. The
transition in the
MIDDLE depicts the
Grasshopper script
that controls all
geometry
generation and
pipelines it into
Revit for
documentation on
the RIGHT.

Figure 9
The ‘Master Design
File’ in Rhino holds
all relative
geometry related to
building form,
façade details,
curtain-wall
build-out, structure
and a base core
reference to
calculate eﬃciency.
The Revit model
houses a higher
level of drawing
detail as shown
above for full
documentation.

Figure 10
Custom scripting
component
highlighting
variations in: angle
a) and inclination
within the
curtain-wall mullion
modules, b) corner
angle and
inclination within
the curtain-wall
glazing panels, c)
the 4 types of solar
blocking Ceramic
Fin elements.
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here, one can always proceed with the laborious task
of reconstruction in whatever native platform desired.

what purposes? And most importantly, what remains
proprietarily the institutions vs. the consultant or
client? Architecture is a service based industry and
that service should never be replicated through an
oﬃces R+D, custom tooling and ‘working ﬁles’ unless
given consent. Software is intended for the masses;
a ‘workﬂow’ is a recipe for eﬃciency. Expectations
about consultant input must be gauged appropriately. Some structural engineers only want centerlines and vertex points to deﬁne column locations
and post-tensioning cable anchors. Some façade
manufactures prefer only closed polysurfaces purged
of additional tagging and embedded information to
lighten the model. Some cost estimators want fully
tagged Revit models, while others only want a tabulated Excel sheet. Knowing a software’s limitations
not only helps deﬁne the proper ‘workﬂow’, but also
educating the design team on what the scope, input
and breadth of a consultants contribution to a project
will be helps eliminate an unnecessary LOD in the design.

Figure 11
Every method of
transferring
geometry from
software A to
software B is
explored and
benchmarked to
evaluate processing
time, data lose, and
geometric ﬂuency.

EPILOUGE

During the ‘preliminary workﬂow analysis’, the design team should uncover certain logistical questions;What are we contractually responsible for?
What is the ultimate LOD (Level of Detail) for any
3D model that is produced, and not just BIM models? Who is receiving the design geometry and for
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Knowledge sharing and the generational hand oﬀ of
information as it relates to the world of academia is in
stark contrast to the world of the architectural practitioner. In a university setting, the thorough documentation and systematic transfer of professional expertise is only injected through the position of the
professor. Students rarely have access to previous
generation’s achievable drawing sets, board layouts,
script libraries, 3D models and research data while
pursuing their own endeavors. Real world notions of
the profession are ﬁltered through a top down structure with only subtle inﬂuence from fellow students
that might have had the opportunity of an internship
to base their assumptions of professional practice on.
This hierarchical method of knowledge transfer
and ﬁltration is neither good nor bad, positive or
negative, but perhaps serves its purpose in allowing young generations of designers to remain experimental in their design process and self-reliant in their
own discoveries.

Figure 12
Depicts the
fabrication
step-deviation
tolerance for each
façade module
that’s built into the
mullion frame.

Figure 13
Clean modeling
techniques must be
executed in the
native design
software in order to
prevent time lost
for rebuilding.

warded in the highest regard. This is perhaps why
more forward thinking oﬃces remain connected to
academic discourse as ‘think tanks’ to safeguard real
world projects from the turbulence of experimentation until it has been proven eﬃcient, ﬁnancially feasible, and applicable.
Professional practice is similar to academia in its
pursuit of fresh and innovative ideas, although more
reluctant to gabble on such propositions that have
yet to be ﬁeld and trial tested in a real world setting. For this reason, the educational mechanisms
outlined in this paper serve to streamline digital and
manufacturing workﬂows, while utilizing the latest
Computational and BIM modeling software in order
to achieve greater design quality, team eﬃciency,
and improved coordination with sub-consultants, all
while dealing with challenging timelines, budgets
and client considerations.

Figure 14
Geometry modeled
once should
consider fabrication
tolerances,
curvature, panel
seams and
thickness so that
once pipelined into
Revit, it’s ready for
documentation.

Regardless of the institution, academic or professional, both settings should establish and outline a
clear system for achieving ‘The Systematic Transfer of
Knowledge’ while cultivating Next-GEN Designers

REFERENCES
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Jading the mind with 20 to 30 years of ancestral experience and project nostalgia from an oﬃce can
lead to preconceived understandings of form and
space. ‘Reinventing the wheel’, ‘breaking the mold’
and discovering novel means of operating are re-
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Figure 15
The construction
site of ‘wasl Tower’
as of February 2018
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Round Table Session
A BETTER TOMORROW?
Tom Maver1
1
Mackintosh School of Architecture, Glasgow School of Art
1
t.w.maver@STRATH.AC.UK

A Stimulus to the Round Table Discussion
There is no doubt that ICT has brought about a
paradigm shift in architectural practice, teaching and
research. This community - in Europe and beyond can rightly congratulate itself not only in transforming how we have changed our understanding, operation and delivery of the built environment. Moreover,
we have introduced and excited our students to the
notion of virtual environments.
The thrilling success of ICT to transform the
paradigm may, by its very success, cause our community to be complacent. The intention of this Round
Table is to challenge this complacency and to open a
new four decades of progress.
Of course, in the earliest days (maybe still?), the
challenges came from threatened practitioners; the
ﬁrst challenge from within the community came with
the publication of “CAAD’s Seven Deadly Sins” [1]
in 1995. Among these were: Macro-myopia (the
propensity to overestimate the short term beneﬁts
and underestimate the long term): Deja-Vu (reinventing the wheel - much more common before the
introduction of IJAC and Cumincad); Failure to Evaluate (central this Round Table!) and Failure to Criticize
(also an issue in this Round Table).
But a decade earlier (when the profession was
most sceptical) , eCAADe persuaded the (then) Commission of the European Communities to sponsor
a meeting and prepare a report on the current
and anticipated social impacts of CAAD. This work
addressed impacts on practice, education, interdisciplinary collaboration and on the client/user involvement in the design process. The outcome is

comprehensively reported in the publication in Design Studies [2]. Prophetically, it anticipated that potential beneﬁts resulting from “client-oriented systems” and “user participation in design” would result.
Now, further opportunity to assess the impacts
and address the challenges is oﬀered at the Lodz Conference and in this Round Table. It will focus on the
Conference theme “A Better Tomorrow”. It will be
structured to allow 5 Panellists - Robert Aish (Visiting Professor at the Bartlett School of Architecture,
University College London), Antje Kunze (Solution
Manager for BIM and Smart Cities at ESRI Germany),
Harlen Miller (Associate Designer and practicing Architect in UNStudios, Amsterdam), Urs Hirschberg
(Professor of Architecture and New Media at Graz University of Technology) and Martiyn Stellingwerﬀ (Associate Professor in Form and Modelling Studies, at
the Technical University of Delft). The Chairperson
will be Tom Maver (Research Professor at the Mackintosh School of Architecture and Emeritus Professor
in the University of Strathclyde).
Panellists will have 10 minutes to address some
of the following questions. Thereafter ALL participants will be invited to contribute.
• Do we do enough to evaluate the eﬃcacy of
the software we produce, regarding a better
tomorrow? OR like cuckoos and most architects, just “lay it and leave it”?
• Are we suﬃciently concerned with the interests of building users, building owners and
the community, particularly in regard to a better tomorrow?

SPECIAL SESSIONS - Volume 1 - eCAADe 36 | 37

• Does practice and academia have a suitable
forum and focus for exchange; in eCAADe or
elsewhere? Can we improve the exchange to
produce a better tomorrow?
• In the earliest days, it was the best students
who pushed the ideas; are we doing enough
to engage them with a better tomorrow: - a
healthier, prettier, happier, more sustainable,
smarter tomorrow?
• Any other issue that you wish to address.
This is YOUR Conference. Please give some though to
this stimulus statement and come to the event with
your own questions and ideas.

REFERENCES
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Digital Heritage
Special Panel Session
Anetta Kepczynska-Walczak1 , Bob Martens2
Lodz University of Technology 2 TU Wien
1
anetta@p.lodz.pl 2 bob.martens@tuwien.ac.at
1

According to eCAADe's mission, the exchange and collaboration within the area
of computer aided architectural design education and research, while respecting
the pedagogical approaches in the different schools and countries, can be
regarded as a core activity. The current session follows up on the first
Contextualised Digital Heritage Workshop (CDHW) held on the occasion of
eCAADe 2016 in Oulu (D. di Mascio et.al.) This event was thought to represent
the first of a series of future contextualized digital heritage workshops and hence,
the name Oulu interchangeable with the name of any other city or place. The
second CDHW took place in the framework of CAADRIA 2017 in Suzhou (D. di
Mascio & M.A. Schnabel) and focussed on sharing and dissemination of heritage
information and personal experiences, such as narratives.The primary objective
for the 2018 digital heritage session is to engage participants in an active
discussion, not the longer format presentation of prepared positions. The round
table itself is limited to short opening statements so as to ensure time is allowed
for viewpoints to be exchanged and for the conference attendees to join in on the
issues discussed. The panel will review past practices with the potential for
guiding future direction.
Keywords: Digital technology, Built heritage, Virtual archeology

With statements from:
Tom Maver < t.w.maver@strath.ac.uk>
Laurent Lescop <laurent.lescop@nantes.archi.fr>
Takehiko Nagakura < takehiko@mit.edu>

INTRODUCTION
This special panel session dedicated to digital heritage reﬂects the fact that 2018 has been designated
the European Year of Cultural Heritage [1]. The slogan
for the year is: Our heritage: where the past meets the

future. It perfectly ﬁts in what digital heritage is about
and why digital preservation matters. Cultural heritage shapes our identities and everyday lives. It has
a universal value for us as individuals, communities
and societies. Therefore, it is important to preserve
and pass it on to future generations. Cultural heritage surrounds us in the buildings of our cities, our
landscapes and archaeological sites. It is preserved
not only in literature, art and objects but also in craft
skills, stories, food and ﬁlms. Cultural heritage comes
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in many shapes and forms:
• tangible - for example buildings, monuments,
artefacts, clothing, artwork, books, machines,
historic towns, archaeological sites;
• intangible - practices, representations, expressions, knowledge, skills - and the associated instruments, objects and cultural spaces
- that people value. This includes language
and oral traditions, performing arts, social
practices and traditional craftsmanship;
• natural - landscapes, ﬂora and fauna;
• digital - resources that were created in digital
form (for example digital art or animation) or
that have been digitalised as a way to preserve
them (including text, images, video, records).
This session is focused on digital heritage in the latter meaning and discusses cases of tangible heritage,
existing and non-existing, predominantly.

VIRTUAL RECONSTRUCTION:
WORK CONDITIONS

FRAME-

Digital heritage can be regarded as a method, which
allows for an immersive presentation and exploration
of spatial relationships in built structures that no
longer physically exist.
The occupation with building preservation in the
light of cultural heritage has a long and standing history. However, the introduction of digital media has
signiﬁcantly expanded the boundaries of preceding
analogue representations. The erection of a detailed
physical scale model is time consuming and costly. In
the end the outcome can for example be recorded by
way of photographs, but the model itself can only reside on one place at the same time. However, digital
models can be stored at multiple places and allow for
multiple usability at diﬀerent locations.
Overall, the virtual reconstruction work will start
with a gathering of diﬀerent types of historical materials. Depending on the epoch in which the building
was erected the substance of acquired information
may diﬀer signiﬁcantly. Nonetheless, coping with
information gaps and contradictions is an essential
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step in this regard.
This setup of a detailed 3D CAD-model in a structured way is of crucial importance as this model
should allow it to be handled and eventually expanded in the course of time. On top of this, the
creation of alternative interpretations will most likely
play a role. The 3D CAD-model of a reconstruction
is hardly accessible to a large number of users. In
many cases, it would not even be useful or desirable
to make this data source available. At this point decisions towards the dissemination have to be made. As
an enhanced way of viewing a series of unconnected
images/stills could be envisioned. A more comprehensive impression might be derived by way of animations and panoramic representations, if not interactive VR/AR. Whereas for the perception of images/stills no devices are required, this may cause
some barriers for other ways of representation. The
perspective of end-users is to explore a virtual space
on their own.
In the course of time a growing number of highly
detailed 3D-models has been created which need to
be maintained as well. These are critical issues for research groups as software will be updated and eventually get outdated.Also remarkable is the tremendous development of modelling software in the past
two decades along with a literal “explosion” of commonly available CPU-power. In other words, highend modelling and visualisation tasks are not tied
up with cost-intensive workstations and mainframes.
Already on a conventional PC/laptop reconstruction
work can be carried out. However, guidance regarding “intelligent” use of the tools in charge is still required.

STATEMENT 1: APPLICATIONS OF ICT IN
DIGITAL HERITAGE - AN ACADEMIC UNIFICATION [MAVER]
The short history of digital heritage is interlinked to,
indeed dependend upon, the emergence of what
we now know as ”multi-media” (MM). I was fortunate
enough to visit the MIT Media Lab just at the time
the Lab was developing the concept and application

of MM - the conﬂation, within one computer environment - of text, photos, drawings, videos, movies
and sound.; a thrilling development then, that was to
have a profound impact on what we now call ’digital
heritage”. Apple was quick to see the potential and
to facilitate its uptake by bundling useful software in
every sale.
Now there was a means by which the researchers
of an academic community hitherto excluded from
ICT, could capture, and communicate their ideas
on historical, and theoretical issues previously constrained to books and journals.
For me, a technophile, it brought a new collaborative endeavour with academic colleagues from the
other side of what C.P. Snow called The Two Cultures
(Snow 1959). As with many impacts of ICT, this may
in the long term, be one of the more profound.
The rapid dissemination of digital heritage has
resulted in numerous international conferences devoted to the topic. Early papers, attempted to provide a classiﬁcation, including Multimedia and Architectural Disciplines (Maver and Petric 1995). If one
searches CumInCAD with the key words “heritage”,
“patrimony” no fewer than 334 hits are identiﬁed.
My current view is that within the broad term
“heritage” the concerns of eCAADe and its community can be classiﬁed as:
• archaeological constructions, historical buildings, city developments, architects of note
and relevant archives and museums
The research group I directed over 30 years (ABACUS) started its life in the application of ICT to the
functional and measurable characteristics of future
buildings. However, as we were able to embrace our
colleagues in the Department of Architecture at the
University of Strathclyde, we employed innovated
multimedia to capture, record, story-board and disseminate works on New Lanark (a wonderful utopian
World Heritage site), the City of Glasgow (with a massive document on its 2000 year development), Skara
Brae (a prehistoric village, predating the pyramids Europe’s most northern and complete Neolithic habi-

tation), Edinburgh Old Town (another World Heritage
site) and, more recently - and before the ﬁrst and
most recent disastrous ﬁres - the Glasgow School of
Art- CR Mackintosh’s masterpiece.
Many of these applications deployed 3D modelling of the targeted buildings; that is a full three
dimensional geometrical representation of the current or former artefact. More recent there has been
a growth in scanning of sites by emerging laser technologies; this has been used to great eﬀect by “The
Scottish Ten” (a collaboration involving the Glasgow
School of Art and Historic Environment Scotland), including St Kilda, Rosslyn Chapel, the Sydney Opera
House and Mount Rushmore.
Whereas laser scanning provides a truly accurate
visualization of what exists (ie remains) it is less suited
to the attachment of meaning than is 3D geometric
modelling. Taken together, these two complementary technologies are uniquely appropriate to emerging “augmented reality” a powerful way to feed the
apparent growth in the public’s enthusiasm for our
Cultural Heritage..
The work of ABACUS and the Scottish Ten depends, I am pleased to say, on the interest and concern of our Scottish public services and their commitment to our heritage - namely SCRAN (the Scottish
Cultural Resource Access Network) and Historic Environment Scotland.

STATEMENT 2: EMERGING TOOLS FOR
HERITAGE PRACTICE: WHAT IS OUR RESPONSE? [NAGAKURA]
Practice of spatial representation is going through
the second digital transformation. In 1990s, availability of modeling and rendering software enabled
computation of geometry, materiality and light, and
architects and ﬁlm-makers started crafting spatial visualizations with various degrees of formal complexity and photorealism in images and animations. In
architectural oﬃces, traditional drawings, scale models, photos and videos were gradually amended or replaced despite the initial resistance by many. And we
see all the amazing special eﬀects in movie theaters
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today.
Over the last decade, we are witnessing the
second transformation with expanding set of tools
and resources, which are attracting diﬀerent kinds
of players. YouTube is playing panoramic videos
posted by the public. Many parts of the globe are
scanned into virtual 3D cities, distributed by Google
Earth and consumed. Enthusiasts are using cloudbased photogrammetric services to turn their ﬁeld
photos into digital architectural models and uploading onto Sketchfab. Online real estate ads come in
interactive tour format produced by portable LiDAR
and game engine software. Microsoft is distributing
VR contents of cultural heritage locations. As part of
Museum 4.0 enterprise, curators are experimenting
with AR-based smartphone solutions in place of traditional audio guides.
Architecture, Hegel’s ﬁrst kind of art, is peculiarly
complex. It is immobile and tied to context. It has exterior and interior too intricate to grasp at a glance,
and instead relies on audience circulation to comprehend. Its experience is sensitive to the observation time that changes illumination, event, and other
conditions. With architecture not easily replicated
like paintings and sculptures, such complexity gives
representation an important role to play, for conveying built projects in remote locations, describing demolished places, and conceiving design projects unbuilt. And practice of architectural representation is a
struggle to ﬁnd a right method to communicate spatial ideas, compositions and experience, whether it is
to locate a particular section cut, to identify appropriate abstraction in a volumetric model or to invent
a commanding vantage point and lighting for a perspective rendering. It is a process of selection and
creative design itself.
The technology toolset of the second transformation is presenting possibilities and opportunities
to add new dimensions to architectural representation, which can be frameless, immersive, interactive,
and remote. Panoramic videos break the boundary
of framed animations. VR with a headset brings immersive experience unlike the seeing in the previous
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computer graphics media. Similar to the real architectural experience, audience may be let free to move
and explore the virtual space without his or her view
imposed by the curated framing and trimming made
by the producer of the image or animation. AR presentations can interactively layer and align a variety
of digital information onto a physical drawing, model
or site, instead of presenting each digital medium
separately in its own space. And online distribution
platforms and expanded bandwidth help audience
in remote locations simultaneously share these immersive and interactive contents. Scanners and photogrammetric applications has also redirected the
photorealistic representation from the Platonic idealism of computer rendition to a reality frozen with
weathered, aged, live architectural surfaces. Potential impact of these new methods in the practice of
architectural representation must be considerable.
Bjarke Ingels’s onsite presentation of his project
at West 57th street in New York was made in “VR
360 ﬁlm” viewable in YouTube through Google Cardboard headset about a year after the online video
platform launched the support for panoramic format
in 2015. However, while we see today explosive development of such technologies and their adaptation
by the mass, the reaction from mainstream architects
is largely muted. In architecture schools, those tools
are rarely found in studio presentations and during
desk critics. Architectural history classes commonly
rely on PowerPoint projections of drawings and photos, and education practice rarely embraces virtual
and augmented realities as means to talk about historic designs. There is a clear discrepancy between
the reaction of the public to these technologies and
that of architectural community.
Is this discrepancy due to some fundamental
mismatch of the technologies to architectural representation, or just a lag in adaptation? Is there still any
missing link in the pipeline of new technology-bound
practice or just a lack of accumulated resources to be
put in use? Is there new considerations to be made
on issues such as copyright and citation? We now are
at the timely juncture to look at pioneering experi-

ments, critically examine them, and discuss current
and future responses to these emerging technologies by the architectural community for research, education, and practice.
This panel session welcomes discussions on any
important built and unbuilt architectural designs of
all times as our heritage, and includes a contribution
from project examples by a team at Massachusetts Institute of Technology, that investigates spatial representations of cultural heritage locations such as Palladian Villas in northern Italy, Alvar Aalto’s modern
buildings, and Inca remains in Machu Picchu.

the picture, the shared experience, the set where the
story is played out are just as important as the content itself.

STATEMENT 3: 360° NARRATIVE GRAMMAR - WHICH APPROACH TO TEACHING
AND CREATING CONTENT? [LESCOP]
VR has now moved from industry to everyday application. Mainstream software and devices allow
artists to create contents with a fast learning curve.
Since 2014, with the launch of Google Cardboard and
360° cameras at a reasonable price, with the massive success of Unity 3D and Unreal UDK, real-time
immersion is no longer controlled or guided by experts but is spreading to creative enthusiasts, which
has resulted in extensive production of content. Similarly to the early age of photography and then cinema, questions about composition, narrative structure and visual grammar are slowly emerging.
Narration in VR still means telling a good story. If
there is no story, it is a technical demonstration or a
tutorial, as long as one considers that those too can
hold a storyline. In classic narration, the story is always a line where it is possible to choose between
several options. Those options are like nodes. There
is a potential of inﬁnite options for each node. Can
we regard VR as an imitation of real life or is VR trying
to copy the look and grammar of the visual arts? VR
narrative is strongly linked to the device on which it
is played. There is a general idea of progression from
the ﬂat screen to the immersive headset, with the image ﬁlling the entire ﬁeld of vision and being more
immersive. The history of machines of illusion shows
that the way of preparing the audience, the size of
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Classic narrative ﬁgures can be adapted to VR
narrative, creating a speciﬁc grammar. In this grammar, time becomes space. Figures like ellipses, prolepses and analepses are modelled as spaces, especially when there is continuous narration. The grammar of ﬁlms is also adapted, as it is harder to change
frame values, have cuts or shot / reverse shot, or even
reaction shots. Sound can direct one’s attention from
one point to another, or create a close-up by isolating
a sound. We saw that non-ﬁgurative VR experiences
are perfect platforms to test and invent this narrative
grammar.
The main issue is this oﬀ-screen notion. In classic ﬁlmmaking, in theatre, the oﬀ-screen is where the
audience ﬁlls what is not seen with imagination. On
the operational side, it is also where the technology
is. In VR, the oﬀ-screen has to be suggested by sound,
opening the ﬁelds of virtual worlds even wider.”
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Form-Adapt
Using Adaptable Form-work for Fabricating Double-Curved Surfaces
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This workshop will introduce the use of FlexiMold, an adaptable form-work
device for fabricating double-curved surfaces; and Marionette, the parametric
design tool of Vectorworks. The participants will have the opportunity to
experience the entire workflow from the design to the production of a spatial
object which has a complex form. The object will be composed of separate panels
each of which will be designed by a participant and will be fabricated by team
work.
Keywords: Computational Design, Computer Aided Manufacturing,
Double-Curved Surfaces

OBJECTIVES
The aim of this workshop is to introduce the participants a hands-on approach for fabricating doublecurved surfaces by using an adaptable form-work
system and computational design methods. This
workshop is a follow up of a series of workshops
which have been organized by the Chair of Design Informatics (see Url [1]) of TU Delft.
The concept of adaptable form-work (or; ﬂexible
formwork, ﬂexible mold) refers to a range of fabrication devices which can be reshaped and reused to
produce objects in diﬀerent forms. With the help of
these devices, it becomes possible to produce diﬀerent objects by using a single mold instead of producing a diﬀerent mold for each object. Various concepts
of reusable ﬂexible molds already exist. One of the
early examples was developed by Piano (1969) when
aiming to construct shell structures using a ﬂexible
mold system. Designs of ﬂexible molds which are
closely related to our workshop are developed by

Kosche (1999) and later by Rietbergen and Vollers
(2008). Except these ones, there are a number of related patents of which an extensive overview is given
by Schipper (2015), whose works focus on the use
of ﬂexible molds for producing concrete elements.
There also exist three similar ﬂexible molds which are
used for large scale production in industrial applications. The ﬁrst one is the one which is is developed
by Adapa (see Url[2]). Another similar system is used
by Curve Works (see Url[3]) Also, the concrete factory
mbX (see Url[4]) has developed its own system which
is used to produce the double curved roof panels of
Arnhem Central station.
The content of this workshop is based on the
workﬂow and the objectives which were presented
by Aşut and Meijer (2016). The idea here is to allow the participants to comprehend the basic notions of Computer Numeric Control (CNC) through a
hands-on experience. The adaptable form-work in
this content is hypothetically deﬁned as an HNC (Hu-
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man Numer Control) medium which enablesdirect
and organic interaction with numeric information.
Therefore, it is proposed as an eﬃcient instrument
which triggers active learning in this ﬁeld. Moreover,
its potentials towards fabricating complex forms are
addressed through challenging design assignments.
These assignments require the use of computational
design techniques for both generating design solutions and deriving the fabrication information.

PROCESS
In this workshop, unlike the previous ones, we are
going to use Marionette (see Url [5]), the parametric design tool of Vectorworks (see Url [6]) for computational design. The students will be brieﬂy introduced to the software and they will use it to customize a parametric model which will be provided
by the workshop coordinators. The model which will
be given by the workshop coordinators will serve
as a basis for the design assignment. It constrains
the design solutions towards a number of geometric parameters to ensure a successful fabrication. The
participants will work on this model individually and
they will generate design variations. This will provide
them an opportunity to get familiar with the software
and to gain an understanding of its capabilities.
After discussing the design solutions which are
generated by the participants, we will form two
teams (team size depends on the number of participants) to collaborate for the fabrication of designs.
Our aim is to fabricate a design from each participant. However, we are limited by time and realization of this aim depends on the number of participants and how fast do they work. In this phase, the
participants will ﬁrst use the computational model to
understand and analyze the forms which they have
designed. They will derive the information sets which
are required for the fabrication.
In the following phase, the participants will be introduced to the fabrication workﬂow. They will learn
how to reshape the form-work for each panel by using the information which is derived from the parametric model. By working in teams, they will fabri-
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cate the designs. Eventually, all panels will be assembled to constitute a whole object which will be exhibited during the conference.

EXPECTED OUTCOMES
The expected outcomes of this workshop are as follows;
• Basic understanding in computational design
• Basic understanding in computer aided manufacturing
• Basic understanding on the geometric principles double-curved surfaces
• Fundamental skills in using Marionette
• An actual scale spatial object which has a
complex form
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The Contextualized Digital Heritage Workshop - Lodz continues the path started
by two successful workshops held during the eCAADe (Oulu, Finland) and
CAADRIA (Suzhou, China) conferences. This workshop aims at creating a space
to allow scholars to discuss, share and apply their skills and knowledge in a
digital heritage experiment contextualized in Lodz, Poland. The city has a rich
industrial heritage. Hence, this event will allow participants to explore an
architectural heritage that was not investigated during the previous two
workshops which were focused on different kind of heritage. Digital technologies
together with multidisciplinary approaches allow to study and analyse tangible
and intangible features of architectural heritage in alternative and innovative
ways. The workshop will build upon the experiences and reflections elaborated
during and after the previous two events.
Keywords: Digital heritage, Context, Industrial heritage, Digital technologies,
Workshop

INTRODUCTION
Lodz is a city with a rich industrial history, for this
reason, the workshop will focus on its industrial heritage. The workshop will provide a variety of activities: on-site visits, demonstrations, plenary sessions,
breakout discussions and practical exercises. Hence,
the whole event will balance theoretical discussions
and hands-on activities. This workshop aims to create a space to allow scholars to discuss, share and apply their skills and knowledge in a digital heritage experiment contextualized in Lodz. An industrial heritage site in Lodz will be selected as a case study. Participants will be asked to test and speculate on the
main point: how (and which) digital technologies can
support the documentation, analysis and dissemination (in particular for touristic purposes) of informa-

tion of the selected industrial heritage site that has
strong historical and cultural values. It is planned to
involve the latest tools and technologies during the
workshop.

BACKGROUND
One of the main points that characterizes built heritage compared to contemporary constructions is the
strong connection with a speciﬁc physical and cultural context. For this reason, the main idea that underlies this workshop is linked with a contextualized
practical exercise (Di Mascio et al 2016). This workshop continues the paths started by two successful
workshops held during the previous eCAADe (Oulu,
Finland) and CAADRIA conferences (Suzhou, China).
The event will be split into two days (Figure 2).
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Built heritage represents a precious material and
cultural resource to be studied and preserved for
present and future generations. However, despite its
recognized importance, it is increasingly at risk from:
conﬂicts, pollution, lack of maintenance and consequent abandonment. Advances in digital technologies open up alternative and new possibilities in the
documentation, study, analysis, communication and
dissemination of tangible and intangible features of
built heritage.

WORKSHOP THEME
The Contextualized Digital Heritage Workshop in
Lodz will focus on an historic site with rich and diverse past. It is located at the outskirts of the city centre in the valley of a small river. In Medieval and Early
Modern times this river became an important source
of power for several mills. One of them was owned
by mayors of Lodz, which despite the civic rights
remained nothing but the small agricultural township with population of 700. In the early 1820s the
town was designated the government of the Kingdom of Poland as the location of textile production.
The ﬂour mills were being replaced with cotton factories (Kepczynska-Walczak and Walczak 2006). The
very ﬁrst of them was built on the site of the former
mayors’ mill. The industrial production was halted
with the death of Christian Wendisch, a new factory
master. Then the premises were changing ownership a few times. Finally they were acquired by Karl
Scheibler, who decided to establish an agricultural
estate here. The farm was expected to support one
of the largest cotton enterprises in Europe (Walczak
2001). On the topical site a new manager’s residence
was built. At present the building is used as a scouts
yacht storage and workshop.
From the brief history outlined above, it is clear
the site had been place of numerous building activities. The archaeological research was launched by
Zbigniew Rybacki in 2011. The excavation continued over a few following years. As a result, the relics
of Medieval mill as well as of the early 19th century
textile manufacture had been unearthed and docu-
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mented by the archaeologist team. The layers of history resemble the architectural palimpsest. The site
is, therefore, an excellent example of a time capsule,
which needs to be read, interpreted and told to the
contemporary audience.
The concepts of space and time may aﬀect unconsciously one’s attitude towards a particular urban
structure. They may become subject of a research.
They may also become a tool for an architect and
urban planner. Traditionally, the concept of space
is considered a passive entity, while time is considered a separate and active entity. Space should not
be disconnected from time, because space is a dynamic entity related to time. What is more, space
is the physical support of the way people live in
time. Therefore, some researchers considered towns
as four-dimensional structures. In this respect, architecture - and built heritage in particular - may be understood in terms of storytelling. The dialectic between a changing materiality and changing meanings constitute a reinterpretation process.
The aim of the workshop participants will be
therefore to focus on the visual representation of
buildings existing previously and currently in the topical location (Figure 1). The challenge will be to focus
on both spatial and temporal issues which are crucial
for heritage interpretation. The outcomes of the recent research in this topic reveals that it is possible
to deploy various tools and techniques (both simple
and advanced) to visualize the history of a heritage
site. This subject has been recently discussed and
some papers were published in the proceedings of
eCAADe and EAEA conferences (Kepczynska-Walczak
2015, Maver 2017).

WORKSHOP SCHEDULE
During the ﬁrst day, the selected industrial heritage
site will be presented with the support of a member of the local organizing committee. An archaeological researcher will also be invited to provide further information about the rich history of the place.
After the presentations, there will be an on-site visit
to have a direct experience of the historical site and

Figure 1
Contemporary
appearance of the
site (left) and the
19th-century
drawing of
currently
nonexistent
buildings (right).

collect information (such as notes, sketches, pictures,
videos) useful for the practical exercises. During the
afternoon and the morning of the day after, there
will be demonstrations of digital technologies, onsite and in the workshop venue. The demonstrations
will be accompanied by short practical exercises that
will engage the participants. During the second day,
participants will work in groups to elaborate their
speculations using their speciﬁc knowledge and approaches. During the rest of the day, participants will
present their ideas and receive feedback and questions from other scholars. A ﬁnal discussion led by
the workshop organizers will attempt to synthesize
the key points touched during the event and to identify themes and issues for future research and collaboration, and to develop concrete actions to progress
future work in this area (e.g. developing networks, future workshops). The outcomes will be presented on
the last day of the conference.

SKILLS ACQUIRED BY PARTICIPANTS
The event will represent an important occasion
where participants will be able to share their expertise, collaborate and learn from each other during a
contextualized digital heritage exercise in Lodz. Participants will learn information about a selected in-

dustrial heritage, and will be engaged in brainstorming sessions. The site visit will allow participants to
have a direct experience of the architectural heritage,
and collect information using various media. Dealing with an architectural heritage pertaining to a speciﬁc cultural context will trigger participants reﬂections about tangible and intangible features that can
be studied using digital technologies, and which digital tools and methodologies should be applied in
the process. Demonstrations of selected digital technologies will let participants to experience and learn
tools and methods that can be applied in other contexts. The workshop will also constitute an important
moment for networking, discuss about potential collaborations and future events.

EXPECTED OUTCOMES
A PowerPoint presentation will be prepared to show
the ﬁnal results and ﬁndings achieved by the participants. The presentation will be shown during the
main conference. Networking and plans for future
collaborations and events will also be part of the expected outcomes.
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Figure 2
Workshop’s
programme
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The aim of this workshop is to introduce participants to the co-design approach
using a Social VR system (without headsets): Hyve-3D (Hybrid Virtual
Environment 3D). The system affords simultaneous multi-user co-design (local
and remote) using 3D sketches (exportable as vectors) and imported 3D textured
geometries, photogrammetry models and point-clouds. Participants will be
trained to use the suitable representational ecosystem and the verbal protocols
specific for co-design as a particular kind of collaborative design where each will
be simultaneously ideating ad-hoc projects instead of cooperating (where
individual designs are put together in a later stage).
INTRODUCTION
Objectives
The goal of this workshop is to initiate participants
coming from diﬀerent backgrounds to the approach
of co-design in a multidisciplinary and collaborative
context.
The idea is to prepare the participants to actively
support co-design activities through the appropriate Representational Ecosystem (Dorta et al. 2016a;
Dorta & Kinayoglu, 2014) including traditional tools
as physical models and freehand sketches combined
to digital hybrid immersive techniques via Hyve-3D
(Hybrid Virtual Environment 3D)(Dorta et al. 2016b).
The workshop will utilize the “Knowledge Construction Activities” (KCAs) model to assess the representation’s eﬀectiveness for early ideation processes (Sopher et al. 2017).
During the workshop, all the participants of the
given project will use the Design Conversations technique (Dorta et al. 2011): the verbal protocols of
this particular kind of collaborative design. This will

allow them to gain awareness of the emergence of
collective creative ideas, therefore learning the cocreative steps underlying better performance of the
co-design process.

Scope
Participants will engage collaboratively to propose
creative and innovative solutions, all while being immersed in a life-size photogrammetric representation of the project’s context (pointcloud or textured
mesh). These ad-hoc projects will be realized in
immersion, locally and remotely, through interconnected Hyve-3D systems (internationally). The participants will experience the way design decisions
emerge and evolve upon and throughout diﬀerent representations, while able to methodically construct and analyse outcoming situated design processes. The workshop’s ﬁnal outcomes will be available for presentation with the goal to further discuss
during the conference.
Hyve-3D is a multiuser Social VR system allowing
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3D sketch creation and high interactive ﬁdelity with
3D models inside a hybrid immersive virtual environment (Dorta et al. 2016b; 2015; 2014). The innovative
visualization technique uses a non-intrusive anamorphic image projected on a spherical concave screen.
This open fabric screen permits enough space in order to accept many people at once ensuring the
needed communication among users.

WORKSHOP SCHEDULE
Day 1
Part 1. Co-design rationale sessions in groups (up to
4 groups of 2-3 participants) learning about the representational ecosystem with traditional tools, the
various elements of design conversations and the
KCA assessment model.
Part 2. Hyve-3D: Introduction and training sessions
followed by co-design in immersion.

Day 2
Part 1. Hyve-3D: International, remote interconnection for furthering the co-design process.

Figure 1
Exploring a
photogrammetric
pointcloud in
Hyve-3D

Part 2. Reﬁnement of concepts in CAD/photogrammetric models and export/import into Hyve-3D for iterative co-design cycles.

In addition, the 3D cursor technology of Hyve-3D
facilitates local and remote collaboration. Using a
handheld tablet, users interact with the virtual environment by moving the device and using well-known
multi-touch gestures. Every user has a dedicated 3D
cursor, enabling for an intuitive navigation (Fig. 1)
and graphical expression (Fig. 2) within the virtual
environment via the 3D track pad.

Users will be able to go back and forth from the vectors (.dxf ) of their 3D sketches to the CAD software
of their choice, detailing their projects and importing them back into Hyve-3D (wavefront .obj textured
ﬁles) for further co-design work.
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Part 3. Interconnection with Montreal jury (and potentially other international collaborators) for ﬁnal revisions and open-access presentations.

PREREQUISITES
No particular skills or experience in design are essential as the proposed activity aims to foster the potential of a more open ideation process shared collaboratively by diﬀerent multidisciplinary stakeholders engaged in actual projects using a representational ecosystem. Participants are encouraged to
bring their personal laptops with any 3D modeler of
their choice pre-installed, which can import .dxf ﬁles
and export .obj geometries, and/or any photogrammetry software. Although participants should expect
a photogrammetric pointcloud or mesh to be provided for the immersive co-design sessions, those already experienced with 3D scanning processes of the
sort are welcome to bring their own ﬁles (textured
.obj, .ply pointcloud or series of pictures) or equipment to document an environment of their choice.

SKILLS ACQUIRED BY PARTICIPANTS
After the workshop’s completion, participants should
be comfortable in driving co-design activities that
will beneﬁt from a proper use of the various elements

Figure 2
Collaborative
design session
between two local
collaborators using
their respective 3D
cursors in Hyve-3D

constituting the Representational Ecosystem, the Design Conversations as well as the fundamentals of the
Knowledge Construction Activities model to assess
the representation’s eﬀectiveness in ideation. Firsthand experience of how these frames are put to use
throughout the evolving ad-hoc projects should allow for a deepened understanding of the particularities encountered during the diﬀerent phases of the
collaborative design process. By also directly witnessing an assessment of the used representations’
eﬀectiveness, participants are expected to develop a
more critical approach regarding the tools they could
come to employ in future design processes or research protocols.

EXPECTED OUTCOMES
The result of this workshop consists primarily of collaboratively elaborated immersive architectural concepts, represented through 3D sketches and 3D models, embedded inside a pointcloud or textured mesh
photogrammetric representation of a given context.
This way, participants’ solutions will be proposed and
shared with a particular emphasis put on how they integrate within their expected environment. Sketches
and models created throughout the activity will be
available for participants to keep and explore in the
future using any 3D modeler capable of reading 3D
vector as .dxf ﬁles.

BACKGROUND
Tomás Dorta
Tomás Dorta has a background as a practitioner architect and designer. His research interests include
the design process and co-design using new technologies and the development of new techniques
and devices of design in the virtual realm. He obtained his Ph.D. (2001), studying the impact of virtual
reality as a visualization tool into the design process.
His research has been extensively funded by Canadian’s federal and provincial research grant institutes
and published and presented in several international
scientiﬁc conferences as well as scientiﬁc journals. As
a design educator, Tomás Dorta joined the School of

Design of University of Montreal in 2003 where he is
now full professor. Tomás Dorta is the director of the
Design research laboratory Hybridlab.

Emmanuel Beaudry Marchand
Emmanuel is currently a master’s student in the Design and Complexity program at the University of
Montreal and is working under the direction of Tomás
Dorta at Hybridlab. Emmanuel’s research focuses on
immersive virtual environments and the perception
of architectural and urban scenes transposed using
accessible digital technologies for a contextualized
ideation. Coming from a background in graphic design, his projects are driven by a deep interest for the
implications of novel forms of mediatic documentation.

Hadas Sopher
Hadas is a PhD candidate at the faculty of Architecture and Town Planning, Technion, Israel, under the
supervision of Yehuda E. Kalay. Hadas’s research proposes a framework to assess the impact of traditional
and immersive learning environments on design processes of the architectural Studio. Hadas won the
Guthweirth fellowship (2016) and the Jacobs fellowship (2017). The research is kindly supported by the
European Research Council grant (FP7 ADG 340753).

Past Work in relation to the workshop
Tomas Dorta demonstrated their system Hyve-3D at
the last event of SIGGRAPH in Los Angeles in 2015.
Tomas Dorta launched Hyve-3D at SIGGRAPGH 2014
in Vancouver. He organized in collaboration with colleagues of the Victoria University of Wellington (NZ)
a workshop about virtual heritage using Hyve-3D in
CAADRIA 2016 conference at Melbourne. Hyve-3D
has been selected as one of the best user interfaces
of 2014 by Co.Design. Other mentions in the media
include Bloomberg, Les Aﬀaires, The Telegraph and
so on.
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Non-manifold topology (NMT) allows the user to construct light-weight
conceptual spatial architectural models which define the overall enclosure and
the internal cellular division within that enclosure. The objective of this workshop
is to give participants hands-on opportunities with a new software library that we
have been developing under a research grant from the Leverhulme Trust. On the
first day, the concepts of non-manifold topology will be introduced, including
non-regular modelling operations. On the second day, we will introduce two
plug-ins, which have been interfaced to our NMT tools: a) building energy
simulation using OpenStudio and EnergyPlus and b) structural analysis software.
Keywords: Non-manifold topology, Visual data flow programming, Building
performance simulation, Computational design

WORKSHOP ORGANIZERS
Wassim Jabi is Reader of Computational Methods
in Architecture at the Welsh School of Architecture,
Cardiﬀ University. His current research into nonmanifold topology, parametric design, building performance simulation, and robotic fabrication in architecture is supported by the Leverhulme Trust and EPSRC. Dr. Jabi has written extensively on architectural
computation including the recent book “Parametric
Design for Architecture”, published by Laurence King
Publishing. He is a former president of ACADIA and
a member of the editorial board of the International
Journal of Architectural Computing (IJAC). He studied
architecture at the American University of Beirut and
his MArch and PhD are from the University of Michigan.
Robert Aish is Visiting Professor of Design Computation at the Bartlett School of Architecture, where
his research into the use of non-manifold topology

to represent architectural space is supported by the
Leverhulme Trust. Previously he was Director of Research at Bentley where he led the development of
GenerativeComponents and Director of Software Development at Autodesk where he led the development of DesignScript. He is also a cofounder of the
SmartGeometry group. He studied Industrial Design
at the Royal College of Art and has a PhD in Human
Computer Interaction from the University of Essex.

INTRODUCTION
Non-manifold topology (NMT) allows the user to construct light-weight conceptual spatial architectural
models which deﬁne the overall enclosure and the internal cellular division within that enclosure. The objective of this workshop is to give participants handson opportunities to build spatial models using NMT
and use these models for various tasks such as building energy simulation (using EnergyPlus). The work-
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Figure 1
Energy analysis
workﬂow.

shop will consist of formal instruction, practical exercises and opportunities for the participants to use
NMT modelling with their own architectural projects
and research.
On the ﬁrst day, the concepts of non-manifold
topology will be introduced, including non-regular
modelling operations. It is assumed that participants
are already familiar with conventional solid modelling using manifold topology and regular Boolean
operations. Some formal exercises will be presented to help the participants acquire the appropriate hands-on modelling skills before exploring their
own projects, guided by the workshop tutors.
On the second day, we will introduce connections from the NMT tools to building performance
simulation using a plug-in for energy analysis (using
OpenStudio/EnergyPlus). The formal instruction on
the second day will address the special modelling
constraints required by this plug-in. The workshop
will allow time for the participants to build and test
diﬀerent non-manifold models, guided by the workshop tutors.

BACKGROUND
Designing, representing and reasoning about architectural space is one of the unique and deﬁning properties of architecture (Ching 2004). Accounts from
the literature indicate that buildings are often ﬁrst
conceptualised as a hierarchical sequence of related
spaces (Curtis 1996). Only once this spatial arrangement has been deﬁned does the focus shift to how
these spaces will be realised by the use of physical
building components. However, in BIM systems, the
most prevalent approach is to represent a building as
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a collection of 3D solid models with each solid representing an individual physical building component
(Attia et al. 2011). Modern BIM systems do not require nor advocate the creation of a conceptual spatial model as the basis of the building fabric model.
Therefore, one of the primary motivations for the development of the tool to be used in this workshop
is to rethink the BIM design process to focus ﬁrst on
building a conceptual model that can act as an ordering framework and support for further design development. In this process, an NMT conceptual model
would serve as a deﬁning model for a derived building fabric model. The NMT conceptual model would
deﬁne both the spatial conﬁguration and topology
as well as provide a skeletal framework that can be
‘thickened’, either manually or using computational
algorithms and rules, into actual building fabric components (Aish and Pratap 2012).
The term ‘topology’ is derived directly from the
Greek τόπος (place), and λόγος (study), and therefore
can be deﬁned as the study of place - or the study
of space. This is precisely our aim - mainly to enhance the representation of space in computational
design systems through the use of topological concepts. Topology deﬁnes the relationships between
entities and is concerned with the properties of space
that remain constant when it is subjected to deformations. NMT is well-suited to create a lightweight
representation of a building as an external envelope
and the subdivision of the enclosed space into separate spaces and zones using zero-thickness internal
surfaces. In addition, NMT allows entities with mixed
dimensionalities to co-exist in the same entity. Because NMT maintains topological consistency, a user
can query these cellular spaces and surfaces regard-

Figure 2
Structural loading
workﬂow

ing their topological data and thus conduct various
analyses. Prior publications by the authors suggest
a strong potential of using geometrical entities with
NMT as a representation of architectural space that is
also highly compatible with the input requirements
of building performance simulation (BPS) engines (Ellis et al. 2008; Jabi 2015; Chatzivasileiadi et al. 2018;
Wardhana et al. 2018), structural design, fabrication
planning (Jabi et al. 2017) and spatial reasoning (Jabi
2016; Jabi et al. 2017; Al-Jokhadar and Jabi 2017).
The approach aﬀorded by NMT provides topological clarity that has the potential to allow architects
to better design, analyse, reason about, and produce
their buildings.
In this workshop participants will use Topologic,
an open-source software modelling library enabling
hierarchical and topological representations of architectural spaces, buildings and artefacts through
NMT. Topologic is designed as a core library and
additional plugins to visual data ﬂow programming
(VDFP) applications and parametric modelling platforms commonly used in architectural design practice. This workshop is part of the Non-Manifold Research project funded by the Leverhulme Trust (Research Project Grant Number RPG2106-16) at the
Welsh School of Architecture, Cardiﬀ University and
at the Bartlett School of Architecture, UCL. The
building performance analysis tools introduced at
the workshop have been developed in collaboration with our industrial partners: The National Renewable Energy Laboratory (NREL) and BuroHappold Engineering. For more information, please
visit non-manifold.net or contact Dr. Wassim Jabi
(jabiw@cardiﬀ.ac.uk).

WORKSHOP SCHEDULE
Day 1
• 9:00 - 10:00 Welcome and software installation
• 10:00 - 12:00 Introduction to Non-manifold
Topology
• 12:00 - 13:00 Hands-on initial experimentation with NMT
• 13:00 - 14:00 Lunch
• 14:00 - 16:00 Build and analyse a simple oﬃce
building (energy and structure)

Day 2
• 9:00 - 10:00 Discussions regarding own
project
• 10:00 - 13:00 Individual development of
project using NMT tools
• 13:00 - 14:00 Lunch
• 14:00 - 15:00 Analysis using OpenStudio/EnergyPlus and/or Autodesk Robot
• 15:00 - 16:00 Presentation of results

PREREQUISITE SKILLS AND KNOWLEDGE
OF PARTICIPANTS
The non-manifold topology library, Topologic, written in C++, will be available as a Dynamo plugin. Participants should be familiar with the basics of Dynamo visual programming. They should also have
knowledge of and an interest in building performance simulation including energy analysis (OpenStudio/EnergyPlus).
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REQUIRED INFRASTRUCTURE OF THE PARTICIPANTS
Participants are required to have a modern Windows
10 64bit laptop with Dynamo installed. There should
be 3 GB available storage space for software installation.

SKILLS ACQUIRED BY PARTICIPANTS
At the end of this workshop, participants will be able
to:
• Understand non-manifold topology and related concepts
• Explore the beneﬁts of the use of nonmanifold topology in the representation of
buildings
• Represent their buildings appropriately for
building performance analysis

EXPECTED OUTCOMES
The expected outcomes of the proposed workshop
are the following
• Parametric Dynamo deﬁnitions
• Non-manifold 3D models
• Building performance analysis visuals
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Introduction to Parametric Design
Basics of Parametric design with Rhino and Grasshopper with a focus on BIM
(ARCHICAD)
Ákos Karóczkai1
1
GRAPHISOFT
1
AKaroczkai@graphisoft.com
Parametric design, computer-generated geometries are a big buzzword in today's
architectural world. This technology is an important tool even today but it has an
increasing importance in the future of effective architecture and design.This is the
description of the ``Introduction to Parametric Design'' workshop
Keywords: Rhinoceros, Grasshopper, Parametric, design
Figure 1
Enzyme APD Parametric hotel
tower

It is recommended to apply to this workshop
joined with the “Parametric BIM models in ARCHICAD” workshop

WORKSHOP TOPIC
Learn the basics of Parametric Design with the industry leading tools, Rhinoceros and Grasshopper with
a focus on BIM. The goal of the training is to familiarize the participants with the basic concepts of architectural visual coding. Even though the workshop
is mostly about Rhinoceros and Grasshopper, it will
partly focus on generating BIM models in ARCHICAD
The language of the workshop is English!

BACKGROUND
There is no prerequisite for this workshop because
it will cover Rhinoceros and Grasshopper from the
very basics (User interface, navigation, basic element
types, etc.), however, a logical, mathematics oriented
mindset is an advantage to easily understand the
concepts of visual programming.
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Figure 3
Sine wave entrance
canopy in
Grasshopper

SOFTWARE TO INSTALL
Rhinoceros and Grasshopper are the industryleading tools in Parametric and algorithmic design
and were developed especially for architects and designers. Rhinoceros is a generic 3D modeller software
and it functions as the framework for Grasshopper
(visual programming interface)
The following software have to be installed
in order to take part in the workshop (Trial and
Evaluation version are accepted): Rhinoceros 5 or
6, Grasshopper (download links and instructions
will be shared with the participants)

WORKSHOP SCHEDULE
• 9:00-9:30 - Introduction to Parametric Design
• 9:30-10:00 - Rhinoceros introduction - user interface, basic creating and editing
• 10:00-10:30 - Grasshopper introduction (user
interface, visual programming basic concept)
• 10:30 - 10:45 - Coﬀee break
• 10:45-11:45 - Grasshopper exercises
• 11:45-12:00 - Q&A, Wrap-up

EXPECTED OUTCOMES
Participants will understand the beneﬁts of Freeform
modelling and parametric design via visual programming with Rhinoceros and Grasshopper. They will
learn how they can beneﬁt by automating certain tedious, repetitive tasks and creating a large amount
of accurate geometrically complex elements by not
modelling geometry directly but creating a logic, an
algorithm behind the geometry in university projects
or in real life scenarios.

REFERENCES

SKILLS ACQUIRED BY PARTICIPANTS
Participants will learn basic navigation and modelling skills in Rhinoceros. They will learn the basic
concepts of visual programming with Grasshopper
and will have the skill to continue learning parametric design and automation.
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[1] https://www.rhino3d.com/
[2] http://www.grasshopper3d.com/
[3] http://www.graphisoft.com/
[4] http://www.graphisoft.com/archicad/rhino-grassho
pper/
[5] http://weareenzyme.com/blog/
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Parametric BIM Models in ARCHICAD
The Grasshopper - ARCHICAD Live Connection
Ákos Karóczkai1
GRAPHISOFT
1
AKaroczkai@graphisoft.com
1

Parametric modelling is a very trending topic in the Architecture Engineering and
Construction industry. There is an ever-growing challenge in the industry about
how it is possible to document freeform and very design-oriented projects (created
in Rhinoceros) in BIM. The ultimate goal of architectural and design projects is
to be able to realize the building based on the 2D documentation. Currently
Rhinoceros and Grasshopper are the industry-leading algorithmic solutions in
the AEC industry. To complement such workflows, GRAPHISOFT developed a
live connection between Grasshopper and ARCHICAD in order to generate BIM
models, directly from the Visual Programming Interface (Grasshopper) and
bridge the gap between the freeform, conceptual- and the BIM worlds.
Keywords: Parametric, BIM, ARCHICAD
Figure 1
“Designing reality”
smart tower by
ArchiRadar

WORKSHOP TOPIC
It is recommended to apply to this workshop
along with the “Introduction to Parametric Design” workshop as it is the second part of the introduction workshop.
Learn how to build parametric BIM models in
ARCHICAD with the help of Rhino and Grasshopper
on this half-day workshop! The goal of the training is to showcase how you can create parametric
BIM models in ARCHICAD, directly from Grasshopper through a set of practical examples. A maximum of 20 participants is allowed who have to bring
their own computers with the following software installed. Besides the connection between Grasshopper and ARCHICAD, the direct interoperability import/export options between Rhino and ARCHICAD
are discussed.
The language of the workshop is English

BACKGROUND
Participants need to have a basic understanding of
Rhino and Grasshopper functionalities or other visual programming solutions. Basic ARCHICAD knowl-
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Figure 3
Early design phase
zoning with
ARCHICAD

edge is necessary (navigating in the project, basic element concepts, etc.)

SOFTWARE TO INSTALL
The following software have to be installed in order to take part in the workshop (Trial and Evaluation versions are accepted). Download links and
help will be provided for the participants before
the workshop

•
•
•
•

ARCHICAD 21
Rhinoceros 5 or 6
Grasshopper
Grasshopper - ARCHICAD Live connection

SKILLS ACQUIRED BY PARTICIPANTS
Participants will learn the basics on how to create
and document automatically updating Parametric
BIM models with Grasshopper and ARCHICAD.

EXPECTED OUTCOMES
Attendees will have the basic skills and understanding to continue learning parametric design, not just
for form ﬁnding and extraordinary geometries but for
optimization, analysis and in general how to spare
time during the design process and outsource repetitive design and documentation task to the computer
with the help of Grasshopper. Participants will have
the basic skills to improve their practices by designing and automating with algorithmic tools.

REFERENCES

WORKSHOP SCHEDULE
•
•
•
•
•

13:00-13:30 - Introduction to Parametric BIM
13:30 - 14:30 - BIM element generation
14:30-14:45 - Coﬀee break
14:45-16:00 - Zoning and Structure
16:00 - 16:30 - Deconstruct, Q&A, wrap-up
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[1] http://graphisoft.com/users/bim-case-studies/archir
adar-case-study.html
[2] http://graphisoft.com/downloads/addons/interoper
ability/rhino.html#live-connection-plugin
[3] https://rhino3d.com
[4] https://grasshopper3d.com
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New Methods for Urban Analysis and Simulation with
Grasshopper
Using DeCodingSpaces-Toolbox
Reinhard Koenig1 , Martin Beilik2 , Katja Knecht3 ,
Abdulmalik Abdulmawla4 , Ekaterina Fuchkina5
1
Bauhaus-University Weimar and Austrian Institute of Technology 2,4,5 BauhausUniversity Weimar 3 Future Cities Laboratory, Singapore-ETH Centre
1,2,4,5
{reinhard.koenig|martin.beilik|abdulmalik.abdulmawla|ekaterina.
fuchkina}@uni-weimar.de 3 katja.knecht@arch.ethz.ch
This workshop presents a collection of methods that supports the creation of
urban masterplans. These methods are also used for evaluating the performance
of the generated plans using advanced performance analysis tools as well as
design exploration tools. During a one-day-workshop, the participants will
practice using these tools in three parts; Street Network Generation, Synthesis of
urban morphology, and Design-Space-Exploration. All the tools are integrated in
one library called DeCodingSpaces-Toolbox for the parametric modelling
environment Grasshopper.
Keywords: Urban Generation and Analysis, Urban Simulation, Design Space
Exploration

Introduction
In this workshop, the participants will learn how to
generate urban fabric variants, perform quantitative
analysis on it, as well as optimize the generated variants and explore the corresponding solution space.
For this purpose, they will be introduced to various
components from the DeCodingSpaces Toolbox for
Rhino/GH. They will learn how to analyse Street Networks eﬀectively to compute real life phenomena
such as the distribution of functions in a city or the
movement patterns of citizens. Moreover, they will
be introduced to the various methods for the synthesis of urban morphology (street networks, plots, and
buildings) and how they could connected to the anal-

ysis methods. Finally, the participants will also be introduced to design space exploration tool for being
able to compare the generated solution systematically.

DeCodingSpaces-Toolbox
The presented DeCodingSpaces-Toolbox for
Grasshopper is a collection of analytical and generative components for algorithmic architectural and
urban planning. The toolbox is free software (1) released by the Computational Planning Group (CPlan)
(Koenig, Treyer, & Schmitt 2013; Koenig 2015; Fuchkina 2016; Koenig et al. 2017; Konieva et al. 2018). It
integrates established urban analysis methods, ex-
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tends them with new features and introduces new
methods for the analysis and synthesis of urban morphology.

Workshop
The workshop will be in three main parts.
In the ﬁrst part of the workshop, the participants
will learn to use the street network analysis components and how the computed quantities relate to real
life phenomena such as the distribution of functions
in a city or the movement patterns of citizens as in
ﬁgure 1a.
In the second part, we will demonstrate functions of the DeCodingSpaces-Toolbox for the synthesis of urban morphology (street networks, plots, and
buildings), which is directly connected to the analysis
and the simulation parts as in ﬁgure 1b.
In the last part, we use a Design-SpaceExploration tool (DSE) that presents the generated
solutions in various ways as in ﬁgure 1c.

Schedule
Part 1
Street Network Generation.

Part 2
Dynamic Urban Simulation.

Part 3
Design-Space-Exploration.

Skills
• Intermediate experience in Grasshopper
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Figure 1
(a) Street Network
Generation (b)
Street Network
Analysis (c) DesignSpace-Exploration

Outcome

Katja Knecht

During this one-day-workshop the participants will
be introduced to the various methods for the analysis, synthesis and exploration of urban morphology
with the focus on street networks. They will learn
how to analyse Street Networks eﬀectively to compute real life phenomena, as well as, how to compare the generated designs systematically. We will be
using DecodingSpaces Toolbox in Grasshopper, and
Design-Space-Exploration tool.

Katja is a researcher in Cognitive Design Computing with the Big Data-Informed Urban Design project
at Future Cities Laboratory at the Singapore-ETH
Centre. With a background in media, architecture,
and computing, her research interests are interdisciplinary in nature and include interaction and user experience design, cognitive and design computing, as
well as artiﬁcial intelligence techniques. In the past,
her work has ranged from the development of generative and media-based tools to support architectural and urban design processes to the creation of
wearable devices and tangible user interfaces for mediated spatial experiences.

Biographies
Reinhard Koenig
Reinhard is Professor for Computational Architecture
at Bauhaus-University Weimar and a Principal Scientist at the Smart and Resilient Cities competence unit
at the Austrian Institute of Technology (AIT) in Vienna.
In addition, he acts as Co-PI in the Big Data Informed
Urban Design and Governance group at the Future
Cities Laboratory at the Singapore ETH Centre. After studying architecture and urban planning in Munich and Kaiserslautern Reinhard König completed
his PhD thesis in 2009 at the University of Karlsruhe.
From 2007 - 2012 Reinhard worked as a research assistant and appointed Interim Professor of the Chair
for Computer Science in Architecture at BauhausUniversity Weimar. From 2013 - 2016 Reinhard König
worked as senior researcher at the Chair of Information Architecture, ETH Zurich. In 2014 Reinhard was
guest professor at the Technical University Munich.

Martin Beilik
Martin is a research assistant at the Chair of Computer
Science in Architecture at the Bauhaus-University
Weimar in Germany and co-founder of the DecodingSpaces GbR. He graduated in architecture and
urban planning in 2011 at the Faculty of Architecture, Slovak University of Technology. Since 2012,
he worked at the Bauhaus University Weimar. His
main research interest is computational analysis and
simulation of urban systems and application of these
methods in planning process. As associate investigator at Emerging Cities Lab in Addis Ababa, he positions his research in context of rapid urbanization.

Abdulmalik Abdulmawla
Abdulmalik is a lecturer and research assistant at
the Chair of Computer Science in Architecture at the
Bauhaus-University Weimar in Germany. He graduated in architecture and urban planning in 2013 at
Dessau International Architecture Graduate School
(DIA), Germany. Since 2016, he has been working at
the Bauhaus University Weimar. His main research
interest is computational analysis and simulation of
urban systems with focus on the patterns of mircoeconomic aspects of the local urban settings of the
city. He is also the Project Coordinator of Discovering
Cities project in Amman Jordan.

Ekaterina Fuchkina
Ekaterina is a lecturer and research assistant at the
Chair of Computer Science in Architecture at the
Bauhaus-University Weimar in Germany. She graduated in Computer Science and Media in 2017 at
Bauhaus-University Weimar. Her main research interest is design and developing of computational analysis approaches in architecture with focus on spatial
analysis and design space exploration systems.
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Smart Communities
Unleashing the Potential of Data for Smart Communities
Antje Kunze1 , Michael Marz2 , Edyta Wyka3
Esri Germany 3 Esri Poland
1,2
{a.kunze|m.marz}@esri.de 3 ewyka@esri.pl

1,2

Are you excited about data, mapping and analytics and want to learn new skills?
Then you'll love our hands-on workshop on how to collect and blend open and
premium data with the cities' everyday planning and management tasks, analyze
urban environments, and deliver the results in stunning 2D and 3D web mapping
apps.
Keywords: smart city, GIS, data visualisation, data driven design

Figure 1
Interactive 3D web
map showing the
potential of land
value.

WORKSHOP INTRODUCTION

SKILLS ACQUIRED BY PARTICIPANTS

Smart communities are about connecting people to
technology to achieve better daily outcomes. Modern communities face constant challenges. Whether
it’s congested roadways, homelessness, lack of jobs,
underperforming schools, crime, or otherwise, the
opportunity for improvement is everywhere. Smart
communities ﬁnd the results they seek more often through civic engagement, data-driven decisionmaking, and collaboration. Geographic information
system (GIS) technology supports these eﬀorts by
uniting data sources, analyzing information at scale,
and providing intelligence with context to help anticipate outcomes.
In this hands-on workshop we will evaluate new
techniques to gather data from Open and Premium
Data sources, bring them in context with cities’ everyday planning and management tasks. You will learn
how to analyze urban environments and how to visualize the results eﬀectively in stunning 2D and 3D
web mapping apps.

It is a plus when participants are familiar with basic
principles of mapping. Excitement about data, mapping, analytics and interested to learn new skills.

EXPECTED OUTCOMES
The participants will create their own web maps enriched with open and premium data. Based on this
outcome, web applications will be conﬁgured to
bring the analytics and civic engagement to the map.
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Figure 2
Shadow impact
analysis: Planners
can assess the
potential shadow
impact of the
proposed
development on
the surrounding
community.

WORKSHOP CHAIRS
Antje Kunze is a Solution Manager for BIM and Smart
Cities at Esri Germany. She is focusing on what is
needed to build smart, livable, and resilient communities and how innovative technology supports
collaborative planning and decision making across
scales and disciplines. Previously she was a cofounder and CEO of the ETH-Spin-oﬀ CloudCities,
an online platform for publishing interactive 3D city
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models, and a researcher at the Chair of Information
Architecture at ETH Zurich.
Michael Marz is a sales engineer at Esri Germany.
Previously, he was a scientiﬁc staﬀ member at the
University of Halle-Wittenberg and conducted research in the thematic ﬁeld of eﬃcient crop production with focus on fertilization and self-learning algorithms.
Edyta Wyka is a Manager of Education Department at Esri Polska, graduate of Warsaw University of
Technology (Spatial Planning). She cooperates with
academic institutions supporting educational and research projects with GIS. She leads ArcGIS workshops
for students, academic teachers and promotes WebGIS in secondary schools.

REFERENCES
[1] https://coolmaps.esri.com

Figure 3
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Application of Artiﬁcial Intelligence in Architectural
Generative Design
Morteza Rahbar1
1
ETH Zurich
1
rahbar@arch.ethz.ch
In this workshop, data-driven models will be discussed and how they could
change the way architects think, design and analyse. Both supervised and
unsupervised learning models will be discussed and different projects will be
referred as examples. Deep learning models are the third part of the workshop
and more specifically, Generative Adversarial Networks will be mentioned in
more detail. The GAN's open a new field of generative models in design which is
based on data-driven process and we will go into detail with GANs, their
branches and how we could test a sample architecture generative problem with
GANs.
Keywords: Artificial Intelligence, Machine Learning, Generative Design,
Knowledge based Design, GAN

INTRODUCTION
Rule-based design and analysis models have been
one of the mainstreams of scholars in the last few
decades. Some of these researches have acquired
good results, but they still have several disadvantages especially when they deal with multi objective functions. Most architectural design problems
could be considered as nondeterministic algorithms.
In these problems, we could have several possible
answers for the same input. For instance, designing an architectural layout could have several correct solutions and there is no absolute one correct
answer for this case. Considering a speciﬁc objective function could lead to an optimization problem
with one exact answer but design problems deal with
multiple objectives which they are usually hard to be
expressed as numerical objective functions. On the
other hand, there are some inﬂuential design parameters which could not be expressed as numerical pa-

rameters. In this workshop, we will focus on artiﬁcial intelligence models and how they are used in the
ﬁeld of generative design. Some of the inﬂuential researches will be discussed and particularly GANs will
be discussed in detail. GAN stands for generative
adversarial networks and it has been introduced by
Ian Goodfellow in 2014. Since then other researchers
have worked on GANs and they have introduced new
branches on GAN which are used in the generative
design. Basically, GANs are used to generate synthesized data. The models in the GANs are trained on an
available dataset. In this workshop, we will work on
architectural plans and we will see how we could train
a GAN model based on available architectural plans
and ﬁnally predict the probability of space allocation
on a new architectural boundary.
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BACKGROUND
Researchers from artiﬁcial intelligence community
have already put many eﬀorts to generate synthetic
data with deep learning techniques. A group of researchers in Stanford University use the generative
adversarial networks to design shoes(Deverall, Lee et
al. 2017). They use trained GAN models with shoe
dataset to generate synthetic shoe designs for preliminary steps. A group of scholars in Berkeley AI
Research Laboratory, propose Cycle-Consistent Adversarial Networks for an unpaired image to image
translation (Zhu, Park et al. 2017). In their research,
they present a method which could generate synthetic data similar to input image but in a new style.
Leon Gatys and his research team worked on generating synthetic artistic style photos (Gatys, Ecker et
al. 2015). Conditional cycle-GANs were also used to
generate synthetic face photos (Lu, Tai et al. 2017).
More speciﬁcally in the ﬁeld of architectural design,
some scholars study the application of deep learning
in segmentation tasks. Samuel Dodge applies fully
convolutional networks(FCN) for wall segmentation
in architectural layouts. In his paper ‘Parsing ﬂoor
plan images’ (Dodge, Xu et al. 2017), he proposes
an FCN-2s with a 2-pixel stride layer architecture to
gain the best result in wall segmentation. Some other
scholars (Ahmed, Liwicki et al. 2012) use the deep
learning architectures for automatic room detection
task. In the ﬁeld of architectural generative design,
the Autodesk company is leading a research group
focusing on generative design & AI. Autodesk’s new
Toronto oﬃce is one of the ﬁrst examples of a generatively designed oﬃce space (Nagy, Lau et al. 2017).

WORKSHOP SCHEDULE
During the ﬁrst 4 hours, we will discuss the models in
artiﬁcial intelligence and speciﬁcally the most recent
developments. We will focus on deep learning models that relate to architectural generative design.On
the second 4 hours we will discuss GANs and on our
ﬁrst experience, we will work on training a model
based on our architectural plans dataset.. On this
workshop, we will experience how the GAN model
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could generate a heat map representing the probability of space allocation on a given boundary.On the
third 4 hours (second day), we will experience interactive GAN model which could help the users design
their desired plan boundary and the model generates the most possible plan.

SKILLS ACQUIRED BY PARTICIPANTS
The participants will learn about machine learning
models and how they could be applied for an architectural task. They will learn about generating synthetic data which could be very useful in generative
design. They will also learn GAN in detail and how
they could be used for design and analysis tasks.

EXPECTED OUTCOMES
In the workshop the participants will work on architectural layout design and they will be able to generate a probability layout design heat map and they
will learn how to integrate the vector interface of
Rhinoceros with GAN models.
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preprint arXiv:1705.09966
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Symposium on Simulation for Architecture and Urban
Design
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Beyond Genetic Algorithms
Understanding Simulation-based Optimization
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This workshop introduces simulation-based (i.e., black-box) optimization
algorithms in Grasshopper in terms of their optimization strategies and
performance. Through benchmarking on example problems defined by the
participants, the workshop questions the almost exclusive reliance on Genetic
Algorithms in Architectural Design Optimization.
Keywords: Simulation-based Optimization, Genetic Algorithms, Benchmarking

INTRODUCTION

BACKGROUND

The increasing prevalence of parametric design and
performance simulations in computational design
and research practices increases the relevance of
simulation-based optimization. Simulation-based
optimization not only oﬀers a potential for automating the search for high-performing design candidates, but also a potential for better understanding design spaces, and thus design problems, in
terms of quantitative performance. But a sometimesunreﬂective reliance on genetic algorithms to the exclusion of other, potentially more eﬃcient and insightful, optimization methods has limited these potentials (Wortmann et al. 2017).
This workshop introduces single- and multiobjective, simulation-based (i.e., black-box) optimization algorithms in Grasshopper in terms of their
optimization strategies and performance, including
but not limited to the Galapagos GA. The workshop
introduces optimization algorithms from three major
categories: metaheuristics, direct search, and modelbased methods.

Metaheuristics include popular populational
stochastic algorithms such as genetic algorithms and
particle swarm optimization, direct search tends to
be iterative and more deterministic. Model-based
methods utilize (surrogate) models of a problem’s underlying ﬁtness landscape, which they continuously
update during the optimization process (Wortmann
and Nannicini 2017). In other words, model-based
methods harness machine-learning related methods
to hasten optimization processes.

SKILLS ACQUIRED BY PARTICIPANTS AND
EXPECTED OUTCOMES
Using Grasshopper, Participants can experiment with
algorithms from these categories on example problems, as well as problems from their own design and
research practices (“Bring-Your-Own-OptimizationProblem”). The workshop provides methods and
tools for comparing the performance of optimization
algorithms on these problems. The workshop aims
to gather examples of simulation-based optimization
problems from architectural design and research, as
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Figure 1
Composite
benchmark results
from seven
simulation-based
example problems.

well as benchmark results of diﬀerent algorithms on
these problems.
The workshop also introduces a novel,
performance-informed design tool in Grasshopper
that not only allows model-based optimization, but
also interactively visualizes ﬁtness landscapes, which
allows insights into problem characteristics, real-time
feedback, and interactive, performance-informed
design space exploration (Wortmann 2017).

WORKSHOP SCHEDULE
Day 1 Morning.
• Introduction to Black-Box Optimization
• Setting-up of Optimization Problems
Day 1 Afternoon.
• Introduction to Benchmarking
• Benchmarking of Optimization Problems
Day 2 Morning.
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• Introduction to Performance-Informed Design
• Benchmarking of Optimization Problems
Day 2 Afternoon.
• Analysis of Benchmark Results
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Tools and methods used by architects always had an impact on the way building
were designed. With the change in design methods and new approaches towards
creation process, they became more than ever before crucial elements of the
creation process. The automation of architects work has started with
computational functions that were introduced to traditional computer-aided
design tools. Nowadays architects tend to use specified tools that suit their
specific needs. In some cases, they use artificial intelligence. Despite many
similarities, they have different advantages and disadvantages. Therefore the
change in the design process is more visible and unseen before solution are
brought in the discipline. The article presents methods of applying the selected
artificial intelligence algorithms: swarm intelligence, neural networks and
evolutionary algorithms in the architectural practice by authors. Additionally
research shows the methods of analogue data input and output approaches, based
on vision and robotics, which in future combined with intelligence based
algorithms, might simplify architects everyday practice. Presented techniques
allow new spatial solutions to emerge with relatively simple intelligent based
algorithms, from which many could be only accomplished with dedicated
software. Popularization of the following methods among architects, will result in
more intuitive, general use design tools.
Keywords: computer aideed design, artificial intelligence,, evolutionary
algorithms, swarm behaviour, optimization, parametric design

INTRODUCTION
Tools used by architects are constantly evolving.
From sketches, two-dimensional drawing and physical model to creating advanced design tools dedicated to particular solutions. Contemporary architects often use an advanced computational system to
create complex forms and gain means to control and
change it freely. However, most of the currently available designer’s digital tools are limited to the pre-

deﬁned commands. The narrow scope of tools, put
against the complex architectural vision, encourages
the designers to create their own algorithms, based
on previously dedicated to diﬀerent scientiﬁc ﬁelds.
Most of them are based on hierarchical and almost
linear approach towards creation process.
Nevertheless more and more attention is
brought towards newer design techniques based
on heuristic approach. Due to the shift in the un-
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derstanding creation process, they allow us to create
form and architectural vision in non-hierarchical way
with a signiﬁcantly diﬀerent approach to problemsolving solutions. Commonly this approach is based
on predicted assumptions. However, the form created in a nonhierarchical way can be based on computer learning process, that induces artiﬁcial intelligence to the discipline.
The change is visible in contemporary approach
towards form creation. Designers create their structure on the provided input data that can be gathered in a traditional non-computational way or using
advanced automated computational system, rather
than based on their subjective personal artistic vision. Both algorithmic and data based methods led
to form creation process that is entirely adaptive at
design all stages. It is important to point out that all
of the algorithms and methods should be moderated
by designer, who is responsible for the actual, fullscale architectural form, and based on their experience and preferences.
The article will discuss contemporary used by the
authors design techniques that lead to the usage of
automated systems based on the selected forms of
artiﬁcial intelligence algorithms. Among many deﬁnitions of artiﬁcial intelligence, depending on the research ﬁeld being discussed, is commonly described
as method of “achieving complex goals in complex
environments”. (Goertzel,2006) The advantages and
disadvantages will be analyzed in the scope of recent discoveries. As results will show investigated
methods have a lot in common and may oﬀer valuable tools for designers. The aim of the article is to
present currently applied set of algorithms, amplifying architectural design tools set, in the optimization
process, behavior-based design and supervised machine learning approach.

ARTIFICIAL INTELLIGENCE
TURAL DESIGN

ARCHITEC-

Computing in architectural design is based on calculation and automation. All design software oﬀer various automated tools that support the creative pro-

cess. In terms of computer automated design the
most relevant once, are those that use visual scripting, that allow user to compose own algorithms by
common programming language or visual scripting
techniques. No other systems give designers such a
high level of control and possibilities to create their
own design tools, ﬁtted to their needs and habits.
The automated design systems are commonly used
in contemporary architecture, because of their potential to increase productivity and freedom of modiﬁcation even in most complex environments by developing custom, topic depended tools.
Throughout the many algorithmic design strategies the set of following brings computational architecture toolset towards artiﬁcial intelligence approach:
• Evolutionary algorithms
• Swarm intelligence
• Neural Network

COMPUTATION AIDED DESIGN
We can distinguish many diﬀerent forms of artiﬁcial
intelligence approach that are being used in design
processes. From automation with a low level of autonomy, to swarm intelligence and neural network
that can achieve high levels of autonomy. Nevertheless, they all introduce a new way to create architectural form. That often lead to new spatial eﬀects.
Moreover, there are two main models of artiﬁcial intelligence, there are subsymbolic systems and
symbolic systems. The symbolic systems are created
in the forms of algorithms, where the basic parameters have to be analyzed in a strictly hierarchical way.
Therefore they are less autonomous and give their
creators higher level of control.
Whereas the symbolic system can be described
as autonomous design processes that create a form
in a non-hierarchical way, where based on complex
dependencies. Where a diﬀerence in input parameters can entirely change the way the system works
and creates form. However, they can provide a high
freedom of choice in many achieved results that can
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Figure 1
Comparison of the
initial and
optimized spatial
structure.

have diﬀerent levels of computation.
Considering the complexity of the architectural
design process and a vast number of documentation to be generated due to construction process
speciﬁcity, advanced, uniﬁed and data- based project
management systems should be simultaneously developed. In order to achieve best possible computing
results, architectural design should be considered as
a data processing. Although the following author’s
examples are rather conceptual geometries, than architectural forms, it is important to mention that in
future, fully user ready A.I. systems should be based
on the structuralized data, what in a terms of architecture is provided by Building Information Modelling process.

is being explored from the middle of 1990’s (Frazer,
1995), as the tool being able to produce solutions to
problems which structure could not be clearly understood.

EVOLUTIONARY ALGORITHMS
Evolutionary Algorithms are a class of algorithms inspired by processes of biological evolution such as reproduction, mutation, recombination and selection.
During the consecutive process algorithm’s parameters are veriﬁed and adjusted. The system of optimization relies on the set of four basic rules: selection
of the reproduction best-ﬁt individuals, new individuals breed through mutation process, evaluation of
the individuals ﬁtness (Hirst, 1997) and replacement
of the least ﬁt individuals. Evolutionary Algorithm
computational model enables adjustment of the input parameters, resulting in the optimized conﬁguration in the reference to the set goals.
Introduced by L. J. Fogel in the 1966 Evolutionary Computing (Fogel, Owens and Walsh, 1966) became one of the most common problem- solving
method, ﬁnding its application in the ﬁelds of signal and image processing, computer vision, pattern
recognition, industrial control and aerospace engineering (Cagnoni, 2000). In the domain of evolutionary computing, genetic algorithms (Mitchell, 1996)
are the most widespread type of the multi-criteria optimization methods. Therefore they are becoming
the matter of interest for artists, designers and architects. The scope of possible application of the evolutionary algorithms in the ﬁeld of architectural design

The potential of genetic algorithms has been used in
following research project in order to optimize the
objects structural topology, cross-section and materials type selection. The goal of the optimization was
to reduce the materials usage, with the possibility of
inﬂuencing on both, the project expenses and energy demand during the fabrication process. Simultaneously the counter goal was set in order to avoid
minimizing the material to a level below maximum
possible structural displacement value. The aim of
the algorithm was to inﬂuence the spatial structure
without having the impact on the visual form. That
gave the designer a full control over the architectural design and used the algorithm as an advanced
problem-solving tool. The spatial optimization process resulted in reducing the maximum structural displacement value by 6% and material usage by 42%
from initial form proposed by the designer (Figure 1).
The project transformation in the form of the genetic algorithms is the answer to the question related
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to the way of inspiration to the nature in architectural
design, distinguishing visual nature inspiration from
biomimicry (Benyus, 2002). The usage of many of the
bio- inspired algorithms in the ﬁeld of architecture
are driven by the trend of the ﬁnding free-form design. Within geometrically advanced concepts, the
need of the optimization process is hard to deny, considering the advance of the project’s complexity and
multiplication of the constraints in the various forms
of environmental and technical requirements. Regardless of the tools range selection the role of the
designer in the process is always crucial, because of
the responsibility to balance the importance of various factors in the form creation process.

SWARM INTELLIGENCE
A considerably new direction in creative process
has emerged based on a bottom-up approach to
both algorithmic design and computer aided fabrication (Augugliaro, Lupashin and Hammer 2014).
Behaviour-based solutions do not require a highlevel control of the system, avoiding complex multiparameter form-ﬁnding mechanism. Bio-inspired algorithms became a foundation for a non-linear and
non-hierarchical approach for solving advanced geometrical issues.
The subject of swarm intelligence application
was researched in following experiment based on the
bird ﬂocking (Chazeele, 2014) - a collective behavior
characteristic to animals of similar breed and physical appearance, aggregated together to act as one
bigger, multi-element organism. From a mathematical point of view, it is an emergent behavior arising
from a simple set of rules, built by self-propelled entities, that does not require external coordination inﬂuence. Virtual control of swarm behavior and its
possible application became a substantial topic in
contemporary generative design due to accessibility in many design software tools based on boids
(Reynolds, 1987) library.
The performed experiment explores the potential of swarm intelligence (Bonabeau, Dorigo and
Theraulaz, 1999) during the form ﬁnding process.

The goal of the algorithm was to generate a spatial structure between two predeﬁned perpendicular areas within a distance of 640cm, at the same
time avoiding intersection with a building elements
in its pathway and creating a possible to fabricate
form based on predeﬁned modules. Each of the individual agents had a set of equal parameters based
on three of the Craig Reynold’s boids rules: separation, alignment and cohesion. Separation enabled
keeping the distance from the surrounding agents
in order to avoid their collisions and to preserve the
ﬂock size as a whole in order to fabricate the structure. Alignment kept the ﬂock movement in a ﬂuent
stream. Cohesion feature was used for two purposes:
to create a target for ﬂock movement in the second
area and keep the swarm from disjoining into separate groups.
The fabrication phase required in the ﬁrst step
a recorded ﬂock movement data processing. Each
of the iteration, resulting in the ﬂock translocation,
was recorded creating the points cloud representing the paths of the agents (Figure 2). Generated
points cloud was voxelized into the cubes with edge
size 100mm or 200mm, approximating the agents
recorded coordinates. The generated model has
been build with cut polystyrene foam, successfully
joining two goal areas, avoiding collisions with a
building interior elements- concrete beams, stairs
and rails (Figure 3). Collective behavior (Giddings,
1908), based on the swarm intelligence represents
macro-scale intelligent system set of simple rules at
the local level, which provides designers an eﬃcient
and simple tool generating bio-inspired complex results. Swarm Intelligence as a part of larger artiﬁcial
intelligence system might extend its capabilities that
go beyond human control systems.
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Figure 2
Stages of form
creation with
swarm intelligence

Figure 3
Spatial installation
created with swarm
intelligence

NEURAL NETWORK
Machine learning (Samuel, 1959) became one of
the most promising computing method (Isaev and
Smetannikov, 2016). According to Moore’s law, it has
accelerated in the recent years by the decrease of
the cost per computing operation and anticipated a
constant increase in the available computing power
(Moore, 1965). Machine learning application can be
found on programming on the everyday basis (Jordan and Mitchell, 2015). However, it is still limited in the ﬁeld of architectural design tools. The
most commonly used method- artiﬁcial neural networks (Nikola and Kasbov, 1996) are an artiﬁcial intelligence approach, originally inspired by biological
neural networks (Thomas and McClelland, 2015). The
system enables training the artiﬁcial neural networks
based on the provided examples (training set) in the
form of input parameters and corresponding output values, during the supervised learning process
(Mohri, Rostamizadeh and Talwalkar, 2012), what can

replace complicated algorithms design by learning
based on the provided set of the examples.. Despite
the growth of machine learning usage, the architectural practice on daily basis still relies on computeraided drawing and building information modeling.
Applicated computational methods in the form of automated drawing board are rarely augmenting the
design process.
The conducted research in the ﬁeld of application of the artiﬁcial neural networks, puts the algorithm in the position of the co-designer, being able
to generate the possible spatial variations of the examined form, which in the advance can be used as
the ﬁnal solution or inspiration for a further design
process. During the experiment, artiﬁcial neural networks were trained based on the detailed conﬁguration of the Roman Corinthian order capitals. The
network dataset consisted of the samples that enabled analysis of the local deformation. The input
data were the sample coordinate values, surface normal vector and volume center plane deviation. The
output data consisted of detail displacement values
that were calculated from the base surface. During the back-propagation of errors learning procedure (Rymelhar, Hinton and Wiliams, 1986) artiﬁcial
neural network was provided with 28 900 samples
resulting in the Mean Square Error (Lehmann and
Casella, 1998) below the value of 0.001. In the result successfully trained artiﬁcial neural networks was
able to generate 3-dimensional variations of the new
capital forms based on the given input parameters,
both purposeful and random. The algorithm results,
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Figure 4
Capitals
automatically
design with
machine learning

stored in the form of the capitals catalog, enables
augmenting the design process by computer- generated solutions (Figure 4). Neural networks, that
are less predictable, intuitive, resembling human-like
decision-making process, became a way of data computing that is able to extend the set of architectural
computational design tools.
The possible application of the machine learning
in the architectural design process might take place
during all of the planning phases. Both repeatable
and predictable activities can be easily replaced by
machine learning tools in the ﬁrst place, by teaching
the system decision-making based on the work performed by the architects. Introducing the complex
machine learning methods approaching the artiﬁcial
intelligence to the architectural and product design
might redeﬁne the value of the algorithmic design
from the computational tool, towards becoming the
equal collaborator.

DESIGN PROCESS MODELS
Most of the analyzed design process computational
models are based on the same principles- user deﬁned a set of rules (Figure 5). However what is mainly
distinguishing them are their relations towards the
hierarchy and user decision importance. In a case

of basic once like computer vision, all the criteria are
predeﬁned and constant. Complex design processes
such as neural network gain a freedom to change depending on created environment. Therefore the process constantly changes and the output is often unexpected. Separately analyzed algorithms can be reinforced by their combination, in result creating complex, multi-purpose, general design tool.

RESULTS AND CONCLUSIONS
Contemporary architects in their practice use a variety of diﬀerent design tools. Their selection is based
on the experience, preferences, performance and
particular task. From traditional drawing to advanced
autonomous systems. The basic digital design tools
are a subsidiary of a drawing board. Some of them
allow simple forms of automatization, like the array
function that is present in most of the contemporary design software. We can deﬁnitely point out that
in general, according to their purpose, they improve
the eﬃciency of a design process. However, in many
cases, the result is opposite, because of the need for
the manual designer’s evaluation, decision, and control on every level of his project. Therefore many of
traditional basic computer-aided design tools used
nowadays are not capable of fulﬁlling the needs of
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Figure 5
User deﬁned set of
rules in design
process

contemporary architectural design practice.
The introduction of emerging complex tools to
the discipline enables higher eﬃciency in a creation
of complex forms. Investigated design tools are
based on both symbolic and subsymbolic systems.
Symbolic systems are being created in forms of hi-

erarchical algorithms, where due to selected parameters forms or relations are being created. While in
subsymbolic systems the dependence is more ﬂuid
and therefore the solutions are less expected.
As results show artiﬁcial intelligence is introduced to the discipline in many diﬀerent design
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tools. From basic automation and computer vision to advanced neural network and swarm intelligence. This leads to the creation of new spatial forms,
which could not have been created in any other way.
Emerging tools give more freedom to designers, who
can control even extremely fragmented form with a
deﬁned set of rules.
Therefore we can deﬁnitely argue that artiﬁcial
intelligence has a potential to change the whole discipline giving it new possibilities and paths to explore. The breakthrough of artiﬁcial intelligence became crucial for the change of the way we think
about creating architecture. The introduction of automated design system ampliﬁed capabilities and
role of conceptual thought in a design process. In
the near future one can expect digital artiﬁcial intelligence aided designer’s assistant, which concept can
be based on the existing system, taking a primitive
forms nowadays, which learn our behavior and patterns of thinking- recently introduced personal assistants such as Siri or Alex, help us ﬁnd best possible
way to solve our problem or suggest other solutions
on their own.
Advanced design system can learn the style and
manner based on the particular architect projects.
Nevertheless, the role of the architect is still crucial
because of his responsibility to choose the most suitable solution from many that are computed. It is not
to be expected that in near future system will replace
humans as designers. Not only because of their complexity, but also due to ever changing needs and our
aspirations to create and control environment.
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Evolution of natural life and subsequently selection of life forms is an interesting
topic that has been explored multiple times. This area of research and its
application has high relevance in evolutionary design and automated design
generation. Taking inspiration from Charles Darwin's theory, all biological
species were formed by the process of evolution based on natural selection of the
fittest (Darwin, n.d.) this paper explains exploratory research showcasing
semi-automatic design generation. This is realized by an interactive artificial
selection tool, where the designer or the end user makes key decisions steering
the propagation and breeding of future design artifacts. This paper, describes two
prototypes and their use cases, highlighting interaction based optimal design
selection. One of the prototypes explains a 2d organic shape creator using a
metaball shape approach, while the other discusses a spatial layout generation
technique for conceptual design.
Keywords: design generation, implicit surfaces, artificial life, decision making,
artificial selection, spatial layout generation

INTRODUCTION
Design teams work meticulously to ﬁnd design options to satisfy client requirements and to propose
optimal solutions given project constraints. However, with the traditional design process, ﬁnding an
optimal design is limiting, as only a handful number
of design options can be explored. This leaves many
optimal and virtuous design options unexplored. In
addition, this prohibits the designer to explore new
design directions. On the other hand, with the cur-

rent prowess of modern machines, there are seminal work which shows substantial design intelligence
can be added to the machine, to ﬁnd an optimal
design from the vast design search space ( Adriaenssens, et al., 2014) (Anon., 2017) (Kai-Uwe & Ekkehard, 2001)
However, these algorithms are strictly objective,
requiring the designer to frame the constraints and
goals of the problem as an objective ﬁtness function
i.e. ﬁnd an optimal design which has low solar gain
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Figure 1
Diagram showing
the interactive
artiﬁcial selection
process, showing
how genotypes are
modiﬁed based on
selections made by
the user.

and high rainfall catchment area. However, in practice the design process and the choices that are made
are often subjective (Thurston, 1990) (Raharjo, et al.,
2008) both by the designer and by the client. People
select designs because they like them for some factors, which often cannot be summarized or captured
in an objective function. Another limitation with current design optimization techniques are that, it does
not involve the designer to steer the optimization
process in direction which they deem have potential.
Genetic algorithm techniques is time consuming to
compute, during which the designer has to wait till
the system responds with a list of ranked optimal design solutions. Many of the solutions or options evaluated are often useless for the designer as the user is
not able to intervene to guide the machine in a more
promising direction. Design goals often change dynamically, as designers explore alternatives early on,
in the design process. Not being able to steer the direction of search is a serious limitation of the current
state of the art optimization processes. This makes
genetic algorithms limiting to ﬁnd the true goal of
the designer. However, there are some examples of

interactive genetic algorithm techniques which have
explored capturing subjective nuances of the user, as
shown in the work of (Cho & Lee, 2002). However,
they face issues such as, diﬃculty to handle complex
models including lack of enough genetic operators
and user fatigue and uncertainty of decision making.
Often these optimization models lack an adequate
explanation for the type of options they generate etc.
To this end, I took inspiration from Charles
Darwin’s, theory of natural selection (Darwin, n.d.)
and Richard Dawkins simulations of artiﬁcial life
(Dawkins, 1996) as an alternative solution. According
to Darwin’s theory of evolution, natural selection is
the process which describes that organisms capable
of adapting to the dynamically changing conditions
of their environment get to survive while the others
are naturally eliminated in the process of evolution.
Supporting the theory of natural selection, Dawkins
conducted numerous Artiﬁcial Life simulations, including The Blind Watchmaker program. From his experience from the simulations, he added that the nature evolved by a not so careful design process, but
by random gene mutations and non-random survival
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Figure 2
Shows the meta
ball shape option
generation based
on system
recommendation
and user selection.
Every rectangular
block is a selectable
option for the user.

Figure 3
Updated view of
the design
options,when the
user makes a
selection to the
previous iteration.

(Dawkins, 1988). His Blind Watchmaker program is a
sophisticated computer model of artiﬁcial selection
supporting his argument. The simulation modeled
a “bimorph,” represented by straight lines, deﬁned
by its, length, position and angle. The formation of
such creatures was simple rule-driven, very similar to
a genome. The rules could add new lines, change
their position, and angle, leading to a discrete number of creature variants, selectable from the screen
by a user. Whichever variant the user would pick, becomes the basis for next generation of form mutation
by changing the selected genome in various ways.
Dawkins argued that the selection made by the user
could very well be the random selection by nature
leading to the formation of new variants of organisms
giving rise to random complexity.
Extending this interactive workﬂow for design
search, I propose an “Interactive Artiﬁcial Selection”
based design option generation process, which allows the designer to be an active participant in
the optimal design search process. Simulating the
natural selection process in evolutionary biology,
a design artifact is comparable to a phenotype
(the biomorph from the Blind Watchmaker program,
(Dawkins, 1996)), which has certain characteristics or
in computational term: “parameters.” These parameters are encoded as genotypes or genome. The system represents and builds phenotypes using genotypes. The process to translate a genotype to form
a phenotype is called embryology, while the capability to copy or morph genotypes by mutation is
called genetics (Kumar & Bentley, 2003)s (Dawkins,
1988). The user explores the shown phenotype options and picks an option she likes. Next, the system
reconciles the genotype of the selected phenotype
and formulates new phenotypes from it. The process
to form new phenotype includes crossover, mutation
and with randomly regeneration of genotypes. Refer Figure 1. Our idea is to develop a computational
framework, a tool generating design options of artifacts based on an embedded grammar or language
or rulesets.

In the next section, the paper describes literature
review and relevant works in the direction of design
optimization. Then it describes two use cases of the
proposed technique, highlighting how it can beneﬁt designers by bringing them closer to the search
and retrieval of optimal designs from the vast design
search space. I summarize the paper with a discussion and conclusion section. This paper has the following contributions : 1. Extension of a well-deﬁned
technique from evolutionary computing, highlighting interactive steering of machine intelligence to
search optimal or desirable design solutions 2. A sys-
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Figure 4
(A) Showing 36
designs oﬀ
metaballs visually
composed in
diﬀerent ways. (B)
Explains the
component of a
design option,
deﬁned by a
metaball, contours
and its color.

tem prototype, showcasing design option generation and selection based on the extended technique
described. 3. Two use cases; one with a blobby shape
generator and another to demonstrate spatial packing in concept design stage.

RELATED WORKS
Genetic Algorithm
Cho et al. implemented an interactive genetic algorithm to build an image retrieval system using human preference and emotion. Their system extracted
image features from a large database, in spite of the
user not being able to deﬁne what the image should
be clearly. Their search and retrieval technique supported implicit queries based on emotion reﬂected
in the image. They used interaction as a means to
evaluate the search results, as it was impossible to
deﬁne an explicit ﬁtness function for implicit (subjective) queries. However, they lacked enough capabilities to encode correct expression of images and
likewise needed to test additional genetic operators
(Cho & Lee, 2002). Xiayan et al. studied user evaluation fatigue and uncertainties in complex optimization scenarios. They tested an evaluation technique
of user fatigue in interactive optimization methods
for a personalized search for books. Supporting a
user based on an evaluation of optimization results

instead of explicit ﬁtness function ( often impossible,
due to the subjective nature of personalized search
space ), the authors designed a technique to reduce
human fatigue and uncertainty in the interaction
pipeline. Their technique analyzed browsing time
and user preference using a Gaussian model, which
performed better than previous other techniques (Xiaoyan, et al., 2017). My work gets inspiration from
the above, in providing a dialogue between the user
and the machine enabling a workﬂow capable of capturing user’s subjective choices and dynamic design
goals iteratively.

Design Option Generation
Eiben et al. have looked into evolutionary computation’s role in hardware development and autonomous machines adaptive to their environments.
They compare evolutionary computation with natural evolution, highlighting its beneﬁts concerning
other methods. Also, they emphasise generative representation of phenotypes allowing reuse of code,
enabling scaling of complexity in varied areas (Eiben
and Smith 2015). Karl Sims showed his work in using genetic algorithms to generate morphologies
of creatures and their neural systems by employing
varied ﬁtness functions. He used nodes and connections representing directed graphs to structure
the morphology and the neural circuitry. He fur-
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ther mated the graphs to form a variety of design
morphology by crossover technique. He also compared complexity with control and discussed the role
of aesthetic selection as a possible means to control the production of these creatures as opposed
to allowing the automatic evolution of the forms.
(Sims, 1994).Prior to this, Karl Sims modeled genotypes as symbolic expressions in an attempt to surpass the limitations of ﬁxed-length genotypes with
predeﬁne expression rules. He further reinstated unlike genetic algorithms, his technique of creating varied forms, creatures and shapes were not dependent
on an explicit analytic function measuring any ﬁtness.
He moved away from traditional genetic algorithm
method, as it is diﬃcult to automatically measure the
aesthetic visual qualities of simulated objects or images etc. Hence he relied on a human user to provide that judgement, demonstrating prototypes using combinations of automatic and interactive selection (Sims, 1991). Work of Mark Bedau studies
the overlap of cognitive science and artiﬁcial life in
the ﬁeld of molecular self-organization, evolutionary
robotics and evolutionary complexity and language.
One of the important aspect studied was evolvability which depicts the capacity of evolution to create
new phenotypic variation and the systems ability to
search the variations. (Bedau 2003). I am using some
of these techniques in the design space for architects
and graphic designers and this paper describes two
prototypes proving that with modern machines, we
can encode an interactive artiﬁcial selection based
optimization loop where the user is the key to steer
the search direction of the underlying model.

SYSTEM DESCRIPTION: SOFT BLOBBY
SHAPE CREATION
In order to simulate a natural process of design generation, there needs to be some rules and guidelines
laid out. These rules can propagate creation of genotypes, which gets translated to a phenotype, the process called as embryology (Dawkins, 1988). Once the
process of design generation is in place, it can give
rise to the emergence and organic complexity. For

the test case, I have selected implicit shape based
blobby objects or metaballs (Blinn, 1982) to create organic forms in 2d space. The system initiates by automatically generating some design artifacts for the
user to explore. As aforementioned each such design artifact is called a phenotype, and the genes that
create them are called genotype (Sims, 1991). Genotypes are the encoded information set to build the
phenotype. It can be procedural parameters, symbolic expressions or binary strings. A set of procedural rulesets or preset operators transforms an input
phenotype to a new phenotype. After every design
generation, the user selects one or few of the output
designs (or phenotypes, Refer Figure 2). At the next
iteration, the system consumes the selected phenotype as input and develops new phenotypes based
on the selected one. This is facilitated by random mutation and crossover between the choices selected by
the user (the expert) which is explained further in the
paper.

Phenotype and Genotype: Implicit Shape
driven Blobby Objects
Implicit shapes are generated by equations of form
F(x,y,z) = c, where c is a constant. I used the following equation to generate the meta ball shapes:
r·r
F (x, y, z) =
(x − x0 )2 + (y − y0 )2 + (z − z0 )2
where, r is the radius of the balls,x0 , y0 , z0 is the center of the metaball. Based on the metaball creation
algorithm [1], I used a random threshold value to ascertain an isosurface, which encloses the space inside
or outside the boundary formed from the equation.
Genotypes are represented as a sequence of parameters, which can be used to produce a future phenotype (Sims, 1991). Genotypes have two important
properties. One is that they can be copied from an existing phenotype to the other, and the other property
is being able to change their values, to create new
genotypes from existing ones. These properties are
also termed as Genetics by Dawkins in his artiﬁcial life
simulations. The success or failure of any phenotype
from one generation to the next is dependent on the
qualities embedded in its genotype. In this use case,
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part of genotypes descriptions are a number of blobs
“nb”, radius “r”, distance “d”, color-value “cl”, number
of contour lines or rings “nr” and a sequence of operators. For example: (radius, colorValue, distance)
(add)(split)(extend). Operators are described in the
next section.

Operators
Once a 2d composition of metaball based soft shapes
with contour lines are rendered as shown in Figure
4, I deployed additional operators, which enable the
user to modify any selected design option. As mentioned previously, the operators are part of the genotype description. Any of the methods added below
becomes part of the genotype. The operators are discussed below:1. Add: This adds a new metaball to the
existing base phenotype.2. Subtract: This removes
the last metaball from the existing base phenotype.3.
Split: This adds a metaball in between two metaballs
at a random location on the line connecting the two
metaballs.4. Extend: This adds a new metaball on an
extended line between any other nearby connected
metaball.5. Angular Add/Void: Adds or removes a
metaball at an input angle about one of the input coordinate axes.

Mutation
Mutation is a process, which ensures variation in the
future production of design artifacts (Whitley, 1994).
Mutation is a random procedure. Whenever the system starts mutating, it changes the genotype by a
random factor. The updated genotype transforms
the phenotype into a newly generated design artifact, which varies from the original by some characteristics ( Refer Figure 5).

Cross Over
As the user makes a selection of designs, the system
randomly picks some of the previously selected design choices as parent phenotypes and mixes their
genotypes in various ways (Whitley, 1994) to form
new genotypes as shown in Figure 5. This is similar to mating in organisms to form a possible hybrid
candidate. The proportion in which diﬀerent genotypes are combined is randomly chosen for each generation, ensuring variation in new design generation.
For example, as shown in Figure 3 design with 5 small
red toned metaballs is cross-bred with 2 balls large,
green-toned metaballs to come up with new design
variants.

Figure 5
Shows the
Interactive Artiﬁcial
Selection cycle.
Clariﬁes parts
handled by a
human, while the
search is handled
by the machine.
Explains the
cross-over
techniques based
on past set of
selected designs by
the user.
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Fitness Function
The described approach is very similar to the genetic algorithm-based search processes (Grenfenstette 1987). It diﬀers in one main aspect that the
next generation of improved design artifacts are not
based on a ﬁtness function or objective function but
are based on selective choices made by end users.
I call this process, “interactive artiﬁcial selection.”
However, I also tested interactive artiﬁcial selection
with the objective function based selection, meaning that the users can deﬁne their objective function
early on. As the system iterates through generations,
it shows possible design alternatives and waits for the
user to make a selection. Next, it breeds the next generation. Simultaneously, it automatically highlights
design artifacts which are deemed optimal based on
the performance of the objective function. This enables the user to compare between option selected
subjectively and option recommended objectively in
the system.

Designers Use
A system like above can assist a designer to ﬁnd a
design pattern for graphic design or other creative
purposes, such as interior tiling, facade pattern formation, etc. Such a design goal, often would not
have objective metrics to evaluate each generation.
An interactive tool like above provides a workﬂow,
where the designer makes choices from possible options and updates design goals incrementally. At the
same time, the tool performs like an idea generator
of possible solutions, which haven’t been thought of
before. Another similar use case could be site planning and landscaping option generator, where the
goals are little more objective. The position of the
metaballs could be the built space, while the contours could be landscape proﬁles or change of levels.
An example can be seen in Figure 4. Iterative selection can quickly provide many design alternatives in
the direction that the designer thinks is interesting.

SYSTEM DESCRIPTION: SPATIAL LAYOUT
DIVISION
Interactive Artiﬁcial Selection based technique can
be tested on form generation and early space packing ideas. In this prototype the designed artifact or
the phenotype is a built form, with packed departments or zones: a collection of spaces which can be
grouped functionally in a built space). Refer Figure
6. An example of a zone and a space in a hotel tower
is that the hotel bed tower is a zone, while each hotel room is space. Similarly, Food and Beverage is a
zone while, kitchen, back of house services, maintenance room, mechanical room is space. The system
would generate a phenotype of a 2D form (shown as
a closed outline), subdivided by polygons representing zones. It also communicates the attributes of the
phenotype, for example, how many required zones
are ﬁtted in the spatial layout, the total area covered,
My prior work, Space Plan Generator(SPG) provides
a solution to this problem of automated space plan
layout generation (Das, et al., 2016). However, unlike SPG, this prototype is iterative and interactive in
design choice selection following similar principles
as mentioned above. Also, the technique allows to
search similar options to the one that the user liked
and thus can help ﬁnd similar looking space plan layout variations.

Phenotype and Genotype : A Form Generation
The phenotype here is the built form represented
as a 2D closed polyline. The user inputs a required
area and list of departments or zones each with an
area requirement. The system breaks down the form
in 1 . . . ..n rectangles, which are called “parts”. Each
part is given a proportioned size ps1 : 0.3, ps2 ; 0.7.
The system
{ stores a list of length to width ratios i.e.,
}
1
3
rt :
sqr : , rectA : ½, rectB : �, elong :
.
1
1
Given the number of parts, the system assigns an
area to each part and randomly picks a ratio for it.
Each part has four points: p1, p2, p3, p4. A point
“pi” has four sides namely A, B, C, and D. At
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Figure 6
Image showing the
spatial layout
options. The blue
outline is the parts
for the form, while
the inner red line
represents
composition of
zones inside to
satisfy the user
requirement.

any point, the parts are placed from left to right and
deﬁned by an encoded genotype. The left part is
placed with an orientation, i.e. 0: landscape and 1:
portrait. Then the next part is attached at one of
the point “pi” along one of its sides A, B, C or D
with a set orientation. This is repeated till all parts are
added. The net form is deﬁned by the total of all the
parts. The genotype is encoded with the code, partName|pointName|sideName|orientation. An example genotype code is 00|p2|C|L02 |p3|A|P01 |p1|A|P .
Refer Figure 7.

ten might under or over satisfy a zone area, but at this
point, it’s acceptable as the intent of the technique
is to provide approximate conceptual spatial packing
options as shown in Figure 8.

Phenotype and Genotype: A Zone Creation
At the next iteration, the system ﬁts zones in the form.
For each part, the system picks zones of the comparable area and ﬁts zones using a strategy used in work
(Das, et al., 2016). It would pick the smaller side of
the part rectangle and add a rectangle of the required
area representing the zone added. The system would
iterate till all parts are ﬁlled with zones or required
zones to be added already added. This technique of-
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Figure 7
Diagram (A) and (B)
shows how
diﬀerent parts can
integrate to make a
form for the spatial
layout.
Figure 8
(A) Shows the
spatial organization
of parts and zones
within each part. (B)
Shows for each part
there is four points
and any such point
has four sides.

Operators
Given the phenotype, the system allows the user to
specify certain actions using a preset list of operators.
Actuating any of them updates the genotype of the
design enabling future replication and mutation of
the gene. The following operators are added:a. Add:
This adds another part to the phenotype. The part
attaches to the right of the last added part, to any
randomly picked point.b. Remove: Removes the last
part added to the spatial layout. System reconciles to
ﬁt the zones in the removed part to the other existing
parts.c. Rotate: The user can change the orientation
of any part or can change the orientation of the total
spatial layoutd. Elongate: Can elongate the longer
side of any of the part from the spatial layout. The
system extends the size of the zones ﬁt in it.

Designers Use
A system like above is clearly useful in the early concept design phase for Architects and Space Planners. It helps them ideate solutions to complex layout problems, without the need to draft or sketch solutions. Reducing time to explore design alternatives
not only helps them explore more options in a short
time, but also allows them to invest project resources
eﬃciently. Steering the production of layouts in the
direction they deem ﬁt, is unique to this prototype as
opposed to some of the past such tools as aforementioned.

Discussion
The technique described allows the designer to control the direction of search to the system (Refer
pseudo code provided). However, the prototypes described have few limitations. One limitation is that
there is no memory or stored checkpoint. At any
point, if the user likes some options but, wants to
steer in a diﬀerent direction to explore, there is no
way to revert to the same option. One possible solution could be if the system can save snapshots of the
saved states including a collection of all phenotypes
and their genotypes, the user can retrieve previously
liked design artifacts. Another limitation is that when
the change in the genotype is not signiﬁcant enough,

there is not enough variation in the design options.
The user explores almost same design alternatives,
leading to a dead end in the otherwise large search
space. A possible solution can be adding an interactive slider to the interface, allowing users to control
the randomness in new genotype creation.
Algorithm describing phenotype
,→ generation process.
// function to make phenotypes
function makePhenoOptions(numOptions){
for(var i =0;i<numOptions;i++){
var selectedPheno =
,→ getUserSelectedPheno ();
var selectedGeno =
,→ getUserSelectedGeno (
,→ selectedPheno);
var updatedGeno = updateGeno(
,→ selectedGeno);
var newPheno = makePheno(updatedGeno
,→ );
phenoDisplayList ,push(newPheno);
}
}
// function to update genotype from a
,→ given genotype
function updateGeno(givenGeno){
var newGeno;
var randomNum = getRanomNumberBetween
,→ (1,0);
if(randomNum >=0.7 && randomNUm < 1){
newGeno = mutateGeno(givenGeno);
}else if(randomNum >=0.4 && randomNum
,→ < 1){
newGeno = crossOverGeno(givenGeno ,
,→ randomGeno);
}else{
newGeno = randomGeno ();
}
return newGeno;
}

Another possible future work would be coupling interactive genetic algorithm and interactive artiﬁcial
selection. The system thus formed can keep showing
optimal design alternative based on an objective ﬁtness function, while the user iteratively selects design
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options based on above techniques. This would facilitate comparison of optimal design options based
on objective and subjective criteria. Possibly the ﬁnal selected option could be a mix of the best from
both ends. As the simulation runs, on any generation, users can mix the two set of options by a given
proportion, asking the system to generate those options, which the user likes based on their selection at
each iteration but also picking the ones which performed well in the objective criteria. Furthermore,
the process allows the system to capture and integrate user’s subjective choices or bias with the objective criteria of design generation. The systems currently do not account for symmetry in the visual arrangement. However, it will be interesting to encode
symmetry in the genotype of the design options.

Conclusion
Interactive artiﬁcial selection based generation of design output shall augment designers work with computers to generate, explore and evaluate designs that
they like and think is a better-suited solution for the
context. Till now, computers and humans have been
working independently in areas where they are good.
But the research presented starts a dialogue between
the human and the machine enabling the eﬃcient
use of compute resources. Unlike many other similar
systems comprising of endless searches to ﬁnd ﬁtting
solutions including genetic algorithm based systems,
the solution shown will allow designers be part of
the optimization process and allowing capture subjective criteria of the user. As a test case, I prototyped
a modeling ﬂuid metaball based soft shapes to aid
design delivery of organic forms, but this can be extended further in other ways to the device and implement design generation grammar. Another example
I tested is juxtaposing programmatic components as
polygons representing spaces or rooms.

Computers & Structures, 79(22), pp. 2053-2062
Blinn, JF 1982, ’A Generalization of Algebraic Surface
Drawing’, ACM Trans. Graph., 1(3), pp. 235-256
Cho, SB and Lee, JY 2002, ’A human-oriented image retrieval system using interactive genetic algorithm’,
IEEE Trans. Systems, Man, and Cybernetics, Part A, 32,
pp. 452-458
Darwin, C 1985, The Origin of Species, New American Library
Das, S, Day, C, Hauck, A, Haymaker, J and Davis, D 2016
’Space Plan Generator: Rapid Generationn & Evaluation of Floor Plan Design Options to Inform Decision
Making’, Proceedings of Acadia 2016, Ann Arbor, USA
Dawkins, R 1986, The Blind Watchmaker: Why the Evidence of Evolution Reveals a Universe without Design,
Turtleback Books
Dawkins, R 1988, ’The Evolution of Evolvability’, in Langton, C (eds) 1988, Artiﬁcal Life, SFI Studies in the
Sciences of Complexity, Addison-Wesley Publishing
Company, pp. 201-220
Guo, Z and Li, B 2017, ’Evolutionary approach for spatial
architecture layout design enhanced by an agentbased topology ﬁnding system’, Frontiers of Architectural Research, 6(1), pp. 53-62
Sanjeev Kumar, PJB 2000, On Growth, Form and Computers, Elsevier
Raharjo, H, Brombacher, A and Xie, M 2008, ’Dealing with
subjectivity in early product design phase: A systematic approach to exploit Quality Function Deployment potentials’, Computers & Industrial Engineering, 55, pp. 253-278
Sims, K 1991 ’Artiﬁcial evolution for computer graphics’,
SIGGRAPH
Sun, X, Chen, Y, Bao, L and Xu, R 2017, ’Interactive genetic
algorithm with implicit uncertainty evaluation for
application in personalized search’, 2017 IEEE Symposium Series on Computational Intelligence (SSCI), 1,
pp. 1-8
Thurston, L 1990 ’Subjective design evaluation with multiple attributes’, Design Theory and Methodology, pp.
355-361
Whitley, D 1994 ’A genetic algorithm tutorial’, Statistics
and Computing, pp. 65-85
[1] https://www.siggraph.org/education/materials/Hyp
erGraph/modeling/metaballs/metaballs_mward.html

REFERENCES
Sigrid Adriaenssens, PB 1999, Shell Structures for Architecture: Form Finding and Optimization, Routledge
Bletzinger, KU and Ramm, E 2001, ’Structural optimization and form ﬁnding of light weight structures’,

94 | eCAADe 36 - AI FOR DESIGN AND BUILT ENVIRONMENT - Volume 1

Learning Machine Learning as an Architect, How to?
Presenting and evaluating a Grasshopper based platform to teach
architecture students machine learning
Nariddh Khean1 , Alessandra Fabbri2 , M. Hank Haeusler3
1,2,3
University of New South Wales / Computational Design
1,2,3
{n.khean|a.fabbri|m.haeusler}@unsw.edu.au
Machine learning algorithms have become widely embedded in many aspects of
modern society. They have come to enhance systems, such as individualised
marketing, social media services, and search engines. However, contrasting its
growing ubiquity, the architectural industry has been comparatively resistant in
its adoption; objectively one of the slowest industries to integrate with machine
learning. Machine learning expertise can be separate from professionals in other
fields; however, this separation can be a major hinderance in architecture, where
interaction between the designer and the design facilitates the production of
favourable outcomes. To bridge this knowledge gap, this research suggests that
the solution lies with architectural education. Through the development of a
novel educative framework, the research aims to teach architecture students how
to implement machine learning. Exploration of student-centred pedagogical
strategies was used to inform the conceptualisation of the educative module,
which was subsequently implemented into an undergraduate computational
design studio, and finally evaluated on its ability to effectively teach designers
machine learning. The developed educative module represents a step towards
greater technological adoption in the architecture industry.
Keywords: Artificial Intelligence, Machine Learning, Neural Networks,
Student-Centred Learning, Educative Framework

INTRODUCTION
Over the last decennial, machine learning (ML) has
enhanced key computational processes in almost all
economic sectors. Its early adoption oﬀers a powerful drive for innovation and has the potential to
augment optimisation, automation, and prediction
problems (McKinsey Global Institute 2017). Research
suggests that modern ML breakthroughs will be as

transformative as electricity a hundred years ago
(Brynjolfsson, McAfee 2017). However, despite the
advancements and successes of ML across several
ﬁelds, there is an inherent lack of ML integration
within the creative industry. Only sparingly have ML
algorithms been employed in the domain of architecture and design. While it is highly promising that
ML will play an increasing role in the industry (Kaplan
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2016), architecture itself seems to disregard its potential for resolving prediction problems, categorising vast quantities of data, and modelling for optimisation and advanced form ﬁnding (Carpo 2017).
This research believes that to resolve the disparity between architecture and their adoption of emerging
technology, architectural academic programs should
incorporate ML into their educational strategies. Accordingly, this research proposes an educative framework for a new generation of designers, architects
and urban designers willing to invest in the capacities
of ML models for performative design prediction.

RESEARCH AIMS
The argument could be made that architecture has
traditionally been a discipline almost totally devoid
of the rigorous data analysis. However, data has increasingly become an interactive design parameter.
It can be collated from the surrounding, analysed,
manipulated and evaluated in the design process,
and in some cases, visualised through the ﬁnal product. In recent years, research eﬀorts have produced a
wealth of computational tools for data-driven design
useful for a range of applications. However, developing frameworks for data-driven design has continued to depend on a combination of experience, intuition, and manual knowledge building and retrieving.
The current research proposes to close this designoptimisation gap by educating the new generation
of designers on computational prediction through
machine learning.
Our overarching objective is to contribute to the
optimisation of design-ﬁnding for architecture with
respect to functionality, sustainability, and liveability. As such, the initial objective is to educate computational designers, and potentially architects, on the
mathematical and performative principles of ML algorithms and to challenge the pre-existing impenetrability of this branch of computing. ML models are
generally developed and operated by specialised engineers, at ease with the prerequisite programming
knowledge and capable of embedding them in languages such as Python, R, or MatLab - both arguably
beyond the usual capacities and understanding of

most architects. Whereas this is not a concern in
other industries, it can represent a challenge in the
architectural industry, where a dynamic process of interaction between the designer and the design ensures the production of bespoken and highly performative projects. One might argue that the design industry has already witnessed the emergence of ML
frameworks within Grasshopper (e.g. Ant, Owl, or
Lunchbox ML). However, these instances comprise of
enclosed components which oﬀer little to no introspective quality. As such, unless the computational
designer is also trained in ML, it’s incredibly diﬃcult
to yield valuable results, let alone anything beyond
useless. The research team proposes to remedy this
disparity through the development of an educative
framework voted to complete transparency.
The research aims are threefold: to conceptualise
an educative framework aimed at training designers
machine learning; to implement the framework in a
live educational environment; and to evaluate the effectiveness of the framework in and beyond the architecture classroom.

RESEARCH QUESTION AND OBJECTIVES
Considering the foregoing arguments, this research
aims to investigate and resolve the following key research question:
What strategies could be utilised to eﬀectively
teach computational designers about machine learning?
The team intends to resolve the research question by addressing the following research objectives:
1. What implementation and training do ML
algorithms require to facilitate the designﬁnding process?
2. To what extent can the system be used to output a geometrical shape?
3. To what extent can the system be also incorporated into the built shape?
4. At a broader scale, to what extent can ML
be employed within the built environment industry?
5. Are there any ideological, theoretical, and
practical arguments arising from the applica-
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tion of a scientiﬁc tool in a creative industry?

teaching approach, further enhancing the clarity and
eﬀectiveness of the framework.

LITERATURE REVIEW

METHODOLOGY
An applied research methodology was adopted
throughout the investigations, while core concepts
within case studies and survey-based results were
embraced. The research was divided into three subsequent stages: initial conceptualisation of the educative framework through theoretical and practical
research; implementation of that framework in an architectural educational context; and evaluation of its
eﬀectiveness as a teaching method.
Firstly, the conceptualisation and development
of a preliminary ML educative framework for computational designers and architects was conducted
through the foregoing applied research methodology, with the goal of delineating its real-world
problem-solving implications.
The framework was then informed by a comprehensive literature review, with the goal of identifying bespoke teaching strategies and pedagogies
through a design educational lens. An extensive
understanding of learning outcomes rationale and
student requirements was gained through theoretical research and practical academic experience. The
comprehension of design processes and students‘
educational levels was fundamental to underpin the
framework development. Aligning the teaching,
learning, and assessment activities with learning outcomes and graduates’ capabilities at program and
course levels was a key driver for the initial framing
of strategic learning components.
Finally, the implementation of the framework
was conducted through a case study methodology.
Its execution was predicated on successful teaching methods, found in previously conducted and
documented educational case studies. Further, unstructured student interviews were continuously carried out throughout the teaching. These surveys
were crucial to distinguish general limitations of the
coursework from singular diﬃculties encountered
by students due to their individual academic backgrounds. This facilitated rapid adjustments in the

The transition into the new millennium saw a revolution in how academics approach education. A powerful concept emerged, revolutionising “the philosophy of how one teaches, [and] the way in which
a classroom is structured” (Norman and Spohrer
1996). ‘Student-centred’ education, as opposed to
prior ‘teacher-centred’ ideals, embraces the notions
of constructivism, collaboration, and technology, to
encourage ‘active learning’ (O’Neill and McMahon
2005). Diverging from the ‘teacher-centred’ approach, whereby a single purveyor of knowledge
lectures to a ‘passive’ classroom, ‘student-centred’
education interactively fostered the collective augmentation and dissemination of knowledge. On the
spectrum between ‘teacher-’ and ‘student-centred’,
a plethora of pedagogical approaches exist. For
the purpose of this research, inquiry-, project-, and
resource-based learning techniques were assessed
on their potential beneﬁts for the proposed educative framework.
Inquiry-based learning enables students to experience knowledge creation and can be described
as a student-centred, self-directive, and active approach. This learning approach is classiﬁed as an
‘inductive’ method, due to its progression from a
set of observations or a complex real-world problem towards the generation of a need for facts, procedures, and guiding principles (Prince and Felder
2006). In the context of computational design education, inquiry-based learning exposes the students to
the “unvarnished realities of the highly competitive,
and often-contentious, world of design and architecture” (Barron and Darling-Hammond 2008). Furthermore, this method compels the student to independently acquire fundamental skills to meet the multifaceted requirements of a design brief. As such,
the research team deems the inquiry-based learning
pedagogy a potentially advantageous approach to
achieve our research objectives.
Project-based learning is an educational model
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that organises learning around an overarching objective, frequently proving to be an incredibly motivational and engaging method of learning (Blumenfeld et al. 1991). A complex set of “tasks, based on
challenging questions or real-world problems, that
involve students in design, problem-solving, and investigative activities” could represent the ‘project’.
Students would be motivated to work relatively autonomously and culminate in realistic products or
presentations. Design education beneﬁts greatly
from project-based learning, as it expects an understanding of how to frame a problem, identify stakeholders and their requirements, and apply theoretical
concepts in practice. As with the majority of higher
education design curricula, this research aims to similarly employ a project-based learning pedagogy.
Resource-based learning places the interaction
between learner and resource as the main structuring device of the learning situation, and foregrounds
the usage of technology to reinforce learning (Brown
and Smith 2013). The metamorphosis of information systems has shifted educational resources from
static texts, to a multimodal collection of “tools for
acting on and with, and scaﬀolds to guide diﬀerentiated interpretation” (Hannaﬁn and Hilll 2007). Especially within the ﬁeld of computational design, where
technological processes drive design outcomes, the
resources required to learn those processes need to:
be ﬂexible, allow multiple literacies, and support different levels of adaptability, proﬁciency, and intelligence.
The investigation of various educational ML resources culminated in the understanding that they
are mainly aimed at an audience proﬁcient with linear
algebra, and/or language-based programming. Most
methods for ML application unfold through ‘textbased’ programming languages such as Python and
C++. However, the computational design audience,
whose computer science curriculum often ceases at
visual programming, might ﬁnd the learning curve
for most ML resources too steep. In 2018, an educational ML tool was developed in a ‘visual’ programming environment (Grasshopper) to ease this learn-

ing curve. The tool, generated as part of a short-term
research project, reconstructed a neural network algorithm with only basic mathematics and data tree
manipulation components (except for a plugin to
circumvent Grasshopper’s recursive loop avoidance
check) and aimed to “unpack the complexities of machine learning in an intermediary software environment” (Khean et al. 2018). However, the scope of
their research prevented the team from implementing the tool in a live educational setting. Therefore,
we propose to employ it for the proposed educative
framework as the centre of a resource-based learning
pedagogy.

LEARNING COMPONENTS
With the abovementioned educational tool at the
core (Khean et al. 2018), our research proposes an
educational framework that encourages active learning through student-centred approaches. The framework utilises key concepts in inquiry-, project-, and
resource-based learning pedagogies, to inform a design students’ academic curriculum. The ML educational framework constitutes a foundation of solid
skills and knowledge for students to build upon and
is beneﬁcial to a wide range of design applications.
After a brief analysis of existing educational modules
focused on computational intelligence, the framework was structured around four major learning components:

Paradigms of Computational Intelligence:
Artiﬁcial Neural Networks
Introducing the notion of computational intelligence, the ﬁrst teaching component oﬀers an
overview of soft adaptive computing to facilitate intelligent behaviour in complex and evolving environments. Students are introduced to supervised, unsupervised, and reinforcement learning, as well as their
fundamental diﬀerences, leading to an emphasis in
the ﬁeld of Artiﬁcial Neural Networks (ANN). At the
successful completion of the ﬁrst session, students
are expected to comprehend and interact with complex mathematical concepts.

98 | eCAADe 36 - AI FOR DESIGN AND BUILT ENVIRONMENT - Volume 1

Paradigms of Dataset Pre-Processing and
Analysis
The importance of collecting a clear, ﬂawless, and extensive data set is introduced and elaborated over
the second teaching component, while discussing
the nature of a logistic regression model. Focusing on binary classiﬁcation and dimensional matrix
organisation, students are guided in generating, labelling, and implementing a training dataset through
the correct computational convention. At the successful completion of the second session, students
are expected to demonstrate proﬁciency in dataset
analysis through data pre-processing completion.

Paradigms of Training and Evaluation
As the performance of artiﬁcial neural networks improves by increasing the training dataset and the
depth of the ANN itself, assessing the model’s performance becomes fundamental to improve its accuracy. The third teaching component investigates the
nature of feedforward, error calculation, and backpropagation through gradient descent while guiding students to a model’s parametric implementation
in Grasshopper. At the successful completion of the
third session, students are expected to logically and
critically evaluate the design through observing neural network error graphs and high-dimensional prediction visualisations.

Paradigms of Spatial Representation
Design-optimisation and computational prediction
are consolidated in the fourth and last teaching component, where the students’ creativity is assessed
in parallel to their critical thinking in employing the
neural network model for three-dimensional shapes
generation. At the successful completion of the
fourth session, students are expected to augment
their technical and evaluative skills.
In 2018, the learning components were consolidated into a cohesive four-week curriculum, and implemented in an undergraduate computational design studio at the University of New South Wales in
Australia. The graduation year programme provided
an apt setting for both the implementation and critical evaluation of the module’s eﬀectiveness. While

investigating the possibility to design and fabricate a
kinetic biomimetic pavilion, adaptive to real-time information collated from the surroundings, students
developed their own ML prediction models to analyse the datasets and predict optimised spatial conﬁgurations for the pavilion.

INTERVIEW STRUCTURE
After the implementation of the educative curriculum, the research team conducted a series of interviews with the participants involved in the process
(students and staﬀ ) to extract the collective opinions
on various aspects of the curriculum, including the
workshops, teaching strategies, and resources. There
was a total of 13 students and 2 tutors who partook in
the interviews, all with varying interests, experiences,
and knowledge with ML in computational design. Table 1 speciﬁes the questions that directed the interviews.

EVALUATION
The anticipated outcomes for partaking in the developed curriculum was an aptitude for training, evaluating, and implementing Khean et al.’s educational
resource into the design of a small scale original pavilion. The interview series resulted in a general observation that the educational framework didn’t provide the mathematical background required to understand and implement the tool. Speciﬁcally, 15%
of the students claimed that the framework clearly
demonstrated how to apply the tool, but they failed
to grasp the purpose and nature of each scripting
component. Ostensibly, the purpose of the curriculum, and therefore of the educational framework,
was not clariﬁed, thus leading to some misconceptions. The overarching intention was to educate students on how to apply the machine learning algorithm for predicting temporal changes in the design
process, not to become an expert in the mathematical principles involved in this operation. In fact, when
asked if they had autonomously explored the mathematics behind the ANN script, only 8% of the students answered positively. Given the short-term nature of the curriculum (only four weeks), the faculty
might not be able to incorporate additional teaching
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Table 1
Post-Educational
Framework
Interviews

content. However, a separate educational framework
could be developed with that objective.
A core component of the project-based pedagogy was the biomimetic sourcing of an environmental dataset to train the neural network, used to
then predict the pavilion’s form. A vocal minority of

students questioned the necessity of an ANN algorithm for their speciﬁc project, and suggested that it
was “unclear exactly the advantage of using the neural network in this instance.” In particular, 8% of the
students asserted that there was “a bit of a disconnect - what we were doing could just as well have
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been achieved using a diﬀerent method.” Clearly, the
datasets sourced by the students could have been
modelled with conventional methods (such as rulebased models, ‘Monte Carlo’ methods, and/or timeseries modelling). However, the original intention
was to have the students exploring more complex,
high-dimensional datasets (i.e. several hundred data
points in length). A dataset of this complexity would
be unfathomable to the human, and diﬃcult for most
statistical modelling methods, thus leaving the neural network as an appropriate model. Unfortunately,
a combination of the curriculum’s time restrictions,
and the introductory nature of the course, limited the
size and complexity of the dataset to two- or threedimensions. Even still, questioning the necessity of
the neural network was a valid criticism, and perhaps
an emphasis on a more complex dataset will be professed in future implementations of this module.
The curriculum was built to encourage collaboration, by grouping the students an evolving, additive
conﬁguration. After a preliminary individual assessment, students were organised into six groups (two
- three people each) for three weeks. Subsequently,
they were recombined into three groups (four - ﬁve
people each) for six weeks, leading to the ﬁnal pavilion design. Because the ﬁnal presentation required
students to combine all facets of the design process into a cohesive narrative, 38% of the students
noted that their focus shifted from the application
of the ANN algorithm to the overall course deliverables. Therefore, due to the very nature of collaborative coursework, each team member specialised in
delivering one particular aspect of their ﬁnal assessment (i.e. dataset evaluation, material explorations,
parametric design or physical prototyping). While
it may be the case that machine learning education
ceased for some, the developers of the curriculum
found it pertinent to convey the nature of collaborative working environments. In the design industry, the designer is expected to work alongside an
alliance of experts of varying disciplines, each with
specialised roles. Thus, it’s up to the individual, and
by extension, the student, to continuously exchange

knowledge and information, allowing for group work
to emerge and improve.
The majority of the comments in response to the
beginning of the educative curriculum were overwhelmingly positive, stating that it was “clear and
well explained,” had an “excellent structure,” and remained “engaging, especially in a topic we don’t really know.” However, as the module progressed, the
students started to echo a similar thought: “there
weren’t enough examples.” This was premeditated.
Throughout the curriculum, we refrained from including instances of past machine learning applications, under the assumption that it would negatively
aﬀect the student’s creativity, by directing and limiting their perception of the possibilities of neural networks. However, from the interview series, students
believe that “being able to see a more concrete example of how these principles are able to output [a form]
would be better.” 8% of the students claimed that
“precedents are one of the biggest things in design.”
Upon reﬂection, their point is valid. The essence of
the inquiry-based teaching pedagogy rebels against
the presentation of established facts. To remedy our
assumption, we aim to include various case studies of
ML applications within design in future implementation of the educative framework and curriculum.
Retrospectively, evaluating the educational
framework reveals its contribution to the design ﬁeld
and margins of improvements. Students can eﬀectively learn the logic behind neural network prediction for design purposes while applying their individual thinking to the ﬁnal collaborative output. An emphasis on larger, more complex datasets, combined
with a showcase of machine learning precedents, will
be included into future iterations.

IMPLICATIONS
The development of the educative framework, and
its implementation within the design curriculum, is a
preliminary step towards a greater educational strategy. Over the coming years, the framework will be iteratively revised and implemented according to the
feedback and criticisms provided by students and
staﬀ. In conjunction with changes to the compo-
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nents, the updated framework will include a wider
range of machine learning algorithms, increasing the
breadth of potential skills gained.
For the purpose of this research, the framework
was integrated into a computational design degree.
However, as the educational content subsists within
a four-week teaching period, it could eﬀectively be
embedded into any other discipline. Industrial designers, landscape architects, and urban planners
could integrate the ML learning outcomes within
their own curricula, and use the skills gained to inform processes beyond performative design prediction. Moving further than the domain of the Built
Environment, the framework could be implemented
to serve any other discipline with a predictive design
intention (such as Collaborative Robotics, Medicine
or Law). However, an intermediate understanding of
Grasshopper, the software containing the neural network resource, would be advisable.
Finally, the implementation of the framework
need not be contained within a university. Towards
the overarching objective of bridging the gap between architecture and machine learning, the framework could be directed at those currently working
in the architectural industry. The developed educational framework can be altered and implemented at
varying scales, from the classroom to the broader design community.

CONCLUSION
This research project postulates that to resolve the
disparity between architecture and their adoption
of emerging technology, architectural academic programs should incorporate ML into their educational
strategies. Consequently, this research has developed a novel educational framework, implemented
in a curriculum module and employed in a computational design studio, exploring the potential for
ML-driven design prediction. Subsequent evaluation
of the module’s implementation revealed that the
student-centred approach, utilising inquiry-, project, and resource-based pedagogies, fosters a collaborative learning environment. Due to its success, the
intention is to further reﬁne the framework for its

implementation in multidisciplinary design curricula,
and even within industry practices.
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In this paper the possible use of chatbots within the design context as design-bots
is explored. The prototype of a design-bot called ``Nuncia'' is presented and used
as a basis to discuss special qualities and suitable characteristics for design-bots.
Its development is based on the ongoing integration of creative writing into design
courses as well as a preliminary qualitative study on customer communication,
conducted with entrepreneurs in the field of handcrafted design products.
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INTRODUCTION
Simple dialogue systems or chatbots have been and
are developed as an alternative to or a intermediate
step towards more advanced dialogue systems, who
still face major diﬃculties interpreting the ambiguities of natural human language [Augello and Pilato
2014]. Chatbots, which are mainly based on pattern
matching rules, are easier to develop than advanced
dialogue systems but limited, e. g. to certain contexts
that are covered by the patterns they can match and
the responses that are linked to these patterns.

CHATBOTS AS TOOLS WITHIN THE DESIGN
CONTEXT
Chatbots are therefore not suited for generalized
conversation but good to use in specialized contexts,
e. g. special design tasks. Development of chatbot
systems has reached a point allowing users to design their own chatbots utilizing customizable chatbot 2.0 software like Hubot (Schumacher 2017). As
design-bots, chatbots might be used to gather information via an online platform to enhance (semi) automated customer communication but also to

support the designer’s communication with him- or
herself in the iterative design process, switching between internal idea development and external materialization (Welzer 2006), on a professional level or
as part of educating future design professionals raising their awareness for communication processes between the internal and external while designing.

CHATBOTS AS A PART OF RESPONSIVE DESIGN STRATEGIES
A chatbot is ﬁrst and foremost a responsive system. It
gives a preprogrammed response to user input, displays results of triggered routines and is guided by
rules and constraints. A chatbot may be a tutoring,
critiquing or recommender system or a mixture of
any of these. But it may also be none of the above e.
g. a chatbot working as a design-bot to keep an initial iterative design-process based on text entries, in
a sense ”voiced” reﬂections on the task, going. Such a
system doesn’t teach the user in a way a tutoring system would (Herr and Karakiewicz 2006), it doesn’t display critique and it doesn’t recommend certain solutions, especially not adhering to stakeholders’ needs
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other than those of the designer using it - in contrast
to a number of commercial recommender systems
(on this subject see Tiihonen, Felfernig and Mandl
2014). Only in an indirect way it gives a recommendation on what might be worth to think about next
by asking follow-up questions.

CHATBOTS AS TOOLS TO ENHANCE SELFCOMMUNICATION
In 1966 Joseph Weizenbaum presented his ELIZAprogram to the scientiﬁc community, reﬂecting
the question why people using the software were
anthropomorphizing it further in his publication
“ComputerPower and Human Reason” (Weizenbaum
1976). Basing ELIZA rules and constraints on a speciﬁc dialogue technique developed by Carl Rogers
might have been to a signiﬁcant degree responsible. ELIZA reacts to user input mainly by appearing
to apply reﬂective listening, by mirroring or asking
input-based questions itself, thus following a therapeutical or tutorial role Rogers saw and labeled as facilitator rather than expert (Heim 2011). ELIZA as a
facilitator encourages the person using it to talk on
his/her own accord; by employing reﬂective listening
and therefore more or less refraining from giving any
primary expert input, apart from encouragement to
talk further about subjects hinted at in what has already been said by the user. This technique doesn’t
have to be seen as a ruse or trick (to hide the absence
of real input, empathy, knowledge or intelligence on
the part of the questioner) if integrated into a chatbot, as some developers may see it (see Feindt 2006).
It might also be described as a strategy of pushing
the user to self-communicate, which still functions
even if the user is informed about the way the algorithm works. Using this as potential nonetheless requires not to overstep the boundaries of what is artistically meaningful and desirable. In their preface to
“Mind over Machine” the authors quote Weizenbaum
as conceding to the eventual success of the artiﬁcial
intelligence enterprise (Dreyfus and Dreyfus 1988) as
he states on the subject of chatbots: “It is technically feasible to build a computer system that will

interview patients applying for help at a psychiatric
outpatient clinic and will produce their psychological
proﬁles complete with charts, graphs, and naturallanguage commentary”, but it remains crucial to note
that he adds “The question is not whether such a
thing can be done, but whether it is appropriate to
delegate this hitherto human function to a machine”
(Weizenbaum 1976).

THE DESIGN-BOT “NUNCIA”
The author has used creative writing as a design technique in architectural education beginning in 2011
with the course “Narratives Design” (narrative design)
in collaboration with Andrea Duchek and Gesine Kulcke at the HafenCity University; the approach was further elaborated on during a guest lecture at the Institut für Bildungswissenschaft (institute for educational sciences) at Heidelberg University in the same
year and is since then an integral part of the course
“Prozesse der Innenraumgestaltung” (processeses of
interior design) at the Hamburg University of Technology. Using creative writing about design ideas
and contexts to initiate and fuel a design process lies
at the heart of taking chatbots into consideration as
potential design tools.
The design-bot “Nuncia” is the prototype of a
simple chatbot (Fig. 1), whose aim is to encourage the user to keep on talking respectively typing
about his/her design project. Its name “Nuncia” (derived from lat. nuncius or nuntius which translates
to “messenger” or “message”) was chosen since the
web-application is merely a messenger; carrying (in
a somewhat idealized approach) the users own messages back to him/her in a converted form as questions, thus triggering new responses (Fig. 2).
This ﬁrst prototype is based on a preliminary research on customer communication in the area of
handcrafted design products conducted as part of an
ongoing research. In the course of this study six entrepreneurs in that ﬁeld have been interviewed and
asked about the strategies they use in customer communication. The interviews have been analyzed using a macro program developed by the author. This
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Figure 1
Simple Nuncia GUI

macro called “excerpt ease” is a VB-based macro program designed to help analyze qualitative interviews,
based on qualitative content analysis (for a brief explanation of qualitative content analysis see Mayring
2010). The software assists the user to select parts of
a given text (e.g. an interview transcript), paraphrasing and then condensing the selection, ﬁnally assigning categories in a two-step cycle to it and saving the
result to a database or simply an .xls-ﬁle allowing for
its retrieval later on. In this case, the goal was to gain
fragments of the communication process that could
be documented as ﬂow-chart modules to be assembled later on to an exemplary full ﬂow chart. The aim
is thus to achieve a ﬂow chart describing a customer
communication as a basis for computer aided semiautomation of such a communication. Such ﬂowcharts may also serve as a basis for developing a computer aided design process utilizing text based self
communication (left in Fig. 3).

NUNCIA AS A TOOL TO ENHANCE SELFCOMMUNICATION
The use of a program such as “Nuncia” runs more
smoothly, if the user is instructed from the beginning not to aim at ﬁnding out if the machine is “in
itself” intelligent or “alive” (see Feindt 2006) (which it
of course couldn’t be as long as we haven’t reached
a singularity), but rather to see it as what it is: a tool

to bring forth what is present within the user already
i.e. wishes and ideas. “Nuncia” is not supposed to
ever pass a Turing test, but to keep the user talking,
resp. typing in text about his/her design project. The
main and crucial axiom is: it is the user that is intelligent and has the ideas. Through the algorithm
its programmer only motivates the users to speak of
their ideas in an (actually) asynchronous communication with the creator of the design-bot (which could
or even should in fact also be the using or another
product designer). This can include dialogue sections where diﬀerent user-input procures the same
question (right in Fig. 3).

WHO IS BEHIND THE CURTAIN?
Consequently it should be possible for users to manipulate the algorithm in varying degrees of complexity from the front-end, e.g. choosing via the user
interface if certain words should trigger a web search
or a search through beforehand speciﬁed documents
on the user’s hard drive, or the back-end, e.g. manipulating trigger keywords and sentence structure of
the replies. The central idea is that of assisting users
in a non-directive self-regulated process of developing or simply unveiling of what they might even already want but just haven’t consciously formulated
yet.
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Figure 2
Nuncia - basic
concept
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Figure 3
(left) Examplary
dialogue fragment
as a result of the
interview analysis
(right) Nuncia using stored
dialogue data

Figure 4
Transfoming text to
picture in wordseye
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CONCLUSION AND OUTLOOK
Programming special chatbots to serve as designbots appears to be an undertaking worthwhile, especially if aiming at the enhancement of semiautomated customer communication or professional/educational self-communication during the design process. For these purposes only a simple algorithm compared to advanced dialogue systems is
necessary, at least at the outset. It remains to further develop evaluation and analysis of the collected
data, to pinpoint and further deﬁne potential user
groups and contexts and to discuss the connection to
additional media in the ongoing self-communication
as well as the possible integration of design-bots in
meta systems, e.g. product conﬁgurators. Design
aspects mentioned by the user typing text to the
design-bot could be automatically structured, saved
to an ontology and be used e.g. as a basis for an automated pictorial output [1] with the help of text-based
image creation (Fig. 4).
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Machine learning enables computers to learn without being explicitly
programmed. This paper outlines state-of-the-art implementations of machine
learning approaches to the study of physical material properties based on
Elastomer we developed, which combines with robotic automation and image
recognition to generate a computable material model for non-uniform linear
Elastomer material. The development of the neural network includes a few
preliminary experiments to confirm the feasibility and the influential parameters
used to define the final RNN neural network, the study of the inputs and the
quality of the testing samples influencing the accuracy of the output model, and
the evaluation of the generated material model as well as the method itself. To
conclude, this paper expands such methods to the possible architectural
implications on other non-uniform materials, such as the performance of wood
sheets with different grains and tensile material made from composite materials.
Keywords: neural network, robotic, material computation, automation

INTRODUCTION
In architecture, computation provides a powerful
tool to inform the design process with speciﬁc material behaviours and characteristics and to inform
the organization of matter and material across multiple scales based on feedback with the environment (Menges, 2012). The computational ability
to understand and simulate material behaviour under complex natural conditions is vital to material
computation. However, even with advancements
in material science(s) and physics, the current research is far from a full understanding of material performance in natural scenarios. CD/ITKE Research Pavilion 2010(Menges, 2012) is a typical example of using an FEM solution based on data collected from a mass material experiment to simulate

the design form(ﬁgure 1). However, FEM simulation is based on a mesh grid of simpliﬁed material
performance that fails to fully incorporate heterogeneous and anisotropic material features, including
non-even distribution of materials, shear and stress
of ﬁbre, non-even exposure to environmental factors,
etc.
Machine learning oﬀers a diﬀerent approach to
incorporate programming of material properties that
traditional physics and FEM cannot fully comprehend. With suﬃcient training data, machine learning can progressively improve performance on speciﬁc tasks without explicit programming (Confer Koza
et al, 1996). In our case, the task is the ability to
customize sectional material properties of a linear
Elastomer material so it can settle in a designated
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Figure 1
(a) ICD/ITKE
Research Pavilion
2010, Stuttgart
University, 2010. (b)
Diﬀerentiated
Tensile Wood
Laminate
Morphologies, Bum
Suk Ko, ICD
Stuttgart, 2012

curve under bending. This paper introduced a machine learning approach combined with robotic automation and image recognition to test the following hypothesis: two-way mapping between complex
material properties and performative results could
be achieved via machine learning without precedent
knowledge in the physics of material performance
and simulation software. A performance model generated via RNN (recurrent neural network) that is capable of programming a non-uniform material to be
bent and naturally relax into the designated form,
with an equilibrium of internal constraints and external forces. Though the example in the current research only considers a single customizable parameter of the sectional width of linear material, it established a system with the potential for further expansion into more complex 3D scenarios with architectural implications as explained in the later part of this
paper.

BACKGROUND
When confronted with complex material behaviour
inﬂuenced by factors that cannot be fully programmed in computer simulations, one solution is to
embrace the idea that the material itself can compute
the ﬁnal form beyond the capacity of computer simulation and that the form-ﬁnding is an open-ended
process that cannot be explicitly predetermined. In
the case of the ﬂow-based fabrication conducted by

Neri Oxman at MIT (Duro-Royo et al, 2015), the deformation of the multi-material construct due to the
diﬀerent shrinkage rates of the layered materials can
only be speculated with the material behaviour from
previous experiments, but it cannot be accurately
simulated with quantiﬁable results. Another solution to programming forms based on material performance under natural factors is through indexing the
large pool of samples tested and simulated based on
an approximate or indexing search such as the case
of Responsive Surface Structure II based on Wood’s
hygroscopic behaviour (Menges, 2012). For complex
emerging natural systems, as in the case of project
Mushtari (Bader et al, 2015), the growth and development is abstracted into an algorism to simulate the
material development within the parameters. Composite bio-based material is 3D printed into the designated form that is developed from generative rules
driven by external information.
Considering the preceding examples of material
computation, most strategies and simulation software are designed to form-ﬁnd according to given
material properties instead of composing material
properties according to a designated goal. Current
research either utilizes simpliﬁed material qualities
that could be simulated with FEM via mass experiment, or considers it an open-ended process in which
the material is assembled in a qualiﬁable manner
without explicit control on the ﬁnal form, or the natural material is forced into a form that develops with a
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Figure 2
Two-way mapping
of the material
performace model

nature-based logic under constraints in a computer.
Though the greatest potential lies in a computation’s
power to provide a better understanding of material
behaviour and characteristics and then, in turn, to inform the organization of matter and form in design
(Castle, 2012), tailoring the non-even comprehensive
distribution of material properties towards an explicit
material performance is beyond the capability of existing architectural and simulation software.
With the recent progression in machine learning, many pioneering architecture researchers have
attempted to incorporate machine learning into architecture design and fabrication. Most involve practical material and operational concerns beyond the
capacity of typical simulation software, such as the
use of artiﬁcial neural networks (ANNs), to optimize
cutting force or tool wear (Al-Zubaidi et al. 2011), utilizing machine learning and scanning to improve accuracy in incremental sheet forming (Nicholas et al.
2017), and using sensor feedback to train ANNs to
predict the fabrication parameters for simple cutting
operations (Giulio Brugnaro et al,2017).

METHODOLOGY
Elastomer, or synthetic rubber used in following
study, is a polymer with viscoelasticity, allowing a
linear strip of such material to be bent and naturally settle into a curvature under interplay of internal
and external force. (Luo et all, 2018)�Owning to its
very week intermolecular forces and high viscoelasticity, its behaviour cannot be fully utilized with typical structure simulation software that optimize tension and compression. In reality, with its intricate and
complex internal forces at play, elastomer material
has a wider range of form ﬁnding possibilities and
more extensive power of material computing than
typical pure tension compression systems and ’eﬃcient geometries, such as parabolic curves, minimum
surfaces. etc In our current research, we are only
peeking into its complex material quality with simple variables. Through few preliminary material testing, we have noticed that via simple variation in section, a non-uniform linear piece of synthetic rubber

piece is able to be naturally bent into a diversity of different uneven convex curves and even few concave
curves with the equilibrium of internal and external
force. The simulation of such natural form ﬁnding
process requires a combination of in-depth knowledge of classical deﬁnite deformation theorem, ﬁnite element analysis, and material properties with
heavy computational power, which is currently extremely diﬃcult and restricted within ideal and simpliﬁed models for architects.

Via machine learning, without understanding
the mechanisms and equations of all the forces at
play, we generated a black box of a two-way performance model(ﬁgure 2) that is able to deduct the
material performance of the non-uniform linear Elastomer material under bending force in the real world
and generate the non-even proﬁle of the material
from the targeted curvatures under bending(ﬁgure
3). The entire process includes the following steps: 1.
Material preparation - To prepare testing samples via
digital fabrication, 34 1-meter long rubber pieces are
cut with water-jet.2. Robotic automatic material testing - Robotic automation combining video and image recognition oﬀers a solution to generate a massive amount of material testing data for the training
of the neural network.3. Feature engineering and
data formatting - Extract features from the video clip
of material testing, “clean-up” glitches in the data,
and format it so it could be eﬃciently used for training.4. Feasibility study - Test conducted on the simpliﬁed segments of the data with the simple neural
network to ensure that the targeted two-way map-
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ping model exists and could be achieved.5. Training
of the LSTM neural network model - Training of LSTM
neural network to generate the performance model,
leaving out 54 data sets for validation.6. Evaluation
of the Generated Performance Model - Validation using the 54 data references to assess the accuracy, limitation and loss of generated model.7. Model Conversion - The trained and validated neural network
model is baked and translated onto Grasshopper in
order to be incorporated into design workﬂow.
The ﬁnal material performance model successfully predicts all 54 randomly selected samples with
an acceptable accuracy. In the visualization, the redline is the middle line extracted from the physical experiment, while the green line is the calculated middle line using the generated material model. As observed, the predicted green line matches the general
trend of the result from physical experiments. The
predicted result also corrects glitches resulting from
the imperfection of the fabrication process, which
makes it smoother comparing the extracted outline
from the physical experiment. The overall loss of this
model is under 0.0015, which is approximately 5%
deviation in scale. Additionally, we visualized the

predicted result of the 54 randomly selected samples
and compared it with the actual result collected from
the experiment.
Due to the lengthy extent of the research and
the diversity of techniques involved, speciﬁc technical details on each step are published in Robotic automatic generation of performance model for nonuniform linear material via deep learning, Proceeding
of 2018 conference of the Association for ComputerAided Architectural Design Research in Asia.

CORE CHALLENGES
In this paper, we will mainly address the solution to
several common key challenges of applying machine
learning for material computation:

Generate maximum training datasets with
limited material samples
Though machine learning seems to have many potential applications in the ﬁeld of architecture, it’s often limited by a major challenge: the lack of training
data. To properly train a neural network typically requires, at minimum, tens of thousands of well-tagged
and formatted training data to establish a ground
Figure 3
Non-uniform linear
elastomer material
behaving under
bending
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Figure 5
Fabricated pieces
for material
experiment

truth for the neural network to learn from. Further,
the required amount dramatically increases with the
complexity of the model. In the ﬁeld of architecture,
because most of the “ground truth” requires labour
intensive experiments, surveying and labelling, machine learning algorithm are expensive to produce.
Robotic automation combined with image
recognition oﬀered a productive, novel approach
to this challenge. Via the system developed in the
research, tens of thousands of well-tagged and formatted training data can be automatically generated
in a short time span, which is a powerful solution to
insuﬃcient test data. According to the research, only
27 linear materials are fabricated with a water jet cutter. However, the following approaches were taken
for the most extensive use of material for automatic
generation of enough testing data.
Use robotic automation to conduct a series of
material testing.. In our research, robotic automation is used to systematically conduct material testing(ﬁgure 4). Each strip is automatically bent with
two synchronized robotic arms with a combination
of all variables at play, which are diﬀerent angles and
distances apart. The two A6 plates rotate with an
interval of 15 degree angel ranging from -45 to 45.
One arm moves back and forth for multiple rounds
with 10% speed within the bending limitation of
each strip to ensure all combinations of angels are
recorded with full range of spacing. The movements
and path are adjusted according to the length of each
of the pieces. The parameters of the movements, in
this case, result from multiple manual experiments
to avoid tear and failure of the materials. This step
could be improved if a mechanical feedback system
is added to avoid tear and material failure during the
material testing
Experiment materials are re-used with diﬀerent
combination of eﬀective length.. The 27 fabricated
material samples are 1 metre long each with 32
equally spaced holes(ﬁgure 5) for ﬁxing them onto
the end of the A6 plate of the robotic arm. By ﬁxing the same material with diﬀerent combinations of
holes for diﬀerent testing, the eﬀective length of and

curvatures for each experiment are diﬀerent even
though same piece of material is used. In fact, theoretically, for a single piece of sample material, 8602
diﬀerent tests could be conducted for the various
combinations of length and proﬁle curvatures. In our
current research, due to material failure and fatigue
and to ensure the accuracy and eﬀectiveness of the
material experiment to establish the ground truth,
each material sample is only re-used for 6 rounds of
material testing with a minimum eﬀective length of
20 cm, conducting 162 rounds of experiments in total.

Video was used to record a gradient of testing results instead of only documenting static states..
Normally, material experiments are conducted with
the results recorded in separate states. In our research, the entire testing process of each strip is captured on video for future image and feature processing. With the goal to fully utilize each piece of
sample material and an automatic testing process as
mentioned above, each one of the 162 experiments
conducted generates a recording, approximately 360
seconds long with 9000 frames each. In this research,
still frames(ﬁgure 6) are extracted from the video
recording at 25 frame intervals. Initially, we try to
eliminate the frames in which the robotic arms are at
a static state changing the combination of angles between rounds of movement. However, those frames
are proven to be eﬀective for training the neural network to incorporate bias and noise in the experiment,
as no two frames are exactly the same due to the random noise generated during the recording and pixilation of images. Additionally, most similar frames
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Figure 4
Set up for the
automatic material
testing

occurred at the end of each testing process, when
pieces are bent near the limits of the material; incorporating them would naturally serve as data reinforcement for the neural network. As a result, 360 still
frame images are extracted for each one of the 162
experiments, generating a suﬃcient dataset for the
training of the selected neural network.

Feature engineering and data formatting
with image recognition
Considering the large amount of data required for
machine learning, one expensive and labor-intensive
challenge that all applications of machine learning
confront is to extract adequate features for the neural
network to learn from and format the data-sets. Dif-
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ferent from studies utilizing speciﬁc neural networks
such as GAN to generate a layout from an outline of
the architecture, where the input and output is relatively deﬁned with the highly speciﬁc neural network,
we have to decide what are the input and output features to train the neural network. The selection of the
features should ﬁt the following criteria:
Selected features should be able to fully describe
the material performance without other inputs,.
which means the extracted data set needs to prove
that the relationship exists and a two-way mapping
is possible with the extracted dataset. One approach
we took is to train a few simpler neural networks with
simpliﬁed data, such as regional data extracted from
a small segment of the material to conﬁrm such twoway mapping exists before starting on the ﬁnal complex neural network with the full dataset.
Selected features can be pre-processed to improve the accuracy and reduce the amount of
training time.. Thus, in our case, instead of using the
entire pixelated image, the image is pre-processed
to extract points at equal intervals from the bottom line and the distance to corresponding point on

the mid-line. One key consideration in this process
is to use mid-curves instead of the top lines. Extracting middle lines is a typical operation for image thinning in image processing. The reason we
used the middle line instead of the top-curve is that,
due to the nature of the pixelated images and minor ﬂaws during the fabrication process causing uneven sharp bumps, the top curve is very diﬃcult to
be extracted and smoothed for an accurate reading.
In contrast, the mid-curve could easily be extracted
with function morphology.skeletonize��from library
scikit-image as a smooth skeleton. The skeleton was
later overlapped with the original image for validation of extracted results.
The input and output data should be cleaned to
contain the formatted information.. So the training of the neural network could be conducted with
eﬃciency. For a full-length training sample, the input
is the gradient information at 80 evenly distributed
points and the initial material height at both ends,
and the output information of the model is the material height at each corresponding point. The data is
pre-evaluated and the abnormalities are eliminated.
140,000 formatted data sets are used for train-

Figure 6
Raw clips from the
captured video
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ing after a twelve-step process with four main phases
of feature engineering and data formatting(ﬁgure 7).
The ﬁrst phase is to extract usable images from the
video clips including image extracting, greyscale, image crop, and binarization. The second phase is image editing, including image denoising, image completion, and smoothing the side-curves. The third
phase is curve extraction, including extracting the
bottom curves, extracting the middle curve and denoising the mid curve. The ﬁnal phase is data validation, which includes data extraction and data validation (Luo et all, 2018).

Development of neural network for diﬀerent tasks
Each task for a neural network to learn has its own
characteristic, thus the type of neural network should
be selected accordingly. In this section, we will not
explore the detailed features of all neural network
but rather describe how the neural network is selected and adjusted to accommodate the challenges
our research faces. In our research, we started by
training two simpler neural networks with a smaller
dataset to ensure the two-way mapping relationship
we are looking for exists and can be achieved with
our current data. Then, we moved onto the training
of a more complex LSTM model with the full dataset
for the ﬁnal targeted model.
Validation phase. There are two main goals for the
validation phase. The ﬁrst one is to ensure the twoway material performance model that we are look-

ing for exists and is achievable. In our case, we developed two basic neural network models with simple and smaller datasets of shorter segments. One
model is used to prove that the bent curvature can
be deducted from a series of sectional heights, and
the other is used to conﬁrm that the sectional heights
can be determined from the target curvature under
bending. The loss of the training set is lower than
0.002, which conﬁrms that our target material performance model is achievable with the neural network.
The other purpose of this phase to gain an insight into the parameter adjustment that is eﬀective
for our purpose. For a typical neural network, there
are many adjustable parameters including the number of layers, the number of nodes in each layer, iterations, the proportion between training samples and
test samples, the selection of lost functions, the proportion of dropouts, the use of early stop, etc. For a
more sophisticated neural network such as a recurrent neural network (RNN), there are even more adjustable parameters. There is no linear relationship
between the parameters and the quality of outputs,
thus it relies on experience and a mass amount of
testing to ﬁnd a relatively eﬀective combination of
parameters to achieve the task. In this case, the adjustment process with a simpler network and smaller
datasets proved an especially useful reference for the
adjustment of the ﬁnal, more complicated neural network.

Figure 7
Image processing
and feature
engineering
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Figure 8
Loss curve of the
training of RNN

can learn from events happened many steps earlier.
In our case, the forget gates are activated with sigmoid function (Luo et all, 2018).

FUTURE DEVELOPMENT

Figure 9
Model Validation.
Ground truth curve
from experiment is
represented in red
and prediction from
the neural network
s represented in
green.

Training phase. Compared with the feasibility study
and validation phase, a more complicated and expressive model is adopted for the training based on
the knowledge gained from the previous studies. In
this case, a recurrent neural network (RNN) is selected
because this model best learns the connections between the horizontal connections in a sequence. This
is a crucial feature for our research because the material performance condition of one point is strongly
inﬂuenced by its adjacent points.
The key feature of the RNN is that the connections between units form a directed cycle, which allows it to store temporal information. The input of
each layer both come from current input and previous input, which would increase the dependency of
individual points to its neighbors. Long Short Term
Memory (LSTM) is a special improved type of RNN
model. Even though RNN model intended to resolve the problem of data storage, in practice, the
model often face the problem of vanishing gradient.
LSTM with “forget gates” prevents such back propagated problems from vanishing or exploding, and

With the power of machine learning and robotic automation, architects will be able to maneuver the
complex relationship between material properties
and spatial performance under natural forces that
current physics cannot fully understand and simulate. Due to the black-box nature of machine learning and robotic automation, designers may utilize
material properties as desired with one universal approach, which liberates the researchers and designers from technical constrains and from the need for
in-depth knowledge of multiple professional ﬁelds,
such as material science, that takes years to acquire.
This research is only a ﬁrst step to build a universal framework of machine learning solutions for
material behavior computation. The framework of
the workﬂow, including material preparation, robotic
automatic material testing, feature engineering and
data formatting, feasibility study, training of the neural network model, evaluation of the generated performance model, and model conversion, could be
further applied in more complicated scenarios with
architectural implications.
Even though this paper only investigates linear
material and its 2D behavior under bending, the
technique developed is potentially eﬀective in establishing a two-way mapping relationship between
material distribution in 2D space that could be documented with image recognition and the 3D form
ﬁnding process recorded by 3D scanning. Such 2D to
3D transformation, especially with complex material
distribution, behavior, and composition is extremely
diﬃcult to achieve with traditional material analysis,
yet it is valuable to architectural research including
self-assembly, material computation, etc.
For example, by reﬂecting the techniques developed in the research about pioneering research
topics in architecture and fabrication, our team is
currently working on establishing a relationship be-
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tween wood gradient and its deformation under different rates of humidity, which is a further development of the hydroscopic behavior of wood sheets.
Another research team is conducting designs with
diﬀerent distributions of liquid to generate a controlled auto-folding process based on the precedent hydro-fold project conducted by Christophe
Guberan in ECAL. Though the details of the techniques and algorithms in each of these studies varies,
all the studies follow the same workﬂow framework
developed in this research.
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This ongoing research aims to define a general assisted design method to offer
non-trivial design options, where form is produced by merging characteristics
from initial reference samples collection that serves as an input set. This project
explores design processes laying on the use of non-linear procedures and
experiments with Self-Organizing Map (SOM), as neural networks algorithms, to
generate geometries. All processes are applied to a set of models representing
classic sculpture, whose characteristics are encoded by the SOM process. The
result of it is a set of new geometry resembling characteristics from the original
references. This method produces hybrid forms that acquire characteristics from
several input references. The resulting hybrid entities are intended to be
non-trivial solutions to specific design situations, so far, at the stage of this
research, mainly formal requirements.
Keywords: Self-Orgnizing Maps, Cognitive Space, Design Options, Form
Finding, Artificial Intelligence

INTRODUCTION
This ongoing research aims to deﬁne a general assisted design method to oﬀer non-trivial design options according to an initial reference collection that
serves as an input set. Initially, the scope of this
project covers fundamentally the generation of form
as the result of the combination of a group of input
reference samples.
During the last decades, designers have explored procedures to make form by means of computational methods. Structural and material optimization (Block2014) or simulation processes (Grobman2011) according to speciﬁc performance objec-

tives (Kolaveric2003) are thoroughly studied as to
lead the production of form from early design stages.
In the case of morphogenetic systems (Hensel2012),
material-behaviour parametrization produces an impact on the aesthetics (and performance) of form.
Shape grammars (Stiny2006) and non-linear models
(Grobman2011), would take advantage of iterative
procedures and rule-sets to produce multiple design
alternatives based on diﬀerent performative and programmatic criteria.
This project explores design methodologies
where several references provide useful information
for the design development. Artiﬁcial neural networks
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(ANN) algorithms can deal with large amount of information to produce relevant results in areas such
as image processing or natural language processing.
The approach of this research is to take advantage
of ANN functioning to generate geometry. Experimentation within this project focuses on the use of
Self-Organizing Map (SOM) processes, to generate geometries as alternatives in initial stages of a design
process. SOM is a generic computational method
usually used in tasks such as visualization of a high dimensional data, clustering and classiﬁcation, prediction and function approximation, as the most common applications (Kohonen2013). As a dimensionality reduction method, it would fall in the category of
compression algorithm with loss of information. Further, it is possible to explain SOM as a non-linear function approximation method and to compare it with
other neural network algorithm as an unsupervised
learning method (Barreto2004). However, this work
proposes a diﬀerent functionality of SOM (as an encoder), in which any high dimensional input vector
set is mapped to a numerical value to be interpreted
in geometry as form.
The mapping is applied to a set of 3D-models
representing sculptural geometry that are encoded
in a high dimensional vector to model the input samples of the process. When the mapping takes place,
the result consists of a set of numerical values that
can be interpreted to reconstruct the geometry as
a new set of 3D-models resembling characteristics
from the original references. SOM functioning rely
on stochastic functions; thus, it is not the process itself what leads the result. Instead, the initial choice
of input references will determine the output’s information space. The higher the number of references is, the higher the uncertainty (and information entropy) that is carried along the process (Shannon1948), therefore, the higher the variations on the
alternative geometries.
It is important to point out here that the reference samples belong to a very speciﬁc cognitive
space, since the information they carry can be categorized by human users, while that same categoriza-

tion is arguable for the ﬁnal outcome (Newby2001),
questioning the ontology (Gero 2006) of the diﬀerent
outcomes within the whole process. The several outcomes can be used as design options after hybridizing characteristics from the reference samples. The
relevancy of the outcome for the design process is
decided by the human designer.
Stochastic Hybrids are assemblages constructed
from concrete references, which they are meant to
resemble, through a method that involves randomness and uncertainty. References constitute the inputs; hybrids are the result or the outputs. References
characteristics mix up to a certain degree as a consequence of the uncertainty carried during the process,
producing hybrid forms with characteristics that may
resemble more than one reference at once. Form,
within the context of this project, is the result of the
combination of referential forms through pre-speciﬁc
modelling (Moosavi2015) based on the notion of concrete universals (Ellerman2014).

PRE-SPECIFIC MODELLING AND CONCRETE UNIVERSALS
The geometry modelling method deﬁned in this research derives from the concept of pre-speciﬁc modelling in contrast to speciﬁc modelling, although not
necessarily in opposition to it (Moosavi2015). Furthermore, speciﬁc modelling can be theorized by abstract universals, while pre-speciﬁc modelling is supported by the concept of concrete universals based
on the interpretations given by Ellerman (2014). Prespeciﬁc concept was originally introduced by Vera
Bühlmann (2008).
Speciﬁc modelling deﬁnes (or generates) individual objects by modifying the value of certain parameters deﬁned as variables in a generic object, also
referred as a class in mathematics or computer science ﬁelds, which is considered the abstract universal. Variations of those parameters in the generic
object generate independent instances that remain
dependent on the abstract universal deﬁnition. Abstract universals deﬁne the ontology of the instances
by deﬁning the ideal characteristics of the generic
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object, which also deﬁnes its identity. Properties are
deﬁned as abstract universals within the abstract universal, which would be the class and sub-class approach, as constituent parts of the ontology. A generative process produces every instance as an independent object that behave according to the abstract object deﬁnition, see ﬁgure 1.
Figure 1
Collection of
empirical data
(black) compared
against expected
behaviour (red).

Figure 2
One-Dimension
SOM scheme.
Coloured cells
represent samples.
White cells the
neuron-set.

diﬀerent feature itself. Concrete universals within the
network bring information as characteristics to the
group and connectivity allows to identify an object
in terms of the relations it maintains to the other objects, see ﬁgure 2. Two objects are considered identical if they share the same sets of relations with the
other concrete objects (Moosavi 2015).
In other scientiﬁc ﬁelds, physics for instance, speciﬁc modelling describes the relationship between
prediction and measurement. A function would determine the logic of the ideal behaviour of empirical
data.
In terms of SOMs and following pre-speciﬁc
modelling description, that logic can be extracted directly from the observed data. Then data is clustered
following that new-found logic which is not deﬁned
beforehand. In the context of this research, the reference samples, as concrete universals, provide characteristics to the network. The SOM process will establish a certain position for every characteristic and
will add new objects to the network to create hybrid
positions.

INDEXATION AND HYBRIDIZATION. FROM
REFERENCES TO DESIGN OPTIONS.

In pre-speciﬁc modelling, instances are concrete objects whose features are independent to the process
and whose identity depends on the network connectivity, thus the relation to other concrete objects,
known as concrete universals. Compared to the parametric objects, properties are characteristics of the
object. In fact, every object within the network is a

In short, SOM algorithm presents an input or sampleset and a neuron-set at an initial state, set at random
during this work experiments. Both sets are technically a multidimensional array of n vectors. The
neuron-set ﬁnal state is the output of the SOM after the neurons adaptation. Accordingly, SOM shows
two main movements: mapping of samples to neurons, where samples perform as concrete universal
and the map searches for identical images within the
neuron-set, adding characteristic information to the
network; adaptation of the neurons, once the position of the identical images is established, the other
neurons relocate at intermediate positions. In the last
movement, ﬁxed neurons act as concrete universals
and relocated neurons will show characteristics from
those. The population of objects in sample and neuron set will aﬀect the result in diﬀerent way in each
stage of the main process.
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This project experiments with a collection of
samples to test the main methodology which are
the several references to aﬀect the design decisionmaking process. These samples consist of highresolution 3D meshes from 3D scanning as digital
representations of actual sculpture: Winged Victory
of Samothrace, Venus of Milos, and the Dancing Faun
of Pompeii, see ﬁgure 3. Let’s assume these actual sculptures belong to the same human cognitive space, since they share characteristics like “sculptural”, “mythological”, “humanoid”, etc. The digital representations still remain in a similar cognitive
space because they still share many of those features.
“Materiality” or “size” would be some of the missing
ones, while “body” or “legs” would remain. It is not by
accident that the selected samples lack of some characteristics that are present in the others, like “arms”,
“head” or “wings”. Following up the whole process,
we must be able to recognize those characteristics on
the ﬁnal hybrids.

The characteristics of these objects are the structural
deﬁnition of its ontology, that is, what the object
consists of (Gero2006). With diﬀerent characteristics,
the objects would simply be diﬀerent objects. According to speciﬁc modelling description, the structure of the object would be linked to the deﬁnition
of the abstract universal object and its generative
process. The hybridization method proposed in this
research bridges any generative process to approximate the original form and disregards the deﬁnition

of any abstract universal to produce the resultant geometry. Increasing the population of samples will increase the amount of characteristics available during
the process.
The computational process described in this
project consists of two main stages: ﬁrst stage, or indexation stage, discretizes the samples to produce indices (Carpo2011) which encode the referential samples; second stage, called of hybridization, takes ﬁrst
stage outputs as inputs to produce a set of new
hybrid geometries (Algeciras-Rodriguez2016). SOM
processes take part in both stages in diﬀerent ways,
as it is further elaborated below. The resulting geometry oﬀers design alternatives beyond trivial solutions.

Indexation
In this ﬁrst stage, the SOM purpose is essentially to
encode the original samples into numerical values arranged in a very speciﬁc topology, meaning a speciﬁc number of values (neurons) and a speciﬁc connectivity (network dimensionality). Indexation stage
will take each reference sample one by one; encode it
and make it ready for the next stage of hybridization.
For that purpose, one SOM process is applied to each
reference sample.
One reference sample consists in a 3D-mesh of
25,000 vertices, forming a point-cloud, that will serve
as input vectors for the indexation SOM. The neuronset counts with a point-cloud of 3,000 vectors set at
random, what ensures an optimal SOM adaptation to
the original geometry, despite of the loss of information. The result is an output-set of 3,000 vectors presented as an indexical image (Carpo2011) of the concrete reference samples, as shown in ﬁgure 5. SOM
process in this stage focuses on mapping input-set to
neuron-set to get an optimal encoding, thus, an approximation to the sample point-cloud. The result of
this operation is referred as an index or the original
sample.
During the indexation stage, the SOM process
deﬁnes a very speciﬁc connectivity between neurons,
setting the topology of every index. Therefore, the
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Figure 3
The three selected
reference samples.
(from left to right)
Winged Victory of
Samothrace, Venus
of Milo and the
Dancing Faun of
Pompeii.

indices of every reference sample present the same
topology. Just now, it is possible to establish a metric
to measure the relative distance between the diﬀerent indices, since all generated forms belong to the
same information space.

Hybridization
A crucial diﬀerence on the use of SOM between ﬁrst
and second stage is the number and proportion of
vectors in both, input and neuron sets. While in
the indexation stage, adaptation of neurons must be
optimal for a better resemblance, using in comparison a huge amount of training vectors and only a
few neurons; in the hybridization stage, the number of input-vectors is considerably smaller than the
neuron-vectors. The focus is on the adaptation of the
neurons and on getting as many variations as possible.
The SOM process in this stage takes all the indices from the previous stage to make a single inputset. In this case, three vectors comprise the inputset, as indexical images of the sculptural references.
Then, it maps the input vectors information to the
best matching neurons within the neuron-set. Once
such neurons are ﬁxed, the non-matching neurons
will modify their values in proportion to the information received from the ﬁxed neighbour neurons
(adaptation), becoming hybrids in the same information space as the three input samples. High neuron
population improves the chances to get variations
within the neuron-set. The experiments shown in this
paper, took a population of 30 neurons, only a selection is actually displayed.
As mentioned before, the ﬁxed neurons act as
the concrete universals within the set, adding a number of characteristics that the SOM will take and combine on the other neurons, according to their proximity to the stable neurons. Characteristics like “head”,
“arms” or “wings” will merge with others and produce expected and unexpected combinations, considered non-trivial options, which can be used by the
designer to widen the scope of possibilities before a
design problem, in this case it is centred on the gen-

eration of form. Matching and non-matching neurons can be seen in ﬁgure 5 as part of the results.
While it is clear that all hybrids remain in the
same information space, it gets diﬃcult to categorize part of the hybrid objects under human-known
labels. Consequently, not all the hybrid form would
have a clear position in a human cognitive space. As
a result, albeit some hybrid ontologies can be reconstructed, the relevancy of the other generated forms,
whose meaning is a-priori unknown, is a question
that remains open.

RESULTS
The outcome of both stages consist on sets of
three-dimensional vectors that can be represented as
point-clouds. Such point-clouds, in turn, are meshed
for better comprehension of the form and for the usability of such geometry in following stages of the
design process. The meshing operation follows the
alpha-shapes methodology described in (Edelsbrunner1992).
SOM in indexation stage generates the encoding
of the original forms to make them usable for the hybridization stage. The resulting meshes resemble to
the original references despite the loss of information
during the mapping. The process preserves most of
the references characteristics that need to be transferred to the next stage. Such characteristics can still
be categorized within a human cognitive space.
Hybridization phase procedure produces a large
amount of noise which makes diﬃcult to get a comprehensive mesh at the end, see ﬁgure 5. Some characteristics can be diﬀerentiated though. For a better
understanding of the hybridization results, the pointcloud itself provides a more detailed result. In ﬁgure
6 the adapted neuron-set is presented as a collection
of point-clouds wherein only three objects resemble
the original references. In intermediate positions, the
adapted neurons show combined features from the
stable neurons. Overall, every hybrid displays a dominant feature according to the reference sample it resembles the most.
For instance, it is observed arms in Venus-like
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neurons; head in Victory-like representations; wings
in Faun-like objects. But it is also observed non-trivial
combinations that, so far, remain uncategorised under human cognitive terminology. Here, still a human designer must validate the usability of the hybrid object in a speciﬁc design context.
Compared to architectural models, the sculptural model used so far in this research are structurally
simple, meaning, the design process in this case, produced forms with great aesthetics values but simple
in the number of materials or systems involved in
their construction. Therefore, the digital representation of these forms can be presented as a single
polygonal mesh and still be considered as very accurate simulation of the real form. On the other hand,
complexity on architectural objects involves a strict
hierarchy of systems and high number of materials

leading, in turn, to a complex representation which
comprises, in the end, a large amount of mesh objects in an intricate model (that is the case of BIM architectural models). As computational objects, sculptural models represent a simple ontology while architectural models a very complex one.
Experiments at early stages of this research
tested both indexation and hybridization on architectural 3D models as 3D meshes. It produced some
relevant result on the indexation phase, but, due
to the over-simpliﬁcation of architectural 3D models, hybridization phase did not reach relevant result.
However, the experiments carried out on the current
samples point towards a diﬀerent strategy to undertake experimentation on architectural models, as it is
further explained in the next section.
Figure 4
Indexation phase.
The several
subprocesses carry
a loss of
information
producing noise on
the outputs.
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Figure 5
Hybridization
phase. Resulting
meshes. It is shown
characteristics like
“head” (square),
“wing” (arrow) or
“hand” (circle).
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Figure 6
Hybridization
phase. The
point-clouds,
previous to the
meshing process,
help to
comprehend the
several
characteristics. It is
shown
characteristics like
“head” (square),
“wing” (arrow) or
“hand” (circle).
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FURTHER WORK AND CONCLUSIONS.
The methodology presented in this paper demonstrates its ability to work with structured and unstructured point-clouds, since the SOM point-cloud
presents a topology which is implicit in its deﬁnition,
as digital representations of physical objects. However, the process carries a certain amount of noise
that makes diﬃcult the mesh reconstruction, which
is important since the resultant geometry must be
useful for the successive stages of the design process.
Next steps in this research must focus on the loss of
information problem that occurs during both phases,
as responsible for the large amount of noise at late
stages of the process.
For a similar reason, the problem of the ontology needs to be considered to enable the interaction with other digital entities like BIM typologies
(Nagakura2017). Translating characteristics from the
process information space to categories in the human cognitive space will allow to use this methodology on complex ontologies like architectural models.
Further work will focus on the deﬁnition of a mechanism to map hybrid objects from the process information space to human cognitive space.
The described SOM-based method produces a
number of form options by combining a set of concrete characteristics in a process of hybridization,
given a collection of initial references. Design processes upon references is a common workﬂow in architectural practise.
Hybridization based on pre-speciﬁc modelling
seeks for as many characteristics as are available in
the references set, even if those characteristics are
still unknown, making as many combinations as possible, even if those combinations are still unknown.
Compared to speciﬁc-modelling, where features are
deﬁned as properties in an abstract deﬁnition, characteristics are found in the referential set, regardless their ontology. Furthermore, the original sample
characteristics are preserved during the process and
are recognizable (if they are known) after being rearranged as parts of the hybrid. No further deﬁnition is
needed, which allows to accelerate the process.

Since structural deﬁnitions are avoided, SOMbased procedures can be taken as a general methodology to produce form based on any reference geometry in the human cognitive space. By focusing on the
relations between characteristics, this methodology
suggests redeﬁning the ontology afterwards instead
of predeﬁne it beforehand, in order to increase ﬂexibility and innovation during the design process.
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Development of Computer Aided Design (CAD) has made a transition from 2D to
3D architectural representation and today, designers directly work with 3D
digital models for the initial design process. While these digital models are being
developed, layering and labelling of 3D geometries in a model become very
crucial for a detailed design phase. However, when the number of geometries
increases, the process of labelling and layering becomes simple labor. Hence, this
paper proposes automation for labelling and layering of segmented 3D digital
models based on architectural elements. In various parametric design
environments (Rhinoceros, Grasshopper, Grasshopper Python and Grasshopper
Python Remote), a training set is generated and applied to supervised learning
algorithms to label architectural elements. Automation of the labelling and
layering 3D geometries not only advances the workflow performance of design
process but also introduces wider range of classification with simple features.
Additionally, this research discovers advantages and disadvantages of alternative
classification algorithms for such an architectural problem.
Keywords: Automation, Classification, Grasshopper Python, Layering,
Labelling, Supervised Learning

INTRODUCTION
The development of design technologies increased
the complexity of the building design. 3D modelling plays critical part in design process of massive and complicated buildings. As the building gets
sophisticated, the number of architectural elements
has increased simultaneously. During the initial design phase of schematic drawings, architects generally draw individual geometries without labelling its

architectural attributes to model faster. Moreover,
at the concept phase of the design process, designers generally categorize each geometry into semantically correct layers after the draft model has ﬁnished.
The workload of layering and labelling geometries individually is not only time consuming but also does
not require profession-speciﬁc knowledge to do this
task. However, it is necessary in order to proceed on
detailed drawing/modelling for construction draw-
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ing phase. Therefore, the aim of this research is to automate the labelling and layering in order to improve
architects‘ and designers’ work performance.
In this paper, the Rhinoceros 3D is chosen as the
development environment for two reasons. First, it
is widely used by designers. Second, it has a plug-in,
Grasshopper, which has a Python code editor with a
graphical interface. As parallel to Rhinoceros’ increasing number of users [1], this research attains accessibility not only to architects but also other designers, so that the automation of labelling and layering
beneﬁts a large spectrum of professions in designing
ﬁeld.

RELATED WORK
Semantic labelling has always been a vital research
topic. Studies working with Princeton Segmentation Benchmark shed some light for this paper about
the machine learning approaches for the segmentation of mesh based objects (Chen, Golovinskiy &
Funkhouser, 2009; Kalogerakis, Hertzmann, & Singh,
2010; Lv, Chen, Huang & Bao, 2012); however, the
lack of architectural elements directs us to search for
other solutions.
When architecture-related works are examined
in detail, it can be observed that point-cloud and images with depth information based works diﬀer from
our work in various aspects. Vectors or voxels are
mainly used to classify multiple categories unlike this
study. Proximity and adjacency become important
key factors to analyze objects. For example, a research conducted in Stanford University (Armeni et
al., 2016) proposes unsupervised detect-based parsing method and labels semantic elements on largescale point cloud data. While the large-scale point
cloud data contains larger aspect of task, from void
and mass detection, to architectural element and
furniture detection, our research focuses on the automation of labelling and layering only structural elements with using the X, Y, Z dimensions.
On the other hand, in Hyperspectral Image
(HSI) datasets, generally supervised machine learning algorithms are utilized such as, Support Vector

Machines (SVM), Artiﬁcial Neural Networks (ANN),
or Sparse Representation-based Classiﬁcation (SRC).
However, He, Liu, Wang and Hu’s research (2017) conducts a Generative Adversarial Networks (GANs), a
semi supervised method, for HSI classiﬁcation. Compared to supervised classiﬁcation, a GAN can be applied to both limited training datasets and abundant
unlabeled datasets. Spectral-spatial features are extracted by 3D Bilateral Filter (3DBF). The similarity
between study of He et al. and this paper is that
both training datasets can be manipulated. 3DBF can
perform better by downsampling and upsampling,
similar to the volume of our training dataset generated parametrically that decelerates or accelerates
the computing power with the number of elements
in the dataset.
Researches working with 3D objects in either
mesh or surface format, are found similar to our research. Even though the main aim is not labelling the
architectural elements, most of the researches’ backbone relies on it. In Hua’s research (2014), for example, a design synthesis algorithm takes Google Warehouse repository and according to mesh information on the models, classiﬁcation of architectural elements occurs inductively. First, the smallest meshes
are found. Then, they are merged incrementally to
label the objects as columns, walls, stairs etc. Therefore, the adjacency plays an important role. However,
using a repository may be a problematic method
to train and/or test bigger datasets because of the
lack of the variety of examples and diﬀerent adjacent
components. Hence, generating a training set from
scratch for the current study can prevent such problems.
Bassier, Vergauwen and Van Genechten’s research (2016) is a bit diﬀerent than Hua’s (2014) in
terms of dataset and the problem deﬁnition. It takes
point-cloud data and transform it into meshes with
Pointfuse, and then into surfaces with Grasshopper.
During these transformations, noise reduction is applied so that a clear dataset can be obtained. The
dataset including vertical and horizontal architectural elements in surface format is utilized to clas-
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Figure 1
Generated training
set (The upper left:
walls; the upper
right: columns; the
bottom left: beams,
the bottom right:
slabs)

sify architectural components of a new test set. By
doing so, they achieve an as-built Building Information Model without dealing with complex vector elements in point-cloud data. Their working environment, Grasshopper, inspires our research. On the
other hand, working with surfaces and their features
becomes a key point in our classiﬁcation problem just
like their research.

MATERIAL AND METHOD
For this research, ﬁrst, segmented building geometries were introduced to Grasshopper. Then the
machine learning algorithms, trained by generated
architectural element dataset, were developed on
Grasshopper Python (GhPython) [2] and Grasshopper Python Remote (GhPython Remote)[3] to label
and bake geometries on Rhinoceros 3D environment
with the architectural labels and color layers.

GENERATING DATASET

Figure 2
Data point
representation in
Python

There are researches on generating 3D model dataset
for development of classiﬁcation algorithms. For example, Shape Retrieval Contest (SHREC), which annually updates datasets, and ShapeNet, a Princeton
ModelNet dataset. However, there are no datasets
that are composed of architectural elements such as
walls, columns, beams etc. Therefore, for this research we generated our own dataset that is grouped
as composed of walls, columns, beams and slabs.
Six-hundred elements are generated with deﬁned range of lengths in order to imply the geometrical characteristics of architectural elements. The X,
Y, Z-axes lengths specify the range of dimension of
each edge of architectural elements. The dataset of
walls is composed of 200 pieces, 100 pieces for one
direction and the other 100 pieces for the perpendicular to the previous one. X-axis (width) ranges between 10 cm and 30 cm. Y-axis (length) ranges between 500 cm and 1000 cm. Z-axis (height) ranges
between 250 cm and 600 cm. The minimum height
is set as 250 cm since under this value will not satisfy
an acceptable ﬂoor height. (Figure 1).

The beam dataset is composed of 200 pieces, 100
pieces for one direction and the rest is for the perpendicular direction. X-axis (width) ranges between
20 cm and 50 cm. Y-axis (length) ranges between 250
cm and 1000 cm. Z-axis (height) ranges between 40
cm and 80 cm.
The column dataset is composed of 100 pieces.
X-axis (width) ranges between 20 cm and 50 cm. Yaxis (length) ranges between 20 cm and 50 cm. Z-axis
(height) ranges between 250 cm and 1000 cm. The
parameters of X, Y-axes of the columns and X-axis of
the beams share similarities since they directly contact one another.

Lastly, the slab dataset is composed of 100
pieces. X-axis(width) ranges between 250 cm and
1000 cm. Y-axis (length) ranges between 250 cm and
1000 cm. Z-axis (height) ranges between 10 cm and
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Figure 3
80 diﬀerent 3D
models from the
students’ work

30 cm. As in Figure 2, the points on X, Y, Z-axes graphically shows how the generated dataset for training
are distributed in a range that represents its own architectural elements.

TEST & CONTROL DATA
To understand such a classiﬁcation problem, some
test and control datasets without prior labels are provided. The test set is taken from Middle East Technical
University (METU), architecture students’ works from
Digital Media Course (Figure 3). There are 80 models
and they represent more or less the same characteristics in terms of structure and physical appearance.
Hence, this dataset helps for perceiving the problematic parts of the diﬀerent algorithms mentioned in
the following chapter.
A control set which is more complex compared
to the test set is also used for enriching the example variety and observing the algorithms’ behavior
under a complex task. This set includes 3D models
of METU Housing, METU Department of Architecture
and building models found online (Figure 4).

PROPOSED WORKFLOW
For this research, Rhinoceros and Grasshopper environments are chosen to display labelling and layering solution as mentioned before. GhPython and
GhPython Remote has been two important key plugins. While GhPython allows user to develop algorithms with Python and RhinoScriptSyntax on geometry based problems, GhPython Remote presents the
necessary libraries for machine learning techniques
(Figure 5).
For this classiﬁcation problem, diﬀerent approaches are conducted. Since it is supervised and
the aim is to predict non-numeric data, Logistic Regression, K-Nearest Neighbours (K-NN), Linear SVM,
Kernel SVM, Naïve Bayes and Decision Tree algorithms are preferred. The reason behind choosing different approaches lies in understanding the diﬀerent
potentials and ﬁnding the optimum one for solving
such a problem. These approaches can be measured
by accuracy and speed. Kernel SVM works to achieve
the best accuracy rate.
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Figure 4
The control set
examples (In order
from top: METU
Department of
Architecture, METU
Housing, online
examples)

is used with the algorithms to teach the speciﬁcations (in this case X, Y, Z dimensions) of the architectural components. Then, the test set is linked to
predict the classes and give labels. After labelling is
done, another algorithm is conducted to automatize
baking these labelled elements into Rhinoceros environment and creating new layers. The results are
compared to each other in the following section in
detail.

COMPARISON AND RESULTS
The multi-class classiﬁcation task is a common problem within the ﬁeld of machine learning and there are
various algorithms which use diﬀerent strategies to
deﬁne the classes in a dataset. For this research, the
aim is not only to classify main structural elements
but also compare diﬀerent machine learning models
for further steps.
Firstly, the logistic regression from scikit-learn library developed by Pedregosa et al. (2011) is implemented to the dataset which, at ﬁrst sight, seems
to do regression but actually works for classiﬁcation
tasks. In this model, with logistic regression formula
shown in below, the possible outcomes of a single
test probabilities are modelled and minimize the cost
function accordingly. After the implementation, logistic regression model classiﬁed 83.42% of given
data correctly.
L
(1)
f (x) =
1 + e−k(x−x0 )

Figure 5
An example of
Grasshopper
interface with
Python
components
including machine
learning algorithms
Logistic Regression, K-NN, Linear SVM, Naïve Bayes
and Decision Tree work for fast training. Decision
Tree is not good at multi-feature classiﬁcation and
shows better results on binary decisions. However,
Logistic Regression, K-NN, Linear SVM and Naive
Bayes are good at handling multi-class classiﬁcations.
Once the dataset is introduced in Grasshopper,
all of these approaches can be developed inside GhPython component separately. First, the training set

• e = the natural logarithm base (Euler’s number),
• x0 = the x-value of the sigmoid’s midpoint
• L = the curve’s maximum value,
• k = the steepness of the curve.
Secondly, k-nearest neighbours algorithm (K-NN) is
implemented to the dataset from the same library
which is an instance-based learning storing instances
of the training data instead of constructing a general
internal model. The classiﬁcation is achieved basically from a majority vote of the nearest neighbours
of each point. In more detail, a query point is ap-
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Table 1
Comparison of
model accuracies

pointed to the data class which has the most representatives within the k-nearest neighbours according to the Euclidean distance shown on the below
formula. When implemented on our dataset, K-NN
model is able to classify 90% of the test data correctly.
v
u n
u∑
(qi − pi )2
(2)
d(p, q) = t
i=1

As the third method, support vector machine (SVM)
from scikit-learn library is implemented on our
dataset. An SVM constructs a hyperplane or a set of
hyperplanes that has the largest distance to the nearest training data points of any class in a hyper dimensional space by using a decision function shown on
the formula below. It is also possible to change the
kernel of the hyperplanes that will totally aﬀect the
space division method of SVM. For this research, both
linear SVM and SVM with Radial Basis Function (RBF)
kernels are implemented. The linear SVM classiﬁes
74.02% of the test data correctly while RBF SVM has
an accuracy of 90.23%.
( n
)
∑
sgn
yi αi K(xi , x) + ρ
(3)
i=1

For the fourth method, the Naïve Bayes classiﬁer is
implemented to the dataset from scikit-learn. It is an
algorithm based on Bayes’ theorem with the ‘naive’
assumption of independence between each pair of
features. Given a class variable y and a dependent
feature vector x1 through xn , algorithm uses the following classiﬁcation rule on the below formula.

P (y|x1 , . . . , xn ) ∝ P (y)
⇒ ŷ = arg max P (y)
y

n
∏

n
∏

P (xi |y)

(4)

i=1

P (xi |y)

(5)

i=1

When implemented on our dataset, Naive Bayes
model is able to label 82.66% of given data correctly.
Finally, from the same library, decision tree
model is used which is a non-parametric learning
method for classiﬁcation. The aim of a decision tree
is to create a model that predicts the value of a target variable by learning simple decision rules derived
from the features of a given data and classify data according to a classiﬁcation criteria shown on the formula below. After the implementation, decision tree
model only classiﬁes 22.61% of given data correctly
since its mathematical model depends on binary decisions and orthogonal divisions which is seemingly
not a proper model for this case.
∑
pmk = 1/Nm
I(yi = k)
(6)
xi ∈Rm

To conclude, each model classiﬁes the given data by
using a diﬀerent mathematical method and consequently their performance on this classiﬁcation task
diﬀers. From the table and ﬁgures below, comparison of their performance according to correct labelling percentage, visualization of their space division methods and categorized elements of the test
and control data sets can be seen (Table1 , Figure 6,
Figure 7, Figure 8).
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Figure 6
Visualization of
diﬀerent models
(From left to right:
Logistic Regression,
Nearest Neighbors,
Linear SVM, Kernel
SVM, Naïve Bayes,
Decision Tree) [4]

Figure 7
Categorized
elements from the
test set

Figure 8
Categorized
elements from the
control set

CONCLUSION AND FUTURE WORK
In conclusion, by generating a dataset from scratch
and use it to train supervised machine learning models, it is possible to automate classiﬁcation and layering process. Multi-class labelling can be accomplished only with 3 features from X,Y, Z-axes of the
architectural elements’ boundary edges, which is a
much simpler approach than using mesh or point

cloud. Since the proposed method is simple, it is possible to be controlled, customized and extended it
in future research. For example, it can lead working
on tilted and/or non-orthogonal geometries by using
sequence of bounding boxes instead of one bounding box. Also, optimization of dimensions for the
training set by genetic algorithms (e.g. Galapagos)
to achieve higher accuracy in diﬀerent classiﬁcation
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tasks can be tested. Last but not least, new features
can be included within the training data such as position or material of architectural elements to extend
the tasks towards construction industry. In short, this
small task and a simple approach shows that intersection of architecture and machine learning has great
research potentials to be studied and extended further in future. As Turing, the pioneer of theoretical
computer science and artiﬁcial intelligence said: ”We
can only see a short distance ahead, but we can see
plenty there that needs to be done.” (1950).
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Topology Optimisation Inﬂuence on Architectural Design
Process
Enhancing Form Finding Routine by tOpos Toolset utilisation
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The paper focuses on possibilities of already known engineering procedures such
as Finite Element Method or Topology Optimisation for effective implementation
in architectural design process. The existing attempts of complex engineering
algorithms implementation, as a form finding approach will be discussed. By
intersecting architectural form evaluation with engineering analysis
complemented by optimisation algorithms, the new quality of contemporary
architecture design process may appears.
Keywords: topology optimisation, design support tools, complex geometries,
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INTRODUCTION
Fast spreading of generative and parametric techniques allows to extend existing design procedures
including form ﬁnding process with additional aspects. Architects are looking for new approaches
which may support that process with new and
unique solutions for particular problem. Amalgamate of architects’ design experience and precise
engineering tools through generative design procedures, can bring new and undiscovered forms into
contemporary architecture.

BACKGROUND
As an extraordinary utility in the architectural design practice, topology optimisation methods might
be pointed. On it bases, topology optimisation is a
mathematical approach that optimises material layout within a given design space, for a given set of
loads and boundary conditions, such that the result-

ing layout meets a prescribed set of performance targets. It could be implemented through the use of Finite Element Methods (FEM or FEA) for the analysis
and a variety of optimization techniques such as the
Method of Moving Asymptotes, Genetic Algorithms,
the Optimality Criteria method, Level Sets or Topological Derivatives. Topology optimisation algorithm
is very widely used in the industrial product design
such as aerospace and automotive where mechanical
parts eﬃciency and its material usage is crucial. Also
Civil Engineering is not lagging in this ﬁeld (Guest
and Moen 2010). Many scientiﬁc discourse and researches have been made, implementing Structural
Optimisation for various purposes. Nevertheless,
topology optimisation as an engineering tool is rarely
applied in the architectural design process. Commonly it is caused by a complex and time taking process to achieve results which would satisfy a designer.
Existing architectural adaptation of topology op-
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Figure 1
tOpos workﬂow
based on icons.

timisation are the result of deep research and time
consuming experiments often aided by specialists in
Civil Engineering. The tools applied for that projects
are either highly specialised and expensive engineering software or individually developed toolsets for
current problem. However, general purpose engineering programs available on the market containing Structural Optimisation algorithms, except of the
cost, has many additional limitation which decrease
a possibility of usage those methods by architects for
enriching their design process. Their explicit user interface and moreover, plethora of options and decisions which user has to make, put it as a highly speciﬁed software dedicated to the limited range of users.
All presented arguments aﬃrm the author about
the need for developing a new tool for designers. It is
highly intended to give the opportunity to variety of
architects and designers to use the exceedingly complex and compound process to improve their designs
without any specialised knowledge. Complementary
to the described application of Structural Optimisation method in architecture, author will present a
new approach concerning form ﬁnding tool based on
Topology Optimisation algorithm accelerated with
the GPGPU (General Purpose computing on Graphics

Processing Units) technology.

TOPOS - GPU ACCELERATED PLUGIN
Creation of new tools, adjusted to the nowadays performance requirements, enforces a software developer to use always up-to-date technologies. Topology optimization as a material distribution method
based on a numerical approach can be successfully enhanced by a contemporary computing tools.
Based on scientiﬁc researches (Schmidt and Schulz
2011) authors came up with an idea of developing
and implementing own topology optimization algorithm enhanced with the GPU acceleration which
may speed up calculation process up to 160 times.
The aim of the author research is to create a form
ﬁnding real-time tool for an architects based on the
engineering Structural Optimisation Methods. As a
main theorem, Simple Isotropic Microstructure with
Penalisation (SIMP) method developed by Bendsøe
and Sigmund (Bendsøe and Sigmund 2004) was chosen.
The project, named “tOpos”, unlike the complicated and expensive commercial tools for engineers
is meant to be simpler, faster and more eﬃcient. The
basic environment for tOpos is Rhinoceros3D soft-
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ware with the Rhinocommon libraries. The McNeel
software is used as a 3D engine for data display and
what is more, as a modelling environment necessary
for the algorithm to create input data. tOpos also
utilises Rhinocommon library to process meshes and
vectors. The plugin core is based on the host code
(performed on CPU) implemented on DotNet C# with
acceleration kernels (performed on GPU) based on
the CUDA API (Sanders et al. 2012), the extension of C
language. Interconnection between CUDA C and C#
is managed by 1:1 wrapper named managedCUDA
developed by Michael Kunz, which allows to use pure
CUDA API without losing computational power and
functionality. The GPGPU allows to exploit parallel architecture pipeline to bring a new approach to a real
time application.

TOPOS - INFLUENCE ON ARCHITECTURAL
DESIGN
Numerical benchmarks (Bialkowski 2017) prove fast
and reliable results of topological optimisation implemented as a tOpos toolset. This allows to perform
the sets of experiments and tests related to the architecture. Basic researches were done in three series as
follow:
• Series I - tests 1A,1B and 1C
• Series II - tests 2A,2B and 2C
• Series III - tests 3A,3B and 3C.
The series diﬀer on the material availability for topology optimisation algorithms, but also on support
condition or additional restriction like door and window openings. For all series box like shaped object
as main material domain was implemented. It is 500
cm in length and width with 300 cm in height. In all
2kN
cases
as an area load was utilises on top face of
m2
model for imitating typical ﬂoor slab.

Optimisation initial conditions and result
presentation
Based on the performance benchmarks (Białkowksi
2017), general optimisation setups were welldeﬁned. Each tests was optimised by maximum of 40

iterations. For penalty factor, continuity method was
utilised (Bendsøe and Sigmund 2004, p. 22), where
in the beginning the value is equal to 2.0 and rises
through iteration to reach value of 3.0 on the end of
the process. Also ﬁltering of sensitivity was applied
with constant radius equal to 1.5 element size. Aim of
the optimisation was to remove maximum amount of
the material by minimizing structure compliance in
the same time. Due to the architectural nature of the
research, great emphasis was placed on presenting
the results of tests in a legible manner in relation to
the obtained forms. Main data generated by tOpos is
the material density distribution in space for each element represented as point cloud. The colour scale
was selected for intuitive readability: black represents full material (density of 1.0) and white refers
to void spaces (the density equal to 0.0). Those data
might be also represented as a volume object by utilising marching cube algorithm (Lorensen and Cline
1987) which creates boundary surface by evaluating
scalar ﬁelds called isosurface. Due to the numerical
aspect of the method, apart from the forms obtained
with the use of isosurface, additionally the compliance of elements in the model was presented for
each test. For this scheme, the blue colour means
the highest deformability of the element, and the
red its low coeﬃcient with the intermediate yellow
colour. For legible representation of data, the limit
values, such a density or compliance equal to 0.0 are
completely transparent. This allows to look at the
structure by omitting numerically irrelevant data.

Series I
In this part of research, the algorithm has full freedom
in the material allocation inside entire design space.
Through three tests, only support conditions or additional openings inside design domain might vary.
The aim of this researches is to check what forms the
algorithm will return without any spatial restrictions
for material distribution.
Test 1A. Initial conditions are presented on ﬁgure
2a. Generated structures in their form resemble the
cross-rib vault. However, instead of typical circle
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Figure 2
Initial conditions for
test in series III. a)
Test 1A, b) test 1B,
c) test 1C.

based arches, the ribs took the shape of chain or
parabolic curves. Analysing ﬁgure 3a and 3b, it’s easy
to see that the whole structure is hierarchical. In
other words, the loads set at the top of the material
domain are not directly transferred to the supports.
Interesting aspect of this structures is the change in
the thickness of the ribs along with their subsequent
divisions and distributions. They become thinner
and ﬁner. It is easy to see the connotations with the
construction of a tree, where the emergence of successive branches reduces the diameter of the trunk
and branches. The layout of the ribs is enriched with
additional horizontal elements that stiﬀen the whole
system. Smaller structural systems resembling knit,
collects the load from the larger surface, and then,
accumulated, transfer it to the ribs, and those to the
supports. From the architectural point of view, some
details known from classic architecture can be distinguished in the structure, for example, a vault key or
ribs resembling a cross-ribbed vault which is clearly
visible in Fig. 3b. However, despite the optimised
amount of material, the structure occupies a relatively large space, which can be exploited by users.
Obtained structure is less eﬀective as a living space
than a typical pillar system.
Test 1B. Initial conditions are presented on ﬁgure 2b.
Due to the change in the support scheme, the obtained structures diﬀer signiﬁcantly from the forms
obtained in test 1A. The algorithm generated a symmetrical structure (Figure 3d), topologically consisting two systems. Both is easily seen by analysing ﬁgure 3e. The ribs system collecting loads from the middle part of the ﬂoor slab. It consists of four main ribs

ﬁxed in the middle part of the support. Those ribs
splits at an angle of about 45 ° to smaller structures
as they approach the ﬂoor slab, forming intermediate ribbed systems, analogously to the 1A test. In
the place where the main ribs meet, we can similarly
distinguish a vault-like system that creates a rhomboid shape, which is clearly visible on ﬁgure 3d and
3f. The second topological arrangement consists of
columns structures divide into smaller pieces resembling branches as they approach the ﬂoor slab, collecting the load from a much larger surface. In terms
of functionality, it is worth noting that this structure
interferes with the design space lesser than the result
of study 1A. Numerically, an equally low volume index equal to 2.5% of the material in relation to the initial volume was reached. The diﬀerence between the
previous and the current study is less than 0.5%, but
two diﬀerent qualities of space has been achieved.
Test 1C. Initial conditions are presented on ﬁgure 2c.
No changes in the support scheme resulted topologically similar structures comparing to the systems obtained in the 1B study. The introduction of additional
restrictions such a door and window openings with
the addition of a load at the lintel site, resulted in a deformation of the form obtained in the previous study
(Figure 3g). The symmetry of some solutions is still
well legible, but the components, i.e. ribs, are distorted or shifted as a result of adapting to new constraints. In the ﬁgure 3h and 3i, can be seen clearly
the main ribs and posts shifts in places where doors
and windows are placed. In addition to the elements
and properties listed in the previous study, it is worth
adding the aspect of adapting a regular, symmetri-
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Figure 3
Result forms from
series I. From left:
Densities as points,
compliance as
points, forma as
volume. Test 1A ﬁg.
a-c, test 1B ﬁg. d-f
and test 1C ﬁg. g-i .

cal structure to new requirements, such as window
or door openings. The algorithm created additional
structural systems so that subsequent architectural
elements would have a chance to appear in structure.
Their inﬂuence on the form is clearly visible on ﬁgure 3g. It shows the possibility of adapting the architectural structure to speciﬁc requirements deﬁned by
the user.

Series II
In this research the algorithm has been strictly limited
to the possibilities of placing the material in space.
Three cases are tested: columns, shell and shell with
holes. The research aim is to check what forms the algorithm will generate with strong spatial restrictions
on the possibility of material decomposition.
Test 2A. Initial conditions are presented on ﬁgure
4a. The optimisation result turned out to be surprising. A very interesting structure was obtained, tak-
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Figure 4
Initial conditions for
test in series III. a)
Test 2A, b) test 2B,
c) test 2C.

ing into account its topology and form. Analysing its
construction on ﬁgure 5a, it could be found a lot of
interesting design solutions. The ﬁrst are the construction of pillars. As can be seen, the algorithm
again seek to generate a load-bearing elements in
the shape of a parabolic, which may provide an initial course of the post leaning towards the centre,
referring to the test 1A result shown in Figure 3a.
However, due to the limitations in the material allocation space, this shape breaks near half the height
of the column and changes into a vertical element.
The torques and the related deformation particularly
close to the ﬂoor slab (Figure 5c) necessitated the creation of additional support in the form of a truss in
the shape of the letter “L”. Two beams with a trusslike structure are added to each of these structures at
the point of inﬂection from the inside. They are located close to the edge of the design space, deﬁning
the sides of the ﬂoor slab. In the slab part, the material is mainly located in its upper and lower part.
The space between the central structure of the ceiling and trusses at the edge of the entire domain is
ﬁlled with a space lattice, collecting loads and transferring them to the nearest main structural element.
They are clearly visible in ﬁgure 5b. Their topology
resembles a cellular structure, called Voronoi tessellation.
The obtained form from the architectural point
of view is rich in a very interesting detail. A large
number of small components makes the structure ﬁligree, lace, and gives a sense of lightness. The ﬁnal form merges a simple in shape main load-bearing
structure with the organic soft ﬁlling between them.

The combination of these two designs results in a
very interesting visual eﬀect. Imposing severe restrictions on space in which the algorithm could work resulted in obtaining the completely free and undistorted structural elements.
Test 2B. Initial conditions are presented on ﬁgure
4b. Changing the support conditions and allowing
the algorithm to allocate the material in the wall-like
space resulted in a topologically diﬀerent structure
compared to the 2A study. However, it is worth noting a certain repeatability of some construction elements that have been generated. Comparing ﬁgure 5a with ﬁgure 5d, presenting the currently generated form, it is easy to see a similar arrangement of
connection between the column and the slab in the
form of an L-shaped truss. Analysing the whole form
(Figure 5e), it can be distinguish two basic systems
of load-bearing structures: four columns for each of
the space of the walls and connecting beams in the
space of the ﬂoor slab. The combination of these two
elements is well visible in Figure 5d, and its shape
from a structural point of view can be associated with
the hinge. The two inner pillars are similar to each
other, creating between the end pillars a space in the
shape of aisles. It is also worth noting the diﬀerences
in the thicknesses of the columns, where the crosssection of the inner column diﬀers signiﬁcantly from
the corner. Between the main beams, as in test 2A,
a network of smaller beams, bolts or discs has been
formed, building spatial organic structure, collecting
load of these ﬁelds. Similarly to test 2A, the obtained
form is rich in detail, mainly because of strong fragmentation of the components. It is worth paying at-
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Figure 5
Result forms from
series II. From left:
Densities as points,
compliance as
points, forma as
volume. Test 2A ﬁg.
a-c, test 2B ﬁg. d-f
and test 2C ﬁg. g-i .

tention to the strongly sculpted form of the bottom
part of the ﬂoor slab shown in ﬁgure 5e and 5f. Despite the great freedom in shaping vertical elements
in the wall space, the algorithm generated a system
of columns, which were arranged in a certain rhythm.
It is also worth noting that the appearance of pillars
as the main vertical bearing elements instead of full
walls or shields, allows architects to more freely arrange the space. The lack of internal structures interfering with the design space that could be observed
in the result of tests 1A or 1B, additionally increases
the usable value of the obtained spaces.

Test 2C. Initial conditions are presented on ﬁgure 4c.
The introduction of additional restrictions in the form
of holes greatly inﬂuenced the optimisation eﬀect.
When comparing the results of study 2B in Figure 5d
or 5e, with Figure 5g or 5h from study 2C, diﬀerences
in structures are clear to notice. Rhythmic structure
achieved in the preceding test has been replaced by
a form adapted to the new requirements deﬁned by
window and door openings. Corner columns has
been moved to the vicinity of the window, which resulted in a lack of support corner of the ﬂoor slab.
To solve this problem, the column took the shape of
the letter “V” of varying thickness arms. In a similar
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Figure 6
Initial conditions for
test in series III. a)
Test 3A, b) test 3B,
c) test 3C.

way, a beam connected to this column was generated. It has adopted a shape of the letter “Y”. The
lack of force distribution on the two internal pillars
resulted in the accumulation of loads of the major
part of the ﬂoor slab on one frame. The consequence
are thicker columns of the middle frame and a larger
and more extended beam (ﬁgure 5h). A wide span
between columns was created on the wall where the
doorway was located, forced the algorithm to create
an additional structure taking over the load from the
ceiling. Instead of building another pillar, a truss was
created transferring loads to the adjacent columns.
Looking at the ﬁgure of 5i, it can be seen that its lowest point is below the level of 200 cm, which may
cause limitations of the space’s usability in this place.
It is also easy to observe numerous structures resembling branches that collect loads from larger areas of
the slab and transfer them further to larger elements.

Series III
Test 3A. Initial conditions are presented on ﬁgure
6a. Adding two extra spaces where the algorithm
can handle material resulted in obtaining completely
new forms and structures. Analysing the results of
densities in Figure 7a, it can be found some interesting design solutions. At the beginning it is worth
paying attention to the unusual arrangement of vertical elements in the wall space. Instead of a row
of columns, as was the case in the study 2B in series II, the algorithm generated one complex structure that is placed symmetrically on each edge of
the design space. It consists of two inclined arms,
creating a form resembling the letter “V”, which ap-

proaching the surface of the ﬂoor slab are divided
into two smaller branches. To the ends of these extended pillars in the space of the ceiling slab, complex systems of beams and trusses form a ﬂoor slab.
The lower beams are integrated with each other with
a thin plate. Between the top of the ﬂoor slab and
this plate a three-dimensional spatial thruss was created (Figure 7b). The corners of the board are a separate arrangement and are supported by diagonal
“V” shaped pillars. They combine additional ribs and
braces, forming vaults collecting loads from the ceiling.
From the architectural point of view, the algorithm created very unusual forms, very organic and
symmetrical. Particularly noteworthy is the design of
the upper and lower ﬂoor slabs, consisting of a large
number of arches, forming an almost regular pattern. From these arches, regular rectangular structures (Figure 7c) move towards the corners dividing the ceiling areas into triangles and quadrangles.
Looking at Figure 7b it is not hard to see a large number of components which can successfully play the
role of architectural detail. Looking at the repetitive
arrangement of small branches collecting loads from
the edge of the ceiling, observer can get the impression that we are dealing with a roof ﬁnial in the form
of a decorative cornice. The ﬁligree elements, i.e. the
previously mentioned twigs, which are numerous in
this form, give a great lightness to the whole structure. This eﬀect is further intensiﬁed by unusual appearance of the wall in the form of sculpted columns.
Test 3B. Initial conditions are presented on ﬁgure
6b. Additional reductions in the schema of the test
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Figure 7
Result forms from
series I. From left:
Densities as points,
compliance as
points, forma as
volume. Test 3A ﬁg.
a-c, test 3B ﬁg. d-f
and test 3C ﬁg. g-i .

3A as door and window openings caused deformation symmetrical structure obtained in the previous
study. The structure has been enriched with two
additional pillars that have taken over some of the
loads from areas where the V-shaped slanted column
could not be created (Figure 7d). The form obtained
through the holes has become chaotic (Figure 7ef ). Purity form achieved in the previous study has
been disturbed by additional structures, making dissonance. However, despite the less clear appearance

in relation to the form obtained in the 3A study, we
can not forget that the form received is a response to
a speciﬁc problem. Thus it was obtained adapted to
the selected request structure which is unique. This
allows the designer to look for the best design solutions at the same time examining their impact on the
derived form and structure.
Test 3C. Initial conditions are presented on ﬁgure 6c.
Changing the location of the window opening is not
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drastically aﬀected the entire structure in comparison with the results of 3A. When analysing Figure 7g
and Figure 7h, the diﬀerences in form, except the column relocation due to the appearance of the window, are not so visible. Also minor changes have occurred in the compliance distribution shown in Figure 7i. However, this does not change the fact that
the obtained system is characterised by an equally
complicated structure as the form obtained in the 3B
study.

CONCLUSION
The results from all series of tests clearly show that
the obtained structures can successfully fulﬁl the role
of architectural form or be an inspiration for it. Created software gives unlimited possibilities in the process of creation of forms. Each new boundary conditions, the shape of the design space, whether the
restrictions, will result in generating a new form,
adapted to the requirements set by the user. The
implementation of the form-forming principles of
topological optimisation using the idea of parametric design enables designers and architects to look
for structures and inspirations for architectural forms
in a simpliﬁed and intuitive way. The use of numerical methods as a base for generating forms has resulted in receiving interesting structures rich in interesting detail, which have gained additional value. Final forms are not composed from ready-made architectural solutions, but it is a unique answer to a given
problem.
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This paper presents the design and production processes of a real world organic
photovoltaic lightweight installation realized at the University and School of Art,
Kassel. It revisits thereby, Frei Otto´s lightweight principles to establish design
criteria. Furthermore, we present the possibilities of computational procedures
for the design of contemporary lightweight structures within a speculative design
setting. Last, we illustrate the benefits of these tools for the design of lightweight
structures and the role they played in re-conceptualizing traditional sun-sail
typologies within an interdisciplinary student team.
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Figure 1
Contemporary
sun-sail in Nicosia,
Cyprus, 2018

INTRODUCTION
Shading structures that protect urban spaces from
excessive sun exposure, such as the Roman velarium,
have a long tradition in architecture, especially for
hot countries. A version still in use today is the Spanish toldo (‘awning’) covering public street spaces.
Heribert Hamann and José Luis Moro describe their
performative potential in ´IL 30: Vela, Toldos, Schattenzelte´ as protection against excessive insolation,
protecting public spaces against air-borne dust and
against glare. Moreover, they also, explicitly highlight their space-creating eﬀects as most impressive
(Hamann et al. 1984, p. 94). Sun-sails are architecturally active, in the sense that they allow us to create
and control spatial eﬀects that can be experienced
(i.e. varying degrees of light, shadow, temperature,
etc.).

The design of more recent sun shading structures underlines this architectural potential, as structural interventions that provide better urban spaces in hot
regions. Such sun sails examples include the Heart
of Doha Project by Schlaich Bergermann and Partner in Qatar (Stein 2017, p.61), or Ocean´s MM-Tent
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Membrella (Hensel 2013, p. 107). The advantages of
their performance seem therefore evident: inexpensive and ﬂexible lightweight structures that provide
for habitable shade (Fig 1.).
However, most toldos, velas or sun-sail typologies do not yet combine their capacity for energy reﬂection (passive shading) with active energy generation. This simple and obvious observation sparked
our research interest of developing and building a
contemporary, one-to-one scale sun-shading typology that is also capable of harvesting energy. Furthermore, understanding the toldo typology as an architectural ´space-creating´ and consequently threedimensional structure we were not interested in just
adding an additional photovoltaic layer to the existing fabric of sun-sails. Instead, it was our aim to rethink the traditional toldo typology as a contemporary, multi-functional solar structure with a high degree (technological and esthetic) of photovoltaic integration. The exploration of such design opportunities, especially for lightweight organic photovoltaics
(OPV), supported by the use of computational design procedures is part of an ongoing research effort, at the faculty of architecture at the University of
Kassel, department of experimental design and construction in close collaboration with the digital 3d
technology lab at the School of Art, Kassel. The results presented here (Fig. 2) demonstrate both geometric ﬂexibility and adjustability to diﬀerent kinds
of architectural constraints for ultra-lightweight OPV
structures (Carl and Schein 2017, p. 1228)
This paper describes hereinafter our design approach and the computational procedures employed
by an interdisciplinary (architecture, design, electrical engineering and information sciences) educational team in tackling the complexity of the Solar
Spline project.
First, we will revisit Frei Otto´s lightweight principles to establish the criteria used by our team for
conceptualizing, developing and actually building
the Solar Spline structure. Second, we will outline
how we gradually translated the principles of physical form-ﬁnding experiments into an associative ge-

ometry model that contained at the end all relevant
information of the project, such as fabrication data,
physical simulation, desgin representations or solar
radiation analysis. Moreover, we will discuss how different computational design methods helped to develop and resolve the complexity of the project and
collaterally informed the formation of an associative
geometry model used for communication, simulation, representation and fabrication. Finally, we will
critically evaluate the beneﬁts of the computational
procedures employed. Looking at the one end at the
performance of our Solar Spline structure, and at the
other end at the lightweight principles formulated by
Frei Otto and his team.
Figure 2
Solar Spline, North
Elevation, 2017

DESIGN FRAMEWORK: LIGHTWEIGHT
PRINCIPLES AND MATERIAL COMPUTATION
A key advantage of sun-sails is their small weight
to surface area ratio, because they are pure tension structures that avoid compression and torque
forces. As a result, considerably less material is required for their construction and they belong to
the category of lightweight structures. Therefore,
in the spirit of achieving lightness, both in an esthetics sense and as an actual reduction of material use, we decided to approach the organic PV elements not as a separate additional material layer, attached to a sun-sail structure. Instead, they treat the
OPV modules as space-deﬁning elements forming
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a three-dimensional shading structure: integrated
OPV cloud instead of sun-sail membranes with added
OPV modules. This approach exempliﬁes the idea of
exploiting material properties (in our case the ´lightness´ of organic photovoltaic cells) to an architectural advantage, thereby rethinking PV integration
away from heavy elements (just think of all the silicon
based glas-glas PV) towards the direction of ultralightweight structures. The 30 m² of ´solar cloud´
are comprised of 300 OPV cells that seem to be suspended in midair. This ´solar cloud´ is composed of a
series of rope carriers which consist of thin aluminum
tubes (d = 6 mm), acting both as compression members for the structure, and as a mount for an ultralight, vacuum-formed carrier plane for the integration of the OPV modules. The weight of this ´solar
cloud´, including the tensile supporting structure, is
less than 120kg.
The ´solar cloud´ is carried by two separate, prestressed tension ropes of roughly 70m length (d =
20mm), whose three-dimensional ﬁgure was inspired
by the mapping of the sun path in solar analysis software. The supporting ropes are anchored between
a group of trees and on the ground by an array of
thin, almost invisible dark cables (d = 2mm). These
thin cables also determine the shape of the ´spline´like geometry of the two suspension ropes. In contrast to double curved minimal surface geometries,
mostly used for sail-like membranes, the linear elements of this approach could be easily controlled
and true length measurements determined by spring
particle simulations for fabrication.
One lightweight principle formulated by Otto
states that forms resulting from natural forces (i.e.
gravity) ´show the connection between form, force
and mass´ (Otto 1996, p. 12). We observed this connection for the form-ﬁnding principles of the Solar
Spline carrier ropes, but also for the behavior of the
Solar Spline structure´s interaction with environmental forces.
In general, the lack of stiﬀness, rigidity or material strength under load is considered disadvantageous for building structures, resulting in bending,

buckling or breaking. However, in our case, the soft
and ‘fuzzy’ articulation of structural components increases the robustness to external forces, such as
down- or updraft winds and snow loads considerably. Similar to a leave of grass or the branches of
a tree, the elasticity of the components react to environmental forces like wind or snow loads through
movement (i.e. slight inclinations of the OPV carrier
panels is enough to allow for snow to slide oﬀ ). These
principles, combined with the permeable nature of
the OPV cloud, constitute a light and resilient structure. Solar Spline withstood for example two summer
storms with wind speeds of up to 100 km/h. Moreover, the aggregate and permeable nature of the ´solar cloud´ decreased also the overall tension forces to
address, in comparison to traditional sun sails with a
greater surface area. As a result, considerably less material could be used for construction in comparison to
structures that are more rigid.
Frei Otto and his team based their most prominent research on the observation of natural principles to formulate methods and ideas for the design of
such lightweight structures. For Otto they are ´most
of the times [...] the result of [...] optimization processes which follow the principles of reducing their
proper mass, for whatever reason. This is what we
[Otto] call the lightweight principle´ (Otto 1996, p.
11).
In reference, we employed analogue formﬁnding procedures to determine the shape of the
´spline-like´ carrier ropes at the beginning of our studio to observe structural and geometric principles
based on gravity and material properties (Fig. 3).
These form-ﬁnding methods employed are well established for educational curricula and deﬁned as
material computational by Manuel de Landa (De
Landa). This both expedited design decisions and
helped students to understand the underlying principles that generate form, but also to appreciate architectural design methods, which link material behavior with representation (Carl 2016, p. 595 ).
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Next, we outline the setup of our associative geometry model that represents at the end of the design
process all relevant design decisions for the entire
structure.

COMPUTATIONAL PROCEDURES: ADDRESSING COMPLEXITY BY ASSOCIATIVE
GEOMETRY MODELLING
Analogue form-ﬁnding procedures helped both to
establish and elaborate ﬁrst design concepts and
to understand lightweight form-ﬁnding principles of
tensile structures. The physical methods chosen have
well know counterparts in the virtual world. Dynamic
relaxation algorithms that are well suited to simulate
and evaluate quality and partially quantity of tensile
architectures.
Therefore, we established, rather easy, several
computational procedures that applied the logic of
these ﬁrst analogue structural formations. First, the
geometry of the two spline-like carrier ropes was determined, after various small-scale physical models
led to some general understanding of controlling the
shape of these carrier ropes. The analogue formﬁnding models represent physical forces, but also relevant functional and esthetic design decisions.
Transferring the relevant reference geometries
(in our case the location of only 16 anchor points four per segment of the structure) allowed us to simulate the geometry of these ropes also in the digital
realm (Fig. 4 and 5). Daniel Piker´s oﬀ-the-shelf Rhino
Grasshopper plug-in Kangaroo 2 was well enough
suited for this task.
While such spring particle systems, based upon
the principles of Hooke �s law, simulate tensile behaviors, this does not mean that all detailed parameters of material stiﬀness and plasticity - and consequently structural deformation - do equate to real
world parameters. However, the results of physical
material tests are accurate enough to mediate between simulation logic and real world behavior, thus
establishing a feedback loop between digital and
analogue models (Carl 2016, p. 596 ). To give an example: The necessary parameters for bearing capac-
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Figure 3
Analogue
form-ﬁnding
experiments during
conceptutal design
phase

Figure 4
Analogue sketch
model showing
design intent

Figure 5
Determining the
geometry of the
solar spline tension
ropes with the help
of spring particle
simulation

Figure 7
Solar studies for
evaluation of
diﬀerent ´solar
cloud´densities

ity to pre-tension ratio of the carrier ropes were determined through a series of carefully documented
1:1 experiments, combining data with quantitative
meaning (in our case load deformation) with the
more general outcomes (i.e. overall length of the carrier ropes) of the employed digital simulation model.
Of course, it would have been possible to use
tools that are more precise (i.e. structural ﬁnite element software) to grasp objects by means of ﬁgures in static calculation. However, we agree with
Otto that in the end the accuracy of ´calculations is
generally a question of how much work we want to
invest and of how exact we want our result to be´
(Otto 1996, p. 34). The simulated geometry relaxation of Kangaroo2 in combination with physical material tests provided an accurate enough ´loose ﬁt´
that allowed a team of architects to approximate the
carrier rope behavior and to develop a geometry accurate enough for construction and fabrication (Fig.
6).
In comparison to the analogue form-ﬁnding
models, the associative model helped us to inform
more speciﬁc aspects of our design and thus to develop and answer to design question of a higher degree of complexity - from early design stages until the
generation of fabrication data.
In contrast to the membrane surface of traditional sun-sails, Solar Spline consists of a threedimensional shading structure that seamlessly integrates the OPV modules. The density, shape and orientation of this ´solar cloud´, consisting of large number of elements, would have been hard to test and
design without an associate geometry setup and the
utilization of solar analysis tools. Linking the associative geometry model with Grasshopper Ladybug
solar analysis provided instant visual and numerical
feedback for evaluation (insolation and shading capacity). It was therefore easy to generate and evaluate diﬀerent densities, shapes, colors and quantities
for the OPV cloud. Thus, the computation procedures
facilitate a high degree of design ﬂexibility for adjusting the ´solar cloud´s´ permeability and orientation
for diﬀerent locations and scenarios (Fig. 7).

Another crucial aspect of this approach is that, the all
required manufacturing and assembly information
could be stored in this associative geometry model.
This information included for instance all data to determine the required rope lengths or data for water
jet cutting of steel plates for the fabrication of the
nodal points. Therefore, it was not necessary to prepare additional, time-consuming construction documentation. Solar Spline took only four months from
conception to completion. This demonstrates that
it is quite possible to tackle complex projects with a
small team and budget within a tight timeframe.

DISCUSSION AND CONCLUSION
Revisiting Frei Otto´s lightweight design approach,
helped us to use less material and energy for the design and fabrication of the Solar Spline OPV structure.
Moreover, this approach relays not solely on reducing mass. The deﬁnition of lightweight structure as
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Figure 6
Associative
geometry model,
containing all
relevant
information (top)
fabrication of
components,
according to
parametric data
(bottom)
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formulated by Otto and his team includes also other
criteria:
• Structures that use less material and energy
• Forms that are the result of natural forces (i.e.
gravity), showing the relationships between
architectural form, force and mass.
• Structures that are simultaneously optimized
and esthetically pleasing

Figure 8
Impresseion of the
esthetic quality of
lightweight OPV
integration

The Solar Spline installation meets all these criteria.
First, the overall weight is less than 120 kg for approx.
30m² of canopy and can be considered ultra-light.
Second, analogue and digital form-ﬁnding methods
are at the core of the design procedures. Lastly, the
three-dimensional setup of our ´solar cloud´ extends
-in comparison with traditional membrane or sunsail structures- the scope of climatic and architectural
functions considerably. The open and permeable nature of the photovoltaic array allows not only heat
loads to escape, but - equally important- it creates a
structure that is also esthetically light. Thus, we conclude that the Solar Spline typology is simultaneously
optimized and esthetically pleasing. In the words of
Frei Otto: ´Thanks to the “lightweight principle” it
may even be possible to ﬁnd some explanation for
“aesthetics” which are inherent in objects (Otto 1996,
p. 11).
As Otto predicted, the computational procedures we employed played a major role in designing
this truly multi-functional structure that allowed us
to successfully combine ecological with esthetic concerns (Fig. 8).
´Only by directly coupling the analytical repertory with the methods of designing and constructing,
especially by integrating automatically running processes of optimizing and selection of the positive, we
it be possible to take the further steps of developing
towards constructions which will be lighter, more effective from the point of view of energy and perhaps
also aesthetic.´ (Otto 1996, p. 13)
Reﬂecting on the precision, accuracy and workﬂow of our computational procedures, we became
aware of two ﬁndings.

First, combining various computational techniques within one associative geometry model carries indeed the potential to have a transformative effect on the design and construction of lightweight
structures. These computational procedures helped
us to expand the established conceptual vocabulary
of the sun-sail typology, to question assumptions
and understanding of space and form, and to implement an eﬃcient set of digital fabrication.
Second, ´automatically running processes of optimizing´ should not be employed in a linear way,
but instead in a continuous, iterative process that
constantly links them with analogue methods and
testing. Just to give one example: Being overtly
conﬁdent about the precision of our spring particle
simulation setup, we neglected to model the cablecarriers of the ´solar cloud´ in detail. A single towing
rope only represented each cable-carrier in the associative geometry model. Even though the basic principles and stresses of these cable carriers had been
veriﬁed with real world tests, it slipped our attention
to adjust the associative geometry setup to the ﬁnal
shape of the cloud. This resulted in a needlessly complicated assembly, because the center of gravity of
the cable-carrier elements was placed too high and
the elements therefore became less stable.
Nevertheless, we conclude: The Solar Spline
project demonstrates, that pairing the correct analogue and computational procedures, mutually informing each other, helped us to transform and expand the architectural typology of sun-sails (Fig. 9),
lightweight construction and fabrication techniques
considerably.
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Figure 9
Areal view of Solar
Spline installation,
during documenta
14 in Kassel, 2017
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This paper discusses the design and fabrication of a novel in-situ fabrication
system for building cladding envelope. The construction industry has utilised
automation in onsite construction for many decades. This research examines how
through the automation process, different construction techniques can be
combined to generate a new system that is both performance and design lead.
Through abstracting generative effects through the design process, the results are
feedback into the fabrication process to construct a more meaningful dialogue
between form, material and fabrication procedure. Using electronic prototyping,
the researchers tested the system through large-scale prototypes. The paper
concludes by discussing the interaction between material and design. We examine
how this is evident in the machine workflow. The article addresses the theme of
the conference through examining a revision of tool in design that embodied
research knowledge for a more sustainable environment.
Keywords: Digital Fabrication, Design workflow, Automation

INTRODUCTION
Digital fabrication in architecture has predominantly
focused on prefabrication of architecture components and parts due to oﬀ-site manufacturing facilities. In practice, there remain numerous trades and
construction packages that rely on in-situ construction. The use of Single Task Construction Robots
(STCR) in construction dates to the 1970s, with the
Japanese construction industry pioneering the design and application of such systems (Bock & Linner 2016). STCR aims to reduce on-site labour and
improve health and safety in construction environments; Bock and Linner (2016) have outlined the
strength and weakness of STCR for onsite construction. In recent years, there is increasing interest in

in-situ fabrication technologies that mainly utilised
robotic manipulator arm with custom end eﬀector;
from reinforcement technology (Hack et al. 2017) to
on-site brick wall construction (Yuan 2016). These
research is often design-led and questions the role
of technology in the design-to-production workﬂow
as generative design tools; research exploring automated in-situ construction through architectural design remains limited.
This paper discussed the design and fabrication of a novel in-situ fabrication system for building cladding envelope using electronic prototyping
platform, titled FOAM. The researchers designed and
developed a new STCR by adapting current slip casting techniques and explore the use of bespoke Com-
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puter Numeric Controlled (CNC) formwork for the
in-situ casting of Spray Polyurethane Foam (SPF) to
create an insulated cladding system. The research
is conducted through physical prototyping with a
feedback process that informs the design outcome.
Iteration of design and development of workable
mechanical system enable the prototypes to be incrementally improved. The design team observed
the outcome of the system and utilised it to speculate on the potential of the system as a generative design tool for a façade articulation. The paper outlines the mechatronic development of the
systems and discusses the fabrication workﬂow, focusing on the feedback procedure between physical
prototypes and machine behaviour. Here, fabrication workﬂow is understood as an emergent process
whereby the design and fabrication of the machine
start to probe the potential of the device as a building system.
By escaping the pre-set condition of existing
CNC tools (Loh and Leggett 2017), the research reveals design potential latent in the tool making and
designing process, to generate unique aesthetics.
The paper concludes by exploring the design application of the systems on an existing building façade
design through physical prototypes.

BACKGROUND
This research project hybridised three conventional
building systems to develop a new fabrication
methodology. Firstly, fabric casting techniques; an
architectural expression used by Miguel Fisac and
later by Mark West and Kenzo Unno (Veenendaal et
al. 2011). The second building system is slip forming
which is a construction system developed for rapid
concrete casting, primarily used in vertical multistory
concrete structure (Rupasinghe and Nolan 2010). The
formwork typically raises continuously to allow for
continuous pouring of the concrete. Thirdly, the External Thermal Insulation Composite System (ETICS)
is often utilised as an economical way to insulate
buildings in Europe and the UK. The system uses precut polyurethane foam as background material on

which a layer of cement render is applied over the
foam. This is often used to retroﬁt existing building stocks. Research and development in a halogenfree ﬂame retardant compound on ETICS allows the
system to meet European ﬁre standard (Foam-Build,
2017).

Dynamic Formwork for Casting
Casting is one of the most widely used construction
techniques in architecture, consisting of static and
dynamic formwork system (Lloret 2016). In this research, we explore dynamic slip forming technique
where formwork typically raises continuously to allow for continuous pouring of the concrete. A recent
project by Lloret (2016) explores the use of digital
fabrication in conjunction with this technique using
the robotic arm. Traditional static formwork can also
be replaced with fabric to create a complex mould
for casting. This technique was explored by various
researchers (Pedreschi and Chandler 2007, Thomas
2015, Kallegias and Erdine 2015) as well as in commercial applications (Fab-Form, 2016). The appeal of
the system is in its ﬂuid aesthetic quality and the potential to re-use formwork thereby reducing waste in
the mould design. There is a degree of uncontrollability in the formwork and often includes complex
factors, in particular, the stretch of the fabric and its
interaction with the hydrostatic pressure (Yang et al.,
2017). However, there is limited research in the exploration of fabric casting in the development of dynamic formwork system.
While most casting material has been tested and
developed with concrete and plaster, In recent years,
researchers have explored SPF as additive manufacturing techniques, primarily with the use of robotic
manipulator arm; for example, the Print-In Place (PIP)
fabrication techniques developed by Keating et al.
(2017)and research project by New-territories (2018).
The ﬁrst project utilised the insulating property of
the SPF to generate habitable volume while the later
projects explore the aesthetics of the fold and accumulation of the material; both these strategies informed this research. In addition, the project strives
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Figure 1
Left, Machine
Design. Middle, The
Actuator Arm,
Right, Machine
Operating
Parameters

to develop a more controlled means of manipulating
the surface ﬁnish of the SPF while been able to numerically controlled its outcome. To do so, the research utilised slip forming techniques, fabric formwork and SPF as the three main components in the
development of the STCR.

Research Objective
As Adderley et al. (1990) explained, retroﬁtting of existing facade using either external insulation, cavity
insulation or internal insulation can signiﬁcantly improve the energy performance of early 20th-century
facade system; often of poor thermal and acoustic
performance. In this project, we choose to develop
an STCR that enable installation of external insulation on an existing facade. The research focuses on
testing if it is possible to overlay a computationally
driven material strategy on a conventional building
methodology. While the obvious beneﬁt is to improve the environmental performance of the building, our primary interest lies in how emerging workﬂow through the hybridisation of construction system can contribute to emerging design research.

That is to say, the workﬂow is not just performance
but also materially and aesthetically driven.

Design Context
FOAM is the results of a master level design studio
at University of Melbourne under the agenda Machining Aesthetics. Led by the second authors, the
agenda investigate the role of tools and technology
in the design process. For the past two years, we have
been working on a brief to design a “machine” that
can make architecture. Design studio provides a relatively constrains free environment for material experimentation, where architectural conventions could
be questions, revisited and scrutinised. While designer typically focuses on pushing the boundary of
spatial convention, the studio agenda questions the
way we build architecture and explore emerging spatial conventions through fabrication procedure and
its workﬂow.

DESIGN AND FABRICATION OF MACHINE
FOAM is a CNC formwork where SPF is sprayed into
the cavity between the building subtract and an elas-
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tic fabric formwork. It consists of two main components, the casting bed unit and the actuator units as
illustrated in ﬁgure 1.

The actuators unit contains three numerically controlled actuator arms [6]. The purpose of the arm is
to push and stretch the fabric to create pinch point to
the fabric surface. Using custom script in Grasshopper v0.9.1 and Fireﬂy plug-in, the actuators can be
controlled in two axes. The ﬁrst action is a vertical
rotation in the Z plane [A] followed by rotation on
the XY plane with 40 degree rotation [B]. The rotation angle of the end eﬀector informed the thickness
of the form work while the vertical movement allows
the arm to cover a larger surface area. Within these
parameters, the depth of insulation, as well as the topography, can be algorithmically controlled and generated by the designer.
The casting bed unit provides a parameter frame
that acts as the mould for the casting process. It consists of a set of guide rail [1] with linear bearings that
allow the whole actuator unit to slowly moved up
driven by stepper motors [8]. An SPF housing rig [3]
with a nozzle [4] is installed directly above the actuator unit so the foam can be spray into the cavity. The
housing rig is also on a linear track [5] that allows the
platform to spray the foam from one side to another
evenly. Against a substrate, a fabric mesh is lined between the actuator unit and the substrate. The fabric
is tensioned, and the actuator arms exert forces on
the material to create a series of pinch points. EPF is

pump into the cavity between the fabric and the substrate. The fabric mesh is elastic to enable the foam
to expand. It contains the foam within the desirable
formwork. The eﬀect of gravity on the SPF as it cured
and the deformation of the mesh caused by the arm
actuators add further complexity to the system; compounded by the need to maintain a degree of relaxation in the mesh to control the depth of the cast better.
The design of the machine underwent three iterations of prototyping and reﬁnement before the current machine is tested to produce a 1:1 scale construction prototype, see Figure 2. The iteration process allows the system to be reﬁned and calibrated
to ensure the pivoting arm actuator apply suﬃcient
force to the fabric to act as a mould for the SPF.

Generative Eﬀects
The design team digitally stimulate the making procedure to predict the resulting form. Through physical material experiment, the team soon realise that
the dimple eﬀect on the surface which create negative curvature surface not only acts as a control device for the system but also produces a residue ﬂow
line that allows for a more seamless transition of the
geometry across the surface. This becomes the primary generator for the design of the facade. Here,
the design is reduced to a series of spline curves
which matches with the motion of the actuator arms,
as illustrated in Figure 3. The design of the device
and the surface analysis took place concurrently to
inform the trajectory of motions required for the actuator arm.

Procedure of FOAM
FOAM operates on the outer facade of a building as
discussed in 2.2. Figure 4 shows the procedure of
deploying FOAM. Before stimulating the design, the
existing façade or substrate is digitally scanned and
modelled in detail. Tool paths are generated based
on mapping process along the vertical plane of the
façade [Stage 1]. This process is calculated based on
two elements. Firstly, the arm actuators and the tool
paths vector along the mesh surface [Stage 2A]. Sec-
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Figure 2
Left, 1:1 scale
prototype with
FOAM machine.
Right, actuator unit
of FOAM

Figure 3
Left, contour
analysis of a sample
surface. Middle,
spline line
generation of the
surface. Right,
resulting outcome.

Figure 4
Procedure in using
FOAM

ondly, the pneumatic force acting on the mesh by
the expansion foam; this is simulated in Kangaroo
Physics [Stage 2B]. Based on these two criteria, the
tension on the mesh fabric negotiated the two forces
and controlled the overall geometry of the SPF. The
construction process utilised the algorithmic procedure to provide data and information for the operation of FOAM [Stage 3]. At this stage, the design team

is faced with the question of how to align subsequent
segments of the cast to ensure a smooth transition
between casts.

Algorithmic Workﬂow and Digital MatchUp
From the above procedure, the design team designed and structured a workﬂow that could be ap-
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Figure 5
Iterative design
workﬂow on
building scale.

ply to a larger façade, ﬁgure 5 illustrates the design
workﬂow. The façade surface [5-A] is subdivided into
chunks or part for analysis [5-B]. The procedure described in 3.2 is deployed to extract the tool calibration and toolpath for FOAM [5-C]. When the cast is
complete, the part is digitally scanned [5-D]. The next
segment is digitally aligned to the scanned segment
in a procedure we called digital match-up [5-E]. This
information is feedback into the primary design and
the geometry is updated.
The above workﬂow suggests that the system
has a potential to implement a live digital matchup process. Using 3d Scanning technology as a
method of testing formwork accuracy, the uncontrollable pneumatic nature of SPF is required to be iteratively scanned and test against the designed form.
The machine design workﬂow integrates the digital match-up process as a live feedback loop dur-

ing the additive manufacturing process to compensate for the uncontrolled nature of SPF. Five Iterations
of prototypes were tested during the 12 week period. In the ﬁnal prototype illustrated in Figure 2, the
pre-determined form has a tolerance of 50mm @ 1:1
scale . This necessitates a digital -match-up process
to adjust for accumulative error, which potentially results in a progressive deviation from the initial design
form. In order to correct this, a scan result of the ﬁrst
sequence is used to inform the subsequent segments
above.

Veriﬁcation of results
Through the prototyping process, we observed that
the current digital design modelling and simulation
software allows us to model pneumatic forms in a
digitally controlled environment. This does not account for environmental factors such as gravity, am-
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Figure 6
Surface Analysis of
3D Scanned Foam

bient temperature to name a few. This results in the
inconsistencies between the initial design and resulting form. These variables may be extremely complex as chemical processes require further analysis
outside the scope of this paper. However, a postconstruction process of scanning and analysis is feasible in order to compensate for the deviation.
A localised segment of the façade design is fabricated using the above techniques. The physical
model is digitally scanned and compared to the
pneumatically simulated model. Figure 6 shows the
comparison of the two geometries and the surface
deviation.

Design and material interaction
The element of uncontrollability is a design challenge
for on-site construction. The continuous evolution of
design in this case study proves challenging precisely
because the form is not settled until the material is
cured and formwork is removed. It creates a condition in which the ﬁnalised form is a dialogue between
iteratively modiﬁed material layers and the designed
geometry. This procedure is enabled through the algorithmic workﬂow, where the calculation and feedback analysis of the scan data becomes part of the

design parameters. As such, the algorithmic digital
match-up process negotiates the problems of accumulative error by the material against the predetermined form created by the designer. Here, the design process is embedded in the algorithmic script
whereby the tension between uncontrollability of
material strategies such as the ﬂow lines, openings
and dimples is retained through the digital match-up
procedure.
The procedure is tested against a speculative design project; a 12 storey building in the city of Melbourne. The existing 1920s neo-classical exterior
façade is used as building substrate for FOAM. Figure
7 illustrated the deployment procedure. The STCR is
hung on the façade acting as slip formwork slowly
raised to capture the continuous injection of EPS. The
construction process is a cyclical procedure in which
the façade design was updated concurrently with the
re-cladding process.

CONCLUSION
FOAM hybridise three construction system to form
a unique fabrication methodology. The process of
integrating construction process informed the machine design, thereby reorganising the traditional
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Figure 7
Speculative
deployment of
FOAM on an
existing façade

workﬂow of architectural design from concept to fabrication. This research suggests a more cohesive
research method in digital manufacturing that incorporates interdisciplinary workﬂow blending construction procedures, thermal performance, hydrodynamic and architectural quality in the STCR. The
machine is evidence of a systemic revision of design
method and tool in research which remap design
methodology to construction practice.
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This paper provides insight into a new robotic plastic forming process through
the prototypical construction of a full scale structure. The process explored the
potential development of an automated setup, which utilizes robotic movement to
create three-dimensional components from straight profile plastic beams.
Polyethylene beams with a rectangular profile were bent with the help of an
infrared heating ring and a 6 axis robotic arm. The digital process with
custom-created Rhino/Grasshopper components allows the creation of forms with
a high degree of customization in relation to the needed construction time,
therefore providing for a highly flexible and quickly developable structural
formwork without the need of a mold.
Keywords: plastic beams forming, 6 axis robotic fabrication, profile contouring,
computational optimization, structural formwork, light weight structures

INTRODUCTION:
The research project was a collaboration of the University of Applied Arts Vienna (UAA) with Clever
Contour GMBH, Vienna, where the plastic bending process was developed and patented (PCT/AT2015/050307, Patentnumber 516371). The aim
was to test and explore the capabilities of the robotic
plastic forming technique which CC develops as an
industrial-scale fabrication process for design and
architecture, and also holds a patent of. Hereby the
UAA is developing software tools for the design with
CC bending technology to complement the machin-

ery oﬀered by CC. The research is co-funded by the
FFG Austria.
The used construction for the project uses an
industrial solution from the Clever Contour GMBH.
This is an automated production line (milling, heating, bending, cooling) to produce structures consisting of 3D bent plastic proﬁles. Previous projects and
the actual prototype of the production line are presented on the homepage www.clevercontour.com.
The forming process has been already tested in combination with sound absorption applications and as
a replacement for framework for various freeform
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structures.
This paper describes the testing of this new technique through the construction of an approx. 5m
high, robotically contoured plastic beam structure
during the Angewandte Architecture Challenge 2016
workshop (www.architecturechallenge.org). In order
to test the possibilities and limits of the fabrication
process, a design of a skeletal framework structure
with a directive to achieve a maximal height while retaining structural stability was outlined at the outset
with the consideration of a limited number of beams.
These guidelines provided the grounds for the design of the structure to develop in a manner where
the structural rigidity of the material could be tested,
while also giving insight into the potential applications created through the material and fabrication
process. The main target was the design and construction at a scale where humans come into direct
contact with surfaces i.e. mainly interiors and furnishings. The paper will ﬁrst introduce the details of the
material and technique used during the fabrication
process and further-on address its application in the
structure, whereas the boundaries of the fabrication
process along with the design criteria are considered.

FORMING TECHNIQUE:
Required Components: The fabrication process,
aided by digital design methods is constructed of
three main components, which are: (1) Material, (2)
Heating Element, and (3) Robotic Arm. Polyethylene
beams are manually placed into a guide after which a
robotic arm maneuvers it through a focused infrared
heating element and ﬁnally angles / twists, or applies
both forces to the material, in order to create a single
three dimensional component.
Material Characteristics: The material was chosen due to its material properties as a thermoplastic.
It can be easily heated up, formed and cooled, within
in a low temperature range. The material used in the
present case was a 2000mm long Polyethylene (PASPE5) beam produced by Faigle Plastics (Product name
PAS-PE5), with a 30x30mm square proﬁle. Data on
the material properties (Fig. 1) was used to simulate

the structural capabilities during the design process.
Figure 1
Physical properties
of Polyethylene
beam PAS-PE5

Customized Setup: In order to adapt the process to
the available Robotic Setup at the Robotic Woodcraft Lab, University of Applied Arts in Vienna, where
the project took place, a customized setup was created (Fig. 2). The setup used a (KUKA Quantec
KR120 R2500 PRO) robotic arm with a customized
pneumatic gripping End-Eﬀector. At the base of the
robotic arm, a channel was used as a material feeding
guide which led to a Infrared Emmiter ring with gold
reﬂector which was protected on either side with insulation and two pneumatic parallel grippers on the
entry (Ground-Gripper 1) and exit (Ground-Gripper
2) side of the heating device. The grippers are required to hold the material in place during heating,
as well as when the robotic arm applies the bending force to the beam. A pair of pneumatic cooling
nozzles below the bending area were used to cool
down and solidify the softened portion of the material after the bend was successfully executed. The Infrared Emitter ring is an important part of the setup
as the material is most delicate at the time of heating,
and the heating temperature and time need to be
balanced in order to soften the material consistently
without causing damage. Using an Infrared Reﬂective Emitter provides for a focused beam of energy to
be directed at the material allowing for ﬂexibility and
precision during the bending process. If the material is heated consistently, the robotic arm needs less
power to bend the material and the bended / twisted
area is more accurate.
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Figure 2
Robotic Setup

bend of the beam through the Infrared heating ring
after which the Ground-Grippers 1 and 2 hold the material in place while the heating ring activates. (Fig.
3). Multiple tests were performed on the beam in order to determine the optimal heating time required
to soften up the material and therefore make it malleable, which permitted the beam to be bent without causing damage to the material. The tests therefore concluded a three minute heating duration for a
beam with a 30x30mm cross section. After the heating time is complete, the grippers are released and
the robotic arm pulls out the beam from heating to
bending position. The grippers once again close and
the arm applies the prescribed bend (pitch, yaw and
roll) at the heated portion on the beam, after which
cool air is blasted at the node in order to solidify the
softened portion of the material. The process is then
repeated incrementally along the length of the beam
in order to create a three dimensionally curving plastic spline that can be used as a component in a larger
free form structural framework.

Figure 3
KUKA robot in wait
while IR ring is
heating

METHOD:

Automation Process: The beam is placed into the
guiding channel and aligned to a starting point, the
robotic arm then feeds the assigned length of the ﬁrst

Design Process: Formally, the project introduces the
idea of spatial frames with a high degree of freedom, bending and twisting in space. The design process began primarily with the consideration of the
bending angles (Fig. 4), structural rigidity, and joining technique with the aim of maximizing the height
as well as the ability to incorporate fabric textile as
an aesthetic and surface detail. Fabric surfaces are
produced from linear elements with textiles, creating diﬀerent spatial and surface depth eﬀects. The
entire process was guided by a computational workﬂow relying heavily on the Grasshopper environment
for Rhinoceros 3D where the structural analysis, contouring data, as well as the robotic simulation and
code were produced. The initial design was developed and tested with the Finite Element Analysis
tool Karamba and later examined with Clever Contour’s custom components - which were developed
speciﬁcally for the plastic bending process - the information was then used to produce commands to be
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input into the KUKA|prc (parametric robot control),
in order to prepare instructions for the robotic arm.
Using Karamba, Clever Contour’s components and
KUKA|prc which work within Grasshopper, provided
the ability to work within a single software environment allowing for a seamless workﬂow from concept
to fabrication, as well as provided for the initial design to be easily altered while receiving active feedback. The interconnection of the workﬂow therefore
allowed for ﬂexibility during the design process making it possible to investigate the structural limits of
the material within the fabrication constraints.

CC Design Tool: Incremental 3d bending with torsion is a distinct fabrication process which opens up
many possibilities in freeform design, but poses challenges in the transformation of shape to data. For
example, simply drawing a 3d polyline does not provide any information on the torsional orientation of
its segments. To subdivide a smooth 3d grid shell
into produce able polyline curves can be tedious and
complex depending on the desired qualities and conditions. A plug-in for the parametric modeling environment Grasshopper serves as the link between
designer and fabricator, following three main goals:
produce buildable designs, ease of use, and possible detailed control. A prototype of this tool was
developed at the UAA for CC, and was put to test
in the project: To check build ability and get bend-

ing curves and volumes, polylines and helper geometry were provided. The application in the project
used the tools’ basic functions for torsion solving, error checking, visualization and output of a machinereadable ﬁle. A built-in subdivision algorithm and
particle-based constraint solver were not used for the
chosen design. The information provided was then
used to create commands for the robotic arm with
the help of KUKA|prc.
Structural Analysis: Provision of Finite Element
Analysis within Rhinoceros proves to be a great advantage to the design process as it allows for design
iterations to be quickly checked without restarting
the workﬂow. To build a parametric structural model,
the input design geometry is processed through a
set of geometric operations: the lines have to be
fully connected and grouped after diﬀerent material
thickness due to bundling of multiple rods. Properties of Polyethylene were provided and physically
calibrated on small bending samples, where the low
stiﬀness (elastic modulus) of just about 1/100th of
steel required the ﬁnal design to be adjusted many
times to achieve reasonable stability in the digital
simulation. As the bolted details were stronger than
the rods, no joint-element had to be introduced to
the model to simulate a reduced stiﬀness of the connections. Vertical and horizontal line- and punctual
loads were applied in four directions, giving a basic quantitative feedback on the deformation. However, the conception and application of realistic load
cases can be challenging for delicate indoor structures. As an alternative, the calculation of natural vibration shapes and their according frequencies can
be performed on the same structural model and does
not necessarily need the speciﬁcation of loads. The
lowest frequency and its deformation shape typically
represent the weakest part, or the weakest mechanism in the structure. The higher the lowest frequency, the stiﬀer is the entire structure. This principle served as a helpful aid in ﬁxing weak mechanisms
one by one, which with traditional load application
were not clearly visible for the designers. Displacement (Fig. 5) and Material Utilization (Fig. 6) of the
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Figure 4
Possibilities of
bending angles
through Clever
Contour’s
Grasshopper
components.

design were tested through the software in order to
provide a successful construction.
Figure 5
Maximum
displacement of
4cm recorded
under gravity load

Fabrication Data: In order to provide a direct translation of the design to an array of data for robot
programming, Clever Contour’s Grasshopper components were used. The components provided a set of
tools where polylines deﬁning the design along with
information of segment lengths and maximum bending angles could be loaded which automatically provided optimized bending positions, z Angles, y Angles, Torsion Angles, and Bending Lengths. The information provided by the Clever Contour’s Grasshopper components were then translated with the help
of KUKA|prc into a fully automated sequence (Fig.
7) of robot commands including gripping, feeding,
heating, bending as well as cooling. The robotic fabrication process was digitally pre-analysed for qualitative and quantitative optimization (reachability,
collision, part re-orientation and re-gripping) and
then compiled to the KUKA robotic language (KRL)
and sent to the machine.

FABRICATION AND ASSEMBLY

Figure 6
Material Utilization
under gravity load

Fabrication Components and Time: Once fabrication
data for the individual beams via KUKA|prc is produced, it is fed to the robotic arm while the material is loaded into the guide. As production time was
limited, the number of bends per beam were kept
to a minimum. The majority of the fabrication time
is taken up by the heating and cooling of the material. During the process the material must be cooled
rapidly in order to be brought back to solid state, as
the angled position of the beam must be maintained
during the cooling process so that post angling deformation due to the materials weight can be kept to
a minimum. Over the course of multiple tests,

Figure 7
The fully automated
sequence of the
custom robotic
fabrication process
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Figure 8
Structure
suspended with
four 4mm diameter
steel wires.

an optimal heating and cooling time of three
minutes per action was determined and used for the
production. Therefore beams with three bends had
an approximate time of between 20 to 30 minutes
after consideration of the time for the robotic movements.
Assembly and Aesthetics: While the contoured
components were fabricated they were labeled during the process to know their individual placements.
The components were assembled using screws of
diﬀerent lengths depending of the number of over-

lapping beams and attachment of a fabric surface,
which was used as an aesthetic detail had to be considered. The fabric was wrapped around the horizontal sections of the beams which was also used
as connection points for other beams and continued along the height of the structure as horizontal
streams. The fabric was used to give the structure
a more volumetric depth and to portray an example of how a structural framework using plastic contouring could implement and inﬂuence surface characteristics. While attaching the individual compo-
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Figure 9
View upwards
through the beam
structure with
textile elements
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nents clams were also used to hold the components
in place while the screws were added. The structure
was designed so as to be divided into four separate
horizontal levels making the assembly process simpler as sections could be fabricated simultaneously
and worked on a ﬂat plane. The sections were assembled in pairs with the lower two and upper two being
assembled together. The upper portion of the structure was then lifted and secured over the lower level.

mensional structural framework without the use of
a mold. The structure also proved to be extremely
lightweight and as it was at a site with a high ceiling
it was lifted easily where it was suspended at times
in order for the space below to be utilized for certain events (Fig. 8). This fabrication technique and
the qualities of the material (Fig. 9) therefore provide
for extremely ﬂexible applications although more research needs to be conducted on the large scale application of the method.

CONCLUSION:
The research process also provided insight on how
the method could use improvement. One of the areas of improvement is the moment after the material is softened up and the robotic arm must pull the
material out from the heating element in order to be
bent, at the time the material is soft and therefore the
pulling of the material causes a certain level of elongation along with a slight amount of spring-back that
is usually experienced while working with polymers.
These events therefore end up increasing imprecision in assembly tolerances. Another area is the
moment where the beam has a ﬁnal bend towards
the end of the beam and must therefore cantilever
from the grippers. This causes the position of the
beam to be changed physically from where the robot
believes the beam to be according to its simulation,
and therefore is unable to grip the material properly.
This had to be adjusted manually during the fabrication process.
Finally, the position of the heating and gripping
component could be revised as the position that was
used was extremely close to the ground and therefore limited the bending angles. As the bending geometry used in the present design was not extremely
complicated, the issue was easily compensated, but
may prove to be a larger problem in fabrication of
more complex contoured components.
In conclusion, the prototypical structure was successful in testing the structural and design capabilities of the robotic plastic bending technique and
proved the advantages of using such a fabrication
method as it allowed to quickly develop a three di-

REFERENCES
Lublasser, E, Braumann, J, Goldbach, D and Brell-Cokcan,
S 2016 ’“Robotic Forming: Rapidly Generating 3D
Forms and Structures through Incremental Forming” Living Systems and Micro-Utopias: Towards
Continuous Designing’, Proceedings of the 21st International Conference on Computer-Aided Architectural
Design Research in Asia (CAADRIA), Melbourne
Preisinger, C and Heimrath, M 2015 ’”Karamba – A toolkit
for Parametric Structural Design”’, Structural engineering international Journal; IABSE
Sitzmann, S and Zock, P 2015 ’Additive Robotic Fabrication of Complex Timber Structures’, Symposium „Advancing Wood Architecture“, Frankfurt, Germany
Steiner, F and Bleicher, F 2016, ’Freiformen im
sphärischen Biegekopf’, Kunststoﬀe, 1, pp. 56-59
Steiner, F, Bleicher, F and Vierlinger, R 2016 ’“Software
and Design Concept for a thermoplastic bending
process in the application architecture”’, proceedings
of ‘33nd Danubia-Adria Symposium on Advances in
Experimental Mechanics’, Portorož, Slovenia
Søndergaard, A, Amir, O, Eversmann, P, Piskorec, L, Stan,
F, Gramazio, F and Kohler, M 2016, ’“Topology Optimization and Robotic Fabrication of Advanced Timber Space-Frame Structures.”’, in Reinhardt, D, Saunders, R and Burry, J (eds) 2016, Robotic Fabrication in
Architecture, Art and Design, Springer International
Publishing , pp. 190-203
Søndergaard, A, Amir, O and Knauss, M 2013 ’“Topology optimization and digital assembly of advanced
space-frame structures”’, Proceedings of the 33rd Annual Conference of the Association for Computer Aided
Design in Architecture (ACADIA), Cambridge
[1] https://www.rhino3d.com/
[2] http://www.grasshopper3d.com/
[3] http://www.clevercontour.com

172 | eCAADe 36 - APPLICATIONS IN CONSTRUCTION & OPTIMISATION - Volume 1

3D Printing of High Strength and Multi-Scaled Fragmented
Structures
Ertunç Hünkar1 , Bruno Acácio Ferreira Figueiredo2
School of Architecture, University of Minho, Portugal
1
ertunchunkar@gmail.com 2 bfigueiredo@arquitectura.uminho.pt

1,2

Our research aims to push the limits of 3D printing towards the structural design
and optimization. Additive manufacturing has an unique feature which is printing
multi-faced complex geometries as easy as simple ones. Therefore additive
manufacturing creates the chance of producing really small scaled complex
forms. In a structural network, it can be easily understood that the more
geometric variations to respond stress, the more adaptive structure will become to
respond structural needs. The structural reaction is to be fictionalized by
procedural operations and analysis that will be a tool to design multi-scaled
fragmented structures. Those operations is to use the structural analysis and
material reactions. Their iteration with the overall geometry will form the
geometric generations. However the verification of the generations as outcomes
of a real 3D printer is crucial. To verify, the precision of additive manufacturing
should be sensitive enough that the structural element will function as it's
simulated in computer with the algorithm. The sensitivity is important because,
even couple of micro-sized problems can cause bigger ones in the structural
element itself. The combination of all these variables can enable an initial
geometry, to be able to adapt the stuructural needs in every additive generation.
Keywords: Additive Manufacturing(AM), Structural Optimization, Selective
Laser Sintering(SLS), Structural Design, Shape Grammars, Design Computation

INTRODUCTION
Additive manufacturing (AM) processes include
products that are built on layer by layer basis, by
way of sectional cuts. AM technique has diﬀerent aspects when we compare it with other fabrication or
prototyping processes such as CNC based systems,
moldings, plastic molten etc. Usually there are number of steps between the digital design model and
the end manufactured product. In additive manufacturing, we can talk about direct itranslation from

the CAD geometry to the machine as a guide to built
accordingly. As a result of this working ﬂow, by using the same data of instructions, 3D printing has
acquired another distinctive face. A 3D printing machine uses same information which is layering on top
of each other to generate any geometry. It could be
a simple box or a complex, multi angled, multi sized,
tessellated geometry(Berman,2012).
Therefore, this face of additive manufacturing is
framing the basis of this project. Thanks to the AM
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technologies there is a chance to fabricate limitless
procreations of a geometry. Thus, the shape could be
manipulated into a new one that is adaptive and selfgenerative to become more customizable in structural manners. A geometry as such, could be modeled in a computer with a generative algorithm to
adopt the predeﬁned structural conditions. Since the
machine has ﬂexibility to produce any geometry at
any complexity levels, our research also will try to
seek the best co-relation of between digital and physical models inputs for a high strength structure.

Scaling factor is also determined by the subdivision
number it can be formulated as follows:
• Divide base edge length with subdivision number and reach number “X”
• Divide X with base edge length and reach scaling factor. After reaching scaling factor smaller
geometry is copied side by side and on top of
each other.
Figure 1
Series of
Subdivision
Iterations

ALGORTIHMIC RESEARCH
High strength structures can be seen in many ways
in nature. Some of them can be, tree branches,
leaf veins, blood vessels, respiratory system etc. But
when we zoom in these examples a bit more, it can
be perceived that they are multi-scaled fragmented
structures(Rayneau-Kirkhope, Mao, Farr,2012). Theoretically these fragmented generations can be applied inﬁnite times and as result of that, a fractal in 2-3
dimensions could have inﬁnite generations. In order
to assess the use of these geometrical models for the
design of architectural components an generative algorithm is required. This algorithm, should have the
capacity to encode complex geometries and/or as a
tool to generate complex geometric forms starting
from a simple shape(Fasoulaki,2008).
In our research one of our goal is to unleash the
potential of rule-based design to create 3d architectural structural elements. Therefore rules could interpreted in a diﬀerent way that is reproducing new geometries. At this point adaptation of the generated
geometries to the starting ones is crucial. In this work
this adaptation is going be based on size. The algorithm is consisted of as following:

1-Subdividing Initial Geometry
The internal circulation process starts with an adaptive subdivision. It’s adaptive because it understands
the geometry and scales down the geometry to
maintain a coherent geometrical relation between
the overall geometry and the discritised component.

2- Stress Detection
In the next step, at each stage of the subdivision
iterations, structural loads are going to be simulated. In the diagrams above structural analysis are done according to the subdivision. For
the load and the support inputs, the geometry itself was used. This simulation for the diagrams
was done in Rhinoceros(software) by using Millipede
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which implements topology optimization methods
for structural optimization is an add-on for Grasshopper(visual scripting interface for Rhinoceros.) Topology optimization methods are to solve material distribution problems by generating optimal topology results.
Within these methods each element is addressed as a design variable that are allowed changes in density(homogenization) or solidvoid(bi -directional evolutionary structural optimization).(Brackett,Ashcroft,Hague,2011) Figure 2 shows
the colours on a simple geometry according to the
stress level.. (Minimum stress is black, Maximum
stress is red.) The material is selected as concrete but
it could also be changed according to the geometry
or the technology.
Figure 2
Series of Load
Detection on Faces
Figure 3
Series of Stress
Subdivision

tional method for rule based design by George Stiny
and James Gips in 1971. A shape grammar is a container of geometric shape rules and a mechanism for
selection and process of the rules. These rules consist of spatial trasformations -i.e. move, rotate, scale,
mirror that allowing one shape to be a part of smaller
one. (Stiny and Gips 1972) The output faces of our
stress subdivision methodology, the ones that are
carrying less than the average stress are ﬁltered to
exist only in that iteration. The ones that are carrying more than the average or equals to the average
proceeds to the next iterations in the geometry. And
then the same subdivision operation starts again for
the ﬁrst subdivided components that advances to the
next iteration. But this time distributed stress is going
to determined the subdivision numbers. The faces
which remains in the equation is going to address the
crossing subdivided geometry in the ﬁrst step.

3-Stress Subdivision
As a methodology a conditional is deﬁned by ﬁltering
the subdivisions according to their stress. The conditional is splitting geometries into two: Below the average stress and Above or equals to the average stress.
In our research we beneﬁt from Shape Grammar as
a theoretical source to subdivide and decompose
geometries within smaller fragmentations. Shape
grammars were introduced as a generative computa-

Methodologically the structural data will be synthesized in an algorithm formed by the diﬀerent inputs
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Figure 4
Next Iteration of
Subdivision
Operation

that deﬁne it. As similar as the shape grammars left
hand is going understand the loads and left hand
is going to feed the right hand for culling operations. The response of the geometry to structural
loads it will be tested according to the structural requirements incorporated in the algorithm. Since it is
impossible to get precise outputs without considering the material properties, in order to increase the
eﬃciency of the algorithm, parameters representing
material properties will be inferred and considered
on the research. It can be easily understood that we
need to test the static performance and aesthetics of
the design solutions generated by the algorithm. As
similar as the shape grammars left hand is going understand the loads and left hand is going to feed the
right hand for culling operations.

that uses laser as power source to form solid 3D objects.
Figure 5
Selective Laser
Sintering Work-ﬂow
Diagram

TECHNOLOGY
There are diﬀerent 3D printing methods that were
developed to proceed AM operations to understand
how these diﬀerent basic processes are been applied to building materials and manufacturing processes. Since this research promises for number of
iterations that are scaling down the geometries into
sand size. The material also needs to be able to manufactured sand size. Therefore in this research manufacturing method is chosen to Selective Laser Sintering(Hollister, Das,and Brock,2004). SLS is a technique

SLS constructs structures from 3D CAD data by sequentially fusing given areas in a powder bed, layer
by layer, via a computer controlled scanning laser
beam. The powder formulation is based on material
selection. Because according to the material the size
and the behavior of its processed version will be dif-
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Figure 6
Representative
matrix of possible
generations for
diﬀerent materials.

ferent. As long as the material can be formulated into
a powder for production, there is no limit on the selection. However, powder information is an important step in 3D printing because the powder material
can cause major volume fraction on the ﬁnal geometry(Utela, Strorti, Anderson and Ganter,2008).
Another important reason why a structure might fail
at a point, rather than geometry or perfection level of
fabrication, can be the material properties. Diﬀerent
materials will have diﬀerent features and behaviors
according to geometries that they are applied on. In
order to sharpen the precision level of the algorithm,
diﬀerent materials and their properties should be in
the equation(Schirber,2012). To achieve the optimal
to respond to a certain design aspect and structural
element, each output should be forced to the failure
points by being subjected to the loads. The reasons
of failures can be exposed, analyzed and solved according to which properties are required. The solutions that will be concluded from the results of physical outputs, will feed the algorithm. So that essentially, each examination of a 3D printed structural element will be links of a feedback loop between algorithm and physical entities of the algorithm

CONCLUSION
To sum up, our research aim to push the limits of 3D
printing towards the structural concerns. Additive

manufacturing has a unique feature which printing
multi-faced complex fractals can be printed as easy
as simple geometries. The feature of additive manufacturing creates the chance of producing really small
scaled fractals. It can be easily understood that the
more iterations are performed into the structural network the stronger it will become. Therefore this performance can lead an algorithm that will be a tool to
design multi-scaled fragmented structures. The algorithm will be fed the structural analysis and material
reactions. Their integration with the overall geometry will form the generations. However the veriﬁcation of the generations as outcomes of a real 3D
printer is crucial. To verify, the precision of additive
manufacturing should be sensitive enough that the
structural element will function as it’s simulated in
computer with the algorithm. The sensitivity is important because, even couple of micro-sized problems can cause bigger ones in the structural element
itself. As a result, the combination of all these variables can enable a structure, to be more adaptive every additive generation.
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The focus on efficiency has grown over recent years, and nowadays it is critical
that buildings have a good performance regarding different criteria. This need
prompts the usage of algorithmic approaches, analysis tools, and optimization
algorithms, to find the best performing variation of a design. There are many
optimization algorithms and not all of them are adequate for a specific problem.
However, Genetic Algorithms are frequently the first and only option, despite
being considered last resort algorithms in the mathematical field. This paper
discusses methods for structural optimization and applies them on a structural
problem. Our tests show that Genetic Algorithms perform poorly, while other
algorithms achieve better results. However, they also show that no algorithm is
consistently better than the others, which suggests that for structural optimization,
several algorithms should be used, instead of simply using Genetic Algorithms.
Keywords: Derivative-free Optimization, Black-box Optimization, Structural
Optimization, Algorithmic Design

INTRODUCTION
In the common workﬂow of an architectural project,
the architect is responsible for creating a design,
which is then given to the engineering team for analysis. The engineers perform their calculations to
ensure, for instance, the structural stability of the
project. If there is an issue with the design, they inform the architect and make suggestions to resolve it.
The architect is then responsible for adapting the design. This process is repeated until there are no more
issues to solve.
Usually, architects use Computer-Aided Design
(CAD) and Building Information Modelling (BIM) tools
to develop the building design, but these tools
are unable to properly handle repetitive complex
changes, such as those that may be suggested by
the engineers. For example, in a design of a space

frame which follows a sinusoidal shape, changing the
amplitude of the sinusoidal shape should be an easy
task. Unfortunately, both types of tools recognize the
geometrical aspects of the design, but lack information about the overall concept of a sinusoidal shape.
Because of this, if the architect wishes to alter the sinusoidal function, he must change each individual
position and size of the bars in the space frame, which
is extremely time-consuming. To support these types
of changes, nowadays architects may follow the Parametric or Algorithmic Design paradigms.
In the Parametric Design (PD) paradigm, the
architect can introduce variability in the design
through the usage of diﬀerent parameters that deﬁne it. In the Algorithmic Design (AD) paradigm, the
architect constructs an algorithm with the logic of
the design, i.e., an algorithm capable of generating

APPLICATIONS IN CONSTRUCTION & OPTIMISATION - Volume 1 - eCAADe 36 | 179

the design, enabling the construction of parametric
designs (Terzidis 2006). AD also introduces the ability to generate several variations of the same building with ease, giving the architect creative freedom
to explore the space of possible designs, and choose
the one he prefers.
Due to the complexity and costs usually associated with buildings, the role of the engineer is not
only to ensure that a building follows regulations, but
to also assess how well it does that. It is not a good
solution to have a building that is structurally sound
but that costs much more than what is needed. As a
result, one important aspect of the engineer’s job is
the evaluation of the building’s performance regarding diﬀerent criteria, e.g., structural, lighting, energy
consumption, and cost.
To evaluate a building’s performance, numerical analysis and simulation-based tools can be used.
These types of tools can simulate a building’s structural behavior given a speciﬁc load using ﬁnite element analysis. Similarly, they can compute the useful daylight illumination using raytracing techniques.
However, in both cases, these tools need an analytical model with all the required information to perform the analysis, which can be quite diﬀerent from
a geometrical 3D model.
Analytical models can be generated in BIM tools
that have that capability, or they may be modeled directly in the analysis tool, or, when using an AD approach, by accessing the Application Programming
Interface (API) of the analysis tool. Using the latter
method together with a generative process for creating the models makes it possible to guide the generation of the design based on the results of the analysis, following the Performance-based Design (PBD)
paradigm (Oxman 2006). Recent approaches give
the AD tool the ability to generate diﬀerent analytical and 3D models from the algorithm provided by
the architect, enabling the automatic analyses of different variations of the design (Aguiar et al. 2017),
making it possible to ﬁnd a cheaper design, a design with better lighting or heating conditions, or a
design with less structural risks, early in the project’s

development. Also, this approach enables the usage
of mathematical optimization in architecture, i.e., an
optimization process can guide the generation of different designs, returning the best design in regard to
a set of metrics.
To use the knowledge and ideas from the ﬁeld
of mathematical optimization for the beneﬁt of architectural projects, it is necessary to translate an architectural optimization problem into a mathematical optimization problem, where the metric to optimize is treated as a function to minimize. The parameters of the optimization can be the same that
were deﬁned in an AD approach, and the constraints
can be deﬁned by imposing bounds on the parameters. As for the function to minimize, unfortunately,
in most cases, it does not have a known mathematical expression. To overcome this problem, analysis
tools need to resort to simulation techniques, such as
raytracing or ﬁnite element analysis, to approximate
results. Additionally, to minimize such an unknown
function, one needs to treat it as a black-box and, for
this case, there is a particular optimization technique,
called black-box optimization.
With this approach, existing optimization algorithms can be used directly in architectural design,
to obtain the best performing design according to
speciﬁc criteria. Unfortunately, replacing unknown
functions with simulation processes entails a performance penalty. This means that black-box optimization processes need to use a reduced budget of function evaluations.

OPTIMIZATION ALGORITHMS
In the ﬁeld of mathematical optimization, several
strategies for optimization have been considered
over the years, which has resulted in the creation of
several optimization algorithms with diﬀerent properties, advantages, and disadvantages. Despite the
variety, users often choose the simplest approaches
because they are the ones have that are more easily
available, or because they are easier to understand
and implement (Conn et al. 2009). However, for better results, other algorithms should be used.
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Optimization algorithms may be classiﬁed according
to several diﬀerent properties. One possible way of
classifying algorithms is according to their determinism. Some algorithms may be given a starting point,
or initial guess, from which they will begin their path
towards a solution and, in this case, deterministic algorithms are sequential algorithms that always return the same value, given the same starting point.
On the contrary, stochastic algorithms include some
form of randomness, i.e., the sequence of steps may
be random, therefore they may return diﬀerent values for the same starting point.
Besides their deterministic or stochastic properties, another way of classifying algorithms is according to their mobility, i.e., if they are global or local.
Global optimization algorithms try to ﬁnd the best
solution across the entire solution space, while local
ones ﬁnd the best solution only within a region of
that space.
Another classiﬁcation considers the information
used, i.e., if the algorithm takes advantage of information regarding the derivates of the function.
Derivative-based algorithms use the partial derivatives of a function, the gradient, to discover the direction of the greatest increase of the function. In
the case of black-box functions, the derivatives of
the function are unavailable, therefore, for black-box
optimization, derivative-free algorithms are the only
feasible option.
In their derivative-free optimization textbook,
Conn et al. (2009) consider two types of deterministic
derivative-free algorithms: direct-search and modelbased algorithms. Metaheuristics are only brieﬂy
mentioned, despite being derivative-free algorithms
and one of the most used and cited type of algorithm (Koziel and Yang 2011; Hare et al. 2013; Rios
and Sahinidis 2013; Wortmann et al. 2017). The authors label them “methods of last resort (...) applicable to problems where the search space is necessarily large, complex, or poorly understood (...)”. In a
recent review of derivative-free algorithms, Rios and
Sahinidis (2013) also consider the existence of directsearch and model-based algorithms, although they

consider that these methods may be deterministic
or stochastic. This paper follows a third approach,
previously used in architectural design optimization,
which considers three classes of derivative-free optimization algorithms: direct-search, metaheuristics,
and model-based algorithms (Wortmann et al. 2017).
The following sections describe these classes and
provide examples of algorithms. The information
about each algorithm, its class, and properties is summarized in Table 1.

Direct-search algorithms
Direct-search
algorithms
are
deterministic
derivative-free algorithms, which choose their next
action using a set of points that are sampled directly
from the function at each iteration. Examples include the Nelder-Mead Simplex, DIRECT, DIRECT-L,
PRAXIS, and Subplex algorithms. The Nelder-Mead
Simplex (NMS) algorithm (Nelder and Mead 1965)
uses a simplex - a generalized polyhedron - over the
search space, located around an initial guess, and
uses expansion, contraction, and shrinking operations to search for the best result, while sampling the
function at each time step. The Dividing Rectangles
(DIRECT) algorithm (Jones et al. 1993) is a global optimization algorithm which splits the search space
into hyper-rectangles, and samples points in each
hyper-rectangle to guide the search. The DIRECT-L
algorithm (Gablonsky and Kelly 2001) is similar to
DIRECT but it is more biased towards local search.
The Principal Axis (PRAXIS) algorithm (Brent 1973)
applies line search to each dimension and uses its
results to determine a better solution. The Subplex
(SBPLX) algorithm (Rowan 1990) selects sub-spaces
to explore using the NMS algorithm, in order to ﬁnd
a better solution.

Metaheuristics
Metaheuristics are stochastic algorithms that also do
not require derivatives. These algorithms are inspired
by aspects of Nature, such as natural selection, evolution, and swarm intelligence. Metaheuristics are
popular because they can be applied to almost any
problem and are the focus of active research, despite
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the fact that they do not oﬀer any convergence guarantees (Conn et al. 2009). Some examples of metaheuristics are Simulated Annealing (Kirkpatrick et al.
1983), Genetic Algorithms (Goldberg 1989), Particle
Swarm Optimization (Kennedy and Eberhart 1995),
Controlled Random Search (Price 1983), Improved
Stochastic Ranking Evolutionary Strategy (Runarsson
and Yao 2000), and the ESCH algorithm (Santos 2010).
The Simulated Annealing (SA) algorithm skips between neighboring states of a function, according
to a temperature parameter. With high temperature, the algorithm may move towards worse states,
but as temperature decreases, it becomes increasingly greedy in his search for a local optimum. Genetic Algorithms (GAs) apply the idea of survival of
the ﬁttest to a population of candidate solutions.
Over time, weaker solutions will be replaced by better solutions, as stochastic genetic operators, such
as crossover and mutation, are used to create new
oﬀspring. Particle Swarm Optimization (PSO) also
contains a population, or swarm, of candidate solutions, and their positions on the search space are
updated according to their current position and velocity. Each particle’s velocity is updated according
to its best-known value and also the swarm’s bestknown value. The Controlled Random Search (CRS2)
algorithm combines random search with simplex approaches and heuristics, such as mutation. The Improved Stochastic Ranking Evolution Strategy (ISRES)
algorithm evolves candidate solutions by stochastically ranking and selecting the best solutions. ESCH
also uses an evolutionary strategy, but applies diﬀerent genetic operators using non-uniform probability
distributions.

Model-based algorithms
Model-based methods approximate the unknown
black-box function and create a high-ﬁdelity surrogate model (Rios and Sahinidis 2013). Over the years,
several diﬀerent strategies for building these models have been identiﬁed. Trust-region methods are
a local model-based approach, where the model is
believed to be accurate within a neighborhood. Ex-

amples of trust-region methods are COBYLA (Powell 1994), which builds linear approximations, and
BOBYQA (Powell 2009), which creates a quadratic approximation. For global model-based optimization,
several approaches have been developed, such as
Radial Basis Function (RBF) interpolation (Regis and
Shoemaker 2007), RBF-Linear for linear interpolation
and RBF-Cubic for cubic interpolation, and Gaussian
Processes (GPs), which deﬁne a probability distribution over functions (Murphy 2012).
Table 1
Summary of the
discussed
derivative-free
optimization
algorithms and
their properties.

OPTIMIZATION IN ARCHITECTURE
With the recent advancements in AD and analysis
tools, performing optimization on an architectural
design is an easier task from the architect’s viewpoint. This has led to optimization being an increasingly desired step in the typical design process, especially structural and daylight optimization (Cichocka
et al. 2017a). Due to the popularity of AD approaches and the Grasshopper3D tool, several optimization plugins have been developed for it. A
large portion of these tools are not new implementations of known optimization algorithms, instead they
connect Grasshopper with existing, well-known, and
tested optimization software packages.
Some examples of optimization plugins for
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Figure 1
Variations of a
space frame with
three attractor
points.

Grasshopper are Goat ([1] - Flöry no date), Galapagos
([2] - Rutten 2010), Silvereye (Cichocka et al. 2017b),
and Opossum (Wortmann 2017). Goat oﬀers several
types of algorithms, namely DIRECT, SBPLX, CRS2,
COBYLA, and BOBYQA. Silvereye is an implementation of the PSO algorithm. Galapagos is currently included with Grasshopper and oﬀers its users two implementations of metaheuristics - a GA and the SA
algorithm. Finally, Opossum connects the RBFOpt library (Costa and Nannicini 2014) to Grasshopper, enabling the usage of RBFs for optimization.
Optimization has been applied more frequently
in architecture within recent years. Wortmann (Wortmann et al. 2015; Wortmann and Nannicini 2016;
Wortmann et al. 2017; Wortmann and Nannicini
2017) has conducted several studies on black-box
optimization methods for architectural design, including daylighting optimization, and building energy optimization. Other studies have also been
made for structural optimization: Hare et al. (2013)
study derivative-free algorithms and their usage in
structural optimization, and Zavala et al. (2014) study
the eﬀectiveness of multi-objective metaheuristics.
Regarding the diﬀerent classes of algorithms, it
is usually preferable to use methods with proven
convergence properties, which is not the case of
metaheuristics. In architectural optimization, GAs are
the most used algorithms, but when tested against
other algorithms, e.g., in building energy optimization problems, they tend to perform poorly (Wortmann et al. 2017).

CASE STUDY EVALUATION
Our case study is an arc-shaped space frame deformed by three attractor points intended to give the
structure a non-uniform shape. Our workﬂow uses
the Rosetta AD tool (Lopes and Leitão 2011) to generate 3D models of truss variations for visualization, as
well as the corresponding analytical models for analysis. The analysis is performed using the Autodesk
Robot Structural Analysis tool to evaluate the maximum vertical displacement, which the optimization
algorithms will attempt to minimize by changing the
locations of the attractor points. Figure 1 illustrates
three variations of the structure.
For optimization, our workﬂow enables the usage of existing software packages, namely DEAP,
NLopt, and PySOT. DEAP (Fortin et al. 2012) is an evolutionary computation framework, which allows the
usage of several algorithms, such as GAs and Evolution Strategies. NLopt ([3] - Johnson 2009) is an opensource package for nonlinear optimization containing several optimization algorithms, both gradientbased as well as derivative-free ones. PySOT ([4] Eriksson et al. 2015) is an optimization framework for
global model-based black-box optimization, providing several diﬀerent types of approximation models.
For the purposes of this paper, we selected ﬁve
direct-search methods (DIRECT, DIRECT-L, PRAXIS,
NMS, and SBPLX), four metaheuristics (CRS2, ISRES,
GA, and ESCH), and ﬁve model-based methods (RBFLinear, RBF-Cubic, GP, COBYLA, and BOBYQA). In total,
fourteen diﬀerent algorithms were tested using their
default parameters, simulating a situation where the
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architect has little knowledge about the algorithms
and their parameters.
For comparing the algorithms, we are interested
on answering the following questions:
• How do the results found by the algorithms
evolve as the number of function evaluations
increases?
• Is there any algorithm or class of algorithms
that is consistently better or worse than the
others?
To answer these questions, the algorithms were executed for a ﬁxed number of evaluations, and the best
result at each iteration was stored. Most algorithms
rely on an initial guess to perform their optimization,
and the process of choosing this guess was randomized. This is consistent with the typical black-box optimization problem - since the function is unknown, it
is hard to propose a good ﬁrst guess. Due to this randomization, and because some algorithms are inherently stochastic, the optimization results depend on

the random seed that is used. Therefore, to properly
compare them, the algorithms were executed three
times, to analyze the mean best value at each evaluation. By performing these tests, it is possible to
properly evaluate and compare the algorithms’ convergence capabilities and compare the diﬀerent categories.
Figure 2 illustrates the mean best result of each
algorithm, as a function of the number of evaluations. Of the direct-search methods, DIRECT and
DIRECT-L almost achieved the best overall result and
converged quickly - DIRECT required thirty evaluations and DIRECT-L thirty-ﬁve. The other directsearch methods, PRAXIS, NMS, and SBPLX, performed
much worse, and are within the four worst algorithms. For metaheuristics, the common GA was the
second worst algorithm, and barely improved after
the 10th iteration. ISRES was the best metaheuristic, constantly improving its result until the 57th iteration, and achieving the 6th best result. CRS2 and
ESCH only achieved the 9th and 10th best result.
Figure 2
The mean best
result of each
algorithm, as a
function of the
number of
evaluations, over
the course of 100
evaluations. Each
algorithm was
executed three
times, to calculate
the mean value.
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Finally, the best performing algorithms were modelbased. COBYLA and BOBYQA, the local methods,
achieved the 7th and 8th best result. The global algorithms, RBF-Linear, RBF-Cubic, and GP, were some
of the best algorithms, only matched by DIRECT and
DIRECT-L. RBF-Linear achieved the best overall result.
Both RBF variants appear to have not stagnated, i.e.,
if given a bigger evaluation budget, perhaps they
could have found even better results.
From the observation of the results at each evaluation, it seems that no algorithm is consistently better than the others. The DIRECT and DIRECT-L algorithms and the global model-based algorithms are
better than others after the 40th iteration. Several
factors could change this ranking, such as a diﬀerent set of parameters for the algorithms, i.e., a diﬀerent population size, a random step taken by a metaheuristic, or a lucky random start for a local algorithm.
Therefore, the conclusion is that it is preferable to try
diﬀerent algorithms during the optimization process.
Also, running just one algorithm for a long time appears to be wasteful. Instead, allowing two or three
algorithms to run for a small amount of time seems
to have a higher chance of achieving a good result.
This research also shows that our hypothesis was
conﬁrmed: compared to other methods, metaheuristics do not appear to be the best choice for structural
optimization, and they are certainly not adequate as
the only choice. This was independently conﬁrmed
by other studies, e.g., for building energy optimization (Wortmann et al. 2017).

CONCLUSIONS
The increase in processing power of computers has
enabled the usage of optimization processes in architecture. AD, along with analysis tools, allows the
direct integration of analysis and optimization in the
design process, leading to the PBD paradigm. According to recent studies, GAs are the most used algorithms for optimization and, in the case of architectural optimization, they are most of the times the
only algorithm used. This happens because they are
simple to use, easy to understand, and already avail-

able in popular modelling tools. However, similarly
to studies in building energy optimization, our research shows that GAs are not the best algorithm
for structural optimization. Our results also show
that, despite the advantages of other optimization
algorithms compared to GAs, no algorithm consistently outperforms the others. Therefore, we suggest that, for structural optimization, several diﬀerent
optimization algorithms should be used, particularly
global model-based optimization algorithms.
In the future, we plan to include, in an AD tool, a
framework for optimization containing the most relevant optimization algorithms, making it as easy to
use a good optimization algorithm as it is, nowadays,
to use the GA implementations available in the most
used AD tools.

ACKNOWLEDGEMENTS
This work was supported by national funds through
Fundação para a Ciência e Tecnologia (FCT) with reference UID/CEC/50021/2013.

REFERENCES
Aguiar, R, Cardoso, C and Leitão, A 2017 ’Algorithmic
Design and Analysis Fusing Disciplines’, Proceedings
of the 37th Annual Conference of the Association for
Computer Aided Design in Architecture (ACADIA)
Brent, RP 1973, Algorithms for Minimization Without
Derivatives, Dover Publications
Cichocka, J, Browne, W and Rodriguez, E 2017a ’Optimization in the Architectural Practice’, Proceedings of
the 22nd International Conference of the Association
for Computer-Aided Architectural Design Research in
Asia (CAADRIA)
Cichocka, J, Migalska, A, Browne, WN and Rodriguez,
E 2017b ’SILVEREYE - The Implementation of Particle Swarm Optimization Algorithm in a Design Optimization Tool’, Proceedings of the 17th ComputerAided Architectural Design Futures Conference
Conn, AR, Scheinberg, K and Vicente, LN 2009, Introduction to Derivative-Free Optimization, Society for Industrial and Applied Mathematics
Costa, A and Nannicini, G 2014 ’RBFOpt : an open-source
library for black-box optimization with costly function evaluations’, Optimization online 4538

APPLICATIONS IN CONSTRUCTION & OPTIMISATION - Volume 1 - eCAADe 36 | 185

Fortin, FA, De Rainvile, FM, Gardner, MA, Parizeau, M
and Gagné, C 2012, ’DEAP: Evolutionary Algorithms
Made Easy’, Journal of Machine Learning Research, 13,
pp. 2171-2175
Gablonsky, JM and Kelley, CT 2001, ’A Locally-Biased
form of the DIRECT Algorithm’, Journal of Global Optimization, 21(1), pp. 27-37
Goldberg, DE 1989, Genetic Algorithms in Search, Optimization and Machine Learning, Addison-Wesley
Longman
Hare, W, Nutini, J and Tesfamariam, S 2013, ’A survey
of non-gradient optimization methods in structural
engineering’, Advances in Engineering Software, 59,
pp. 19-28
Jones, DR, Perttunen, CD and Stuckman, BE 1993, ’Lipschitzian Optimization without the Lipschitz Constant’, Journal of Optimization Theory and Applications, 79(1), pp. 157-181
Kennedy, J and Eberhart, R 1995 ’Particle Swarm Optimization’, Proceedings of the 1995 IEEE International
Conference on Neural Networks
Kirkpatrick, S, Gelatt, CD and Vecchi, MP 1983, ’Optimization by Simulated Annealing’, Science, 220(4598), pp.
671-680
Koziel, S and Yang, XS 2011, Computational Optimization, Methods and Algorithms, Springer, Berlin, Heidelberg
Lopes, J and Leitão, A 2011 ’Portable Generative Design
for CAD Applications’, Proceedings of the 31st Annual
Conference of the Association for Computer Aided Design in Architecture (ACADIA)
Murphy, KP 2012, Machine Learning: a Probabilistic Perspective, The MIT Press, Cambridge, MA
Nelder, JA and Mead, R 1965, ’A Simplex Method for
Function Minimization’, The Computer Journal, 7(4),
pp. 308-313
Oxman, R 2006, ’Theory and design in the ﬁrst digital
age’, Design Studies, 27(3), pp. 229-265
Powell, MJD 1994, ’A direct search optimization method
that models the objective and constraint functions
by linear interpolation’, Advances in Optimization
and Numerical Analysis, 275(1), pp. 51-67
Powell, MJD 2009 ’The BOBYQA algorithm for bound
constrained optimization without derivatives’, Department of Applied Mathematics and Theoretical
Physics, University of Cambridge
Price, WL 1983, ’Global optimization by controlled random search’, Journal of Optimization Theory and Applications, 40(3), pp. 333-348
Regis, RG and Shoemaker, CA 2007, ’A Stochastic Radial
Basis Function Method for the Global Optimization

of Expensive Functions’, INFORMS Journal on Computing, 19, pp. 497-509
Rios, LM and Sahinidis, NV 2013, ’Derivative-free optimization: A review of algorithms and comparison
of software implementations’, Journal of Global Optimization, 56(3), pp. 1247-1293
Rowan, T 1990, Functional stability analysis of numerical
algorithms, Ph.D. Thesis, University of Texas at Austin
Runarsson, T and Yao, X 2000, ’Stochastic ranking for
constrained evolutionary optimization’, IEEE Transactions on Evolutionary Computation, 4, pp. 284-294
Santos, CHS 2010, Computação bio-inspirada e paralela para a análise de estruturas metamateriais em
microondas e fotônica, Ph.D. Thesis, University of
Campinas
Terzidis, K 2006, Algorithmic Architecture, Routledge
Wortmann, T 2017 ’Opossum: Introducing and Evaluating a Model-based Optimization Tool for Grasshopper’, Proceedings of the 22nd International Conference
of the Association for Computer-Aided Architectural
Design Research in Asia (CAADRIA)
Wortmann, T, Costa, A, Nannicini, G and Schroepfer, T
2015, ’Advantages of surrogate models for architectural design optimization’, Artiﬁcial Intelligence
for Engineering Design, Analysis and Manufacturing,
29(04), pp. 471-481
Wortmann, T and Nannicini, G 2016 ’Black-box optimization methods for architectural design’, Proceedings
of the 21st International Conference of the Association
for Computer-Aided Architectural Design Research in
Asia (CAADRIA)
Wortmann, T and Nannicini, G 2017, ’Introduction to Architectural Design Optimization.’, in Karakitsiou, A,
Migdalas, A, Rassia, ST and Pardalos, PM (eds) 2017,
City Networks - Planning for Health and Sustainability,
Springer International Publishing, Cham, pp. 1-22
Wortmann, T, Waibel, C, Nannicini, G, Evins, R,
Schroepfer, T and Carmeliet, J 2017 ’Are Genetic
Algorithms Really the Best Choice for Building Energy Optimization?’, Symposium on Simulation for
Architecture and Urban Design (SimAUD)
Zavala, GR, Nebro, AJ, Luna, F and Coello Coello, CA 2014,
’A survey of multi-objective metaheuristics applied
to structural optimization’, Structural and Multidisciplinary Optimization, 49(4), pp. 537-558
[1] https://www.rechenraum.com/en/goat.html
[2] http://www.grasshopper3d.com/profiles/blogs/evol
utionary-principles
[3] http://ab-initio.mit.edu/nlopt
[4] https://github.com/dme65/pySOT

186 | eCAADe 36 - APPLICATIONS IN CONSTRUCTION & OPTIMISATION - Volume 1

Multi-Objective Qualitative Optimization (MOQO) in
Architectural Design
David Newton1
University of Nebraska-Lincoln College of Architecture
1
david.newton@unl.edu
1

Architectural design problems are often multi-objective in nature, involving both
qualitative and quantitative objectives. Previous research has focused exclusively
on the development of multi-objective optimization algorithms that work with
multiple quantitative objectives. No previous research has looked at the topic of
multi-objective qualitative optimization (MOQO), in which multiple qualitative
objectives are optimized simultaneously. This research addresses MOQO through
the development of a unique multi-objective optimization algorithm for the
conceptual design phase that uses three-dimensional convolutional neural
networks (3D CNNs) to measure user-defined qualities in architectural massing
models.
Keywords: multi-objective optimization, generative design, multi-objective
qualitative optimization, algorithmic design

INTRODUCTION
The process of architectural design often involves
challenging optimization problems in which there
are multiple and often conﬂicting objectives that
must be simultaneously satisﬁed. To further complicate matters, these multi-objective problems (MOPs)
often involve both quantitative (e.g., useful daylight,
deﬂection, cost, etc.) and qualitative (e.g., publicness, slowness, etc.) objectives. Multi-objective optimization (MOO) algorithms have been studied extensively to solve MOPs in architecture and engineering.
In the ﬁeld of architecture, one MOO approach that
has received signiﬁcant attention are multi-objective
evolutionary algorithms (MOEAs) (Von Buelow, 2012;
Mueller and Ochsendorf, 2011; Turrin et al., 2011).
MOEAs have been popular because of their generalizability to many diﬀerent types of architectural MOPs.
Their use in the ﬁeld, however, has largely been cut-

and-paste without signiﬁcantly modifying the standard algorithms provided from the ﬁelds of optimization, operations research, and computer science to
the speciﬁcities of architectural design. This has led
to MOEA-based digital tools which are biased toward
optimizing quantitative objectives and not qualitative ones. How can MOEAs be modiﬁed for the speciﬁcities of architectural design to be biased toward
qualitative optimization?
In order to address this issue, we propose a
new sub-category of MOO focused on qualities. We
call this new area of optimization research multiobjective qualitative optimization (MOQO). MOQO
involves the optimization of more than one qualitative objective simultaneously. A MOQO process may
also involve a mixture of quantitative and qualitative
objectives, as long as more than one qualitative objective is present. MOQO presents several challenges
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to researchers developing algorithms for this type of
optimization. The chief problem is developing qualitative objective functions that can mathematically
represent qualities.
Previous work in architecture has approached
this problem through either solution ranking
(Mueller and Ochsendorf, 2015) or function approximation (Beorkrem and Ellinger, 2017). Solution ranking involves having the user rank, or score, solutions
during or after the optimization based on a perceived
quality (e.g., degree of beauty, privacy, etc.). This
approach causes user fatigue (Takagi, 2001) and restricts the extent of the search signiﬁcantly. Function
approximation attempts to address the user fatigue
problem by ﬁnding a function to represent a userdeﬁned quality. Examples of function approximation
techniques include linear regression, support vector
machines, neural networks, deep neural networks
(DNNs), and convolutional neural networks (CNNs).
Of these approaches, three-dimensional CNNs (3D
CNNs) oﬀer the most accurate method to recognize
qualities in three dimensional objects (Maturana and
Scherer, 2015). Previous research in the ﬁeld of architecture, however, has not used 3D CNNs for approximating qualitative objective functions.
This research addresses this gap in current research through the development of a unique MOEAbased optimization platform to address MOQO problems in the conceptual design phase. We call this
platform the multi-objective qualitative optimization
toolkit (MOQOT) and test its eﬀectiveness on a qualitative optimization problem in the conceptual design phase. In summary the research presented here
makes the following contributions:
• This research is the ﬁrst to deal with the optimization of multiple qualitative objective
functions and contributes a new sub-ﬁeld of
study under MOO focused on qualitative phenomena that we call MOQO.
• MOQOT uses 3D CNNs for the ﬁrst time in
the ﬁeld of architecture to learn multiple userdeﬁned qualitative objective functions (e.g.,
cellular quality; mat quality; tower quality).

• This research contributes a novel approach
to deal with the problem of generating large
training sets to train 3D CNNs. We propose the
use of generative algorithms to quickly create large training sets that exemplify speciﬁc
qualities.

BACKGROUND
Research on the process of design suggests that the
conceptual design phase has the most impact on the
cost and performance of the ﬁnal design (Chong et
al., 2009; Duﬀy et al., 1993; Wang, 2001; Wang, 2002).
A signiﬁcant challenge of this phase involves representing and optimizing multiple objectives that can
be both qualitative and quantitative. This has been
especially true in the ﬁeld of architecture where designers must constantly negotiate between quantitative goals, such as cost, and qualitative ones related
to human experience. Previous research on MOO in
the ﬁeld of architecture has focused on the use of objective functions that measure phenomena that lend
themselves more easily to mathematical modelling,
such as useful daylighting, energy, cost, weight, and
force distribution. Turrin et al. (2012) use a MOEA to
optimize the design of roof structures for daylighting,
energy, and structural load. Caldas and Santos (2012)
use them to optimize urban patio home layouts for
lighting, heating, and cooling objectives. Hou et al.
(2017) use them to optimize building facades in relation to heating, cooling, lighting, and cost.
Qualitative objectives are only integrated into
these MOEAs in the form of user preferences through
a process called solution ranking. Solution ranking
allows the user to rank, or score, designs (Bechikh
et al., 2015) during or after the optimization process.
Mueller and Ochsendorf (2015) optimize truss designs relative to mass, volume, and structural objectives, while allowing users to interactively select solutions based on aesthetic preferences during the optimization process. Von Buelow (2012) integrates user
aesthetic preferences through a solution ranking process during and after the optimization process. These
approaches allow the user to essentially perform the
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Figure 1
The image shows
the Grasshopper
components that
comprise the
MOQOT platform.

tasks of a qualitative objective function, but have important drawbacks. The user is only providing preferences intermittently during the process or at the
end. Qualitative goals, therefore, have a limited impact to drive the optimization process compared to
quantitative objectives. Further, this approach lumps
all possible qualitative objectives into one generic
qualitative objective. Allowing two, or more, separate qualitative objectives (e.g., such as slowness
and publicness) to drive the process is therefore not
possible, unless a single weighted function is used.
Weighted single-objective approaches are the leading way multiple objective are integrated into MOO,
but they are diﬃcult for users to work with because
they require a consistent user-supplied score weighting.
Another signiﬁcant drawback to solution ranking is that users can become fatigued by evaluating
designs. Takagi (2001) shows that user fatigue begins to set in at between 10-20 generations (assuming users are evaluating between 5-10 designs per
generation). To address this issue, Branke et al. (2015)
propose the use of ordinal regression to learn qualitative objective functions, but this approach is limited by a linear representation of a function. Battiti
and Passerini (2010) propose the use of support vector machines, which allow for non-linear functions to
be represented but are still relegated to representing simple functions. Beorkrem and Ellinger (2017)
use a two layered DNN to learn a single qualitative
objective function from user solution ranking for a
program organization task. Nguyen et al. (2016) use
deep neural networks (DNNs) to learn high-level features of objects and evaluate their level of novelty.
Peng et al. (2017) use two-dimensional CNNs to recognize a set of trained spatial qualities in buildings.
They produce their training data through a process
called image augmentation, in which a core set of
15 training examples are imaged from diﬀerent perspectives.
DNNs and CNNs have shown the best results of
these approaches, but the training of these models
can be labor intensive. 3D CNNs, however, have been

shown to outperform both CNNs and DNNs in recognizing qualitative features in three-dimensional objects (Maturana and Scherer, 2015), but no previous
work has looked at their application in the architectural problem domain.

METHODOLOGY
The multi-objective qualitative optimization toolkit
(MOQOT) was developed as a plugin for the popular computer-aided design environment Rhinoceros
3D to be the ﬁrst digital optimization tool for architecture capable of multi-objective qualitative optimization (MOQO). This environment was selected
because of its popularity in the architectural design community for conceptual design. Figure 1
shows the custom set of components provided with
the toolkit (e.g., the main optimization solver; the
pre-trained qualitative ﬁtness function component;
the training data generator component; and visualization components). Figure 2 shows a diagram
of the software architecture, which involves using
MOQOT within the Grasshopper parametric environment of Rhinoceros 3D. MOQOT then communicates
with Keras and Tensorﬂow through Python to get
scores for the deﬁned qualitative objectives from the
trained 3D CNN model.
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cess of getting a qualitative score from the 3D CNN
is voxelizing a candidate design into a 32 x 32 x 32
voxel grid. This is achieved through MOQOT’s qualitative objective function component. This voxelized
representation is then passed through the 3D convolutional and max pooling layers as shown.
The ﬁnal layer in the 3D CNN is a dense layer with
a softmax activation function to transform the outputs to probabilities. These probabilities are used as
the qualitative objective function scores. The number of output nodes corresponds to the number of
qualitative objective functions that are being used in
the MOQO process. For this paper, we used three different qualitative objective functions and have three
output nodes.
MOQOT uses a custom MOEA developed for MOQO.
Speciﬁcally, we propose a modiﬁcation to the popular Pareto-based nondominated sorting genetic algorithm II (NSGA-II) (Deb et al., 2002). We call this developed algorithm the qualitative NSGA-II (Q-NSGAII). Q-NSGA-II is modiﬁed to allow users to simultaneously optimize qualitative objective functions deﬁned through function approximation, solution ranking, and a user-deﬁned reference point in objective
space. This expanded palette of options allows different qualitative representation approaches to be
tested against one another and allows the optimization to be computationally tractable when there are
more than three objectives.

3D CNNs for Qualitative Objective Functions
MOQOT uses 3D CNNs to recognize user-deﬁned
qualitative features in three-dimensional objects for
the ﬁrst time in architectural optimization. As the
name suggests, 3D CNNs diﬀer from typical CNNs in
that they are able to perform convolutions on data
sets that are three-dimensional in nature. This allows
for superior performance in recognizing design features in three-dimensional objects (Brock et al., 2016;
Maturana and Scherer, 2015).
The architecture for the 3D CNN follows that proposed by Maturana and Scherer (2015) and is shown
in Figure 3. As Figure 3 shows, the ﬁrst step of the pro-

Experiments
The experiments outlined in this section represent
the ﬁrst formal experiments published in relation
to MOQO. One proof-of-concept experiment is conducted to validate our proposed MOQOT framework.
The test will involve optimizing building massing
forms for three diﬀerent qualitative objectives commonly found in architectural design. As shown in
Figure 4, these objectives are the degree to which a
building massing has a cellular quality (i.e., has rhythmic voids), a mat quality (i.e., is composed of heterogenous or modular shapes and more horizontal in
nature), or a tower quality (i.e., is a singular vertically
biased form).
An important application of MOQOT involves using it to search the space of possible designs that
generative algorithms can create. Generative algorithms (e.g., cellular automata, L-systems, shape
grammars, agent-based models, etc.) often have
many parameters and searching for a particular
shape by tuning those parameters by hand can be
diﬃcult, and in some cases impossible. By using MOQOT, forms with speciﬁc user-deﬁned qualities can
be found more quickly than previously approaches.
For the test, the objective space of a generative algorithm with 125 input parameters will be explored in
relation to optimizing three qualitative objective
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Figure 2
The software
architecture of the
MOQOT platform is
shown.

Figure 3
The architecture of
the 3D CNN used
for qualitative
assessment is
shown.

Figure 4
The image shows
examples from the
three generative
algorithms used to
produce the
training set for the
3D CNN. The three
categories of
shapes relate to the
three qualitative
objectives being
optimized (e.g.,
cellular quality; mat
quality; tower
quality).

Test Scenario and Evaluation

functions. Each input parameter is continuous from
-1 to 1 and controls whether an individual voxel in a
5 x 5 x 5 volume is solid or void (i.e., when a value is
less than zero it is a void).

The MOQOT framework is tested against the leading
approach used by previous work to integrate multiple qualitative objectives into MOO. Two popular optimization tools for Grasshopper (e.g., Galapagos and
Octopus) were not used in this test because they do
not allow for qualitative assessment during the optimization process (i.e., user solution ranking). Speciﬁcally, we will test against a weighted single-objective
genetic algorithm (WSGA) that uses user solution
ranking to score qualities. Solutions will be scored
at each generation by the user. For each of 10 runs,
users are given a speciﬁc weighting to consider for
each of the objectives. This weighting can be seen
in Table 1. For example, in run 1 and 2 the user is
asked to score solutions highly that exhibit a mat-like
quality, while in run 7 and 8 they are asked to give
high scores to solutions exhibiting equal amounts of
a mat-like quality and a cellular-like quality. The user
references Figure 4 as exemplars of these qualities
during the runs. A successful run means that the optimized solution given at the end has the qualitative
features equivalent to the speciﬁed weightings.
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Table 1
The weighting used
by the user to score
solutions for the
weighted
single-objective
genetic algorithm is
shown in this table
for all 10 runs.

The test is run 10 times for a duration of 20 minutes on a 2.7 GHz Intel Core i7 with a NVIDIA GeForce
GT 650M 1024 MB graphics card. A population of
20 solutions and a mutation rate of 0.01 with midpoint cross-over are used for both evolutionary algorithms. The runs with the WSGA will be conducted
with one user who is a professional in the ﬁeld of architecture. This expertise will allow the user to better
guide the optimization towards forms with the designated qualities. Future, research will involve testing
with more users and non-experts.
The performance metrics for the tests involve
measuring the number of generations each approach can cover in the 20-minute period as well as
the diversity of solutions generated. Diversity is measured qualitatively by taking samples from the optimized outputs of each algorithm and visually assessing them.

Training 3D CNNs
One important challenge in working with neural networks, such as DNNs and CNNs, involves acquiring
enough training examples to train the model to recognize a desired quality. Training a 3D CNN to recognize a quality (e.g., such as openness) in a 3D com-

puter model of a building massing requires a number of example computer models that exemplify this
quality. Collecting such models and individually labelling them can take a lot of time and resources.
In order to address this issue, we propose the use
of generative algorithms to automate the creation
of training 3D examples that exemplify a particular
quality. To our knowledge this is the ﬁrst use of generative modelling in an architectural context for this
purpose. Speciﬁcally, we use three diﬀerent generative algorithms to create training sets of 1000 images
each for the following three qualities related to building massing forms: cellular quality (i.e., has rhythmic
voids); a mat quality (i.e., is composed of heterogenous or modular shapes and more horizontal in nature); and a tower quality (i.e., is a singular vertically
biased form). Examples of these types created by
each generative algorithm can be seen in Figure 4.
For the training of the 3D CNN, Neterov Stochastic Gradient Descent is used to optimize a logistic
cross-entropy loss function and dropout regularization is used (Maturana and Scherer, 2015). The training used a batch size of 20 and involved splitting the
training examples into a training, validation, and test
split of 40%, 40%, 20%. The training is done on a
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Table 2
The table shows the
average number of
generations
completed in a
20-minute time
period for both
algorithms.

high-performance computing node running 8 Intel
Xeon E5-2670 2.60GHz processors.

Figure 5
The accuracy on
both training and
validation data sets
is shown for the
training of the 3D
CNN.

Figure 6
The loss on both
training and
validation data sets
is shown for the
training of the 3D
CNN.

RESULTS AND ANALYSIS
The training of the 3D CNN averaged 523 seconds
per epoch and the average number of epochs before convergence was 25. The total training time
therefore averaged 3.6 hours. In Figures 5 and 6, the

model’s accuracy and loss for the training and validation sets are plotted for each epoch. The training
ended with a training accuracy and loss of 0.0012 and
0.9996 respectively, and an accuracy and loss on the
validation set of 0.0108 and 1.
After training the 3D CNN model, MOQOT was
tested against a WSGA in which solution ranking was
used by a user to score each population of solutions
at each generation. In Figure 7 a sampling of MOQOT’s results for the 10 diﬀerent runs can be seen.
Speciﬁcally, designs from the Pareto front of the optimization are shown and the probabilities associated with each solution generated by the 3D CNN are
listed below each solution. These samples show a variety of building massing forms discovered by MOQOT. In the ﬁrst column starting on the left side of
the ﬁgure, massing forms are shown that are more
mat-like in shape. In column two, forms that begin to
blend a cellular quality and a mat quality can be seen.
In columns three and four, tower forms with varying
degrees of cellularity are shown. In column ﬁve, a
blend between tower and mat forms are shown resulting in a shape that is generally wide and tall. Column six then shows a series of forms that are dominated by a cellular quality.
The results of the WSGA for each of the 10 runs
can be seen in Figure 8 along with the goal weightings. The solutions found in the optimization were
not as diverse as those produced by MOQOT. There
are no clear tower or mat forms that could emerge.
Instead, the runs produced mostly cellular-looking
building masses. We hypothesize that these results
are due to two factors. The ﬁrst factor relates to the
relative slowness of the solution ranking approach.
The user can simply not get through enough generations in the allotted time to ﬁnd the desired forms.
Table 2 shows the average number of generations
completed by the user was 23.3, while MOQOT could
get through 57.5 in the same 20-minute time inter-
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Figure 7
The samples from
MOQOT’s combined
Pareto front for 10
diﬀerent runs are
shown in the image.

Figure 8
The results of the
WSGA for each of
the 10 runs is
shown along with
the goal
weightings.
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val. Increasing the time period for the optimization
might improve these results, but user-fatigue would
become an issue.
Figure 9
The image shows
the combined
Pareto front created
during MOQOT’s 10
runs.

outperforms the leading approach to qualitative optimization in converging to a diversity of solutions
within the given time period.

CONCLUSIONS

The second factor relates to user inconsistency. User
solution ranking often suﬀers from contradictory
rankings (Takagi, 2001). Users may rank one solution
lower than the next in one generation and then rank
them in the opposite manner in proceeding generations. This phenomenon becomes especially pronounced when users are asked to create scores that
involve weightings of several goals. In contrast, the
3D CNN is much more consistent with its scores. Figure 9 shows the Pareto front created during MOQOT’s
optimization. The ﬁgure highlights the advantage
aﬀorded by a Pareto ranking-based multi-objective
optimization process over weighted single-objective
optimization approaches. Speciﬁcally, we see that
the process covers a large area of possible design solutions with diﬀerent blends of the three qualities explored in this study. The weighted single-objective
approach is limited by the fact that it is only able to
ﬁnd one optimum solution depending on the given
weighting given per run. This results in poor coverage of the Pareto front and this phenomena has
been documented in previous research (Deb et al.,
2002). These results, therefore, indicate that MOQOT

This research contributes a new sub-ﬁeld of study under MOO to the ﬁeld of architectural optimization focused on qualitative phenomena. We call this subﬁeld MOQO. MOQOT is proposed as a framework to
address MOQO problems. MOQOT uses 3D CNNs for
the ﬁrst time in the ﬁeld of architecture to learn multiple user-deﬁned qualitative objective functions from
3D architectural massing models. MOQOT is tested
against the leading MOO approach used to deal with
multiple-qualitative objectives and outperforms that
method in the ability to converge on a diverse set of
building massing forms that exhibit the desired qualities speciﬁed in the experiments section.
This research is a ﬁrst step in the research of algorithmic techniques to address MOQO problems,
but several challenges remain. Obtaining large data
sets of labeled architectural 3D models is currently a
challenge for MOQO approaches based on 3D CNNs.
Therefore, developing more sophisticated generative methods to quickly build such data sets is one
important research direction. Another approach involves making use of the 3D model data sets available outside the ﬁeld of architecture. 3D CNN models
can be trained to detect basic qualities and features
with these easily available data sets, and then further
trained with a smaller set of architectural examples to
discern more speciﬁc architectural qualities.
In closing, Machine learning technologies oﬀer
new potentials for representing qualitative phenomena in architecture. The goal of this research is to
help point the way towards a new era in optimization where the qualitative is put on an even par with
the quantitative. An era where researchers engage
MOQO and not just MOO.
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Due to recent advancements, additive manufacturing technologies (AM) have
finally addressed the scale and materiality in architecture. The exploration of its
capabilities has balanced between the idea of printing entire structures and
buildings, and that of printing just a set of selected parts that will integrate and
affect the final construction. In the context of the latter approach, this paper
present a research work developed by the Digital Fabrication Laboratory (DFL)
at FAUP, which is focused in the design and fabrication of non-standard
structures. By discussing the relevance of non-standardization in architecture, the
paper describes and illustrates two projects that explore the mass production of
customized joints through computational design methods and AM technologies the TREFOIL and the TRI-ARCH structures. By focusing the attention just in the
smallest component of a structure, the paper argues about the short-term
potential of the real impact of AM technologies in the design thinking and
materialization of architectural structures.
Keywords: Non-standard structures, Additive Manufacturing, 3D Printing,
Computational Design, Mass Customization

INTRODUCTION
Non-Standard Structures
The integrated use of computational design and digital fabrication technologies has enabled a greater
freedom in architecture, by facilitating the control
and materialization of geometric complexity and design customization. Today, many of the most innovative buildings feature unique forms, structures and

material solutions, showing the possibility to exceed
the limits of standardization (Kolarevic et al 2008).
The emergence of such trend can be traced
back to the 1990’s in the discourse of architects like
Bernard Cache (1995) and his notion of “objectile”.
But the impact of such conceptual and technological
opportunities in the built environment was framed
by the end of 2003 in the “Architectures Non Stan-
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dard” exhibition that took place in the Pompidou
Center (Figure 1a). Curated by Frederic Migayrou, this
event announced and examined the growing of nonstandard modes of production in architecture, design
and urbanism (Migayrou 2003).
One year later, in 2005, the Yale School of Architecture hosted the Symposium called “Non-Standard
Structures: Irregular Geometries, Hybrid Members
and Chaotic Assemblies of a New Organic Order”.
Driven by a similar concern, the organizers were,
this time, more focused in the impact of algorithmic strategies in the design and production of customized structures (Figure 1b) . Besides the presentation of interesting built works, this event was
refreshing as it pointed out how digital technologies were setting new conditions for architecture
and engineering collaboration. Through a renewed
synergy across disciplines, the exploration of nonstandard logics could be used for seeking more eﬃcient and optimized designs, rather than for expressing sole aesthetic ambitions. The design of an eﬃcient structure could thus clearly beneﬁt from masscustomization. Moving beyond standardization, new
digital technologies could enable the design and production of the individual -optimum- geometry of
each component, to address the particular structural
requirements for its position in space.

ing technologies have become more integrated, diversiﬁed, powerful and accessible. On the design
side, common software environments, like McNeel’s
Rhinoceros or Autodesk’s Revit, have included more
and more computational, analysis and fabrication
tools. On the manufacturing side, digitally driven
technologies relevant for building construction have
expanded, giving rise, among other technologies, to
the increasing exploration and development of additive manufacturing (AM) (Gibson 2016).
While initially associated with the production of
small size physical models, AM is now addressing the
scale and materiality of architectural buildings (MaléAlemany 2013). Like it happened in other disciplines
(e.g. product, fashion, medicine...), these technologies are now opening the possibility for eﬃciently
address geometric complexity and customization in
construction, while avoiding, or dramatically reducing, material waste and the use of molds. When attempting to evaluate its (potential) impact in architecture, it shouldn’t be done just in terms of productivity. For the present paper, it is decisive to examine
how AM can inspire and support new ways of thinking about design, in order to realize the degree of disruption and innovation in the discipline of architecture (Carpo 2017).

Mass-Customization of Structural Joints

Additive Manufacturing Technologies
Since those events, technology evolved incredibly
fast. Ten years later, digital design and manufactur-

Since 2013, the Digital Fabrication Laboratory (DFL)
at the Faculty of Architecture of the University of
Porto (FAUP) has been investigating the design and
fabrication of non-standard structures minimizing
the need for geometric rationalization methods.
Given that such structures require variable members
(i.e. frames, beams) and joints, they are a key topic
for the exploration of computational design and digital fabrication processes. In this study, the DFL has
centered its focus in the problem of the joint design,
as the key component for setting the global shape
and performance of a structure. The idea is that by
employing maximum customization in the smallest
components of a structure, even if it carries an extra
cost, some signiﬁcant eﬃciency and economy in the
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Figure 1
In the left (a), the
poster of the
“Architectures
NonStandard”
exhibition and, on
the right (b), the
poster the
NonStandard
Structures.

design, fabrication and logistics of the larger components might emerge.
Figure 2
CNC fabrication of a
non-standard and
non-planar window
frame using
plexiglass and high
density foam.

Figure 3
CNC fabrication of a
non-standard and
planar window
frame in steel and
glass.

Such argument was drawn from previous experiments conducted by the 1st author José Pedro Sousa
at the Massachusetts Institute of Technology (MIT) in
2003, during a taught by Larry Sass on the design of
customized frame system for a glass facade. In one
prototyping experiment, the laser cut of all the acrylic
parts for the frames was very eﬃcient and fast while
the CNC milling of a single 3D joint was dramatically
slower (Figure 2). This same perception was proved in
another prototype, this time, using CNC water-jet cut
steel frames and CNC milled joints (Figure 3). Such
experience was highly revealing. On the one hand,
it proved the eﬃciency of CNC cutting processes to
aﬀord mass customization in fabrication. A similar
cutting process solved the fabrication of the variable
ﬁnger-shaped nodes for the roof surface of the British
Museum’s Great Court, designed by Foster and Partners in 2000 (Veltkamp 2007, 54). On the other hand,
it made diﬃcult to envision the employment of vari-

able joints to solve non-standard three-dimensional
spatial structures.
Those limitations are being challenged today by
current AM technologies. One of the most interesting
examples come from the engineers at Arup, who are
looking for combining the use of computational design and 3D printing to redeﬁne the structural joint.
Their goal is to optimize the individual design of each
joint according to the structural requirements of each
speciﬁc location and, then, directly 3D print all of
them in steel. According to Salomé Galjaard, team
leader at Arup, it has “tremendous implications for reducing costs and cutting waste. But most importantly,
this approach potentially enables a very sophisticated
design, without the need to simplify the design in a later
stage to lower costs” (Halterman 2015). As a result, she
estimates a reduction of more than 40% of the overall
weight of a structure, which is a signiﬁcant achievement in terms of material eﬃciency.
The consideration of AM processes seems to shift
the main attention to the design side, where computational design skills are decisive to integrate design generation, parametric variation, structural analysis and digital fabrication in a ﬂexible, but automated, process. In this context, and as argued before, the research at the DFL is not looking for 3D
printing whole structures. While structural members
can be fabricated using conventional eﬃcient CNC
processes, the DFL has been interested in using AM
in the mass fabrication of customized joints, taking
advantage of its ﬂexibility, precision and sustainability. Following, the authors describe the two research
projects developed so far - the TREFOIL and the TRIARCH structures-, which served to test and examine
the combination of computational design methods
and 3D printing processes in the production of nonstandard structures.

THE TREFOIL STRUCTURE (2013-14)
The TREFOIL structure was the ﬁrst comprehensive
research work on the topic, and it was developed at
the scale of the model. Its motif was the design of an
irregular truss-type of structure with ﬁnger-shaped
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Figure 4
(a) In the top row,
the generative
design process of
the TREFOIL
structure, from a
mathematical
shape to a
structural system of
non-standard
members and
joints. (b) In the
middle row, a
close-up of the
information
contained and
provided by the
computational
model. (c): In the
bottom row, the
associative
connection
between the joint
models in space
and their nested
arrangement in the
plane for
fabrication (left),
and the ﬁnal 3D
printed joints, still
with some visible
supporting
structures.
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joints. Based on a trefoil knot surface, computational
design was used to generate, visualize and evaluate
diﬀerent densities and arrangements of a linear grid,
and to convert it into a series of structural ﬁnger joints
and tubular members (Figure 4a). Comprising 120
diﬀerent members and 320 diﬀerent joints, the ﬁnal
solution set the ideal scenario for challenging digital
fabrication strategies (Figure 4b).
The fabrication of the Trefoil structure used two
diﬀerent processes: AM for the joints, and cutting for
the members. The parametric design model of the
structure included algorithms to prepare and label
the structural components for both fabrication processes. The joints were rotated in space and aligned
in the best position for minimizing the need for printing supporting structures. All the joint models were
also nested in a grid to optimize the available space
in the 3D printer, which run for ﬁve times to produce
all the elements (Figure 4c).
Figure 5
The physical model
of the TREFOIL
structure
assembled. It is a
continuous and
self-supporting
three-dimensional
truss without any
self intersection.

Regarding the members, their variable lengths were
displayed in a series of lines ﬂattened in a horizontal
plane. Given the small scale of the model, it didn’t
make sense to use a digital fabrication process to cut
such small structural members. It was faster to use
such printed lines to manually cut the plastic tubes
by hand. Nonetheless, in a future situation, such in-

formation could easily inform a digitally driven cutting process, for instance, by using a robot to pick
the parts and take them into a sawing tool. The 3D
digital model was essential to guide the assembly of
the physical model, which had a volume of approximately 80x80x45cm (Figure 5). The self-supporting
model of the TREFOIL project encouraged the further
exploration of this methodology in the design and
fabrication of non-standard structures.

THE TRI-ARCH STRUCTURE (2017)
The TRI-ARCH structure aimed at advancing the previous research by developing a 1:1 scale installation
using a real building material - iron plates with 1mm
thickness. Unlike the TREFOIL project, the TRI-ARCH
was designed with a structural performative principle. By conducting a form ﬁnding process with Kangaroo plugin for Grasshopper in Rhinoceros, the surface of a three-legged vault was generated and iteratively reﬁned and subdivided. Then, the vertices
of the cells were copied towards the inside, by following the normal to the original surface. The displacement was made shorter according to the height
of the structure in order to reduce its weight in the
top. The resulting matrix of points was used to deﬁne the surfaces of an alveolar structure made out of
106 unique panels meeting at diﬀerent angles (Figure 6a). Because this modelling process generated
some twisted surfaces, an algorithm was applied for
ﬂattening them. Once achieved that planar condition, the computational model calculated the design
of 144 parametric joints with a Y-shape with variable
orientations, and two holes for bolt insertion (Figure
6b). While the iron panels were fabricated through
CNC laser cutting, the Y-joints were 3D printed in ABS
using FDM.
The TRI-ARCH structure was thought to be unveiled in the CONCRETA 2017 Construction Fair in
Porto. On the ﬁrst day of the exhibition, the visitors
could see the joints being printed on site, while the
steel plates were being cut in an external company.
On the second day, the visitors saw the DFL team
assembling the structure, starting by the three legs
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and ending by placing the crown part (Figure 7). On
the third and fourth days, the visitors saw and experienced the TRI-ARCH installation. The choreography
of this production in public created expectancy in the
visitors and triggered very positive reactions. In the

end, the new visitors were attracted by the unusual
shape of the structure and were surprised when realized how such tiny and variable elements produced
through 3D printing were indeed the key to control a
structure with such scale and formal complexity (FigFigure 6
(a) In the top row,
the form ﬁnding
process that led to
the surface and
structural
conﬁguration of the
TRI-ARCH structure.
(b) In the bottom
row, the
planarization of the
panels and the
integrated design
of the joints.

Figure 7
3D printing the
joints and
assembling the
TRI-ARCH structure
in the DFL’s
exhibition space
during the Concreta
2017 Fair in Porto.
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Figure 8
The TRI-ARCH
structure
assembled in the
DFL’s exhibition
space during the
Concreta 2017 Fair
in Porto.
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ure 8).

CONCLUSION
The potential and contribution of AM technologies
in architecture oscillates between two poles. On the
one hand, the interest in large-scale production (e.g.
3D printing entire houses), which requires the development and use of complex machines to handle
the building scale and the large amount of material
involved. On the other hand, using more standard
equipment, the interest in using AM in the production of small-scale components to aﬀect the design
of larger structures. Despite the disruptive potential of the former trend, the authors are not yet convinced by the development of the technology and
the quality of existing applications at that level so
far. Most of them, like the 3D printed houses developed by Winsun company in Shangai, does not reveal
formal, structural and ﬁnishing qualities that could
prove the beneﬁt of employing AM technologies. Despite this observation, the authors do not want to
deny their intrinsic value as research works that are
absolutely necessary to reach the day when they become fully functional and aﬀordable. However, in a
diﬀerent way, the selective use of AM to produce just
a set of parts to interact with existing construction
methods and materials, seems to be more eﬃcient
and pragmatic strategy to introduce applied innovation in architectural design and construction in the
short term. This is precisely the scenario framing the
research work presented in this paper, which is very
close to real and integral application in practice.
Regarding the speciﬁcs of the projects presented
here, the computational design approach proved to
be able to manage the design and data complexity
related with non-standard structures. In other words,
without the current level of technology in the design
side, such explorations would not be feasible. The 3D
printed fabrication of the joints was also a very eﬃcient process to solve the mass production of such
amount of customized three-dimensional components. Dealing with a larger scale and real construction materials, the TRI-ARCH installation raised the

two next research directions: connecting the thickness of the joints to the structural requirements of
each one (material optimization), and exploring the
3D printing of metal components. Such design and
technological framework aﬀords to bring together
architectural imagination and performance in new,
and sustainable, ways.

ACKNOWLEDGMENTS
This work beneﬁted from diﬀerent funding sources:
the IJUP research project with the reference
IJUP2011-234, the the European Regional Development Fund (ERDF) through the COMPETE 2020
- Operational Programme Competitiveness and Internationalization (POCI) and national funds by the
FCT under the POCI-01-0145-FEDER-007744 project,
and the Digital Fabrication Laboratory (DFL) at CEAUFAUP.

REFERENCES
Cache, B 1995, Earth moves. The furnishing of territories,
MIT Press, Cambridge, MA
Carpo, M 2017, Second digital turn, MIT Press, Cambridge,
MA
Gibson, I, Rosen, D and Stucker, B 2016, Additive manufacturing technologies. 3D printing, rapid prototyping
and direct digital manufacturing., Springer
Halterman, TE 2015, ’Arup shoes oﬀ cutting edge of
3D printing construction’, 3DPrint.com, Consulted in
January 2018 at: http://3dprint.com/64376/cuttingedge-3d-printing
Kolarevic, B (eds) 2008, Manufacturing material eﬀects:
rethinking design and making in architecture, Routledge
Male-Alemany, M 2015, El potencial de la fabricación aditiva en la arquitecura. Hacia un nuevo paradigma
para el diseño y la construcción, Ph.D. Thesis, ETSAB,
Barcelona
Migayrou, F (eds) 2003, Architectures Non Standard, Editions du Centre Pompidou, Paris
Veltkamp, M 2007, Free Form Structural Design: Schemes,
systems and prototypes of structures for irregular
shaped buildings, Ph.D. Thesis, Technical University
of Delft

204 | eCAADe 36 - APPLICATIONS IN CONSTRUCTION & OPTIMISATION - Volume 1

BIM | Applications

206 | eCAADe 36 - BIM | Applications - Volume 1

Living Wall
Information Workﬂow and Collaboration
Danelle Briscoe1
1
University of Texas at Austin
1
briscoed@utexas.edu
Beyond the benefits of standard documentation agreeance and project
management coordination, many architects and other design professionals
express concern over the limitation of Building Information Modelling (BIM)
process may have on the design process, or better yet social responsibility or
ecological benefit. For Living Wall facade exploration, this research suggests
BIM is arguably an effective tool to support innovation in the design process, as
well as promote collaboration between ecology and architecture disciplines.
Ecological measures and data collection evidence further validates BIM
procedural clarity and recognizes building façade exploration both
technologically and environmentally.
Keywords: Living Wall, BIM, data collection

Since the early 2000s, Building Information Modelling (BIM) has become a necessary part of major
building construction. Beyond the beneﬁts of standard documentation agreeance and project management coordination, many architects and other design
professionals express concern over the limitation this
modeling process may have on the design process,
or better yet social responsibility or ecological beneﬁt. This research suggests BIM is arguably an eﬀective
tool to support innovation in the design process, as
well as promote collaboration between ecology and
architecture disciplines. Ecological measures and evidence further validates BIM procedural clarity and
recognizes building façade exploration both technologically and environmentally.
Façade greenery, or more speciﬁcally a living
wall-a vertical plant system rooted in growing media attached to a wall-is suggestive of an alterna-

tive landscape approach in service to ecological enhancement. Such views of landscape move away
from those traditionally ascribed by the human contrived Anthropocene era: cultivation, reﬂection, utilitarian. Instead, living walls oﬀer opportunities for
the architecture discipline to serve as a connected, interdependent whole (Anderson, 2017). In this manner, BIM technology assists in the appropriation of
ecological beneﬁts and furthermore, allows a postconstruction actuality to negotiate a relationship between the built and natural world.
In May of 2016, a Living Wall pilot project was
installed along the west façade of Goldsmith Hall,
the primary building for the University of Texas at
Austin’s School of Architecture (UTSOA). Investigating the role of ecology in architecture, the structure
is comprised of a patent-pending honeycomb design, patent-pending soil media, SkySystem(TM) and
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native ﬂora specially selected to attract local fauna.
Five years in the making, the project tests the limits
of what is possible with living walls in central Texas
through ongoing research, data collection and analysis. This paper documents multi-disciplinary living
wall research and its installation in the hot and dry
climate of Austin, Texas.

The project location (30°11’N. 97°52’W, elevation 247
m average annual precipitation 34.25 inch) is just
blocks away from the State Capitol of Texas and is
within a dense urban campus condition. According to U.S. Climate Data the sub humid, subtropical Austin climate experiences a bimodal rainfall pattern that often peaks in spring (May-June) and fall
(September-October). In the summer months, the
average high temperatures range between 87°F in
May and 97°F in August. Additionally, nighttime temperatures tend to remain high in the summer months
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(>75°F) especially in the urban core. Central Texas
also is prone to sporadic rainfall patterns and temperatures especially during periods of drought, where
temperatures range even higher, precipitation levels fall, and the time between precipitation events
increases. Warmer climates, such as Austin’s pose a
number of problems for living wall designs due to
high ambient air and soil temperatures, varied rainfall
patterns and high evapotranspiration rates. For this
reason, the pilot project investigation contributes to
knowledge in urban heat mitigation using advanced
applied BIM technique.
The primary goals of the project include: observing and testing living wall technology at the University to evaluate future use, providing a living laboratory to facilitate educational opportunity with students, faculty and staﬀ, and contributing to the ongoing research on living wall systems around the
world. The research conveys a multi-stakeholder
workﬂow where BIM supports the design, fabrication,
construction and metric of a customized, plant and
eco-habitat façade. As a co-operative and academically funded project, the installation addresses the
speciﬁc challenges of its regional climate from the
perspectives of architecture, ecology and landscape
departments. The design, installation and maintenance of the Living Wall is a collaborative eﬀort between the School of Architecture and the Lady Bird
Johnson Wildﬂower Center (Wildﬂower Center). Facilities Services and Landscape Services at the University oversees the irrigation system design and maintenance. The Jha Lab at the University of Texas at
Austin’s Department of Integrative Biology performs
invertebrate sampling and analysis.
Although many commercial living wall products
exist, none found were suitable for sustainability in
an extremely hot and dry climate. Many successful applications are often in mild or temperate climates; interior climate controlled conditions or focused solely on plant graphics or aesthetics (Van Uﬀelen 2015). Other academic research precedents have
noted the importance of factors such as material eﬃciency, energy demands and waste production for an

Figure 1
Figure 1 Overall
view of Living Wall
upon installation

Figure 2
Wall assembly
showing ﬁnal plant
selection and
distribution,
bottom ﬁgure
shows material
diﬀerentiation for
uniform versus
eccentric geometric
cells
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environmental perspective in construction. Innovative processes and technologies recognize the importance of sustainable or environmentally driven design and overcome the ineﬃciency and lack of interoperability present in the sector. (Agusti-Juan and
Habert 2016). Live BIM processes, for design, education and post-installation evaluation, are becoming an integral part of modern product development
(Al-Qattan et al. 2016). Furthermore, walls modelled by computational design and constructed to reduce thermal gain on façades have improved thermal
performance of the façade (Andreani and Bechthold,
2014).
The key ecological innovation of this pilot project
(relative to a standard living wall) derives from the optimization of soil volume, the incorporation of biohabitats for beneﬁcial fauna and post-construction
analysis features. As a freestanding wall, its westfacing orientation challenges the maximum heat
gain in this climate. The pilot project stands 10‘ x
20’ x 18“ Deep in scale. Each of the 104 hexagonal
CNC extruded cells are gravity supported in a steel,
water-jet milled frame in order to support the load
of ﬂora and fauna integration. Larger soil volume
per plant is necessary to reduce thermal load of plant
root networks. Each standard size cell holds approximately 4 liters, 0.14 cubic feet of soil media, about the
same size as a standard 1gallon pot. The cell size and
capacity also accommodates the eco-habit requirements and data capturing technologies. Ecological
design speciﬁcity (embedded in several cells) targets
the particular needs of pollinators (for hummingbirds
and butterﬂies), songbirds and raptors (like owls or
hawks), and arachnids and herbivores. One cell, for
example, holds the birdhouse for the Carolina wren
species. This bird is one of many from the Central
Bird Flyway, a migration path stretches along the entire length of the Americas and that use this location
as a stopping point along this long journey. Parameters such as the habitat dimensional constraints (simple BIM tasks) constrain placement of this habitat at
3-6 feet above ground. An intensive looping pattern
to determine location and plant placement were cre-
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ated using Grasshopper for Rhino and L-loop scripting. The box dimensions of 5” x 6.5“ an opening diameter of 1 1/8” deters non-native species such as
starlings and house sparrows from entering. These
plant and habitat combinations oﬀer an inevitable
natural and eﬀective air purifying system, removing
particulate matter (O3, VOC and CO2) as it passes
through or across the wall. The potential ecological networks aﬀorded by these plant to plant placements and plant to habitat combinations hold an expectation to increase biodiversity and ecological rejuvenation (Cantrell and Justine Holzman 2015).
Figure 3
Figure 2 Detail of
Bird Habitat

BIM in this design scenario is the decisive authority
for the synthesis of all other programs. BIM Material Editor Properties initially incorporated the ecologist’s plant list and habitat characteristics into BIM.

Later advanced use of material take-oﬀ for scheduling plants‘ and species’ characteristics and requirements develops plant patterning through Dynamo
visual programming and allows for quantiﬁcation of
plants to ecologist and landscape maintenance team
in charge of intelligent water system and monitoring. This information is color coded for visual clarity and pattern update acknowledgments. Likewise,
speciﬁc plant parameters embedded within each BIM
type properties menu can then be a scheduled as a
material take-oﬀ quantity but understood as a plant
performance and façade performance measure, as if
it were a sum of building material, from each generated pattern.
Figure 4
Figure 3: BIM
modelling and
scheduling
capabilties for
patterning and
collaboration

The post-installation BIM workﬂow identiﬁes ways in
which the project could be expanded to further the
goal of monitoring the biological species living in the
wall and transforming it into an interactive experience. Multiple, 3D printed custom sensors are placed
within the living wall and used to track data. This data
records in real time using Arduino Photo Transistor,
temperature-humidity sensor, Sound Detector and
IR distance sensor. Grasshopper for Rhino and the
Fireﬂy plugin translate the temperature, light, sound
and proximity data into real units (degrees Fahren-

heit, lux, decibels, and inches, respectively). These
quantiﬁable values written into Excel sheets save at
speciﬁed intervals, allowing the data to track over
time for the past year. Monitors also track water usage for each plant cell through individually fed lines.
The spreadsheet then imports the data back to the
BIM model with an Import/Export Excel plug-in and
the schedule updates the plant combination and water to soil performance. This then gives a ranking of
which plants are using the most or least water in comparison to longevity. Analysis proves low water usage relative to other similarly scaled areas on campus. Overall, these data measurements are evaluating whether this green wall is cooling the west facade
surface where it sits. Whether living wall reduces ambient air temperature around the building and ultimately helping to mitigate the urban heat-island effect are still under analysis.
Post-construction analysis of granular interactions between the living wall’s surface, fauna habitats
and speciﬁc plants, with reference to user proximity,
daily water distribution and local temperature values
give relevance to a live, interactive BIM platform. A
highly coordinated water and data feed system is integral to the digitally fabricated cells. A digital dashboard co-exists with Arduino technology data sampling to ﬁne-tune the BIM and analytical relationship
and then disseminate metrics for educational purposes. The results establish the beneﬁts and disadvantages to a holistic BIM for surface-plant-air interactions, ultimately to assess the eﬀects of green architecture visions. The work concludes as potential
to associating architecture and landscape through
technological methodologies for future work and its
ability to analyze human impact on biodiversity.

CONCLUSION
The need to move towards the development of collaborative and holistic BIM processes requires facades to inform continuously post installation. The
nature of this research truly requires a wide range of
disciplines and coordination in order to understand
and monitor the conditions aﬀecting the range of bi-
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ological species growing in or visiting the living wall
and explore the possibilities of what this system offers to its environment. Indeed, the discipline needs
a new type of construction process, one that utilizes
technology to organize it (Chien et al 2016). A BIM
framework and workﬂow promotes the organization
and innovation of this collaboration.
Such application (if aggregated across a city)
holds the ultimate pervasive potential to leave a lasting, “human induced” improvement to the planet.
The intended application of the research addresses
a university owned parking structure, but its scalability warrants the foundation for a more industrialized approach than this pilot or single typology. In
this regard, technologists can turn their call for radical austerity into a renewed push for ecological incubation (Yang 2017). The architecture discipline now
charged to be geological in scope, climatically motivated and furthermore driven by an advanced computational substrate gives relevance to BIM as a collaborative mainframe in the industry and in architecture.
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In the recent decades, the high-resolution remote sensing, through 3D laser
scanning and photogrammetry benefited historic buildings maintenance,
conservation, and restoration works. However, the dense surface models (DSM)
generated from the data capture have nonstructured features as lack of topology
and semantic discretization. The process to create a semantically oriented 3D
model from the DSM, using the of Building Information Model technology, is a
possibility to integrate historical information about the life cycle of the building
to maintain and improving architectural valued building stock to its functional
level and safeguarding its outstanding historical value. Our approach relies on
an ontology-based system to represent the knowledge related to the building. Our
work outlines a model-driven approach based on the hybrid data acquisition, its
post-processing, the identification of the building' main features for the
parametric modeling, and the development of an ontological map integrated with
the BIM model. The methodology proposed was applied to a large-scale
industrial historical building, located in Brazil. The DSM were compared,
providing a qualitative assessment of the proposed method.
Keywords: Reality-based Surveying, Ontology-based System, BIM, Built
heritage management

INTRODUCTION
The undergoing massive growth of digital technology is aﬀecting all areas of Architecture, Engineering,
and Construction (AEC), enabling unprecedented efﬁciency on all fronts, from design to construction. In
recent years there has been an increasing amount of
research focused on the use of these technologies
also in the stock of existing buildings, mainly in the

maintenance and operation phases. The computational development in AEC, among them the Building Information modeling (BIM), allowed the integration of information about the whole system with the
elements of the 3D model. Another prominent factor in the AEC sector was the improvement of data
reality capture sensors for the generation of threedimensional models, especially for the recording of
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the as-is condition of existing buildings. Also, collecting present building data is critical to their documentation. For historical buildings, this advantage
goes beyond: it allows the capture of elements with
complex and unique shapes, typical on these structures. These technologies provided the integration
of three-dimensional architectural model with the
object information, both related to the elements and
components as well as its history and peculiarities.
Thus, the potential use of these technologies
seems to be signiﬁcant in several areas, such as the
improvement of project management and information ﬂows, risk mitigation, heritage documentation,
space and energy management, retroﬁt planning,
monitoring and tracking, and controlling dimensional compliance in construction (Becerik-Gerber et
al., 2012; Volk et al., 2014). Besides that, the accurate
data recording into BIM components allows the creation of a database where the interested party can
ﬁlter the information for speciﬁc tasks on the building restorations or renovations, providing an eﬃcient “documentation system able to memorize data
for future interventions” (Garagnani and Manferdini,
2013).
Inside heritage conservation ﬁeld, for example,
the information plays a signiﬁcant role to enhance
the restoration and retroﬁt activities. The wide range
of information data deriving from diﬀerent media typology and formats deﬁne Historic assets, and this
hampers the establishment of closer relations between them and the objects. Penttila et al. (2007)
reinforce the use of BIM for restoration and retroﬁt
works on buildings with signiﬁcant historical and architectural value. The same authors highlighted the
remarkable diﬀerence between information structures of renovation projects and information of new
buildings, introducing the concept of a renovation inventory model that should hold “all historical, survey,
measurement data, information [and even knowledge] about an existing building in an accessible and
usable format.”
Concerning BIM database, Acierno et al. (2017)
pointed out the importance of the ontological model

214 | eCAADe 36 - BIM | Applications - Volume 1

for built heritage representation. The formalization
of all knowledge related to each artifact through semantic networks, regarding entities, properties, and
relationships is the core of an ontology-based system.
This paper presents ongoing research that aims
to develop a framework to integrate optical measuring surveys (material properties, geometrical data)
and knowledge base (historical analysis, e.g., information models within its context) in a BIM Model.
Our approach relies on an ontology-based system
to represent the knowledge related to the historical
events of each technological components of an industrial heritage building in the city of Piracicaba,
Brazil. The industrial heritage is the evidence of activities which had profound historical and social consequences. The reasons for protecting industrial heritage build on its indisputable importance and its
technological-scientiﬁc value in the history of manufacturing, engineering, construction and architecture
(TICCIH, 2003).

RELATED WORKS
Many researchers in diﬀerent approaches have already developed the BIM adopting for the historic
building envision the constructing of as-is models
from various input types, also considering diﬀerent
levels of development for the models. Although laser
scanning is still the acquisition method mainly used
(Randall 2011), photography is increasing as a feasible and promising cost-beneﬁt alternative, especially
Structure from Motion point clouds (Remondino and
El-Hakim 2006), and the integration of both techniques to obtain more accurate data (Yastikli 2007).
Dore and Murphy (2014) proposed an integrated
laser and image data in a concept called Historic
Building Information Modelling (HBIM). Their approach has been built on a semi-automatic method
based on a parametric object library using geometric
programming language. A collection of predeﬁned
architectural elements was used to simplify manual
modeling tasks. The contribution of these works was
the creation of parametric objects library in BIM en-

vironment, which helped in the standardization and
ﬁnal quality of the model.
Volk et al. (2014) and Hichiri et al. (2013) provide
a general review of state of the art for both new buildings and as-built models. The authors highlighted
the diﬃculty of representing precisely the unstructured data, coming from the historic-architectonic
set, with complex forms.
Fiorani and Acierno (2017) developed a conservation process model that aimed to be more than a
data repository on existing architecture but also supporting heritage conservation process, which could
be reached employing ontologies. So, their approach
is based on capturing and representing the semantic contents of cultural heritage conservation process
and suggesting a model that may achieve integration, mediation and interchange of information in the
cultural heritage conservation ﬁeld.
The International Committee for Documentation
(CIDOC) developed a Conceptual Reference Model
(CRM) to categorize and represent the semantic data
of cultural heritage, the ISO 21127:2006 standard for
cultural heritage documentation. It is an attempt
by the Committee of the International Council of
Museums (ICOM) to achieve semantic interoperability of cultural heritage data. CRM is an ontology
which primary role is “to serve as a basis for mediation of cultural heritage information and thereby
provide the semantic ‘glue’ needed to transform today’s disparate, localized information sources into
a coherent and valuable global resource” (Doerr et
al.2014). Besides, the CIDOC group has been working on documents to create speciﬁc ontologies such
as FRBRoo, which objective represents the bibliographic information and interchange it with museum
data. Some works have explored ontological information focused on cultural heritage (Fiorani and
Acierno 2017), others for cultural information and
tourism purposes (Guillem et al. 2017; Di Giorgio et
al.2015), software engineering (Aalberg et al. 2015),
comparing bibliographic metadata (Nurmikko-Fuller
et al.2016).
Acquire precise and complete data about build-

ing surfaces is not a trivial task. Standard methods
such Terrestrial Laser Scanning (TLS) generally suffer with partial occlusion. Unmanned Aerial Vehicles (UAV) photogrammetric solution overcome laser
angle limitation, however its precision is signiﬁcant
lower. A practical solution for techniques incompleteness it is combine both.
As described by Liu et al. (2016), areas fully obtruded on TLS surveying as rooftop, can be easily accessed with UAV enabling accurate further modeling.
Hybrid surface captures are not restricted to regular
architectural design, complex and rich ornamented
buildings are well represented. Xu et al. (2014) applies UAV and TLS for Asian cultural heritage preservation work. Although hybrid approach results in
fewer occluded areas, the combined point cloud created is usually larger than isolate ones.
To reduce the total number of points after registration is a common step on as-is design (Garwood et
al., 2017) and other point cloud applications (Wang
and Cho, 2015). Called down sampling or downsizing ﬁlters and developed in computer graphics
ﬁeld, it uses geometric relation between points to
exclude those less signiﬁcant (Orts-Escolano et al.,
2013). Wang et al (2015) handle with excessive points
adopting Voxel Grid downsizing, when a cubic recursive data structure discard all elements inside its internal area except by the center point.
Supported by state of art articles, point clouds
captured by hybrid methods and reduced with
downsizing techniques allow reliable and eﬃcient asis modeling.
The technique described in our paper, analog to
Acierno et al. (2017) and Fiorani and Acierno (2017),
uses a knowledge-based system to formalize all information related to architectural elements of an HBIM
model. Our contribution can be enumerated as follow: (1) a hybrid approach (image and close-range),
able to produce viable DSM for a 3D model generation; (2) evolutive modeling and semantic information aggregation related to the model level of development.
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METHODOLOGY
The methodological framework adopted for the
Knowledge-based BIM modeling of the case study
consists in: (1) Gathering Non-Geometrical Data: the
historical survey to track record of the diﬀerent stages
of the building (use changes, relocations, historical stratiﬁcation, and degradations); (2) Gathering
Geometrical Data: measurement survey using laser
scanning and photogrammetric surveying using Unmanned Aerial Vehicles; processing of the raw data;
point cloud registration and fusion; segmentation;
comparison between the as-designed model and the
dense surface model; (3) Modeling building components in a BIM environment: deﬁning two LOD
(200 and 400) to identify classes to associate the
non-geometrical data with them; (4) Developing the
Knowledge-based Information integrated with the
BIM model with diﬀerent LOD.

merly as factory and reﬁnery. The buildings, in simpliﬁed palazzo style, are four stories high with neat rows
of windows. Bays embossed by pilasters divide the
buildings main façade into eight identical parts, and
one wider, where the main entrance is located. The
Fig. 1 shows the dense surface model of the Warehouses 6 and 7 from photogrammetric surveying using an unmanned aerial vehicle.
Figure 1
Point cloud of the
Warehouses 6 and 7
from UAV survey

Case Study: Piracicaba’s Central Mill
A case study was selected to demonstrate the creation of a knowledge-based digital built heritage
model. The presented case study is the Warehouse
7 of Engenho Central de Piracicaba (Piracicaba’s Central Mill), located in the city of Piracicaba, in the State
of Sao Paulo, southeast Brazil. Piracicaba is a midsized city with 364,570 inhabitants and a population
density of 264.47 persons per sq.km
The Engenho Central was established in 1881 on
the banks of the Piracicaba River and operated until
1972. The industrial complex encompasses the factory buildings, warehouses, oﬃces, the general director’s house and the guesthouse, totaling about
17,800 sq.m. arranged on a site of over 7,5 hectares.
The remaining assets of this sugar industrial complex
were listed as a historical site in 1989 by the city of
Piracicaba, and in 2014 by the Board of Protection
of the State of São Paulo as one of the most significant architectural complexes of masonry construction in the national territory (CONDEPHAAT 2012,
apud Campagnol 2017).
The Warehouse 7 consists of twin buildings
erected in 1940. These structures were employed for-

216 | eCAADe 36 - BIM | Applications - Volume 1

In the last four decades (1980-2011) prominent
Brazilian architects developed projects for adaptive
reuse of the Engenho Central buildings. Oscar
Niemeyer is the author of the ﬁrst adaptive reuse proposal in the early 1980s, which project maintained
from all complex industrial structures only the Warehouse 7 (Fig. 2-a). In 1994, the architect Carlos Bratke
presented another proposal considering the maintenance of the historic buildings, which would be
linked with ten new ones (Fig. 2-b). A decade after,
Francisco Fanucci and Marcelo Ferraz, architects from
the former Lina Bo Bardi Studio, developed a new
project for the complex, which eﬀorts resulted in a
Master Plan for use and occupation of Engenho Central and the retroﬁt of Warehouse 6 into a Theater (Fig.
2-c). In 2006, the architect Paulo Mendes da Rocha,
Pritzker winner, associated with Piratininga Associated Architects, developed a new rehabilitation plan
and schematic design for the complex named the

Figure 2
Projects developed
for adaptive reuse
of the Engenho
Central buildings

‘Engenho Central Park’, where ﬁve of the seventeen
existing buildings would be demolished (Fig. 2-d). In
2011, Pedro Mendes da Rocha, son of Paulo Mendes
da Rocha, was commissioned to design the Museum
of Sugar (Fig. 2-e), reusing the ‘twin buildings’ (Campagnol 2017).
Figure 3
Paths covered
during aerial
shooting session.

Laser Scanning. The experiment make use of FARO
Focus3D x330 Terrestrial Laser Scanner for reference
geometric information surveying. Eight partial scans
were captured, four inside and four outside of the
structure. Once scanned, partial cloud were registered using FARO Scene 7.1 generating two non intersecting clouds.
UAV. A four-rotor DJI Inspire 2 was employed for
the aerial image shooting session. This UAV is
equipped with a three-axis pan-tilt-roll Zenmuse x4S
20 megapixels camera (8.8mm/F2.8-11 lens). We
obtained 574 photos from four diﬀerent angles (0°,
25°, 50°, and 75°) during external ﬂights (see Figure 3). Another two indoor ﬂights were made (248
photos). Estimate tridimensional elements from images is possible through Structure-from-Motion procedures (Westoby et al., 2012), a computer vision procedure. In this work, the software Pix4Dmapper 4.3
create all photogrammetric point clouds mentioned.

Hybrid Acquisition
Due covered and high-occluded areas, a series of
ﬂight and scanning section were necessary to capture the facility in its whole regions.

Registration
Notwithstanding all partial clouds share overlapping
elements (for indoor and outdoor scenarios), its registration into a unique and cohesive point cloud cannot be done automatically. To do so, matching point
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were deﬁned and the correlation error lowered by Iterative Closet Point optimization (Sharp et al., 2002).
The equivalence between clouds was speciﬁed with
CloudCompare 2.8.1 . Figure 4 shows the sequence of
registration steps required for indoor cloud creation.

A good example of hybrid acquisition beneﬁts is illustrated in ﬁgure 5, the roof cloud not be capture by
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TLS (in red) but the same element was well acquired
in the aerial photogrammetric point cloud (in blue).

BIM Modeling
The Dense Surface Models resulted from the 3D point
cloud has non-structured features as lack of topology
and semantic discretization. This makes the building
information modeling an essential step to provide intelligence for these data.
To simplify the development of BIM modeling,
we started the model with the LOD 200, which according to AIA refers to the relative geometry with
generic elements shown in 3D. The next step was the
detailing of the project according to the survey data
with the sensors.
The ﬁrst challenge of BIM modeling for historical
heritage is to link the capture ﬁle in the BIM tool.
The main issues are the interchange formats between diﬀerent software used in this process. Figure 6 summarizes each step, starting from the surveying until the knowledge-based building information
model, showing the software and format ﬁle for interoperability of each step.
The BIM environment used to model the Warehouse 7 was the Autodesk REVIT 2019 tool. Before
starting the modeling phase, we identiﬁed the elements that have to be considered in the digital reconstruction process and with which level of detail.
For the LOD 200, we performed the modeling approach directly on the imported point cloud from Autodesk RECAP tool, using the native systems families
(walls, columns, ﬂoors, roofs), model in-place components (architrave) and hosted in system elements
(windows openings, doors). Figure 7 depicted the
LOD 200 model and the main features of the building,
and the building components modeled employing
the ontology-editor PROTÉGÉ. In this process, each
entity is formalized with a set of properties related to
its historical documentation.
For the model LOD 400, all building elements are
modeled as speciﬁc assemblies, with detailed information in addition to precise quantity, size, shape, location, material, and orientation. Non-geometric in-

Figure 4
Partial indoor
registration steps:
(a) registered scans
in red and partial
photogrammetric;
(b) anterior cloud
integrated with the
second partial
cloud in red; (c) ﬁnal
registration for
indoor combined
laser scanned
clouds in green.
Figure 5
Final external cloud
integrating both
photogrammetric
and scanned partial
clouds (laser scan in
red, photo in blue).
Figure 6
Workﬂow for
knowledge-based
BIM

Figure 7
3D view and
elevations from BIM
model LOD 200

Figure 8
LOD 400
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formation was added to the model elements through
ontologies.
The windows in the facades are bordered by vertical and horizontal ornamental elements that continue from one ﬂoor to another. In LOD 200 it was
represented primarily by a window opening, and in
the LOD 400, it was created using diﬀerent separate
components with an explicit material assigned to every single element (Figure 9).

Knowledge-based Information integrated
with the BIM model
Taking into account the data collected from the object of study and its relation to the object information, we proposed in this work the use of ontology
through speciﬁc software and identiﬁcation in Levels
of Detail (LOD).
Initially, were deﬁned the classes required for
representation in LOD 200 and LOD 400. We followed
the CIDOC CRM (Conceptual Reference Model) standardization created by ICOM (International Council of
Museums). The objective is to provide a formal structure, deﬁnitions and relations of the terms used in
documentation of cultural heritage [*]. Furthermore,
ICOM has also enhanced documents for the creation
of speciﬁc ontologies such as the Functional Requirements for Bibliographic Records (FRBRoo) used to
represent bibliographic information. Both were important to describe the object.
In LOD 200 the concern was to represent the
model with deﬁned structure but without accurately
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detailing all the elements. The classes created in this
detail were: (E1) Artifact, represents the heritage as
a whole; (*E53) Space entity, used to mark the location; (E2) Temporal entity, delimiting events occurring during its life cycle; (E54) Dimensional entity;
represents the constructed area and (*E77) Object
entity divided into (*E90) Documentation entity, details documents, manuscripts, designs and sketches
belonging to the building and (*F7) Object entity,
represents the elements (door, window, wall) and
components (brick, glass, steel). The codes marked
with asterisks have undergone ad hoc adjustments to
the original system to follow a logical sequence and
categorize the information.
In LOD 400 representation, beyond the classes
created for the LOD 200, speciﬁc bundles were developed to accurately represent the model concerning
size, shape, quantity, and orientation. Also has been
entered speciﬁc non-geometric information. For this
purpose, we have added classes (E39) Author entity,
decomposed in (E74) Group, persons responsible for
events related to the object and (F8) Event, actions
under the object; (*E7) Impact entity, which represents the environmental (*E71), and anthropological
(*E72) impacts and (*E52) Life cycle entity class, detailing building periods in its life cycle. LOD 200 and
LOD 400 ontologies are illustrated in Figure 10.
Once created the ontology, it was connected
with the 3D model based on Cursi et al. (2017). The
elements were named according to the current LOD
in the proposed ontology, and DBLink Plugin formalized the integration between the BIM environment
and knowledge base.

CONCLUSION AND FUTURE WORKS
This paper presents an informational model of heritage buildings capable of documenting and managing the data for conservation and maintenance purposes. The proposed methodology brings together
accurate survey techniques such as photogrammetry
and laser scanning to generate a BIM model based on
ontology.
While the integration of non-geometric data and

Figure 9
Window opening
representation,
from LOD 200 to
400

Figure 10
Representation
graph of LOD 400
ontology (above)
and LOD 200
ontology (below).

three-dimensional representation is still a holistically
limited exploration, this research provides the aggregation of semantic information in the model at different levels of detail, making ﬂexible the amount of
data that is intended to be used. It also uses CIDOC
standardization to structure the ontological data logically, based on (Acierno et al., 2017), providing ease
in its handling.
In future work, we envisage the development of
a tool based on a dataset for IFC model structure, enabling visualization of the BIM model components
and their linked semantics eﬃciently.
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We present a proof of concept implementation of an integration strategy for
connecting CAD with Blockchain. We explain the components of most
blockchains and the value they bring to the built environment ecosystem, the
potential impact a complete integration might have and we demonstrate the first
two of four levels of integration we have identified between CAD and blockchain
technologies. For the purposes of the paper we use Rhino / Grasshopper and
Ethereum as the two components of integration.
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INTRODUCTION
Blockchain technologies have emerged since the appearance of Bitcoin [Nakamoto year?] as a key digital infrastructure powering various functions within
the economy [Kinnaird et al 2017] and cities [Coyne
et al 2017]. Beyond the hype, reports have described
the potential of Blockchain [BRE report year?] to profoundly aﬀect the digital infrastructure [Kinnaird et al
2017] that runs the build environment but also the
digital tools that we currently use to design architecture. We present the ﬁrst connection of a CAD system
with a Blockchain on two levels of integration, along
with the strategic description of two other possible
levels with current technology. Connecting CAD and
BIM systems with a blockchain can have a profound
eﬀect on the design of cities but also on their operations [Lombardi et al 2018, Tamke et al 2014].
Previous eﬀorts in distributed, interconnected systems have gone so far as creating protocols for plat-

form agnostic communication between 3d software
over the internet [Hnidek, J 2011] without though
connecting CAD and 3d modellers with other programmes and protocols. We believe that blockchain
has the potential to unravel a lot of the locked potential in interconnecting CAD and BIM tools with economic life, and in extension directly with the physical
world.

RATIONALE
The paper presents a ﬁrst attempt at connecting
blockchains with a cad system. While the connection is not at the level of a full BIM system, but rather
remains on the conceptual level, the rationale of implementing this drives a desire to advance the state
of the art in CAD and BIM integration with various
other digital infrastructures but also the aspects of
the physical world.
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Figure 1
Diagram of a
blockchain- from
the Ethereum
whitepaper

BACKGROUND
To explain the potential of Blockchain and the impact
of integration between CAD and Blockchain some
deﬁnitions are needed ﬁrst. A blockchain is a distributed database which is build out of blocks of data
(ﬁgure 1). Various computer nodes on a network
share the database and have the task of creating new
blocks. The blocks contain an index number, a timestamp, data that we want to store in them, usually
a monetary transaction in the case of cryptocurrencies, and a crypto-hash of the previous block. The
whole block then gets cryptographically ‘hashed’, i.e
encrypting the data it has and the previous block’s
hash, into a new hash of speciﬁc length. Within
this mechanism a chain is created between blocks
hence the name ‘blockchain’. In parallel Nodes listen for transactions between other nodes, and when
a transaction is to take place, they will verify the validity of the transaction by collectively checking the
record or ledgers of the blockchains that they have
stored. This is a validation process that takes place
in most blockchain technologies- the node(s) which
validates a transaction ﬁrst is rewarded by the system with a small amount of a cryptocurrency. Once
this cryptocurrency gets generated, its block is added
to the blockchain by the listening nodes, which then
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turn again towards validating the next block. That
process is called mining and is hugely energy expensive [Lombardi et al 2018]. Certain blockchains,
like Ethereum, have also additional features that allow for true integration with a wider digital infrastructure. Smart Contracts are contracts that are executed within the blockchain autonomously, without human intervention when certain events take
place- dApps, or decentralised applications are applications that run on the Blockchain, making good
use of smart contracts. A public blockchain can run
on a public open network like the internet or a private blockchain where the nodes are cryptographically identiﬁed ﬁrst before they participate. In the
public blockchain, the proof-of-work that the original
bitcoin paper [Nakamoto2009] describes solves the
Byzantine-Generals problem that former distributed
systems could not solve. For example the verge protocol running on Blender, had to identify a master
and slave nodes to be able to synchronise and avoid
corruption of 3d data due to the nodes being in an
asynchronous state. Still, in terms of connecting external applications with the blockchain, in case like
the ones developed in this paper, one needs to introduce the concept of an ‘Oracle’, i.e a node which
does not participate directly in the resolution and val-

idation of blocks in the chain, but does provide data
for inclusion in the blockchain, more so when these
are used for executing or triggering a smart contract.
This introduces again the problem of identity veriﬁcation y cryptographic means, but this is out of the
scope of this paper.

IMPLICATIONS OF BLOCKCHAIN IN CAD
AND ARCHITECTURE
Less than twenty years ago bank transfers were the
only way to send money to someone else located
in a diﬀerent town or country and the whole system was based on a trustworthy process that involved four subjects only: the sender, the bank that
sent the money, the bank that received the money
and the receiver itself. Since the Internet has been
made available to everyone with a computer and a
phone line (and nowadays the two thing often match
in one device only), our habits started a rapid process of changing and now it seems to be unstoppable. Websites and apps like ebay, Paypal, payzone,
stripe created a new system in which banks are almost no more necessary for building direct relations
between the sender and the receiver. Further, even
if their ﬁrst mission is not to exchange money, companies like AirBNB and Uber have started a process
in which centralized services like hotels and taxis become available in a distributed manner and are validated through a system of rates deﬁned by user demand and feedbacks. In this distributed economy
context the frame changes from one in which the
quality of the provided services and transactions is
validated by abstract entities to one in which ﬁnal
users are in charge to evaluate the nature of goods
and services and either reward the companies or discard them from their range of choices. Those digital platforms can be seen as early digital cooperatives with incredibly high numbers of people who
use them thanks to new paradigms of trust [Coyne
et al 2017]. The trust is then based on checking comments and feedback from other users rather than on
the validation coming from an oﬃcial document issued by a bank. But ratings, feedbacks and com-

ments are only the tip of the iceberg. Below the surface, encrypting algorithms control an endless number of transactions and contracts that are stipulated
everyday between digital-based companies and ﬁnal
users. Further, because of the digital nature of both
companies and user accounts, a process of decentralisation is now almost complete between provider,
user and ﬁnancial intermediator that do not have to
be in the same place and in the same time to discuss and ﬁnalize the exchange of goods/services for
money. Within this radical change on how digital infrastructures enable maximum ﬂexibility of ownership and use, the built environment in contrast remains a conservative ﬁxture.
The built environment is now facing the eﬀects
of the changes produced at diﬀerent levels by Information Technology. The ability of IT of being encapsulated into small components and objects, made by
sensors and micro-chips, led to ﬁrst applications that
aimed to improve our daily quality life through the
interaction between us and the appliances that populate our houses.
A second most complicated step is now transforming the way in which inﬂexible physical entities
like buildings and cities are actually designed and
built. Building Information Modelling is accepted
as the standard for designing buildings in which all
the components are deﬁned thought all their life,
from production to installation, maintenance and
dismissal. Diﬀerent BIM levels are recognised according to the UK government [Harty et al 2016]: from
the Level 0, simply based on CAD and with no interaction and cooperation between designers to the
Level 2, currently in use and characterised by “an
information exchange process which is speciﬁc to
that project and coordinated between various systems and project participants” [BimPortal] in which
all those involved in the design process share the
same data and work in parallel. In this level-based
system the next step is deﬁned as Level 3 BIM and
presents a wide range of action points in which we
ﬁnd the creation of new kinds of contractual frameworks (i.e. performance-based contracts, smart con-
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tracts), data-validation processes and managing fast
transactions between builders and clients.
To realize the expectation of the Level 3 it appears then necessary to rely on some other form
of technology who allows to track the information
and secure them via encrypting algorithms. The
blockchain can then represent a tool to be integrated with BIM and able to provide solutions for
the above mentioned instances. Distributed Ledgers
(DL) such as Ethereum can support the request of
smart contracts based on the evaluation of performances against speciﬁc criteria. An “if/then” statement could be implemented to help reducing the
timing required for delivering payments as well as
simplifying the administration of ﬁnancial aspects related to the construction stage. At the same time the
DL will ensure the security of the data through automated validation and predictable cryptographic implementations as well as the ownership of each digital components.

IMPLEMENTATION
We have identiﬁed four levels of connection and integration between CAD/BIM and a blockchain (ﬁgure 2). The basic one integrates a simple blockchain

into the CAD/BIM software. The second level of
the integration, which is straightforward using current technology, connects the CAD/BIM client with
the blockchain, in our case a test network built on
Ethereum. The third and fourth cases, involve the inclusion of a computational node of Ethereum within
the computational construct of the CAD/BIM software, while the fourth level integration involves the
running of the whole database of the CAD/BIM software directly on the Ethereum Blockchain, i.e an implementation of a CAD/BIM dApp on Ethereum.
We chose Rhinoceros/Grasshopper/gHowl for
our implementation. However the same can be
shown for REVIT or even Autocad, or any CAD package that incorporates a computer language interpreter and the possibility to communicate over a
computer network.

First Level of Integration
The ﬁrst level of integration incorporates a basic
blockchain written in python within the environment
of Grasshopper (Gh) on Rhinoceros (ﬁgure 3). A basic
blockchain ensues the public network capacity of a
normal blockchain and records information in a series of blocks that are cryptographically hashed.

Figure 2
Four levels of CAD Blockchain
integration.

Figure 3
Level one
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In this implementation we have executed a simple command, and copied a circle from one position to another. These have then been referenced
inside Grasshopper, analysed into control points,
which in turn have been converted into mathematical sets. From these sets we can calculate the difference between the coordinates of the two groups
of control points. This diﬀerence is then fed into
the python blockchain. The blockchain runs autonomously within Grasshopper and no connection
to the outside world are created. It comprises of
ﬁve elements, a deﬁnition of a block, a blockchain,
a hashing algorithm, the ﬁrst ‘genesis’ block and the
executive function of the code. Another input into
the blockchain is the number of blocks to be generated. This is done for simplicity in the proof of concept. The full implementation would connect each
block generated with the actions of the computational designer, one block generated for each action.
The diﬀerence is fed into the variable ‘diﬀ’ while a
simple string is fed into the ﬁrst block of the chain.
The blockchain then encrypts with a hash the ﬁrst
string, produces the ﬁrst genesis block and continues
by producing the rest of the blocks incorporating in
each block the string that represents the diﬀerence
between the original and the copied circle.
This is a basic implementation of the CAD /
Blockchain integration. Due to its simplicity there
is no distributed, and thus trust-less veriﬁcation, of
the contents of the blocks. The implementation
points towards the importance of recording diﬀerence within the software, from a state to another.
Similarly, Grasshopper’s beginnings were the creation of an explicit modelling history [Tedeschi 2014],
which ﬁts conceptually with the understanding that
this ﬁrst implementation of blockchain creates an immutable record, capturing the history of a diﬀerence
between an original and a copy.

Second level of integration:
We then present a proof-of-concept optimisation algorithm that attempts to ﬁnd the highest point on
a curved surface. The algorithm then transmits the

optimisation value as a percentage over the internet where a smart contract on Ethereum is listening, so that it pays in issued tokens on the Ethereum
blockchain as soon as they receive a value above the
required minimum threshold.
pragma solidity ^0.4.21;
contract CAD {
uint public value;
address public seller;
address public buyer;
enum State { Created , Locked ,
,→ Inactive }
State public state;
function CAD() public payable
,→ {
seller = msg.sender;
value = msg.value / 2;
require ((2 * value) == msg.
,→ value);
}
modifier condition(bool _condition
,→ ) {
require(_condition);
_;
}
modifier onlyBuyer () {
require(msg.sender == buyer);
_;
}
modifier onlySeller () {
require(msg.sender == seller);
_;
}
modifier inState(State _state) {
require(state == _state);
_;
}
event Aborted ();
event CADConfirmed ();
event SolutionAccepted ();
// abort function truncated

function confirmCAD ()
public
inState(State.Created)
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condition(msg.value == (2 *
,→ value))
payable
{
emit CADConfirmed ();
buyer = msg.sender;
state = State.Locked;
}
function confirmCAD ()
public
onlyBuyer
inState(State.Locked)
{
emit SolutionAccepted ();
state = State.Inactive;
buyer.transfer(value);
seller.transfer(this.balance);
}
}

To determine that, the smart contract on Ethereum
is set up to receive the optimization values over the
web, with the identity of the computational designer
received simultaneously on another part of the Smart

Contract. Essentially in this scenario the CAD system Rhino/Grasshopper acts as an ‘Oracle’, a node external to the Ethereum blockchain providing information to the Blockchain. Within our implementation identiﬁcation is not required as we are executing the contract in a private blockchain. In the public
Ethereum blockchain identiﬁcation would be needed
on the Rhino/Grasshopper side, which means that
each CAD node would need its own ETH Address on
the network, which would be closer to the third level
of implementation.
The technical implementation of the second
level follows as such (also see ﬁgures 4, 5):
Computational designer registers her identity with ﬁrst aspect of the smart contract.
-say port 1111 at address 127.0.0.1.
Her
identity is represented by an ETH address
0xC2EeD2f6717a895090601fAc01F501201d3E1490.
Then on CAD: Rhino/Grasshopper (acting as Oracle)
the computational designer solves the problem using Gh, and communicates with GHowl on port 2222
to a webpage hosted by web3.js. The server passes
Figure 4
Gh-gHowl
communication
plus optimization
problem

Figure 5
Technical
implementation of
the second level of
integration
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the value to the Oracle service, for example realitykeys.com, or Oraclize. This in turn passes the value
to the smart contract which on Ethereum checks for
compliance, then executes a monetary transaction,
sending an amount of ETH or tokens to the address
the computational designer registered with. The
contract then closes or regenerates accordingly.

Third and Fourth level of integration
In a future third level of integration the system would
involve the building of an Ethereum node inside
Gh. This would take care of communicating and
registering the Gh deﬁnition with an Address on
the Ethereum network. Then as a sequence, the
node could record the diﬀerences between subsequent versions of the ﬁle, encoding them as blocks.
This would enable the production for example of
an immutable record. The fourth level of integration would involve running a complete application
of CAD/BIM on the Blockchain directly, hence transforming CAD/BIM into a decentralised application.

IMPACT
The impact had by digitalization and the Internet
on daily life is currently aﬀecting the way in which
human activities are both conceived and organized.
There do exist Architecture oﬃces which are already
operating as decentralized autonomous organizations who shares ideas and develop products before
selling them in a digital market. This can take place
from the second level of integration and above, or it
can take place by just creating an independent dApp
that triggers payments every time a digital CAD asset
is used. Examples of community of architects who
share ideas or take part to on-line competitions announced directly by clients are already a reality that
exists thanks to the fastest way of communication
we have ever had, the Internet. Indeed, being immersed within an invisible network which carries every kind of information and connects devices that allow people to develop and share both ideas and business from all over the world, is putting into discussion
many of the traditional concepts of collaboration, au-

thorship and monetization. Within these concepts a
public blockchain seems to be an infrastructure that
can sustain and govern the next level of authorship
and collaboration on a trustless level, i.e a plateau
where smart contracts will guarantee execution. The
need of a platform and a system who can assure the
correctness of the design transaction between the
designer and the client is far more evident when most
of the contacts and documents between those two
entities have no more a physical aspect, and are readily enforceable using the Blockchain, with no possibility for dilution, skewed information or uncertainty
on who edited which ﬁle or aspect of a CAD or BIM
model. Current digital technologies such as BIM and
Blockchain can provide together a secure way for
designers to engage with the both a new enlarged
market and building requirements without losing the
control of their projects [Carpo, M, 2017].

CONCLUSIONS AND FUTURE CHALLENGES
This paper presented an integration strategy between CAD and blockchain technology in an algorithmic platform. The integration was experimented
at two diﬀerent levels: ﬁrst level to test the feasibility of recording diﬀerences between two sets of cad
objects and a second one in which the diﬀerences
are recorded, evaluated and sent to a blockchain
platform as Ethereum. Both have been conceived
as starting points for the following step in which
Ethereum nodes will be implemented into the algorithm allowing the recording of immutable strings of
blocks. On the integration level, open APIs and interoperability capacities in certain software will prove
crucial for complete integration.
Further questions to be tackled will concern the
feasibility of writing codes who are able to run on
private and public networks as well as moving from
CAD to BIM systems. The ﬁrst implies the necessity of
testing them across countries and checking potential
issues due to ﬁrewalls and local internet limitations.
The latter will require the implementation of further
BIM levels as deﬁned by standards speciﬁcations and
integrate a cryptocurrency payment method, along
with other potential ﬁnancial instruments.
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Building Information Modeling/Management (BIM) is an emerging technological
and procedural shift within the AEC industry. In this paper, we describe how we
used interviews, case studies and action research to collect information on how
implementation of BIM is made in architecture firms. Hypotheses on what
facilitates BIM implementation in these firms are drawn.
Keywords: BIM implementation, architecture firms, method, action research,
interviews, case studies

INTRODUCTION
Building Information Modeling/Management (BIM) is
a process that improves each facility’s lifecycle phase,
design and construction included, using standardized human and machine-readable information. It
is often described as an emerging technological and
procedural shift within the Architecture, Engineering
and Construction (AEC) industry. But implementing
BIM tools, workﬂows and protocols requires a lot of
resources and impact everyday practice of ﬁrms: BIM
is as a disruptive technology (Eastman 2008).
BIM adoption has, however, increased signiﬁcantly over the last few years (Smith 2014) and many
countries encourage BIM Diﬀusion by diﬀerent policy actions. Since 2014, “member States [of the European Union] may require the use of speciﬁc electronic
tools, such as of building information electronic modeling tools or similar, for public works contracts and
design contests” (European Parliament 2014).
BIM nonetheless struggles to be integrated in

practices of ﬁrms of the AEC sector in France. It has often been noticed that innovation diﬀusion is slower
in the AEC sector than in other industries, partly because of the important part of Small and Mediumsized Enterprises (SMEs) (Turk 2000). SMEs are enterprises that employ less than 250 employees (INSEE
2018))
Architects are at the heart of the construction
process, and are very often at the origin of the ﬁrst
digital mock-up of the project that is completed by
other actors of the project. In France, 93% of architecture ﬁrms who employ at least 1 person are micro enterprises. (Microenterprises employ less than
10 persons. It is subcategory of SME (INSEE 2018))
Implementation guides and standards are rare
and generally not adapted to SMEs (Hochscheid et al.
2016), who point lack of government help and public policy (Bataw et al. 2014; Poirieret al. 2015), lack of
clarity in the adoption process and the lack of procedural implementation standard (Hosseini et al. 2016).
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It has been noted that SME often miss a strategic vision for implementation (Machado et al. 2016; Winch
and McDonald 1999).
The purpose of our work is therefore to build
a better understanding of the implementation of
BIM in architecture ﬁrms (AF), and to develop a
structured method to support them in BIM implementation. This method and good practices will be
based on organizations’ characteristics, strategic issues and perspectives.
In a ﬁrst place, we will position the implementation step on the complete adoption process. The important theoretical steps that have been identiﬁed in
the literature to successfully implement BIM are then
presented (part 1). In a second part, we present the
research methodology used to confront this theoretical method with AF who implement BIM, namely: interview, case studies and action research (part 2). In
a third part, we present interviews made with architects in diﬀerent situations toward BIM implementation: their testimony allows us to identify speciﬁc situations, problems and possible solutions for implementation (part 3) In a fourth part, we present experiments conducted with AF implementing BIM (part
4). In the discussion, we present the cross analysis of
interviews and cases that allow us to make inferences
and construct hypotheses (part 5).

IMPLEMENTATION METHODS
Rare research has been conducted to monitor the
practical and strategic implementation of BIM in
ﬁrms. We present here some of them and show how
it helps us to construct the method we experiment in
the next parts.
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Research made on implementation take the form
of implementation roadmaps, guides, strategies and
methods. To clarify our position, we position our intervention on implementation on the BIM adoption
process (ﬁg.1). The implementation support methods we studied begin after the Decision of Adoption (DoA) is made by the top management of the
ﬁrm, and continue a bit in the conﬁrmation phase,
to limit the risks of rejection after implementation.
After than, the ﬁrm gradually appropriates and develops its new practices by its own.
Research selected and compared in ﬁg. 2 have
diﬀerent context :
• (Arayici et al. 2011) experimented very early
BIM implementation in architecture practice
by following four main stages, with action research. But this work only concerned one
large ﬁrm, JMA architects.
• The research conducted by (Machado et al.
2016) concerned a BIM implementation approach in ﬁve steps, in one company.
• Our research team proposed a ﬁrst version of
a method (Hochscheid et al. 2016) (Case 2
in the case study section), developed with a
very small architecture ﬁrm. This method was
completed and consolidated by (Mertes 2017)
(Case 3), with a medium ﬁrm.
These methods can be divided into four main steps:
context study, planning, execution, transfer (ﬁg. 2).
These steps, that constitute a draft of BIM implementation method, are presented in the following subsections.

Figure 1
The proposed
method (in black,
during
implementation
step and the
beginning of the
conﬁrmation step))
positioned on the
BIM Adoption
process. Adapted
from (Hochscheid
and Halin 2018),
(Rogers 2003).

Figure 2
Comparison of four
BIM
implementation
methods (A: (Arayici
et al. 2011a; Arayici
et al 2011b) , B :
(Machado et al.
2016) , C :
(Hochscheid et al.
2016) , D : (Mertes
2017)).

Context study
This step consists in observing and analyzing current
practices in the organization, in order to provide a
personalized implementation strategy and training.
Information collected is useful to check the feasibility
of change, to identify potential enterprise strengths,
process weaknesses and risks for implementation. Information can be charted to make it intelligible and
usable of next steps: this is called enterprise/organization modeling. Useful information for studying
AF’s practice to implement BIM remains to be deﬁned
and is an interesting research theme.

Planning
This is the phase during which we set goals and milestones for change. Strategic repositioning of the enterprise with regard to change, evolution of business
processes (design the “to-be” process) and possibilities oﬀered by technology are discussed ﬁnding a coherent plan of action. In this part, it is important to
prioritize and schedule them on a calendar, with regular deliverable deadlines and training times.

Execution
Deal with the objectives following the preestablished calendar by testing diﬀerent solutions
to ﬁnd the more adapted one. At diﬀerent points
in time during this step, solutions are proposed, revised and ﬁnally validated by people concerned by
the solution (or a representative of them).

Transfer
This last step corresponds to the appropriation of BIM
in the enterprise. This is the moment when processes

developed with a “sandbox pilot project” are implemented on an ongoing project. At this stage, the
company must have the minimum skills to set up and
push the implemented processes forward.
Conditions for the use of this four-step method
is not precisely deﬁned yet (who will use it, when,
and how). We try to determine what an architecture
ﬁrm needs to implement BIM correctly, by working
with ﬁrms, using diﬀerent methodologies presented
in the following part.

RESEARCH APPROACHES
We use a theoretical framework, gather experiences from practitioners (interviews/questionnaires),
and experiment BIM implementation with architects
to develop the BIM implementation method and
roadmap.
Interviews are a good way to get feedback on
how the implementation is generally done. This
makes it possible to identify diﬃculties encountered by the companies, and to elaborate hypotheses on the possible factors of failure / success of BIM implementation. It is also important to
test the method in a real situation, with professionals ,to get returns and gradually improve it.
But whether surveys, interviews and on-site observation are well anchored in research practices
(and can be considered as traditional research approaches), intervening in the implementation process as a researcher raises several questions (limits
of the intervention, type of intervention, how to exploit results)(Forgues and Lapalme 2017). It is therefore important to clearly deﬁne the research framework.
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With traditional research approaches, the researcher doesn’t (or tries to not) aﬀect the purpose
of the study and the results. Action research (AR) is
”where the researcher reviews the existing situation
(problem domain), identiﬁes the problem(s), gets involved in introducing some changes to improve
the situation, evaluates the eﬀect of those changes,
and reﬂects on the process and the outcome to generate new knowledge” (Azhar et al. 2009). AR is
diﬀerent from consulting. Researchers and consultants don’t have the same approaches, motivation,
commitment, foundation for recommendations and
essence of organizational understanding (Azhar et al.
2009). The researcher is basically motivated by scientiﬁc purposes (not by commercial beneﬁts), and is
committed to both client and scientiﬁc community
(Azhar et al. 2009), which is not the case of the consultant.
In the following section, we present interviews,
case studies and action research we conducted.

INTERVIEWS
We conducted interviews with architects, representing 13 architecture ﬁrms (AFs). The objective was to
identify implementation situations and approach the
complexity of BIM implementation in AFs. Out of the
13 ﬁrms concerned :
1. two have integrated BIM processes (situation
1)
2. three work mainly in 2D, with occasional 3D
and don’t want to change their processes (situation 2)
3. two work in2D/basic 3D and would like to implement BIM (situation 3)
4. six have several processes coexisting within
the company (2D/basis 3D on some projects
and BIM on others) for diﬀerent reasons (situation 4)
This panel of 13 ﬁrms is not representative of the current situation in France, but proportion of ﬁrms in situation 4 was surprising to us.
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In the following sections, we will not discuss situation 2, because our objective is not to ﬁgure out
how to convince ﬁrms to use BIM, but to accompany
those who so wish. We will not go into much detail about each of these companies to preserve their
anonymity, in view of the nature of the information
we have been given.

Situation 1: Firms who regularly use BIM on
a large part of their projects
These companies (in our panel) are mainly composed
of young people who have been trained in these processes and tools at school. In the ﬁrms concerned,
mastery of these tools is a hiring criterion and managers have developed a strategic vision of their enterprise.

Situation 3: Firms who work with 2D and
basic 3D and would like to implement BIM.
Many architects have mentioned the diﬃculty of
standing back from their practice: “It is true that
we are poorly organized, we should have standardized
models, we’re starting to miss it. It’s hard to take the
time to review the way we work” (architect 1). They
sometimes evoke the diﬃculty of implementing it:
“Today, using these tools and construct new processes
is important, but I don’t see how I can take that step in
my ﬁrm” (architect 2).

Situation 4: Firms who already partly implemented BIM
This situation is often synonymous with multiplicity
of software in the ﬁrm. In the case of a SME, it is economically diﬃcult to maintain, that’s why architects
sometimes opt for the introduction of unoﬃcial software. Reasons that led to this situation are diverse:
• Implementation has begun
• It is a horizontal-hierarchy ﬁrm which makes it
possible to choose a technology by personal
preference. There is no overall strategy and no
pooling of processes.
• The projects in the company are varied and require very diﬀerent processes

Rarely mentioned in the BIM-speciﬁc and change
management literatures, these identiﬁed circumstances are interesting to note though : the concerned ﬁrms may encounter speciﬁc implementation
problems that need to be studied.
This situation can be brought by the arrival of
a new employee or a new project. In several ﬁrms
of our panel, newcomers have brought their workstations with software hitherto unused in the company. These people are likely to be at the origin of
a desire for change in the company: “he showed us
that what we thought was not feasible in BIM was in
fact possible” indicates the manager of a business in
this case (architect 3). This is an autonomous strategy
process, made possible when the company maintains a bottom-up driven strategic renewal (Burgelman 2002).
A ﬂat hierarchy organization in AFs makes it
sometimes possible to choose a technology by personal preference. “I and my collaborator work on two
diﬀerent tools because neither of us wants to change it,
it suits us like that. If a project arrives for which BIM must
be used, she will be working on it.” (architect 4). These
ﬁrms are a breeding ground for diversity of practices,
but if ﬂat hierarchy facilitates internal collaboration
and information sharing (Laforet 2013), it also unfortunately leads to interoperability problems in this
case within the ﬁrm itself.
One architect we met indicated with tried to
implement Revit, but implementation failed: “The
training was a failure, it was too short. For a training
course to work, you need to know exactly who you are
talking to in order to propose an appropriate solution,
it wasn’t the case for us and we are now trying to identify our needs” (architect 5). The small company has
made a substantial investment in training and software. Today, everything is available in the company,
but are little used. “We were not informed of the impact
the transition would have on the agency, it was hard.
It cost us a fortune, and it made a big hole in our productivity. And there was a missing complement to the
training: setting up a template so that we could really be
eﬃcient. The transition must be made with serious sup-

port” (architect 5). They gradually try to implement
these elements internally, but barely ﬁnd good practices (adapted to their needs).
These interviews allowed us to identify four different situations of AF with regard to BIM implementation. Situation 4, which we thought was marginal
because very little addressed in the literature, seems,
in fact, very common.

CASE STUDIES AND ACTION RESEARCH
In this section, we present four experiments conducted within AF implementing BIM (maturity levels
1 and 2, according to (Succar 2009)). The diﬀerence
with other researches already made on this subject
is that we worked with several small ﬁrms, in several situations. The majority of the cases presented
concern ArchiCAD, because it is the most widespread
BIM software solution today in AFs. Cases 1, 2, and 3
concern ﬁrms in situation 3 (see the interview section). Case 4 (in progress) is in situation 4.
Each of the following cases was the subject of
an internship and master’s thesis of a master 2 student in architecture. Internships last 6 months during
which students work part-time for an eﬀective duration of 2.5 months. Students who participated have
all received in-depth training on digital tools, project
management and BIM concepts and applications .
The position of the student and its link with the research laboratory was used as a variable in the experiments. Each experiment followed the four steps seen
before: 1-context study; 2-planning; 3-execution;
4-transfer.

Case 1
This case (Sauvage 2017) concerns a ﬁrm composed
of two architects who work mainly on public contracts as schools and museums. The objective of the
operation was to move the ﬁrm (working on AutoCAD) to a BIM level 1 as a ﬁrst step (ArchiCAD) : architects would like to have access to competitions that
require now BIM.
The student had no contact with us during his
internship and implemented a change management
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plan on his own. In addition to the objectives of his
internship, he participated in the ﬁrm’s production as
an architect.
Context Study. First, he observed how the company
operates. He produced an “as-is” BPMN representation and a network diagram.
Planning. Over the duration of his internship, he
planned the implementation (training times included), taking into account the ﬁrm’s provisional
schedule. The ﬁrm acquired the software.
Execution. The student worked on two current
projects of the ﬁrm, with several softwares (ﬁg. 3). Architects of the ﬁrm were very busy, it wasn’t possible
to work on already completed projects ﬁrst. The student gradually integrated graphic codes of the ﬁrms
in an ArchiCAD type ﬁle. He regularly conducted himself small training sessions for the architects.

Case 2
This case (Hochscheid et al. 2016) concerns a ﬁrm
of two associate architects that had just moved to
ArchiCAD (a few months before the experiment). This
ﬁrm works mainly on individual wood-frame home
projects, closely and regularly with a carpentry company. Seduced by the possibilities of BIM level 1,
the architects wanted to experiment BIM level 2 by
exchanging IFC ﬁles with carpenters who work with
cadwork. BIM level 1 was not fully integrated into
practices, they were completing projects on AutoCAD and hadn’t yet started projects on ArchiCAD.
Two students participated in this experiment:
one was within the architecture ﬁrm (RibereauGayon 2015), and the other within the research center (Hochscheid 2015). Three organizations collaborated: the architecture ﬁrm, the carpentry ﬁrm (that
allowed us to observe its practices in detail) and the
research center.
Context Study. The student within the laboratory
has created a framework of elements to observe
within the two ﬁrms as the immersion student began
to participate in the production of the architecture
ﬁrm.

Transfer. In order to allow architects to use ArchiCAD
after his departure, the student created help ﬁles and
memos, speciﬁc to the needs of the ﬁrm and the sample ﬁle he created.
The architects were sensitive to the presentation
of the possibilities oﬀered by the tools. Despite the
planning, training times were not kept. Reason given
was the architects’ overload of work. But the fact
that the trainee organized these training certainly
prompted the architects to give these times a lower
priority than if they were economically engaged with
an external actor for training. The student worked
almost alone on the new projects on ArchiCAD. After the end of his internship, the architects did not
start a new project this new tool, because they considered the operation too risky and had diﬃculties to
free time to implement it.
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Planning. The students modeled the “as-is” and
the “to-be” processes with BPMN (Business Process
Model and Notation), according to the demand and
needs of the architects and carpenters.
Execution. The main work consisted in carrying out
a number of import and export tests in IFC between the two software to achieve the “to-be” process (Hochscheid et al. 2016). The student immersed
in the architecture ﬁrm modeled on ArchiCAD the
“sandbox project” (previously done on AutoCAD) to
test the import exports in real - but secured - conditions.
Transfer. The operation resulted in an IFC import and
export proﬁle, accompanied by a process and advice
of good practices, transmitted to both ﬁrms.
The presence of a student in the laboratory allowed time to conceptualize and develop an implementation method (Hochscheidet al. 2016). The stu-

Figure 3
Renreded pictuces
of one
demonstration
project. Software
tested : ArchiCAD,
Revit, Grasshopper,
blender and
Artlantis. (Sauvage
2017)

Figure 4
Conduct of the
experiment for case
3: main milestones
and important
events.

dent who worked in the ﬁrm was hired, to retain acquired skills within the company. A second young architect competent on these issues have been hired
since.
The managers are now less dedicated to graphic
production: they concentrate on administrative
tasks. The ﬁrm still regularly collaborates with partners by sharing digital mock-ups. BIM level 2 has become part of their practice.

Case 3
This case (Mertes 2017) concerns a ﬁrm of about ﬁfteen architects that has a diversiﬁed production, as
much by the size of its projects as by their program
(individual houses, public markets, interior arrangement).
The objective of the operation was to implement
and make the ﬁrm operational on BIM level 1 (with
ArchiCAD), by training, implementation of new working methods and the delivery of an operational ArchiCAD startup ﬁle adapted to their practice.
The student was this time integrated to the research center, and visited the AF regularly. Figure 4
is a summary of the conduct of the experiment, with
the four main milestones and important events.

Figure 5
Process of
development
improvement and
validation of
solutions during the
execution phase

Context Study. The ArchiCAD trainer carried out an
in-depth audit of the company, in particular by conducting interviews with various architects of the ﬁrm;
we completed this information with our observations.
We identiﬁed the most suitable project type to
implement BIM ﬁrst, and individuals within the company who would be part of the transition group.

Planning. Interior design projects were chosen to
test BIM level 1 because they are of short duration
and represent a large part of the AF’s turnover (duration of a project has been identiﬁed as a factor of
reluctance to change (Lines et al. 2015)).
The AF has a well-deﬁned graphic charter and
a library of objects that has to be respected. It was
therefore necessary to identify elements to convert in
ArchiCAD format to make it possible for the AF to be
operational on ArchiCAD. These elements were then
prioritized and organized on a calendar (ﬁg. 4).
The transition group was composed of researchers and two architects from the ﬁrm. The ﬁrst
one is high up in the hierarchy, has the conﬁdence
of the top management, is motivated by the transition and is in charge of the technique in the agency.
The second one is a young architect, who masters
ArchiCAD and works on the interior design projects.
Involving internal people from the ﬁrm ensured
the coherence of the change project and made it possible the transfer of technology/competencies after
the trainee leaves (unlike case 1).
Execution. The trainee worked on the transcription
of this library and graphic charter on the new tool .
During this phase, the transition group has been consulted very regularly (ﬁg. 4, 5).
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As the ﬁrm has always worked on AutoCAD with strict
and well-deﬁned methods, we have been asked to
provide the ability to view the project on ArchiCAD
as it was previously viewed on AutoCAD, to facilitate
project checking. The ﬁrm’s training took place at the
end of the trainee’s internship. The developed library
and starting ﬁle were used as a basis for the training
of the ﬁrm to facilitate its integration.
Transfer. Members of the transition group had a
more in-depth training to allow them to evolve these
documents after the trainee leaves. Training sessions continued after the trainee’s departure, and
the members of the transition group were trained to
make ﬁles and processes evolve.
The ﬁrst projects carried out on ArchiCAD (interior design projects) have shown the eﬀectiveness of
the new process, which has been adopted. Nearly
one year after the ﬁrst projects carried out in this way,
the agency began to launch other types of projects
on ArchiCAD. The trainee left the ﬁrm and works now
as a BIM coordinator in quite a larger ﬁrm.

Case 4 : in progress
We are currently (March 2018 - August 2018) working
with a six-person ﬁrm that moves from Vectorworks
to ArchiCAD (BIM level 1) and wants to experiment
exchanges with its partners (BIM level 2). Two people within the ﬁrm have already been working with
ArchiCAD for a year and already experimented BIM
level 2 in this ﬁrm (they are in situation 4).
The objective of this ongoing transition and to
generalize BIM level 1 with ArchiCAD in the ﬁrm, and
exploit BIM level 2. The trainee is this time within the
ﬁrm, and works closely with the research center.
However, it is too early to develop this case,
which is still in progress.

DISCUSSION
Situations presented are diverse and oﬀer us avenues for evolving the proposed method. During
the interviews, we highlighted a situation that seems
to be a common occurrence: companies who halfimplemented BIM (situation 4). Experiments show
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that BIM (levels 1 and 2) is of interest for small businesses, and for diﬀerent types of projects (including
small projects, such as individual houses (CASE2)).
The small size of the projects is even an advantage
for the implementation (CASE 3).
The implementation should be preceded by an
audit and study of the company’s practices to assess
needs and risks that the company faces for the transition (CASE 2, 3 and architect 5).
Here are elements we retain for the construction
of our method and good implementation practices
from interviews with architects (named architect x)
and action research/case studies (named CASE x)
Time management. It is important to set up personalized tools (start-up ﬁles, interface settings, company cartridges, templates, development of internal
processes) so that the AF can start working on the
new tool and limit the loss of productivity (architect
5). However, employees of AF often do not have the
skills or time to develop these customized tools (architect 1, CASE 3). When the trainees were internal
to the company, their time tended to be absorbed
by the ﬁrms’ production (CASE1, CASE2). This situation is currently happening in CASE 4: the schedule of
the ﬁrm’s migration has been deviated because the
intern was asked to participate in the production of
the ﬁrm which experienced a one-oﬀ peak of activity.
For this reason, the person in charge of the transition
should perhaps not be internal to the ﬁrm.
Change agent(s). When a new person, external to
the ﬁrm, is dedicated to this migration, his departure
is diﬃcult to manage (CASE 1) and can jeopardize the
change operation. Measures must be taken to transfer skills, start-up ﬁles, interface settings and the ability to modify them. Two solutions are envisaged: (a)
hiring the person to keep the skills in-house (CASE 2),
(b) work with a transition group composed of people
who work in the ﬁrm and receive an in-depth training
(CASE 2).
Habits. The loss of reference points on new tools
can be consequent. The weight of habit is an important factor of failure of the implementation (lock-in).
People are tempted to go back to previous practices,

which allows to recover their habits and avoid the
loss of time caused by learning a new tool. To limit
this eﬀect, it was asked to us (in CASE 3) to produce
a visualization on ArchiCAD close to the usual visualization that the architects parametrized for AutoCAD.
This practice is not necessarily optimal: it can reduce
resistance to change at the beginning but it can also
slow down the complete appropriation of the new
tool.
Young architects and education. Education and
training of the future generation of architects play
a major role in the transition because their integration into companies is often the main change vector (architect 3, CASE 2, 4). The migration of a ﬁrm
to a new tool is often accompanied by a withdrawal
of the managers with graphic production and modeling, which is transferred to young architects (CASE
1, 2, 3) (Moreover, in CASE 4, the managers spontaneously mentioned their fear of withdrawing from
production, because they are currently actively participating in it).
Secure tests. It is interesting to work ﬁrst on a “sandbox pilot project” (an already completed project) to
test the new process and anticipate problems (CASE
2, CASE 3). This seems to be quite eﬃcient to anticipate problems but is time consuming. Projects
we chose for production testing are generally shortterm projects because it allows rapid feedback on the
implementation (CASE3). Migration has only been
made on new projects (not current project began
with previous processes) to limit risks and time loss.
Training. The more training and eﬀective implementation are distant in time, the more diﬃcult it is for architects to begin to appropriate the new processes.
Training should therefore be judiciously planned.
The training spread over several months reduces return to previous practices (CASE 3): it is a long-term
follow-up. However, this requires a signiﬁcant ﬁnancial investment on the part of ﬁrms.
Firm’s culture. BIM implementation seems to be easier for ﬁrms who integrated resources pooling, process standardization and pyramidal hierarchy (CASE

3). Note that this functioning is rare in French AFs
who often work in traditional way (architect 1).
Project teams and external partners. Often work
with the same partners facilitates implementation of
BIM level 2, because the processes developed once
with the partners can be reused and made proﬁtable.
The ephemeral nature of project groups in the construction sector has also often been cited as one
of the reasons for the slow diﬀusion of innovations
within the sector.
Enterprise modelling. BPMN is interesting to represent processes in AFs in the case of BIM implementation. Even students disconnected from the research
center (CASE 1) went to this type of representation to
analyze the processes they were facing. In all cases
presented (CASE 4 included), as-is (and sometimes
to-be) BPMN process was drawn.

CONCLUSION
For most architecture ﬁrms in France (most of which
work with AutoCAD + SketchUp), implementing BIM
means, ﬁrst of all, changing their main work and production tool. So this is a signiﬁcant and deep organizational change. BIM training oﬀers are today often
focused solely on the use of tools, it is diﬃcult to ﬁnd
support on the evolution of business processes and
strategies.
In the cases we met (which may not be representative), the real upheaval in practices therefore lies in
implementing level 1.
The experiments we have conducted (notably in
observation and action research) with architecture
ﬁrms allow us to better understand the diﬃculties related to the implementation of BIM in architecture
ﬁrms.
We try to deﬁne the “good practices” of implementation But there’s no indication that architecture
ﬁrms would have the desire or the ﬁnancial means to
call upon them. One of the AF managers of a ﬁrm
we followed confessed that he would never have ﬁnanced such the follow-up we oﬀered by action research, although he recognizes its beneﬁt.

BIM | Applications - Volume 1 - eCAADe 36 | 239

REFERENCES
Arayici, Y, Coates, P, Koskela, L, Kagioglou, M, Usher, C
and O, K 2011a, ’BIM adoption and implementation
for architectural practices’, Structural survey, 29(1),
pp. 7-25
Arayici, Y, Coates, P, Koskela, L, Kagioglou, M, Usher, C
and O’reilly, K 2011, ’Technology adoption in the BIM
implementation for lean architectural practice’, Automation in Construction, 20(2), pp. 189-195
Azhar, S, Ahmad, I and Sein, MK 2009, ’Action research
as a proactive research method for construction engineering and management’, Journal of Construction
Engineering and Management, 136(1), pp. 87-98
Bataw, A, Burrows, M and Kirkham, R 2014 ’The challenges of adopting Building Information Modelling
(BIM) principles within Small to Medium sized Enterprises (SMEs)’, Proceedings of the 14th International
Conference on Construction Applications of Virtual Reality (CONVR2014), 16-18 November 2014, Sharjah,
UAE., pp. 318-324
Burgelman, RA 2002, ’Strategy as vector and the inertia of coevolutionary lock-in’, Administrative science
quarterly, 47(2), pp. 325-357
Eastman, CM 2008, BIM Handbook: A Guide to Building Information Modeling for Owners, Managers, Designers,
Engineers and Contractors, John Wiley \& Sons
Forgues, D and Lapalme, J 2017, ’Research Issues in Attempting to Support an Architecture Firm Transition from Fragmented CAD to BIM Collaborative Design’, in Luo, Y (eds) 2017, Cooperative Design, Visualization, and Engineering, Springer International Publishing, Cham, pp. 185-192
Hochscheid, E 2015, Développement des échanges de
ﬁchiers entre deux acteurs de la construction, Master’s
Thesis, École Nationale Supérieure d’Architecture de
Nancy, Université de Lorraine, MAP-CRAI.
Hochscheid, E and Halin, G 2018 ’A model to approach
BIM adoption process and possible BIM implementation failures’, Proceedings of the Creative Construction Conference CCC2018, Ljubljana, Slovenia
Hochscheid, E, Ribereau-Gayon, M, Halin, G and Hanser,
D 2016, ’BIM Implementation in SMEs: an Experience of Cooperation between an Architect Agency
and a Carpentry Firm.’, Proceedings of the 16th International Conference onComputing in Civil and Building Engineering(343)
Hosseini, MR, Namzadi, MO, Rameezdeen, R, Banihashemi, S and Chileshe, N 2016, ’Barriers to BIM
adoption: Perceptions from Australian small and
medium-sized enterprises (SMEs)’, AUBEA 2016: Pro-

240 | eCAADe 36 - BIM | Applications - Volume 1

ceedings of the 40th Australasian Universities Building
Education Association Annual Conference
Laforet, S 2013, ’Organizational innovation outcomes in
SMEs: Eﬀects of age, size, and sector.’, Journal of
World business, Vol. 48, no. 4, p. 490–502
Lines, BC, Sullivan, KT, Smithwick, JB and Mischung,
J 2015, ’Overcoming resistance to change in engineering and construction: Change management
factors for owner organizations’, International Journal of Project Management, 33(5), pp. 1170-1179
Machado, M, Underwood, J and Fleming, AJ 2016, ’Implementing BIM to streamline a design, manufacture, and ﬁtting workﬂow: a case study on a ﬁt-out
SME in the UK’, International Journal of 3-D Information Modeling, 5(3), pp. 31-46
Mertes, P 2017, Élaboration et expérimentation d’une
méthode pour l’accompagnement d’une agence
d’architecture dans sa transition numérique, Master’s
Thesis, École Nationale Supérieure d’Architecture de
Nancy, Université de Lorraine, MAP-CRAI.
Poirier, E, Staub-French, S and Forgues, D 2015, ’Embedded contexts of innovation: BIM adoption and implementation for a specialty contracting SME’, Construction Innovation, 15(1), pp. 42-65
Ribereau-Gayon, M 2015, Développement des échanges
de ﬁchiers entre deux acteurs de la construction�:
stage en agence, Master’s Thesis, École Nationale
Supérieure d’Architecture de Nancy, Université de
Lorraine, MAP-CRAI.
Rogers, EM (eds) 2003, Diﬀusion of innovations, 4th edition, Simon and Schuster
Sauvage, L 2017, BIM: la transition numérique en agence
d’architecture, Master’s Thesis, École Nationale
Supérieure d’Architecture de Nancy, Université de
Lorraine.
Smith, P 2014, ’BIM Implementation – Global Strategies’,
Procedia Engineering, 85, pp. 482-492
Succar, B 2009, ’Building information modelling maturity matrix’, Handbook of Research on Building Information Modeling and Construction Informatics: Concepts and Technologies, IGI Global, p. 65–103
Turk, Z 2000, ’Construction IT: Deﬁnition, framework and
research issues’, Faculty of Civil and Geodetic Engineering on the doorstep of the millennium. Faculty of
Civil and Geodetic Engineering, Ljubljana, pp. 17-32
Winch, G and McDonald, J 1999, ’SMEs in an environment of change: computer-based tools to aid learning and change management’, Industrial and Commercial Training, 31(2), pp. 49-56
[1] https://www.insee.fr/en/metadonnees/definitions

Developing a Methodology for Learning BIM through
Education-Practice Collaboration
Hatidza Isanovic1 , Birgül Çolakoğlu2
1,2
Istanbul Technical University
1
hatidzai@gmail.com 2 bigi@alum.mit.edu
Architecture, like other practice-oriented schools, aims to teach skills and
knowledge required in professional practice. The aspired architecture profession
increasingly requires practitioners who are able to work in collaborative BIM
environments. This creates a task for education to develop new ways of teaching
BIM concepts and tools to prepare the next generations of students who will enter
the work force. To address this need, this study developed a methodology for
learning BIM in architecture education by establishing relationship between
practice and education. As substantial part of methodology development process,
this paper will present the ongoing research that focuses on collaborative
teaching process between AE practitioners and teachers. The benefits and
challenges of this process will be presented and discussed.
Keywords: BIM, education-practice partnership, hybrid model, collaborative
teaching, case method, hands-on

INTRODUCTION
The misbelief common in architecture education for
many years is the idea that education should follow
behind practice rather than work as an equal partner.
With the rise of building information modeling (BIM),
an opportunity to rethink this relationship has arisen.
BIM points to new ways of practicing and teaching
architecture that requires understanding not only of
the tool, but also grasping the requirements of the aspired professional practice, knowledge of materials
and construction methods used in it (Cheng, 2006).
To meet these requirements, ﬁnding the ways for
knowledge extraction and exchange between practice and education is needed.
In more than ten-year history of BIM, various research were conducted searching for the best ways
to teach BIM in university education. Even though ar-

chitecture schools were among pioneers showing interest in BIM adoption when it ﬁrst appeared, today,
they are the ones with the least agreement on how
to do it (Barison, 2018). The underlying reason for
this status could be in the fact that architecture education and practice still have divided opinion about
BIM’s value for architect. Most commonly, architect’s
work is deﬁned by the creative act of sketching and
conceptual design which architects so proudly keep
for themselves. Though BIM changes design process
from individual to collaborative activity in which everyone can contribute to design, no one is ever going
to expect from a mechanical engineer to propose a
creative design of a building, but will surely expect
it from an architect. It is believed that BIM is suppressing this creative act by congesting architect’s
mind with large amount of information and complex
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tools. However, conceptual design is typically only
10-20 percent of the architect’s fee and even in this
phase, sketching is only one stage. Though very important part of design process, one is not becoming
architect only by sketching or proposing conceptual
design. Architect’s task is also to successfully communicate design ideas with other project stakeholders (Kiviniemi, 2013). Here, the role of BIM is not to
serve as architect’s design tool by itself, but rather to
be used as common medium for collaboration in various tasks of design-build process (Bernstein, 2012;
Scheer, 2014, Kiviniemi, 2013).
Additional reasons for not welcoming BIM to architecture curricula include diﬃculty in learning and
using BIM software, overloaded and unsuitable structure of the architectural curriculum for the adoption of BIM, incompatibility of practice-driven approach of BIM with the explorative character of design thinking and lack of BIM expertize among teachers (Deamer and Bernstein (2011, Kymmell (2006).
Moreover, teaching intelligent model-based collaborative BIM processes would require replacement of
traditional fragmented with collaborative approach
to education among AEC disciplines, which would require almost complete restructuring of the curricula.

RESEARCH PROBLEM
When it comes to BIM, late majority are the countries
that did not develop the BIM tradition in professional
and academic environment. Here, BIM adoption is
being newly discussed as the pressure from the AEC
industry grows requiring increased number of practitioners who are able to work on BIM-based collaborative projects. In such context, developing educational program for teaching BIM has to deal with the
two major challenges:
1 - How to teach BIM - is commonly present question in architecture education, as the clear guidelines and methodologies do not yet exist (Kocaturk
& Kiviniemi, 2013; Becerik-Gerber & Kensek, 2009).
2 - Who will teach BIM - BIM is complex and constantly growing ﬁeld which requires substantial experience on real-life projects. Teachers usually do not
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have the required expertize in this ﬁeld nor does the
time allow it. To overcome this, there is need for establishing model that will allow knowledge to be extracted from practice and be utilized in teaching.
To address these challenges, this study will develop a methodology for learning BIM in architecture
education that is based on partnership between architectural practice and education. Involving practice into education implies transformation of teaching into collaborative activity between teachers and
practitioners which yet opens another question: how
to utilize the expertize from practice and successfully
combine it with pedagogical methods to teach BIM
skills and knowledge required in practice?

FRAMEWORK
Teaching BIM will be explored within the context of
current transformations of 21st century education.
The growth of technology expanded the learning
arenas outside the boundaries of university classes
through various media- and technology- based environments where learning usually occurs through selfled process. Various high-quality online resources are
available for learning BIM and they can be utilized as
complementary component to university classes. In
addition, BIM technology is changing in high speed
requiring continuous ‘upgrade’ of skills and knowledge. It is clear that all the required knowledge cannot be taught in duration of university class. Learning continues after graduation, through a lifelong
learning process. In such context, the role of university classes becomes providing guidelines on - an
approach of ‘learn[ing] how to learn’ (Boud & Feletti,
1999) and teachers become moderators in learning
process, like scaﬀolding for a new building (Niemi,
2009).
Furthermore, hands-on BIM projects are critical
to prepare students for future roles in the rapidly
changing ﬁelds of design and construction. Along
with gaining skills in using BIM technology, students
should learn techniques for successful collaboration
by being exposed to real-life collaborative BIM settings. A wide range of professional schools, including

Harvard’s law, business, and medical schools, have
concluded that the eﬀective way to teach skills and
concepts required in professional practice is by the
case method (Garvin, 2003). The main idea of this
method is having ‘hands-on’ real-life cases and expertize from practice while analyzing and solving reallife problems. This enhances hands-on tasks and
learning by doing which are essential for education
in practice-oriented ﬁelds like architecture and engineering.

to explore the research issue more thoroughly and
to address the limitations of the study such as time
and number of students in duration of one stage.
Data was collected by observations and recording
the work sessions, encouraging students to get actively involved in discussions with practitioners, having them ﬁll questionnaires and analyzing their assignments.
This study will present one stage of this process
which focuses on collaborative teaching.

HYBRID MODEL

SELECTION OF AE PRACTICE

Based on the above mentioned, this study proposes
a methodology for learning BIM in architecture education based on hybrid model combining three complementary components (Figure 1):
(1) University class - provides supporting structure for learning process
(2) Architecture-Engineering (AE) practice - involving practice brings new teaching methods, contents,
expertize and real-life cases from professional practice into the university class.
(3) Online learning repository - available to students as supplement to in-class teaching to encourage students’ self-learning processes. Learning new
technology and associated concepts, like BIM are
greatly depend on online sources. Examples like
Lynda and Autodesk University, continuously develop high-quality online bases engaging professionals and instructors from all around the world. Learning using these sources allows the ﬂexibility for learners to choose according to personal interests what to
learn and when to learn.

METHODLOGY
The development of the proposed methodology is
based on action research methodological approach
which consists of a spiral of cyclical steps: planning acting - observing - reﬂecting & critical analysis (Kember, 2000; Swann, 2002). The main idea of this approach is that the results from previous stage are
used as inputs for the next stage in development process. The process develops in several stages in order

In selecting the practice that would best contribute
to BIM teaching, a series of interviews with professionals were conducted to determine their patterns
of BIM usage and the ways it transformed their working methods. BOLD Architecture from Istanbul was
selected according to following criteria:
• Design approach - The selected practice was
used for their interdisciplinary approach to
design and collaborative working methods.
Architects, structural and MEP engineers
work together in collaborative environment
though the entire project. BIM is used as
catalyst in this interdisciplinary process. The
goal was to bring this into the classroom and
demonstrate how architectural design gets
transformed from fragmented into collaborative activity in current practice.
• BIM usage - the way information is produced,
organized and shared in BIM information
models was of special importance as many
practices in Turkey use BIM only as modeling tool for faster drawing and visualization. However, the selected practice developed BIM tradition over the period of more
than ten years by structuring their processes
according to BIM standards and accordingly
developed planning, management, organization and sharing procedures.
• Readiness to collaborate and openness to
share their experiences and knowledge with
teachers.
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Figure 1
Hybrid model
components

After the practice was selected, the class content was
prepared through collaboration between teachers
and practitioners. This included visits to the oﬃce, interviews, detailed analysis of their working processes
and models to ﬁnd the most convenient way of presenting BIM to beginner learners. The examples to
be used in teaching also had to be adjusted for the
educational purposes. The class structure and content was ﬂexible and constantly revised and developed throughout the course based on the response
of students.

CLASS DESCRIPTION
To develop this research, a master-level course was
prepared and taught in collaboration with AE education and practice which provided fully realized BIM
model and its documentation. As part of curricula
which did not undertake any signiﬁcant changes in
order to adopt BIM, this course was taught as ex-
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perimental stand-alone course. The speciﬁc challenge was to introduce the most important BIM
concepts without congesting student’s learning processes with too much information and complexity.
The learning outcomes set by this course are deﬁned
within the scope of third level of engagement according to BIM teaching impact matrix deﬁned by UK BIM
Academic Forum (BAF, 2013). In this level, students
should understand how BIM will aﬀect their future
and be oﬀered opportunities to engage with BIM in
discipline and multi-disciplinary contexts.
Teaching was based on case method whose main
idea is having ‘hands-on’ real-life cases and expertize from practice while analyzing and solving reallife problems. Thus, the learning process started with
exploration of fully realized BIM model of already designed and completed building. Each discipline involved in development of the model, such as architects, structural and MEP engineers, presented their

components within the model and processes that led
to their creation. The projects were explored gradually, as the new knowledge was presented through
multi-level BIM exercises. With strong emphasis on
‘hands-on’ approach, exercises were focused on:
• The underlying structure for BIM processes standards, procedures and guidelines
• Techniques of model-based collaboration
• The meaning and value of information model
- extending beyond 3D, organization and
management of various tasks in design-build
process and their outputs.
As students did not have any knowledge about BIM,
the major challenge was to make the shift in their
minds from drawing-based fragmented process to
model-based collaborative process. To encourage
discovering the ﬁeld in BIM they are mostly interested
in, the teaching program aimed to cover the variety
of BIM roles and tasks associated with them. For example, not everyone in a team would be a good manager, but might be a good modeler.
Students were encouraged to develop critical
thinking and attitude toward solution, rather than
a solution to design project. Therefore, the assignments were not focusing on proposing new design,
rather analyzing the already designed models. As
a ﬁnal assignment, students’ task was to comprehend what they learned by developing an information model through the processes of planning, organization, collaboration and management.
TEACHING SOFTWARE SKILLS. If provided good
sources and structure, acquiring technical skills can
be achieved successfully through self-learning process. BIM tools were not taught in the class. Instead,
students were directed to high quality online sources
with tutorial and step-by-step guidelines in learning
technical skills. In addition, one-day workshop was
organized to show students tricks in using tools more
eﬃciently and to give them an opportunity to ask
questions they could not resolve themselves.

CHALLENGES OF COLLABORATIVE TEACHING WITH AE PRACTICE
Collaborative teaching combined pedagogical methods and expertize from practice. The ﬁndings of this
study show that in this process, practice and education have essentially diﬀerent approaches. On one
side, practice has top-down approach - they tend to
see the project as ﬁnished and they need to go backwards to the beginning level. On the other side, education has bottom-up approach - trying to explain
concepts from the basic levels. Practice has experience and knowledge in application. However, they
usually lack theoretical knowledge and the underlying principles behind concepts. Another thing is that
many practitioners are usually able to do, but not to
explain how they did something. Speciﬁcally they
face the diﬃculty in explaining these to those new in
the ﬁeld. They need to be provided the guidelines on
how to teach - pedagogical methods.

BENEFITS OF COLLABORATIVE TEACHING
WITH AE PRACTICE
Seeing architectural practice and education as partners in teaching BIM can be beneﬁcial in multiple
ways. Collaborative teaching not only inﬂuenced
positively on student learning processes during the
course, but also motivated them to explore BIM further. Involving practice from beginning of learning
process and providing the right examples that correspond to the level of learner are essential in better understanding of concepts and appreciation as well as
application. Once students see the real life context,
the begin to understand more easily.
Even though their task was not to design, they
continuously tried to make connection with how to
use these concepts in design and can they design
better if they use these tools. In future, each of them
wished to be involved in real-life project and deﬁnitely would want practice to be involved again. presence of practice also gave them conﬁdence that in
this way they are learning skills that are required in today’s practice and that the course will prepare them
to work more eﬀectively on BIM-based collaborative
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projects which can increase their employability in the
market.

CONCLUSION
This study aimed to present one part of ongoing
study that aims to develop methodology for learning BIM in architecture education. This paper presented how collaborative teaching was organized in
order to utilize expertize from practice and real-life
BIM cases in learning architecture building making
that integrates design, construction, mechanics and
other sub-disciplines of building making. Future research will address the ways to make practice and
collaborative teaching integral part of university education in BIM adoption process. Positive experience
from this research shows that with the raise of BIM,
the common misbelief in architecture education that
practice and education are separate worlds, can be
changed to the belief that architecture education can
work with practice as an equal partner. Hopefully,
schools are conscious that the skills and other knowledge that we share with our students should be the
skills of today, not the skills of yesterday.
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The increasing housing shortage in contemporary Poland calls for efficient ways
of design and construction. In the context of time efficiency and shrinking
manpower, prefabrication is considered as one of the means of introducing low
and middle income housing to the market. The article presents the process of
developing an experimental tool for aiding multi-family housing architectural
design with the use of prefabrication. We use the potential of BIM technology as a
flexible environment for comparing multiple design options and, therefore,
supporting the decision-making process. The presented experiment is realized in
the Autodesk Revit environment and incorporates custom generative scripts
developed in Dynamo-for-Revit and Grasshopper. The prototype tool analyzes an
input Revit model and simulates a prefabricated alternative based on the
user-specified boundary conditions. We present our approach to the analyzing
and the splitting of the input model as well as five different strategies of
performing the simulation within the Revit environment.
Keywords: Building Information Modeling, generative BIM, residential building
design, prefabrication, design automation, Dynamo

INTRODUCTION
The idea of prefabricated buildings dates back to the
time of the industrial era when disciplines traditionally based on craftsmanship started to take advantage of mass production. Its relevance increased after World War II when modern architects embraced
mass production as a means to ease the rising postwar housing crisis in Europe. Prefabrication became a
symbol of housing that was readily-available and yet
ﬂexible in terms of adjusting to diﬀerent inhabitants’
needs (Schneider and Till, 2007).
This new approach was the seed of a number of
prefabrication systems, such as Le Corbusier’s Dom-

Ino House (1914), Bogner’s “The New House 194X”
(1942) and Habraken’s Open Building (1960s), just
to mention a few (Schneider and Till, 2015). An alternative to developing new and often technologically complex systems is standardization of available
building components. Standardization is the base
of Walter Segal’s “Self-build” method, which assumes
fast building of houses with a prefabricated wooden
structure (McKean, 1989). This approach, however,
when applied to large scale components can lead to
repetitive and mass-replicated architecture. This is
the case, among others, of urban settlements built in
low quality large-panel systems, popular since 1960s
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especially in Central and Eastern Europe [1].
This research was conducted in the context of
contemporary Poland, where prefabrication is rarely
considered an alternative to traditional construction
techniques. Its low popularity is, above all, the aftermath of negative associations with substandard
housing of the second half of the 20th century.
At the same time, the discussion about reintroducing prefabrication to Polish construction sites rises
again, triggered by the national housing program
Mieszkanie Plus (Housing Plus). The program aims at
solving the worsening housing crisis by providing a
low-cost quickly constructed social housing. The program’s construction cost is expected at 2,000-3,000
PLN per square meter [2]. Prefabrication is considered as one of the means of reaching the expected
construction cost due to the mass production of construction assemblies. It also allows for a quicker and
safer construction and requires a smaller assembly
team [3], which is a signiﬁcant factor in the situation
of shrinking manpower (Abrantes, Rangel and Faria,
2017). Nowadays, prefabrication is a standard in construction of multi-family housing in countries such as
Sweden or Denmark [4].
At the same time, the rapid development of
Building Information Modeling (BIM) carries a strong
potential of simulating the design and construction
with prefabrication technologies. In the past few
years there were successful housing developments
that incorporated prefabrication in Poland. The most
recognized example - an award winning Sprzeczna
4 in Warsaw, designed by BBGK Architekci - has
brought prefabrication back to the public debate.
According to the project authors, the building was
designed entirely in BIM, which made it simpler to
further process the design according to the fabrication requirements [1].

RESEARCH BACKGROUND
Problem statement
In our research, we focus on utilizing BIM tools to
support design and documentation of prefabricated
multi-family housing. BIM, as a means of integrated
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and interdisciplinary design approach, oﬀers an environment for the automatic generation of a model
consisting of prefabricated components as an alternative to a model created with standard BIM methods.
In this article, we cover a few strategies of introducing prefabrication into a BIM environment. We
explored ﬁve diﬀerent approaches of converting a
BIM model into a prefabricated alternative. For the
purpose of this research, we limited the scope of interest to the speciﬁcity of concrete prefabrication.
The below considerations led to the development of
a prototype tool that we presented in detail in a dedicated publication (Ostrowska-Wawryniuk and Nazar,
2017).

Related works
The digitally aided design of modular and prefabricated structures emerged in the 1970s, along with
the development of CAD. In 1974, Adam Szymski described a method of a comprehensive programming
of modular functional layouts together with formalization criteria for a design using large-panel system.
The development of the method was limited by computational capabilities back then (Szymski, 1974).
A working automated solution was introduced
in 1994 by Retik and Warszawski. They proposed a
system that generates options of dividing a building structure into prefabricated segments based on
a modular grid (Retik i Warszawski, 1994). In 2007
Ramiro Diez and team developed AUTOMOD3, which
is an integrated CAD/CAM tool for automatic modular construction. This tool allows for a manual design conﬁguration by using a catalogue of available
assemblies and for an automatic conversion of imported building plans (Diez et al., 2007). Both above
methods, however, don’t implement BIM.
The use of modularization was also explored recently with the use of BIM by Mekawy and Petzold
(2017). Mekawy and Petzold’s research focused on
standardized box prefabrication. They proposed the
Box Module Generator (BMG) - a tool that examines
all possible building designs that can be obtained for

Figure 1
Model conversion
process workﬂow.

an arbitrary module, given footprint and other user
inputs. In the development of the BMG they introduced the box modules as Revit families, which were
then imported to the project, resized and distributed
based on user deﬁned constraints.
Our goal was to explore possibilities of utilizing BIM extended with algorithmic tools to convert
a building designed in traditional technology into a
prefabricated one. We believe that this approach will
allow for combining cost and construction eﬃciency
with architectural diversity.

METHODS
The research was conducted on a simple multi-family
house model developed in the Autodesk Revit environment and incorporated custom scripts developed
in Dynamo for Revit and Grasshopper for Rhino. The
process’ workﬂow is shown in Figure 1.

Prefabrication constraints
During the experiment, we followed the design requirements speciﬁc for concrete prefabrication as
recommended by Łukasz Stodolny (2018). The
chosen prefabrication system allows for creation of
single-layered precasts (structure only) as well as
multi-layered segments, i.e. integrated with insulation and ﬁnishing layers. Regardless of the chosen
construction type, there are several constraints for
shaping the geometry of segments (Fig 2).

User inputs
We speciﬁed the user inputs for the model conversion process by basing them on the aforementioned
prefabrication technological constraints. Afterwards,
the input data was sent to a generative tool that analyzed the model and proposed alternatives composed of prefabricated segments.

Model analysis and splitting
The model geometry was examined on three levels: solid geometry, polylines and points (Fig 3). In
the analysis phase, the algorithm simpliﬁed the input model to polylines (wall centerlines), points (locations of openings) and correlated values such as
windows’ dimensions and wall thicknesses. Afterwards, it veriﬁed if the model fulﬁlled the prefabrication boundary conditions.
The retrieved data structure reﬂects the Revit
model hierarchy. Model elements were organized
with respect to the building levels. We created a list
of host geometries, such as walls, ﬂoors and roofs, for
each level. Each host geometry was associated with
its openings. Windows and doors were assigned with
types, such as “Door D1”, Window “W1”, etc. (Fig 4).
The wall-splitting algorithm was based on the
analysis of polygons generated by the walls’ location
lines and openings’ location points. The algorithm
collected the locations of openings and applied a
technology-speciﬁc safety margin to each of them.
This margin assured that no splitting will occur in
the speciﬁed openings’ proximity. The splitting was
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achieved by generating a collection of split points on
the wall polygons, which we will refer to as division
scheme.

Optimization
In addition to the wall splitting algorithm, we introduced an optional optimization algorithm, which can
be controlled by the user through few parameters.
The optimization procedure starts with deﬁning
a maximum number of segment types. Then a heuristic algorithm ﬁnds a given number of segment types
through testing for the best approximation of wall
segments between the openings. Afterwards, a recursive algorithm solves diﬀerent combinations of
prefabricated segments in order to ﬁnd the ones that
are closest to the original design. The optimal solution is generated based on three main ﬁtness parameters: Minimizing Total Number of Segments, Maximizing Wall Fitness and Maximizing Openings Location Fitness.
Each parameter can be set to either “True” or
“False”. The ﬁtness parameters are often contradictory among themselves. For example, fewer used
segments typically leads to a less accurate overall
representation but lowers the cost.

native Dynamo geometry: generating prefabricated segment geometry as native Dynamo
geometry and converting them to Revit families.
5. Placing the prefabricated segments as Revit
Adaptive Components.

Figure 2
Geometric
constraints for
shaping of the
prefabricated
segments.

Figure 3
Model geometry
reference.

Geometry processing
The primary stage of modularization involved the
creation of the alternative model geometry. For this
process we considered ﬁve possible strategies that
base on the aforementioned division scheme:
1. Splitting the original model elements geometry: applying a Split Element method according to the division scheme.
2. Generating native Revit geometry: using the
input model references (location polylines
and points) to generate a new set of geometry
representing the prefabricated segments.
3. Splitting the parts geometry: converting the
original layered structures into parts and splitting their geometry according to the division
scheme.
4. Generating Revit in-place components from
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Figure 4
Model elements
hierarchy.

RESULTS
While BIM seems to be a natural answer to the rising need of preparing various types of building documentation, we observed that Autodesk Revit software, which was examined in this experiment, does
not fully respond to the speciﬁcity of the prefabrication technology. We were able to achieve satisfying results in terms of calculating the division scheme
with generative software. At the same time, its implementation to the original model turned out to be
problematic and all the explored solutions present
signiﬁcant limitations.
Model analysis. We were able to obtain all the
necessary data directly from the model with out-ofthe-box nodes or with available packages such as
Clockwork and Steam Nodes. If a model element did
not meet the prefabrication system’s boundary conditions, its ID and location was returned to the user.
Splitting and optimization. We used the optimization algorithm on multiple theoretical building
envelopes. The results presented in this section were
obtained by processing an exemplary wall chain as
shown in Figure 5. We applied various algorithm settings, which are described below.
The analyzed shape was a rectangle with a cut
out corner. Walls had three diﬀerent types of openings (width x height): Window 100x160 cm, Window
150x150 cm and Balcony door 120x210 cm.
The algorithm was executed with every combination of the following settings:
1. Maximal Length of Segment: {600, 900}
2. Number of Segment Types: {3, 4, 5, 6}
3. Minimizing Total Number of Segments: {Yes,
No}
4. Maximizing Wall Fitness: {Yes, No}
5. Maximizing Openings Location Fitness: {Yes,
No}
Each combination of settings resulted in a single best
solution given by the algorithm and, thus, we ended
with 64 best solution variants. Afterwards, the solutions were ranked in three categories:
1. Number of Segments: lower was preferred,

as for a prefabricated building it is desired to
have fewer elements.
2. Average Wall Length Change: given by the average diﬀerence between the lengths of original and segmented walls. Lower was preferred, as it gives a more precise representation of the original shape.
3. Average Openings Shift: given by the average
distance in which openings had to be moved
in order to ﬁt them in segmented walls. Lower
was preferred, as smaller changes in openings’ placement result in a more accurate design mapping.
All generated solutions scored from 1 to 64 in each
category, where 1 would be the most and 64 the least
optimized. Scores were summed and gave an overall
rating. After the evaluation we ended with four rankings:
1. Best overall ﬁt.
2. Least number of prefabricated segments
used.
3. Smallest average wall length change.
4. Smallest average openings shift.
We present three best solutions for each ranking below.
Three best results for overall ﬁtness (A) are presented in Figure 6A. Their detailed settings and measurements are presented in section A of Table 1.
These solutions resemble the original model the
most. Additional ﬁtness parameters seem to have
a little impact on the rating because the solutions
are balanced, i.e. diﬀerent parameters don’t have extreme values. They have an average total number of
segments and small diﬀerences in overall shape and
openings’ locations.
Three best results for the least number of segments (B) are presented in Figure 6B. Their detailed
settings and measurements are presented in section
B of Table 1. These solutions strongly diﬀer from
the original model. They are created with the least
number of segments. While these solutions could
cut costs, they place additional restraints on the ini-
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Table 1
A) Best results for
overall ﬁtness B)
Best results for the
least number of
segments C) Best
results for the best
overall shape
ﬁtness D) Best
results for the best
openings’ locations
ﬁtness
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Figure 5
Analyzed
exemplary wall
chain.

tial design and, therefore, are considered negatively.
Openings are clustered together to form single elements and to leave long segments of plain walls to
be constructed with large elements.
Three best results for the best overall shape ﬁtness (C) are presented in Figure 6C. Their detailed settings and measurements are presented in section C of
Table 1. These solutions show the least overall diﬀerence from the original. The average change is lower
than 9 cm for every wall in each case. In spite of
favouring this quality, the total number of used segments and average openings shift are also on acceptable levels. Some of these solutions performed best
in overall evaluation.
The three best results for the best openings‘ locations ﬁtness (D) are presented in Figure 6D. The detailed settings and measurements are presented in
section D of Table 1. These solutions show the least
diﬀerence from the original in terms of openings’ locations. However, too many short segments had to
be used in order to represent nuances of the original
design. The exaggerated use of short segments potentially disqualiﬁes these solutions from being taken
into consideration as prefabricated buildings.
In summary, the results are promising. We assumed that the most precise segmented representations of the original design would always consist of
many short pieces. Tests like the one above proved
our predictions to be wrong. It turned out that it is
possible to get balanced solutions, which closely re-

semble the original building and still make sense as
guidelines for prefabrication.
Unsurprisingly, the number of types of prefabricated elements has the biggest impact on the quality
of a solution. It is hard to preserve details of a design
while trying to represent it with a very limited set of
blocks. Nonetheless, radical variants like the ones in
(B) might be treated as suggestions for further steps
in a larger iterative design process.
Geometry processing. The examined ﬁve approaches to generating the segmented model revealed strengths and weaknesses of adapting Revit
environment to the prefabrication speciﬁcity (Tab 2).
Four out of ﬁve tested approaches allowed for
the creation of two separate sets of geometries, i.e.
the original model and its prefabricated alternative.
We found that the approaches involving splitting or
generating the native Revit geometry were by principle less practical in terms of model management.
Two overlapping geometries of the same kind, such
as two overlapping walls, produced multiple warnings during each script execution. In most cases,
such approaches resulted in incorrect joins between
model elements, which led to geometry inaccuracies.
We assumed that the model geometry could be
processed accurately by converting layered structures to parts. In this approach, we imported the
parts geometry to Dynamo for the purpose of splitting it according to the division scheme. During this
process we found that for chains of walls that contain
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openings the geometry of middle parts (for example
the insulation layer) would import without the opening (Fig 7). As a result, the operation ends in major
inaccuracies.
In both cases of processing the Dynamo geometry, we faced the problem of converting it back to
objects schedulable in Revit. While we were able to
export a single solid to an in-place Revit family, the
same process appeared to be far more complicated
for objects that contained multiple geometries, such
as multi-layered walls. In addition, the processing of
the Dynamo geometry method saves each segment
to a separate in-place component which makes it difﬁcult to track repeating segments.
The most accurate outcome was achieved with
the use of Revit adaptive components. Each component was placed precisely in the reference structure
of the original model. At the same time, the overlapping geometries did not interfere thanks to diﬀerent object categories, diﬀerently to what happened
in previous cases. Placing the adaptive components
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required the development of a method for managing
the collections of reference points.

DISCUSSION
The aim of this research was to explore the potential of parametric and BIM tools in terms of aiding
the design of multi-family housing architecture from
prefabricated components. Our results indicate that
there is still room for improvement within the popular BIM software in the ﬁeld of prefabrication. We believe that a coherent simulation tool of prefabricated
building models might be a signiﬁcant step in the
popularization of prefabrication technology among
architects.
The possibility of combining prefabricated solutions with design leeway seems to be a signiﬁcant
factor for a successful reintroduction of prefabrication technology in Poland. In our development, we
gave priority to architects’ design intentions, therefore we intended to keep the resulting design as
similar to the original as possible. Simultaneously,

Figure 6
Column A: Three
best overall
solutions. Red lines
mark segments’
divisions. Column
B: Three best
solutions for the
least number of
elements. Red lines
mark segments’
divisions. Column
C: Three best
solutions for the
best shape ﬁtness.
Red lines mark
segments’ divisions
Column D: Three
best solutions for
the best openings’
locations ﬁtness.
Red lines mark
segments’ divisions.

Table 2
Comparison of
examined
approaches.

Figure 7
Parts geometry
import error.

in order to balance the architectural outcome with
the construction eﬃciency we implemented an optimization algorithm. The algorithm allowed for reducing the number of diﬀerent precast components
by altering the building’s structure geometry or repositioning wall openings based on a desired tolerance
parameter. Since these alterations could signiﬁcantly
aﬀect the building’s architecture, we introduce them
as options that can be compared and considered in
the decision-making process.
The presented solutions include few limitations.
First of all, the prototype was tested for the building
envelope only. This allowed us to explore a diversity
of splitting strategies. However, in a real-world situation the locations of split points are also inﬂuenced
by the locations of internal walls. This narrows down
the number of possible divisions, but on the other
hand, also brings in another optimization issue, i.e.
reﬁning the building layout. Since repositioning of
both internal walls and wall openings can impact the
building’s ergonomy, this operation requires yet another layer of analysis and might require an approach
change. We plan to address these issues in the next
development iteration.

Another limitation of the chosen method is the way
of generating the alternative model itself. Modeling
the prefabricated segments with Revit adaptive components was the most eﬀective of the tested solutions. The advantage of this method was the ease
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of scheduling the precasts within the Revit environment. The main disadvantage is that this method
can generate errors if the speciﬁcity of the project includes topologies that were not included in the predeﬁned library of available components. Therefore,
we believe that in the further perspective it would
be beneﬁcial to develop a solution that allows the
generation of custom in-place families. At the date
of writing (2018) this approach is available only in a
limited scope with the use of the Steam Nodes package for Dynamo. The package includes nodes that
allow for conversion of Dynamo-generated geometries into Revit families. The main limitation of this
method is that such in-place family can only contain
a single geometry. This means that the algorithm
would not work for multi-layered wall segments in
where each layer is represented by a separate solid.
A solution comparable to our work was implemented by Mekawy and Petzold (op. cit.) in their
Box Module Generator - BMG. In the development of
the BMG they also introduced the box modules as Revit families, which were then imported to the project,
resized and distributed based on user deﬁned constraints. The diﬀerence between our approaches and
theirs is mainly the scale of the segments. The main
task of the BMG algorithm is to examine all possible
building designs that can be obtained for an arbitrary
module, given footprint and other user inputs. In our
approach the design is the input, whereas the tool
searches for the best segmentation option.
The current housing shortage in Poland along
with dynamic changes in the local building industry,
such as decreasing manpower and improving safety
standards, forces the search for new methods of construction. The new national Mieszkanie Plus housing
program gives priority to aﬀordable social housing
and prefabrication is considered as one of the means
of increasing low to middle income housing oﬀer in
the market. The example of Sprzeczna 4 shows that
prefabrication can be a relevant alternative to traditional technologies. These circumstances allow us to
infer that the popularization of prefabrication might
be one of the answers to the present housing crisis.
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We believe that this popularization should go hand
in hand with the development of tools aiding the use
of prefabricated solutions in design.
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Measured point clouds are the cast of the as-built reality. In this paper, we
present an approach to derive a partially closed surface model from a point
cloud. Without using fully-automated methods we instead leverage the users
abstract thinking towards a half-automated approach. Hence we present our
algorithm for a one click region growing in point clouds and intersecting and
trimming those regions to achieve a partially watertight surface model.
Keywords: Point cloud, Region growing, As-built environment, Region trimming,
Surface model

INTRODUCTION
Point clouds are precise, huge and with most onsite information. They can be measured fast using
laser scanners. On the other hand, point clouds are
not generalized or abstract geometry. Point clouds
themselves are currently not suitable for further design, calculation or simulation tasks, e.g. building volume calculation, area calculation, building static calculation or ﬂow simulation.
There is a need to derive generalized building information modeling (BIM) representations from the
measured as-built environment. Those models may
be used for designing, renovations, facility management and simulation tasks. Furthermore, there are
diﬃculties with measuring laser scan based point
clouds as well. The most common are: scan shadows,
scan noise and stray points. Moreover, the measured
reality may be far too complex for the desired level
of generalization of the BIM design stage. By writing

“too complex” we refer to undesired scan objects like
on-site plants, furniture and even details of the architecture, which are special and cannot be easily represented by a generalized BIM part. The as-built reality
will always be much more detailed and versatile than
generalized BIM representations.
Hence, the objective is a workﬂow to easily create
integral BIM representations from measured point
clouds. Software solutions are already available on
the market to address this task (Tonn et al., 2015). The
key problem with those plugins is that their underlying BIM systems are primarily focused on new green
ﬁeld projects and not designing with and within the
as-built environment. Therefore, there is a natural demand for an easy to use as-built tool to support the
process from a measured point cloud, over ﬁtted surface extractions towards the BIM software of choice.
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TASK DEFINITION
The ﬁrst step is to give a concise task deﬁnition: We
want to derive a partially closed surface model from
a point cloud. Why just “partially” closed? The reason is that the user should be able to work gradually
on the model. During modelling, there won’t be a
completely closed surface volume and not even the
ﬁnal model might be completely closed. Why just a
“surface” model? The answer is that an independent
model of the found as-built condition is just required
(Petzold, 2001). Along with analytical surface representations, which are generalized and ﬁtted to the
measurements of reality, the derived model gets usable in further tools.
The user’s abstract thinking shall be leveraged
to distinguish the important surfaces in the point
cloud. A fully-automated approach for surface detection is not desired here, as the initial time saving
of such fully-automated algorithms will get eaten up
by the manual error correction time afterwards. Even
if the fully-automated algorithms error rate is low,
the users trust and conﬁdence is higher with halfautomated workﬂows where it is possible to have direct local control and inﬂuence (Braunes, 2014).
The proposed workﬂow is: After the user clicks
once in the point cloud a bounded surface region
is derived from the point cloud. At ﬁrst, this surface shall be planar, but the task and approach might
as well be extended to arbitrary curved surfaces.
The only required property is, that the analytical
surface description allows for inter- and extrapolations. It should also be possible to automatically precompute the analytical surfaces in the point cloud on
a hidden layer and just select the required surfaces afterwards for generalization.
The next necessary step is called Trim & Extend,
which means extending and shrinking the surface
boundaries. This is done to close holes and frays of
the initially detected surfaces. Common edges will
be derived from the face intersections of the best ﬁtting neighbor surfaces. This is done by using a user
deﬁned trimming-threshold length value, which deﬁnes how far surfaces might shrink or might be ex-
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tended.
This way a “nice” connected surface model is derived from the measured reality. The user has full control over the abstraction level of the selected and ﬁtted surfaces utilizing a half-automated workﬂow. The
resulting surface model has several further options:
• The surfaces can be exported to any BIM design system using common exchange geometry ﬁle formats like DXF or IFC. In the case of
IFC ﬁles the exported surfaces will get labeled
and grouped into common BIM building part
categories, like e.g. walls, ceilings, stairs and
windows.
• There may be plugins, which create native BIM
parts in the target systems. They may be easily ﬁtted to the surveyed analytical surfaces.
• It is also even possible to work with the derived surface models in the proposed as-built
software. Simple area calculations and ﬁtting
tasks should be achievable in there, too.
As already mentioned, the task can be split into the
extraction of surface regions and the trimming step
of the surface model. Figure 1 illustrates the workﬂow for a portion of a staircase. From its point cloud,
bounded planar surfaces are created, which in turn
get trimmed to a partially closed surface model.

ABSTRACTING REALITY
Fully-automated point cloud meshing algorithms like
e.g. the Greedy triangulation algorithm (Loera et
al., 2010) or the Poisson surface reconstruction algorithm (Kazhdan et al., 2006) are producing complex
and detailed mesh surface models from point clouds
with all possibly undesired objects, which were on
the site. The advantage of our approach is: the user
itself decides, which measured surfaces shall become
a part of the abstract design model. Everything is accomplished with a single mouse click per surface.
To extract the planar surface region at the selected location we use the random sample consensus
(RANSAC) algorithm (Fischler et al., 1981) and image
processing. RANSAC is a widely-used algorithm for

Figure 1
Staircase point
cloud (left) over
one-click-user
bounded regions
(middle) to a
watertight partial
surface-model
(right)

Figure 2
Extraction of
supporting plane
using RANSAC

Figure 3
Using OpenCV to
extract contours of
resulting areas

Figure 4
Artifacts of the
polygon are ﬁltered

Figure 5
Trim & Extend of six
planes in a
synthetic example

any kind of feature extraction and matching. In this
case, we us it to determine the supporting plane of
the planar surface region (see ﬁgure 2).
The image-processing library OpenCV is than
used to extract the 2D regions (Suzuki et al., 1985)
within this supporting plane. For this purpose, the
points within the plane are rasterized into a binary
image. OpenCV is than able to extract the outer contours of the resulting areas (see ﬁgure 3).
As you can see in the ﬁgures, there are some artefacts: the expected rectangle of the stair has some
excrescence resulting from the fact that the original supporting plane cuts also the neighboring walls.
The powerful boost polygon library is able to shrink
and extend polygons. By doing so, small artifacts of
the polygon can be ﬁltered resulting in clear polygons. In this example of a stair we achieve a nearly
perfect rectangle (see ﬁgure 4).
In a last step, the technique of singular value
decomposition ensures minimal square error of the
found surface region to the scan data.
After n clicks in the point cloud n bounded surfaces, which are ﬁtted to their local point cloud section, are created. The resulting surface model still
contains holes and its surface boundaries are frayed.
The individual surface boundaries are usually not
connected at all.

TRIMMING REALITY
Now, the most plausible intersection combination of
the bounded surfaces is required. The objective is to
derive a partially closed surface model of the selected
entities (see ﬁgure 5). Starting from a potential good
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guess, the approach consists of a surface intersection
combination optimization algorithm, which works
within the user-deﬁned trimming-threshold length
value and delivers plausible results in a reasonable
runtime.

Figure 6
Three planes create
a graph with one
Node and six Edges
(bounded or
unbounded)

Algorithm Trim & Extend
The algorithm calculates intersection lines of all pairs
of mathematical planes and Nodes of all triples of the
planes.
We create the graph of all theoretically possible
Edges and Nodes (see ﬁgure 6). Usually only a part of
this graph will be the result.
In a heuristic step, we label Edges as used =
true or false depending on the distance to the initial boundary of the planes. An Edge is used if both
planes have no closer Edges at the related part of its
boundaries (see ﬁgure 7):
Now we switch the used status of Edges systematically until we get a topologically consistent status
of all Nodes. This is the healing step in the algorithm.
A Node is consistent if the used status of its six
edges are consistent. See ﬁgure 8 for the deﬁnition
of consistency:
Last thing is to trim and extend the plane boundaries to the as used labeled Edges. We should consider that planes may become decomposed.

Time Complexity
The number of planes is N. We have (N choose 3)
Nodes and approximately E = 3x(N choose 3) edges.
All subsets of Edges could be considered in the
“switch” step. So, we could have 2ˆE sets to test until
we ﬁnd a consistent Node set.
Here two illustrations (Fig.9, 11) which show that
the complexity is surprisingly high if we don’t use any
heuristics or optimization criterions:
If we have three vertical planes in ﬁgure 11 (left
side; top view) we get only two vertical Edges; nevertheless, the algorithm could produce four feasible
surfaces (right) assuming that all planes are used and
connected.
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Figure 7
Consistency of
Nodes based on
used status of their
incident Edges

Figure 8
Two two-color
stripes symbolize
Edges, which are
resulted by planes
of the
corresponding
color; Edges are
labeled as used if
the assignment is
unique

Figure 9
Left: A structure
where all planes
intersect in a
reasonable
distance; Right: we
get a challenging
Edge graph; only a
few Edges will be
used at the end

Figure 10
Switching the used
status of Edges in
the order of their
switch probability
reduces the time in
the average case
signiﬁcantly

Figure 11
Three vertical
planes (left side; top
view) lead to four
possible solutions.
Figure 12
Average distance is
the half sum of the
two areas between
plane’s boundaries
and the Edge

We reduce this worst-case complexity by three actions:
• A user deﬁned length tolerance is reducing
the number of Edges E. Only Edges with a distance smaller than tolerance to their deﬁning
plane’s boundaries will be taken into account.
• We initialize the used status in a way that we
often achieve a consistent Node set without
switching.
• If we must switch - we start with the Edges
which have a possibly wrong used status.
For the last improvement, we sort Edges in order of
their switch-probability. We calculate the average
distance between plane boundary and theirs both
Edges (see ﬁgure 12).
From the average distance and the used status, we
estimate the switch-probability like this (see ﬁgure
10):
We use an implicit parameter LongLen. It is the
length of the diagonal of the bounding box of all
plane boundaries.
Now we start to switch the used status of Edges
with highest switch probability. We repeat this until
all Nodes are consistent.
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FUTURE WORK
Following challenges, we will address in the future:
• Taking advantage from another consistency
property of a well-deﬁned surface: the resulting planes must not intersect each other,
• Further formalization of the Trim & Extend
task as an optimization problem,
• Prove if this problem is indeed NP-complete
so we cannot expect an eﬃcient polynomial
algorithm, if this is done we should search for
an appropriate Branch & Bound algorithm,
• Generalize the approach to Regions, which
are polyhedrons with holes.
• Generalize the approach to non-planar surfaces, like NURBS; the non-planar patches
must be extendable to have well-deﬁned intersection curves.
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Architects rely on the graphic language of words and art to bridge intention and
design, just as it has always been. Yet, passing an idea or concept from mental
imagery to design practice through 2D, 3D, and 4D design filters is especially
challenging in BIM technology. Severe limitations hinder or even preclude BIMs
use in certain complex design tasks, as identified in the Anti-Box, ``The anti-box
celebrates the death of the ninety-degree angle- in fact, every angle.'' (de Graaf
2017). Compatibility and constraints determine the most appropriate uses of BIM
software, from designing mundane shopping mall developments to complex
architectural engineering feats that stagger the imagination. BIM's main benefit
is in the middle when it is creatively employed by professional architects in
multi-discipline collaborations, well versed in symbolic representation, of designs
conceived of multivalent design factors: narrative, form, function, multi-sensory
access, materiality, space, and environment.
Keywords: BIM, analog, HIC, Constructivist, Chernikov, photomatch

Introduction
“BIM (Building Information Modeling) is an intelligent 3D model-based process that gives architecture, engineering, and construction (AEC) professionals the insight and tools to more eﬃciently plan, design, construct, and manage buildings and infrastructure.” (Autodesk, 2018) While Autodesk addresses
project optimization and cost eﬃciencies, it is silent
on design methodologies and processes - except for
acknowledgment of 3-dimensional visualization capabilities. Visualization, however, is not a design
strategy. This paper investigates Revit’s documented
and undocumented processes to directly incorporate analog media to improve the ﬁdelity between
the designer’s intent and BIM processes. Individu-

ally, the case studies examined adapt mapping functions typically reserved for tiled materials applications: brick, tile, and marble. In this study, un-tiled
paintings, drawings, and text are applied to entire
building surfaces as abstract symbolic representations by the designer. Consequently, conceptual design models employ massing, graphic imagery, and
site placement within Google Earth imagery; then
the BIM model is engaged.

BIM and the analog interface
“The analog and digital are co-dependent; they could
not exist without each other. However, to see how
the digital and analog are inseparable, we must ﬁrst
see how they are unique.” (Mall 2003) BIM’s com-
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prehensive approach to materiality, constructability, documentation, and cost control are the primary
drivers contributing to BIM’s dominance in architectural practices in the US. Economic exigencies of practice have subsumed the signiﬁcance of traditional
design graphic media approaches, sketches, drawings, and text. Consequently, without an industry
consensus on the design process, BIM accommodates conceptual design in an ad-hoc manner. While
the design interface between conceptual design and
schematic design development is evolving with BIM,
the mechanics are hindered by a dated media interface - the mouse, keyboard, and computer monitor. These mechanical constraints are further hampered by the need to develop BIM models chronologically. Depending on its complexity this can be
time-consuming and labor-intensive, and design revisions at this stage are cumbersome. The objective
here is to evaluate the eﬃcacy of incorporating analog media ﬁrst so that it is integral to the BIM process,
entirely self-contained within Revit. The intention is
to streamline and codify a ﬂexible and eﬃcient conceptual design strategy where design proposals are
evaluated, leading to the schematic development of
a comprehensive BIM model.

Revit, a theoretical perspective
The inspiration for this case study is Iakov Chernikov’s
Architectural Fantasies: 101 Compositions, ”[His]
sixth and ﬁnal volume on design theory, [where] he
defended the signiﬁcance of visionary paper architecture: ’Not without reason, however, have great
thinkers of all times accorded vast importance to fantasy, as being the forerunner of any progress. To look
one-sidedly at the idea of fantasy and not to consider
its positive role in all ﬁelds of culture and art-this is to
make a great mistake.” (MoMA 2018).
Student work is developed in the seminar, ”Building Information Modeling: Principals and Practices.”
The assignment, Structuring Art as Architectural
Space, ”Proposes to break out of Revit’s requirement
for actual building materials and construction techniques before the satisfactory realization of the de-
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sign concept. Its objective is to visualize complex
design forms using only Constructivist paintings and
avoiding the complexity of constructing a BIM model.
Simple planar projections, ﬂoors, walls, and roofs, are
superimposed on simple planar surfaces. Its location
is the Denver Art Museum plaza. ”In this conceptual
design proposal, planar geometry is the substrate for
transparent and opaque projections to create a temporary walk-through structure, an exhibit of the foundations of Constructivist art.’” (Flanagan 2018)

Revit’s analog image capabilities
Revit 2019 imports scanned digital imagery into planar projections, site and building plans, elevations,
and print sheet compositions. Revit’s project ﬁler
supports images that may be scaled and used as underlays for backgrounds for composite imagery. Revit’s 3D View supports a graphics display option using background imagery to photo-match a threedimensional environmental model. Photomatch, capabilities are demonstrated in Figure 1’s site model.
This capability is compatible with three-dimensional
site orientation and Google Earth. Site models are
additionally, geographically aware of orientation,
north, and true north.
Revit 2019 also imports scanned digital imagery
into planar projection within its mass modeler, plans,
and elevations. It does not transfer these images
to the project ﬁle. It also does not support threedimensional background projections, although the
mass model is transferable to the project modeler for
this capability. Materials map to the massing surface,
but when masses convert to walls and roofs, it displaces the map.
Materials image mapping is the more signiﬁcant
analog design contribution. Images can map on
materials surfaces full-size without tiling. A materials library and browser allows the importation and
conﬁguration of material maps. Materials may have
physical characteristic although this is not mandatory. Materials may be assigned reﬂectivity, transparency, cutouts (alpha channel), self-illumination,
bump maps, and tinting. Revit building models ren-

Figure 1
Jesse Young,
sketches, image
projections, and
BIM model of Lakov
Chernikhov’s
painting, “Fantasy
#67.”

Table 1
BIM and analog
media integration

der in camera perspective with calculated sun angles.
Figure 1, imagery, text and BIM image maps and 3-D
models, were composed in Revit 2018.

Revit’s digital-analog conundrum
Translation between software applications, even
within the Autodesk family, increase licensing fees,
and labor costs, while it sacriﬁces model intelli-
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gence. For instance, when combined with Trimble’s
SketchUp, while it is technically compatible with Revit, it is only capable of a one-way model transfer.
While less restrictive, Revit (BIM) and 3DStudio MAX
(design visualization and virtual reality software) employ separate databases, separate renderers, and independent model intelligence capabilities with partial data compatible. Regardless of perceived advantages, the eﬃciencies of operating solely within Revit typically outweigh limitations when compared to
employing two or more software programs to accomplish the same task.
The ﬁdelity of the BIM model with the designer’s
intention is dependent on communication between
the designer and BIM modeler, and it requires teams
working separately and without the beneﬁt of simultaneous development. In this study, Revit is the sole
3D software; it employs updatable analog imagery to
inform the BIM model from the start and throughout
its conceptual design phase. BIM’s impact on design
needs to be examined and addressed to compensate
for capabilities lost.

Reconﬁguring design methodologies in BIM
BIM partially automates the three-dimensional construction process and in doing so replaces symbolic
representation as the consolidating design medium
of the architect. In the pre-BIM era, the architect
designed in the language of the plane. However,
BIM negates the centuries-old processes of planer
composition since BIM begins with a fully articulated three-dimensional model. This change primarily beneﬁts production eﬃciencies, but it is at the cost
and loss of critical design processes - the architects
planar-symbolic design composition.
Before BIM, including up and through the CAD
era, scaled line-drawings of plans, sections, and elevations were the default language of the designer.
Architects used symbolic-graphic notation and semitransparent media to record their design intentions.
These scaled, paper and mylar drawings speciﬁed the
location, repetition, order, and relationships of structure, walls, ﬂoors, roofs, and spaces to the site and
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each other. From these drawings, the architect constructed the representational model perspective.
BIM reverses standard architectural design practice, and three-dimensional model-making becomes
the default process, bypassing the intermediate step
of planar-symbolic composition. Revit begins by constructing walls, columns, windows, doors, and roofs
three-dimensionally. Revit concurrently creates the
derivative ﬂoor and ceiling plans, elevations, sections, and schedules. In summary, BIM reverses the
privileged position of symbolic representation, eliminating it as a required design process, jumping directly to model creation.

Compensating design strategies
Transposing the order of planar composition with
three-dimensional modeling diminishes the range of
the architect’s design oversight. In the extreme, it
negates any need for traditional planar development
since Revit is capable of populating building models
with doors, windows, materials, and details without
the need to create sketches, draw plans, or project elevations.
Sketches, montages, collages, photographs and
other inspirational imagery and text are no longer
options on the desktop design palate; they are techniques now outside of the BIM designer’s focus. Further complicating matters, the BIM architect is managing building codes, making material choices, and
establishing three-dimensional functional relationships, distractions from a design process that require
immediate accountability.
The many advantages of BIM are welldocumented by ﬁrms that specialize in its applications and the economic argument in favor of its
productivity is overwhelming. However, the problem that has emerged is the blandness in the buildings that reﬂect standardization of building methods,
building components, and building techniques, regulated within the BIM software.

The suspension of disbelief
In the subjective realm of the design process, BIM
functionally restricts the inclusion and functionality

of the legacy design concepts, ‘the suspension of disbelief.’ In the essay, “Diller Scoﬁdio + Renfro: The
Suspension of Disbelief,” “[T]he American architectural practice of Diller Scoﬁdio + Renfro (DS+R) deﬁnes itself as ‘an interdisciplinary design studio that
integrates architecture, the visual arts and the performing arts.”’ “To borrow a term from theater, DS+R
create a ‘suspension of disbelief’ through their use
of staircases not merely as circulatory aspect - taking building-users from one level to another - but as
a form of communication - enabling and activating
space either as an attractor or as a visual platform.”
(Holt and Looby 2017)
While these concepts can be developed external
to BIM, they must at some point be input - likely by a
BIM expert, not the designer. The gap between intentionality and actuality is now dependent on a BIM operator, not the architect. Design decisions are ﬁxed
in the media and evolve only through the intervention of the designer. The learning curve in BIM is very
steep and rarely do master architects master its intricacies.

BIM: The designer’s learning curve
Architects using Revit’s BIM face a steep learning
curve, the complexity of the Revit software tends
to reﬂect a design path of least resistance, where
software predisposes designer’s approach. Therefore
comprehensive training is necessary to implement a
creative design strategy successfully. However, even
with expert knowledge of BIM software, there is no
internal mechanism to replace the unencumbered
nature of the designer’s sketch; therefore, it must be
imported. Sketches, pictures, drawings, and images
imported into BIM [Fig. 1] improve the designer’s access to analogic design concepts, especially the symbolic language of the abstract narrative.

Architecture’s symbolic language of narrative and memory
Psychologist Theodore Sarbin’s, “Narrative Psychology, The Storied Nature of Human Conduct,” identiﬁes “Narratives [as] solutions to problems-in-living in
that they have the potential for creating order in hu-

man aﬀairs,” and “... a way of organizing episodes, actions, and accounts of actions; it is an achievement
that brings together mundane facts and fantastic creations.” (Sarbin 1986) Mastery of the symbolic narrative coordinates the imagination and intention of the
designer.
By adding a third, visualization dimension, extraneous data burden the design interface. The additional dimension must also share limited screen
space with planar symbolic media, while the traditional architect’s language of symbolic representation, plans, sections, and elevations, is now the combined result of the three-dimensional model interface. BIM’s three-dimensional visualization is advantageous, but the added complexity of fully realized building models requires increased construction
detail, as well as increased attention to materiality,
structure, and building speciﬁcations - thereby further burdening conceptual design development and
design ﬂexibility.
The illustrated applied research tests the limits of
incorporating traditional analog media and its compact symbolic design language into Revit-2018 processes: lines, planar projection, graphic abstractions,
and layering (vellum and trace). It acknowledges the
designer’s exchange of realism for symbolic development and engaging the artist’s concept of suspension of disbelief - rational accountability is not required to for design development as it is in BIM. Finally, while the language of symbolic representation
coordinates design development, and the addition of
a design narrative provides coherency to the evolving design concept. These may be incorporated into
the model or be developed coincident with the design eﬀort, including: include written manifestos, traditional montage and collage, and video memory diagrams (Flanagan 2001).

The BIM decade, 2010s
It is BIM’s third generation software and its ability to
integrate three-dimensional modeling, visualization,
and collaboration that continues to erode the architect’s reliance on second-generation CAD vector-
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based modeling software. Even as BIM continues
its evolutionary advance over CAD, limitations in its
computer interface are increasingly apparent. This
study identiﬁes the mouse and the keyboard, 1970’s
technology, as excessively restrictive in HCI, Human
Computer Interaction. “A signiﬁcant number of major corporations and academic institutions now study
HCI.” (Ghaoui 2006) After a decade, these advances
in HCL have inﬁltrated cell phone technology where
voice communication is being privileged over the
keyboard and the mouse.
Fourth-generation technology, HCI enhanced, is
currently in concept development. Voice communication, Virtual and Augmented Reality interfaces (VR
and AR) plus haptic awareness will extend the designer’s perception beyond the desktop computer
screen. As Human-Computer Intelligence integrates
the spectrum of multisensory communication capabilities, the computer-design interface will continue
evolving. Building components now constructed
with the assistance of robots will give way to intelligent site automation and assembly. As augmented
reality expands beyond proof of concept demonstrations it will progressively inﬁltrate the professional
and tradesman’s toolset.
Legacy applications perfected over decades or
centuries will continue to perform a vital role in designing man’s environment. The paper sketch, the
drawing, hand graphs and narratives will maintain
their role as notational devices to impart meaning
to the box. The keyboard, the mouse, CAD’s symbolic management, and BIM’s collaborative approach
to building modeling demonstration concepts will
persevere for decades, and it is essential to document these capabilities. Nevertheless, it is inevitable
that generational changes, especially related to Human Computer Intelligence, while not replacing the
analog interface, will substantially alter the architectdesigner’s perception of architecture and reliance on
BIM.
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The paper discusses the future possible trajectories of information technologies
applied to Architecture, Engineering and Construction (AEC) domain.
Specifically, it focuses on Building Information Modelling (BIM) being a key
subject in the context of understanding the challenge of computing for a better
tomorrow. In this respect it presents Polish situation as one of the European
Union countries aiming at implementing BIM on the national level. What is more,
it reveals findings derived from experience of teaching BIM and from
questionnaires prepared for BIM learners. A comparative study of two types of
representatives, viz. architecture students and experienced professionals, both
acquiring BIM skills, has been conducted. The results show different approach
and key obstacles associated with teaching, learning and comprehending BIM.
Furthermore, on the one hand the study reveals discrepancy between research,
academic experiments and everyday practice. On the other hand it emphasises
specific characteristics of this domain enhanced with dynamic pace of change in
technology, leading to conclusions that BIM should be placed on lifelong
learning trajectory. Despite numerous obstacles the adoption of BIM is facing it
concludes that it has arguments and potential to become 2020+ realm.
Keywords: Building Information Modelling, BIM, Lifelong Learning,
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INTRODUCTION
Building information modelling is transforming the
way we design cities, buildings and systems to perform throughout their entire lifecycle [1]. BIM can be
thought of as a virtual prototype - whether of a building, a site, an infrastructure system or a city. It allows any aspect of a design’s performance to be simulated and assessed before it is built - helping all actors of the process to understand the design more

completely and much earlier. That virtual prototype
becomes a reference for better construction. And it
continues to evolve, even after it passes to the asset’s
owners and operators [2].
There are many deﬁnitions of BIM (KepczynskaWalczak 2016), therefore, to keep it general, BIM can
be described as an intelligent project model in which
information is embedded so it can be shared between stakeholders throughout the whole process
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[2]. It may serve through the whole lifecycle: from
the initial design concept to the demolition phase.
It is observed the meaning of BIM in AEC sector is increasing worldwide what may be proved by
Cumincad search resulting with more than 180 publications in the span of four years (2014-2017) [3]. It
is being applied not only in advanced research and
experiments (e.g. Woessner and Kieferle 2016; Wu et
al 2015; Simeone et al. 2014; Lu et al 2015; Kim et al.
2017) but also it gains its increasing visibility in academic curricula (Ambrose 2007; Holzer 2014; Magdy
2014; Vinsova, Achten and Matejovska 2015). However, in spite of the topic being high on agenda, the
everyday practice seems not to keep up with technologies and, what is more, shows its resistance to
BIM implementation (Shin, Choi and Kim 2015). According to Boeykens et al. (2013), “while the BIM concept is slowly gaining more attention, amongst professionals and educators, it is sometimes regarded as
merely a software tool or an alternative method to
make 3D models. Too often, its usefulness is misunderstood, as it is not seen as part of the design
process”. Furthermore, according to European Union
statistics the construction sector in Europe is second
to last (sic!) in information technologies advancement and digitisation [4]. Notwithstanding it is not
so critical and the situation is improving since the
survey of current European public sector best practices for the encouragement and introduction of BIM
into public estate and policy reveals that there are 11
(out of 16 responses) active public BIM programmes
in progress across Europe [5].
Looking through the Polish perspective of the
subject area it is necessary to stress, the national ministry for built environment is involved in EU BIM Task
Group and there have been regional BIM clusters established already actively promoting the IFC standard [5]. Though, the inﬂuence of those activities on
AEC sector is not obvious yet.

METHODOLOGY
The theoretical background is based on literature
study and review of BIM implementations in practice.
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It is necessary to stress the Cumincad database has
occurred to be a rich source of information on this
topic. What is more, key European Commission documents [6] as well as guidelines elaborated on national
level were studied. The UK example must be noted
as good practice in this regard. As a result, the author has classiﬁed the following sub-themes: BIM in
research, BIM in education, BIM in practice, each of
them representing diﬀerent goals, attitudes and level
of development. Such classiﬁcation helped to distinguish the focus area of this study which looks into
practice with a loop to education.
The practical part builds on observations and
comparative study of two diﬀerent groups of BIM
learners. Two questionnaires given to the group of
professionals and to the ﬁnal year students of architecture resulted in valuable qualitative data which
supported formulating conclusions.

TWO BIM COURSES
Building Information Modelling as a digital tool may
not be a novelty for young architects who have just
completed their education at university. What they
lack is practice in a multidisciplinary environment.
But their older colleagues, especially those who are
45+ may have totally diﬀerent opinions on this issue.
First of all, BIM was not discussed when they studied
more than 20 years ago, and they might not be familiar with this concept or interested in it due to some
working habits, established comfort and also a kind
of mature resistance to novelties.
As it was mentioned at the beginning the two
target groups were of diﬀerent characteristics: students and professionals. Regarding the learning process the ﬁrst one was formed by third semester undergraduate students of architecture who acquired
BIM skills during the 30 hours laboratory as a part of a
larger integrated design course. The course was described explicitly in 2016 (Kepczynska-Walczak).
The second group represented professionals
from various oﬃces in the region who enrolled to an
intensive three days BIM course. To explain the context, the author of this paper was invited by the Re-

gional Chamber of Civil Engineers to help with the
BIM intensive trainings for all AEC sector branches. It
was a very interesting experience to observe diﬀerent professions gathered in one course, their diﬀerent attitudes, problems and needs. However, due to
the basic level of the course, a requirement to learn
particular software and time limits participants did
not have a chance to work in multidisciplinary teams.
Actually, the only possibility for interaction was at the
time for questions and answers and discussion.
The course has already got three editions so it
means there is a real need for learning BIM understood as valuable new skills and competences. At
the very beginning of each course participants were
asked to ﬁll an anonymous questionnaire developed
by the author of this paper. The outcomes will be discussed in the following section.
A careful observation of the two courses aimed at
confronting motivation, attitudes and abilities of acquisition of knowledge and skills performed by regular students and by professionals. While students had
to acquire skills and knowledge from the scratch simultaneously, professionals were asking very exact
and detailed questions reﬂecting their prior knowledge and experience. So, for the latter group the
main question was how to draw a particular element
using a speciﬁc software while students had to learn
also about elements they were asked to draw. In fact,
it is a challenge to lead a BIM course where learners are not familiar with building structures, materials and must acquire such competences at the same
time. But the advantage is that they are open, and
not limited by constrains. On the contrary, the other
group communicated a lot of doubts related to the
usefulness of applying BIM tools. Therefore, their
main question was: What for? A tendency to compare already used methods of working with a new
tool usually resulted with conclusions that BIM was
too complex for their everyday tasks.

QUESTIONNAIRES
There is common understanding, reﬂected by the examples in the above paragraphs, that BIM is well set-

tled in academia. However, this situation appears to
be in a signiﬁcant contrast to everyday practice. Even
architects, who use BIM software more often than
other engineers in building domain, apply it in their
own local context only and still rely on traditional,
two dimensional drawing based collaboration with
other building partners. This statement is based on
qualitative data and interviews conducted by the author of this paper, and, moreover, it is also observed
by other researchers (cf. Boeykens et al. 2013). More
details will be revealed in the following paragraphs.
As it was mentioned at the beginning, there were
two target groups responding to the questionnaire.
For the purpose of collecting relevant data it was decided to diﬀer questionnaires slightly. Therefore, a
group of students was asked an additional question
which did not apply to professionals.

Results of the survey 1
The aim of the questionnaire prepared for participants of BIM intensive course, described in the previous section, was to acquire speciﬁc BIM-related information. There were four questions to be answered:
about the company size and proﬁle, AEC software being used there as well as a prior experience in BIM implementation. Finally, participants were asked how
they understood BIM (they were asked to write down
their own deﬁnition of BIM). As a result, there were 27
responses obtained. The results - apart from the last
question which was of descriptive nature with freetext answers - are shown in the Table 1.
The acquired information was particularly interesting and some answers unexpected. They showed
a substantial diﬀerentiation within the group. The
majority (56%) of participants were from large companies. There were, however, also self-employed
people attending the course. Some enrolled to upgrade their skills, while others were just delegated
from the companies and their enthusiasm was of different nature. The company proﬁles included civil engineers, structural engineers, HVAC specialists, electricians and architects. It is worth noting, the latter group was the smallest, what can be explained
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Table 1
Results of the
intensive BIM
course participants
questionnaire.
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easily, since architects were noticed as the most advanced branch in terms of using BIM in Poland [7]. On
the other hand, the largest group (56%) formed engineers specialising in various building services. Another interesting observation was that participants
had little or no experience in BIM. Moreover, the software used in their companies was dominated by various and rather not advanced CAD tools (Figure 1).
There were only 8 practices equipped with BIM software (namely: ArCADia in 6 of them and Revit in remaining 2). Finally, out of 27 questionnaires in less
than 5 respondents admitted they planned or were
already under the process of BIM implementation in
their companies.
Figure 1
Software used in
engineering
companies.

sions with building structure and its functionality and
appearance. However, the second largest number
of responses indicated 3D modelling which might be
understood as a most striking feature for installations
specialists typically working with 2D CAD drawings.
It is worth noting, some other responses indicated
the importance of information in BIM as well as applicability of BIM throughout the whole life-cycle of a
building. There were however many answers which
unrevealed complete lack of understanding of BIM,
such as: “modern, sustainable designing involving all
aspects necessary for completion of building”; “system that allows fully automated building process”;
“electronic software supporting designing”.

Results of the survey 2

What is BIM according to experienced professionals. In the light of the above, of most interest were
the responses providing participants’ vision of BIM:
• co-operation and co-ordination of allspecialists work in order to avoid collisions
between function, structure and installations
(37%);
• designing that involves 3D modelling (33%);
• information embedded in the design ﬁle
(19%) - one response even mentioned an integrated database as a foundation for designing
process;
• system supporting design, construction, use
and maintenance of a building (15%).
Apparently the largest group of responses focused
on the participants daily routine, viz. solving the colli-

The second questionnaire was designed for the purpose of collecting data from architecture master
course students who have already gained some experience in architectural practice. There were 26 respondents in the probe. The questions were similar to those professionals were asked in the questionnaire described in the previous section. Students
were to provide information on size and proﬁle of
a company they had been employed/trained. Then
they were expected to list software used there. Next
question focused on BIM implementation. Furthermore, students were invited to share their opinions
on BIM advantages and disadvantages as well as any
barriers in its implementation. In addition, there was
a question on employers’ expectations towards junior staﬀ. Finally, students were asked how they understood BIM (they were asked to write down their
own deﬁnition of BIM similarly to the professionals
taking part in the other probe). The outcomes are
presented in Table 2.
The majority (77%) of graduate students declared employment experience. Only in a few cases
their familiarity with the oﬃce practice was limited
to a compulsory vocational training. The largest
group of companies (50%) presented small architectural ﬁrms with less than 5 employees. The question
about software revealed that typically AutoCAD was
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Table 2
Results of the
graduate students
questionnaire.

276 | eCAADe 36 - BIM | Concepts - Volume 1

used for 2D drawings, SketchUp for 3D modelling and
Photoshop for post-production (Figure 2). Among
BIM software ArchiCAD occurred to be the most popular while Revit was ranked on the second position.
Usually BIM software accompanied CAD tools and
never replaced them entirely. Only 2 companies implemented BIM, further 5 undertook some attempts
in this respect. On the other hand, 10 practices did
not put BIM into operation at all. Relatively large
number of responses was “not sure” which might be
related to short-term employment of respondents. In
2 remaining cases the answer to this question was
lacking.
Figure 2
Software in
architectural
practices.

As already mentioned, students were also invited to
present their opinions in respect of a few issues crucial for the discussion on BIM implementation. To reveal more details, the author presents them as follows:
BIM implementation obstacles and barriers.
• other specialists in the building process do
not work in BIM (15%);
• too small company (8%);
• not enough commissions (8%);
• inconsistent software skills (8%);
• lack of employer’s initiative;
• ﬁnancial issues (e.g.: low income; high cost of
software);
• lack of time (e.g.: for implementation and related training).

BIM advantages.
• improved teamwork and cooperation with
other specialists (8%);
• improved information analysis (8%);
• one ﬁle (8%);
• “on the ﬂy” amendments and revisions (8%);
• faster completion of work.
BIM disadvantages.
• software inﬂexibility;
• complicated and not satisfactory creation of
non-typical objects;
• big ﬁles;
• unsatisfactory interoperability with other
software.
Employers’ expectations.
• advanced skills in CAD software (2D and 3D)
(77%);
• experience (35%);
• knowledge of the building code and administrative procedures (31%);
• skills in design visualization (preferably photorealistic/intriguing) (23%);
• communication and co-operation skills (27%);
• involvement and availability (27%);
• ability to learn (15%);
• design thinking and creativity (12%);
• competency in foreign language (English)
(12%);
• modest wage expectations (12%);
• knowledge of structural and material issues
(8%);
• information acquiring skills (8%);
• self-reliance (8%);
• skills in mock-up making.
What is BIM according to graduate students in architecture.
• design collaboration and management (65%)
- in particular answers stressed work on a single seamlessly updated design ﬁle;
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• building information recording and management (59%) - some responders indicated that
BIM might be used not only during the design stage but also throughout construction
of building and its use/maintenance;
• a single platform for all actors of the design
process (54%);
• 3D-based (interactive) building documentation (19%).
It is worth noting that most of students revealed
good understanding of BIM. There were no answers
providing unsatisfactory explanation of the term.

SUMMARY AND CONCLUSIONS
The pace of change in information technologies requires a constant adoption of new competences and,
in consequence, the necessity of lifelong learning.
Lifelong learning is deﬁned as “all learning activity
undertaken throughout life, with the aim of improving knowledge, skills and competences within a personal, civic, social and/or employment-related perspective” [8]. As technology is shifting rapidly, individuals must adapt and learn constantly to meet everyday demands.
The experience described in the paper was
unique since it showed diﬀerent attitudes and problems to tackle . Participants of the intensive course
performed more doubts about the usability of BIM
tool then students. They tended to switch to their
habits of working in 2D environment and to see the
new tool as the work overload (cf. Shin, Choi and
Kim 2015). Therefore, the course helped to understand the added value of integrating data through
intelligent modelling in BIM. Referring to Ambrose
(2007) and Holzer (2014) the disruptive nature of BIM
on traditional workﬂow in practice calls for a radical reform of teaching methods and the deﬁnition of
the architectural education curriculum. In particular,
they highlight that activities related to data and information management should be considered as additions to educational and training programmes both
in academia as well as in practice.
Concluding this part, constant scientiﬁc and
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technological innovations have had a profound effect on learning needs. Learning can no longer be
divided into a place and time to acquire knowledge
(university) and a place and time to apply the knowledge acquired (the workplace). Instead, learning can
be seen as something that takes place on an ongoing basis. Nowadays formal training is only a beginning; knowledge is accumulating at such a fast rate
that one must continue to learn to be eﬀective. Thus,
described experience calls for Lifelong Learning understood as ongoing, voluntary, and self-motivated
pursuit of knowledge for either personal or professional reasons.
The second part of the paper focused on architectural practice and even broader, AEC practice, taking into consideration the state of the art in methods
and digital tools applied on the everyday basis. In
this regard, the most valuable analysis derived from
data collected in questionnaires. They are presented
in Tables and Figures and elaborated extensively in
the previous section.
To summarize, the image of contemporary AEC
practice appears far from expected. The study revealed a huge gap between research (and academia)
and ordinary common practice. The reasons for that
have been deﬁned, analysed an listed in the paper
based on results of qualitative study of the problem.
The outcomes allow to draw three possible scenarios
for the near future, viz.:
1. A company decides on meaningful technological shift and adapts all processes to be
carried on and executed in BIM. It might be
rather a solution for big oﬃces operating internationally and achieving a certain level of
income.
2. A company decides on a compromise between the needs of the market, especially
public sector, and its own capacity. It might
be done by deciding on enlarging a number
of staﬀ by one single BIM position for whom
the task would be to input drawings made in
CAD by other workers into BIM software. The
same mechanism was observed with the ad-

vent of 3D visualisation technology that ofﬁces employed a new staﬀ member responsible for renderings of all buildings designed
in the company. Thus, it would not interfere
with working habits of other employees and
would not disturb the chain of production as
BIM would be placed closer to the end of this
chain. Still, such solution would not build an
in-house BIM culture.
3. Nothing changes in the company. Though, it
would be an emergency backup prepared in
the form of outsourcing BIM tasks being out
of the capability of the company. Nowadays
the same situation is observed very often with
subcontracting 3D photorealistic renderings.
On the one hand these scenarios might serve as possible solutions of adopting BIM in practice but at the
same time they expose some risks associated with
signiﬁcant diﬀerentiation of processes, disturbance
of information ﬂow not taking advantage of BIM capacity, quality assurance, duplication of work and increase of mistakes and, on the top of that, uncontrolled divergence of design culture.
BIM is crucial not only for preparing proper
documentation but also for supporting construction phase, facility management, monitoring building lifecycle, or testing and simulating diﬀerent scenarios in search for optimal solutions. Therefore it has
a great impact on the current processes as well as on
workﬂow management re-engineering. Arising expectations and requirements in the AEC industry call
for specialists and have already resulted in a new job
position on the market, viz. BIM manager. In the light
of above the call for BIM specialists is emerging. Thus,
this branch of information technologies in built environment domain has proved to be prospective, particularly in the meaning of being expected on the job
market in the near future.
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This paper discusses the Building Information Dashboard, a data representation
method which provides a solid basis for decision-makers to make optimal
decisions during the design phase of an Architecture, Engineering, and
Construction project. We describe an example project workflow where the
dashboard is integrated. We sum up the evaluation method, which is the basis of
the dashboard, and we research what type of visualization method is best suited to
representing this type of data. To this end, an evaluation matrix was created to
compare the alternative charts. We take into account what kind of information
such a dashboard should represent and what kind of features it should have. We
suggest layouts for different use cases - both for professional and
non-professional decision-makers, as well as for discipline designers.
Keywords: BIM, dashboard, decision support, data visualization, data analytics

INTRODUCTION
One hundred years ago, one architect could possess
enough knowledge to design a building that satisﬁed
the demands of the era. At that time, there were only
a few major disciplines: building structure, building
construction or building statics. Since then, however,
every discipline has developed so much, and so many
new ones have appeared, that one architect cannot
keep up. Depending on the scale of a project in the
AEC (Architecture, Engineering and Construction) industry, it can take 10 to 20 designers from diﬀerent
disciplines working on smaller or larger portions of
the building. Merely understanding the present demands and requirements of a building requires the
involvement of specialists to translate and communicate their ﬁeld of expertise as it pertains to the build-

ing. This means one person - namely, the lead architect - collects an enormous amount of information.
This situation is unmanageable without proper tools
and proper methods.
From another point of view, we have very good
technology to apply, but the way we apply it is not
eﬃcient enough. When architects began to use computers during the design workﬂow at the start of
the CAD era, they put their previous design methods into practice in a digital environment. Although
it works functionally, the performance is not optimal.
As Deutsch R. (2015) discusses, now that AEC projects
have become more complex, lack of performance has
became a genuine issue for the industry.
What does this mean from a BIM (Building Information Modeling) point of view? We create and man-
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age Building Information Models, which means we
make 3-D geometry and then add several types of
meta-information to it. As a result, we have a vast
database for our building with a great deal of data
that we should use. That is why the lead architect
has to understand the information, in order to decide
which modiﬁcations to make to the model. Yet, as
previously stated, this information is so complex that
we need designers from diﬀerent disciplines to translate the data into information for the architect. Otherwise, the data is not put to use; and consequently,
the data input was a waste of time.
If we want to satisfy the growing performance
demands for our buildings, we should act according to Data Driven Design (Deutsch R. 2015). This
means we should make more precise models and attach more detailed information to it, so we can perform deeper analyses and more accurate simulations.
In most cases, the person or team that makes these
simulations and those that designs the building are
not the same. Thus, they have to communicate in
an eﬃcient way, without loss of information, so the
building’s performance can improve from version to
version.

JUSTIFICATION OF BUILDING INFORMATION DASHBOARD
Plenty of research (Röcka M. et al. 2018, Niu S. et al.
2015) focuses on tools that experiment with various
uses of representational 3-D geometry. Nevertheless,
in the BIM world, the extra information beside the 3D geometry is just as important. After researching
the literature, we found that, essentially, this information is displayed in two ways during the design phase.
One is spreadsheet, which is usually a long list that is
hard to read after a certain amount of data. The other
is when the data is projected onto the 3-D geometry
- for example, when the walls are colored according
to their ﬁre categories or their U-values. This type of
representation basically works well; however, it is not
ideal for every situation, and there are cases when it is
unnecessary or disadvantageous - for instance, when
disclosing objects, or when we would like to see ev-
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ery object of a certain kind at once, etc.
Our architect students at Budapest University
of Technology and Economics conducted research
(Porkoláb et al. 2017) by making interviews and online surveys regarding BIM appliance in the Hungarian AEC industry. One conclusion was that, during
the design process, it is desirous to have a decision
support tool that makes it possible to view all the
aggregated data of their actual projects and to take
them into account when making decisions.
Building Information Dashboard is a data representation method that lets us perspicaciously compare and display building objects or the whole building from the point of view of various disciplines.
It displays the meta-information of the Building Information Model on diﬀerent diagrams and charts.
The decision-makers can see the “big picture” of the
building in many discipline dimensions and can tell if
the project satisﬁes all the requirements and regulations. Furthermore, they are able to view the placement of the building on an absolute scale in each dimension.
During the design iteration process, there are
several versions of the building. This representation
method allows us to compare these along diﬀerent
dimensions. In addition, the building objects can
be categorized freely, allowing architects to discover
anomalies in the model with regard to performance.
We found building analytics systems which show
dashboards or diagrams of information regarding a
given building (Gerrish T. et al. 2017), but these are
usually FM (Facility Management) or discipline designer oriented (Brambilla A. et al. 2018). They do not
allow the decision-makers to follow the full design
process. These systems are especially not used in the
early design phase of an AEC project, even though
that phase has the most impact on the performance
of the building during its life cycle.

SUGGESTED DESIGN WORKFLOW USING
BUILDING INFORMATION DASHBOARD
Since we are suggesting a decision support method
in order to realize data-driven and Integrated Design

(Harding C. 2015), we would like to show one example of a project structure where it is integrated.
There may be other functioning variations as well,
which could be part of our future work; yet, the aim of
this article is to introduce Building Information Dashboard itself.
In the following section, we will discuss the design workﬂow (Figure 1.) where a contractor trusts a
general architect designer studio with the design of
an approximately 5000 m2 oﬃce building. In the studio, the lead architect is responsible for the project,
and he is the one making global decisions concerning the design of the building. Other architects creating the building are considered one of the discipline
designers, such as, among others, HVAC engineers,
civil engineers, ﬁre engineers, etc. The BIM server is
a computer where the main database of the building
is stored. It can communicate with the project participants via IFC ﬁle and via web technologies. It runs
several programs which are used by the studio (e.g.,
project management tool, CAAD server, etc.). Still,
the most important one, from our point of view, is
a dashboard service which represents the building’s
data.
The design process starts with the contractor
brieﬁng the lead architect about the project demands and opportunities. Then the lead architect
summarizes and forwards the demands and opportunities to the discipline designers. The discipline designers submit design intentions and suggestions to
the architects based on the project attributes for the
ﬁrst version of the building.
We have deﬁned ﬁve actions that the discipline
designers may take: make a 3-D model, add indicator
metrics to an already existing model, make an evaluation of an existing model, make a comment, and
place a warning marker.
The architect team makes and sends the ﬁrst
version of the 3-D model with the attached metainformation to the discipline designers. Discipline
designers, according to the given milestone, assess
requirements and give present performance values
to items based on their ﬁeld of expertise. Addition-

ally, they can place warning markers or contribute
comments as well.
All this work can be followed and checked by
the lead architect, or even the contractor, at the
BIM server via the Building Information Dashboard,
where they see the project overview, the warnings,
and the comments. They may even zoom in one part
of the overview and investigate any anomalies or errors in the building data. Afterwards, design iteration
begins, when these steps are repeated with increasing detail each round. Throughout the entire workﬂow, the dashboard shows the actual performance
of the building, so the lead architect is capable of
making globally optimal decisions based on data displayed on the dashboard.

METRIC OF EVALUATION
We submitted an article to Periodica Polytechnica
Civil Engineering in May 2018, in which we provide
a more detailed handling of this topic. In the following, we will simply provide the essence, so the context concerning the dashboard is understandable.
The metric of evaluation is a core question of the
dashboard. When starting a project, the scope has
to be decided - namely, what discipline designers are
going to take part in the project and which elements
of the building are they going to evaluate.
During the evaluation process, both a present
performance value and a requirement value are
added to each object by the designers. For example, the building’s energy engineer adds 1.8 W/m²K
as a present U-value and 1.6 W/m²K as the U-value
requirement for Door-01. If we would like to check
whether objects, such as this speciﬁc door, are satisfying their requirements, we perform conﬂict detection. As a result, warning markers are placed where
conﬂicts are detected. If we would like to run conﬂict detection on a group of objects or on the whole
building, we have to aggregate data.
During the aggregation process, when we would
like to compare or sum up the data of objects which
may have diﬀerent indicator metrics, we need to
make a conversion on the physical measurement
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Figure 1
The workﬂow of a
project using
Building
Information Model
Evaluation Method

units to another scale. We chose a zero-to-ten scale
(Figure 2.) where zero represents the worst and ten
represents the best solution. All the discipline designers determine their own scale based on their own
experience and professional opinion - i.e., what is
zero and what is ten in their own ﬁeld. For example, if
the designer would like to evaluate the thermal performance of a given door, then he checks the U-value
of that exact door and may research the market to determine the best and worst U-values for doors. According to the research, he can decide what U-value
belongs to 0 and what U-value belongs to 10, thus
enabling him to map the exact U-value of the door to
a scale number.

DATA SOURCE FOR BUILDING INFORMATION DASHBOARD
The dashboard uses a BIM data set incorporated into
CAAD software by the architectural team. It contains
the structured three-dimensional model and the attached meta-information. The structured character is
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important, because the dashboard displays data in an
object-oriented way, arranged in a hierarchy. Since
we believe in open-source concepts and that every
project participant should have their own free software choice, our focus is on the OPEN BIM environment. In this case, the main data exchange format is
IFC. We found that using the IFC description tag to
store the discipline-related code is a simple way to
solve the task, because we were able to read out the
input values and visualize it with Python script. At the
same time, this tag gave us freedom in terms of the
quality and restrictions of input data.

VISUAL APPEARANCE OF BUILDING DATA
There are three main tasks for the dashboard to solve
from a visual point of view. The ﬁrst is to visualize the
building’s aggregated evaluation data from all discipline aspects. Thus, decision-makers can tell if each
aspect is at a satisfying level or not. The second task is
quite similar, only now the visualization should only
focus on individual object evaluation. The third task
is to show diﬀerent groups of objects in a comparable
manner along diﬀerent disciplines.
The Building Information Dashboard should allow the project participants to use it in two ways in a narrative and in an explorative way. Narrative is
when the dashboard explains to us what the problem
is and where can we ﬁnd it. For example, we look at

Figure 2
Value conversion
from a physical
measurement unit
to a zero-to-ten
scale.

Figure 3
Evaluation matrix
for deciding which
chart best suits
representing
evaluation values

the charts of the whole building, and we see if the different values are all right. If not, it shows us a warning marker; so we know where the problem is, and
we can track it back to its source. This only works with
the most common problems that we are prepared for
in advance - for instance, when there is a conﬂict between an object value and its requirement value.
On the other hand, explorative is when we take
a look at the Building Information from several different points of views, trying to discover anomalies
which are not trivial. For example, the whole model
may be conﬂict-free, but if we arrange the objects
along diﬀerent logical lines, it can turn out that, although we satisfy all the regulations, the objects with
the weakest performance metrics are concentrated
in one area of the building, which may have unexpected eﬀects.

Chart for Visualizing Evaluation Values

Figure 4
The butterﬂy chart
representing the
thermal
performance and
aesthetic values for
object-groups.

In their research, Jusselme et al. (2017) aimed at identifying suitable visualization techniques that increase
the usability and the knowledge extracted from the
building simulation data set. They created an evaluation matrix to decide which type of diagram best
suits their purpose. We chose the same technique to
ﬁnd the best diagram types for these discipline evaluation data.
We researched the possible diagram types at
the webpage of datavizproject [1], which is a comprehensive archive of data visualisations. We chose
four diagrams to compare in the evaluation matrix:
heatmap, butterﬂy chart, dot-plot, and grouped bar
diagrams. (Figure 3.) These charts should show
the present performance value and the requirement
value of an object at the same time. They need to
allow the viewer to compare these values along at
least two disciplines. It should be easy to understand,
while it needs to display plenty of extra information:
titles, other statistical data and markers. It needs to
be scalable, so it remains intact whether there are
few or numerous values. Thus, we created ﬁve evaluation aspects: comparability, title placement, maximum number of dimensions, ergonomy, and ability

to represent extra statistical data. Then we graded
these four alternatives on a zero-to-two scale, where
zero is not good, one is good, and two is excellent.
It turned out that the butterﬂy chart best suits our
purpose, and grouped bar is slightly behind. Both
may have their use cases: butterﬂy chart is better in
comparing two dimensions deeply and grouped bar
is better to show an overview of the evaluation.

Figure 4. is an example of a butterﬂy chart showing discipline values of object groups. Conﬂicts between present performance and requirement values
are easy to locate, while each object value is comparable to the others or to the average. The numbers at
the start and at the end of the bars are easy to read
and related to the corresponding object. These numbers can be either integers or ﬂoating point numbers.
The former is a value originally meant for the zero-toten scale, while the latter indicates a converted value,
derived from a physical unit of measurement.
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Structure of the Dashboard
The main goal of Building Information Dashboard is
to make building data accessible in a complete, eﬃcient, and user-friendly way. This main goal has three
parts. The ﬁrst is to let the user explore the database
in a manner that a human eye can process. The second is to alert users to errors and conﬂicts. The third
is to allow project participants to communicate with
each other in an object-oriented way. This means
that comments which the project participants make
belongs to objects or object groups. This way, reasons behind certain design decisions can be added
to the database, which allows for the realization of
Transparent Design (Kovacs A. 2017).
We have collected features that we think are important, regarding what the dashboard should have
in order to accomplish the above-stated goals.
Feature one is a chart representing the object
evaluation values and satisfying the demands discussed previously. Feature two is a 3-D view. As
stated in the Justiﬁcation of Building Information
Dashboard Section, so far the main method for exploring the BIM model was via 3-D view, which is not
ideal for every situation. We have also discussed the
opposite option, which is only using diagrams and
charts to explore the model. According to our research, the most eﬃcient way is to use these two
techniques side by side. The 3-D view compliments
the information view nicely, because the object selection is user-friendly, and it is easier to understand
objects in context. Feature three is an object ﬁltering function with a zoomable object structure. This
means that users can set criteria concerning the objects shown on the chart - for example, to show only
the walls thicker than 30 centimeters. The zoomable
object structure enables users to navigate in the object hierarchy - for instance, to determine the reason
for the warning marker on the walls at the objectgroup level. (Figure 5.)
Feature four is the warning markers. If there is
a conﬂict in the values, warning markers should appear automatically. During the aggregation process,
the warning markers are aggregated as well. Thus,
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for example, if Wall-04 has a conﬂict, all of the levels
above will have a warning marker. (Figure 5.) Feature ﬁve is the object-oriented discipline design comments, which were discussed earlier. Feature six is a
simultaneous 2-D / 3-D object selection. This means
that what users select in the 3-D view is selected and
displayed simultaneously on the chart as well, and
vice versa.

Diﬀerent Use Cases of the Dashboard
In the following section, we give suggestions for
dashboard layouts for diﬀerent use cases. There are
three types of users that the dashboard has to satisfy.
The ﬁrst is the decision-maker, who is not a professional, but who would like to see the overview and
the actual status of the project. (Figure 6.)
The second is the decision-maker, who is a professional - for example, the lead architect who is responsible for the design of the building. He would
like to see the overview and the details, and he
wishes to explore the model for anomalies. (Figure
7.)
The third is the discipline designers, who actually create the model, add meta-information to it, and
make the evaluations. (Figure 8.)

CONCLUSION
In this article, we took into account the challenges
of decision-makers in today’s AEC projects. We explained a data representation method that helps all
of the AEC project participants, including decisionmakers, to create buildings that which perform better. Furthermore, the method helps manage these
projects in a more eﬃcient way. We also showed how
this method contributes to realizing Integrated Design.

Figure 5
An example for the
hierarchy of objects
in the BIM model,
where the reason
for the warning
marker can be
traced

Figure 6
Dashboard layout
for
non-professional
decision-makers

Figure 7
Dashboard layout
for professional
decision-makers

The operation, the structure, and the layout of
the dashboard were discussed. We tested each part
of the technology behind the dashboard without encountering any remarkable obstacles. Finally, we analyzed several charts to come up with one that suits
all the aspects of evaluation data visualization that
we wished to satisfy.
Implementation of the dashboard presented
here is still in progress. During the ongoing development process, we consult with designers and collect

feedback on a regular basis. Evidently, the method
of data input is crucial, because this method places
more administrative workload on discipline designers. Thus, it is always a key issue to communicate the
scope of the evaluation clearly. On the other hand,
it has yet to be determined how much of this extra
work can be automated by algorithms.
We feel that changing the design workﬂow from
its traditional application to the use of this dashboard
will require plenty of eﬀort and self-discipline at the
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Figure 8
Dashboard layout
for discipline
designers

initial stages. Nevertheless, we ﬁrmly believe that it
is worth it in the long run. We have yet to prove
this in our future research. We would like to measure
the productivity growth of our method. After a design studio ﬁnishes a project with the dashboard, we
can compare the amount of time and eﬀort they invested in this project to another project that they accomplished beforehand, without this method. This
will give us a sense of the improvement in productivity. Over time, Building Information Dashboard can
be implemented as a decision-support tool in other
CAAD or project management software.
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This article presents a specific description and findings in teaching architectural
computing using 3D modeling software at the undergraduate level of Interior
Design Studies (second academic year). This paper is mainly concerned with the
analysis of issues and advantages resulting from teaching design through the
``modeling first'' in the overall design practice. By ``the reversed `in steps' design
procedure'' we recognize the design process encompassing the idea of ``form
first''.We introduce BIM based modeling to Interior Design students at the
undergraduate level through ``in steps'' procedure, which is the opposite to
typical CAD procedures. With 3D model based method, the beginning of the
design process by making the abstract, conceptual designs, and later translating
it into design solutions are made possible. The use of BIM technology not only
gives architecture, engineering, and construction professions tools to more
efficient collaboration but also provides inventors such as architects with
complete and integrated tools for the entire design development.
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In the two presented and analyzed here courses Computer Techniques in Design 1, which is held in
third semester of undergraduate studies and, as a
continuation, Computer Techniques in Design 2 in
fourth semester of undergraduate studies of Interior
Design, we introduce ArchiCAD as, in our opinion,
the most suitable software for Interior Design studies. ArchiCAD enables several outcomes - work with
3D model, renders of models, animations, scale plans,
sections, elevations and schedules at any point of the
design process.
By “the reversed (in steps) design procedure”
we identify the design process encompassing the
idea of “form ﬁrst”- from spatial model to techni-

cal architectural documentation. It is the opposite
to the traditional procedures used in architectural
design, based on 2D plans for the design of buildings. The availability of 3D modeling currently integrated in the majority of architectural software helps
to deal with the complexity of projects in the preconstruction level on wide variety of issues from conceptual ideology to mechanics, HVAC, costs of the
designed buildings, construction management, eﬃciency, costs, optimized scheduling.
Our greatest intention is to build up student’s
competences in architectural computing in steps.
However, we propose certain reversal in the typical CAD instruction procedure. We begin with an
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abstract play in virtual space and design by visualizations to a delivery of a full architectural project
- by producing an architectural design presentation (plans, sections, elevations, schedules) using the
same BIM software in two consecutive terms (3rd and
4th semester of Undergraduate Studies).
In this day and age three�dimensional digital
modeling is a skill that needs to be incorporated in
students’ education, to allow an adequate preparation to the professional world. Just like the traditional
disciplines of drawing and architectural representation, computer graphics techniques rapidly evolved
over the years, introducing several fascinating possibilities in architectural representation of designs.
(Garagnani, Cattoli 2015)
The proposed reversal is aimed to construct a
kind of a common conceptual platform between student and teacher and to develop engagement from
the beginning of the design task:
“In an academic setting, the recipient of the training does not usually have enough background to
challenge the trainer. They do not have a benchmark
to measure the productivity of the software against,
and most likely are happy with what the application
can produce while in the same time face diﬃculty understanding all of its commands. The focus of the educator in this case should always be on the concepts
rather than the speciﬁcs. A lot of high level ideas
about computing and database views and queries
might be necessary in order to insure the comprehension of why things are the way they are and why
do they behave the way they behave. A usual course
at the undergraduate level will be delivered in a 15
weeks semester. The knowledge has to be divided
into smaller digestible portions for the students to
follow successfully.” (Magdy, Ibrahim 2014)
Therefore, at the preliminary level of BIM use and
student’s ﬁrst steps with 3D modeling (3-rd semester
of Undergraduate Studies), the introduction to design by modeling is kept on the conceptual and playful level without getting into technical architectural
documentations. The above mentioned course assignments are made purely in virtual space using BIM
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software -such as ArchiCAD, to get students used to
thinking and designing in a 3D.
One of the greatest beneﬁts of BIM technology,
is the 3D visualization, which is integrated into the
process of making the project documentation. A 3D
model that is created with BIM is more precise than
a model that is generated afterwards from 2D plans.
Such 3D model can be used for visualization at any
stage of project development.
“Despite the rapid adoption of BIM in architectural practice, diﬀerent views about BIM in architectural education exist in academia (Cheng 2006; Seletsky 2006). Ibrahim (2007) argues that the viewpoints were either underestimating the rapid conversion of the workplace into BIM, or ignoring the fact
that learning is a process of adding up knowledge in
a layered manner.” (Wei 2010)
It become obvious that BIM technology speeds
up the process of architectural visualization and positions images of designed objects on equally beneﬁcial level with technical graphic representation of
projects (plans, sections, elevations, schedules) and
3D model is inseparable element of such documentation. Furthermore, the growing importance of architectural visualization is developing and changing
to be more interactive. There are several ways to
create more interactive and immersive visualizations
from BIM models, such as animations and movement
through designed space, diﬀerent views. All of this
is becoming essential and beneﬁcial to student’s design development process.
The creation of a building model with BIM technology is based on parametric rules, which make sure
that the model is correct, according to various criteria. This ensures that the 3D model has less geometrical and alignment errors. When changes are made
to the model, there is no need for designers to check
if the alignment in every view is correct. In addition,
accurate drawings can be created from any view or
of any speciﬁc object in the model. Compared to traditional CAD drawing technology, this reduces the
amount of time and number of errors signiﬁcantly by
updating changes in every view automatically. (East-

man, Teicholz, Sacks, Liston 2011)
”Hence BIM is high on agenda and it is a real need
to prepare students to meet the growing challenges
of industry and technology, a new concept of interdisciplinary design process simulation course based
on BIM has been proposed. It is planned to continue
the idea of teaching by ”simple steps towards complex results”. (Kepczynska-Walczak 2016)
Surprisingly, BIM technology, although more
complex than the traditional CAD software, becomes
very suitable at the undergraduate levels, even in
teaching basic architectural design courses. Integration of diﬀerent design data that is produced while
using BIM becomes a ’playful’ value and becomes an
aspect that enables students’ deeper involvement in
the design ’game’.
Figure 1
An Example of
Assignment # 1 SCULPTURE IN 3D Computer
Techniques in
Design 1 – by Ciołko
Marta, Academic
Year 2014/15,
Interior Design

Activity (Stoll Dalton And Tharp 2002), in which educators and learners produce together. in order to
describe a teaching approach similar to this one, results of an academic course in computer graphics applied to the architectural modeling are below presented.”(Garagnani, Cattoli 2015)
In order to discuss these issues in academic curricula, two courses have been described below. Our
case studies are two curriculum subjects concerning virtual modeling - Computer Techniques in Design 1 and Computer Techniques in Design 2 in the
third and fourth semester of undergraduate studies
of Interior Design. Educational objectives of these
courses are:
1. Testing basic principles of creating spatial
forms and architectural interiors in the virtual
space.
2. Teaching the essentials of BIM software and
basic principles of making 3D models and
their visualizations.
3. Accomplishing the ability to present designed
spatial compositions and architectural interiors.
Here modeling proces involves:

”Many educational specialists over the years have
turned their attention to the constructivist learning
models (Taxén 2003), emphasizing students’ active
construction of their own subjective understanding
(Twomey Fosnot 1996). constructivist pedagogies
have been successfully used in learning situations
where the acquiring of a deep comprehension of a
subject is required, even if they seem to be less suitable for memorization (Von Glasersfeld, 2001). Thus,
the easiest way to encourage reﬂections is by having the learners talk with their teachers about what
they are thinking, joining a problem solving conversation that emphasizes the so called Joint Productive

• Establishing clear aims;
• Providing an examples;
• Exploring thinking - teachers and the students;
• Demonstrating the process;
• Working together through the examples;
• Providing an opportunity for students to work
themselves;
• Drawing out the key learning.

COMPUTER TECHNIQUES IN DESIGN 1
ASSIGNMENT # 1 - SCULPTURE IN 3D
The task is to design a spatial abstract form and make
two visualizations in ArchiCAD.
Sculpture should be characterized by high artistic values and derive from the author’s emotional
and meaningful intentions. The ﬁnal shape depends
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on the discussed with the teacher concept and the
progress of work. The whole form should ﬁt in a 30 x
30 x 30 m space and should be placed on a 30 x 30 m
base, as seen in Figure 1, 2 and 3.

three-dimensional solids is one of the fundamental
architectural activities. Typically, this type of investigation is part of the conceptual design phase and is
implemented using sketches of drawings and physical models. However, this type of action is also possible in three-dimensional computer modeling, without experiencing real limitations of matter. At the
same time, at the conceptual stage of design, when
formal values are blurred, computer modeling can be
implemented intuitively. Simple operations on basic
shapes allow one to create an architectural sculpture
- a form with a speciﬁc emotional impact.
The aim of the exercise is to combine means of
composition and selected emotionally apprehensible assessments, such as: dynamism, monumentality, lightness and massiveness.

ASSIGNMENT # 2 - INTERIOR WITH THE
WINDOW AND THE SEAT

In the presented form, student is expressing his or
her attitude towards it, giving it a certain assessment,
not only giving it a material form, but also encoding some emotions in the work (his subjective experiences) caused by the aspects of reality. From this one
can conclude that every human information about
the world around has an emotional value. The perception of any form contained in the surrounding
space evokes certain emotions that are adequate to
form. Exploration of three-dimensional space with
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The task is to design the conceptual 3D model of
an abstract interior with a window and a seat and
make two visualizations in ArchiCAD Interior should
be characterized by spatial and artistic values, as
shown on Figure 4.
These divisions are the result of both the diﬀerentiation of functional processes and formal assumptions adopted by the designer. Determining the form
of the object requires knowledge of the principles of
using such composition means as: geometric characteristics of the form, divisions, weight ratios, rhythm,
symmetry, accent, color, texture, proportions. The
task is to design an architectural interior, characterized by high spatial and artistic values, and emotional
expressiveness deﬁned by the author. You should apply basic solids and operations such as moving, scaling, rotating, trimming, extruding and adding. The
size and number of objects depends on the concept
adopted. In this assignment the inhabitation of abstract space is introduced by the use of elements such
as seats and windows (for human scale).

Figure 2
An Example of
Assignment # 1 SCULPTURE IN 3D Computer
Techniques in
Design 1 – by
Wróbel Ewelina,
Academic Year
2015/16, Interior
Design

Figure 3
An Example of
Assignment # 1 SCULPTURE IN 3D Computer
Techniques in
Design 1 – by
Dołegiewicz
Paulina, Academic
Year 2015/16,
Interior Design

Figure 4
An Example of
Assignment # 2 –
INTERIOR WITH THE
WINDOW AND THE
SEAT - Computer
Techniques in
Design 1 – by Klej
Katarzyna,
Academic Year
2014/15, Interior
Design

COMPUTER TECHNIQUES IN DESIGN 2
PROJECT OF A SMALL APARTMENT FOR
TWO PEOPLE
The task is to design an apartment for two people
based on the existing overall plan and a given program. Final presentation of the design includes 3D
model in ArchiCAD and physical presentation board
including scale drawings - plans, sections and visualizations which can be seen on Figure 5.
My intent was to present the ‘reversed’ methodology in design studio teaching using BIM application. The “in steps” procedure introduces BIM based
modeling to Interior Design students at the undergraduate level, but ‘from the end’, beginning the design process with making the abstract, conceptual
designs, and later translating them into design solutions. All within BIM, even though the courses and
this presentation focus more on 3D modeling & visu-

alization rather than the currently present essence of
BIM (Building Information Modeling). Teaching conceptual design with BIM tools and using the most efﬁcient and eﬀective design software is not a matter
of choice anymore. As architectural teachers, it is our
responsibility to introduce students to most suitable
design computing possibilities available right from
the start. It is trainer’s responsibility to help student’s
realize, that what they design is not a set of plans and
sections, but a spatial 3D model of an actual form and
spatial relations.
Although BIM is not the main theme of this paper, it has to be highlighted how computer models,
reliable and always up to date graphical data sets are
paramount into its culture in order to reach higher
quality, reliability, optimized scheduling, errors and
costs reduction together with avoidance of any possible misinterpretation by diﬀerent team members involved in the design process. When a computer gen-
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Figure 5
An Example of a
Project - SMALL
APARTMENT FOR
TWO PEOPLE Computer
Techniques in
Design 2 – by
Lompart Ewa,
Academic Year
2015/16, Interior
Design

erated model embeds precise geometry and relevant
data needed to support the construction, fabrication,
and procurement activities, it is supposed to be A BIM
Model and the interactions with it by various ﬁgures
determine a BIM process. (Garagnani, Cattoli 2015,
Eastman, Teicholz, Sacks And Liston 2008).
Among other professions, architects are involved
in BIM - 3D model based process that gives architecture, engineering, and construction professions
(AEC) tools to more eﬃcient collaboration. Let us not
forget, that architects not only depend on the cooperation with other professions, but most of all begin
the whole process. The issues concerning creative
formation of the projects are often underestimated
and majority of attention is given to matters concerning alliance of professionals involved in BIM design to
improve and eﬀectively organize the whole building
process in order to enhance management, eﬃciency,
costs, optimized scheduling.
For that reason, I decided to present issues and
advantages resulting from teaching design through
the “modeling ﬁrst” in the overall design development with the use of BIM software.
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To this day, proper handling of uncertainties -including unknown variables in
primary stages of a design, an actual climate data, occupants` behavior, and
degradation of material properties over the time- remains as a primary challenge
in an architectural design decision-making process. For many years,
conventional methods based on the architects' intuition have been used as a
standard approach dealing with uncertainties and estimating the resulting errors.
However, with buildings reaching great complexity in both their design and
material selections, conventional approaches come short to account for
ever-existing but unpredictable uncertainties and prove incapable of meeting the
growing demand for precise and reliable predictions. This study aims to develop
a probability-based framework and associated prototypes to employ uncertainty
analysis and sensitivity analysis in architectural design decision-making. The
current research explores an advanced physical model for thermal energy
exchange characteristics of a hypothetical building and uses it as a test case to
demonstrate the proposed probability-based analysis framework. The proposed
framework provides a means to employ uncertainty and sensitivity analysis to
improve reliability and effectiveness in a buildings design decision-making
process.
Keywords: Probability-based design decision, uncertainty analysis, sensitivity
analysis, building energy consumption model
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INTRODUCTION
The preliminary stage of a building design process
begins with a signiﬁcant number of unknown variables. For instance, the exterior and interior conditions and the building design and construction are
not known but estimated (Struck, 2012). Hence,
building performance analysis will not be entirely
reliable and robust at the early phase of a design.
Research shows that the building design process is
not immune to uncertainties even in later stages
of design (Hopfe, 2009). Also, unexpected climate
changes, users’ behavior, and variations in material
properties may deviate from the initial estimations
and signiﬁcantly impact the architectural, structural,
or facility design. A slight change in the building
properties may aﬀect heating/cooling loads, thus altering the size of ductwork and building structure
weight (MacDonald, 2002).
Building performance simulation (BPS) tools
have been extensively used by the architects and
engineers to simulate building performance. These
tools rely on a wide range of input parameters
that commonly come with outstanding uncertainties (Ding et al., 2015). In particular, energy simulation tools require inputs including the weather
data, building construction thermodynamic properties, heating, cooling and air conditioning (HVAC) system speciﬁcations and space schedules to perform
building performance analysis (Tian, 2013). The majority of these input parameters are subjected to signiﬁcant alterations during the construction process
or even later as a building is at use.
Uncertainty analysis (UA) is a critical aspect in
all stages of building design, especially engineering design process. Probabilistic building performance analysis versus deterministic models will improve design decision-making process with quantifying uncertainties and determining the range of
probability distribution. The sensitivity analysis (SA)
methods, such as parameter screening and variancebased methods, will facilitate the UA process by ordering input parameters based on their signiﬁcance
and make simpliﬁcations possible (Hopfe, 2009). The
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SA/UA methods integrated into design decision making process act to support the architects with providing more reliable information.
The BPS tools, coupled with SA/UA techniques,
deliver a design framework that leads to a more effective and reliable decision-making process. This
paper introduces a framework to incorporate probabilistic models into the building design decisionmaking, demonstrated by a design case for improving energy eﬃciency. The ultimate goal of this research is to tackle data uncertainties in architectural
design decision-making with a design framework,
capable of being adopted for the other aspects of
design decision-making including single and multiobjective design optimization problems.

BACKGROUND
Sensitivity Analysis and Uncertainty Analysis
A building design decision-making is a complicated
process, as the design search space of possible solutions is vast. Several optimization methods are used
to help the decision makers overcome the intricacies
and select the optimum design option. The genetic
algorithm is widely applied in building design tools
to automate the design optimization process (Asl, et
al., 2015; Lim et al., 2018). Such an optimization process requires setting the right sensitivity for each design variable, to reduce the computational process
cost and time. The sensitivity analysis (SA) will contribute to ﬁnding the most signiﬁcant input variables
and limiting the design search space.
The SA methods applied in building performance analysis can be categorized into two groups
of local and global (Delgarm, et al., 2018; Tian, 2013).
Tian (2013) conducts a review of SA methods in building energy analysis and suggests a workﬂow for performing SA in building energy analyses. The ﬁrst step
in this process is a determination for the probability distribution of input variables. Next is to create
a model for energy usage based on input variables.
After collecting simulation results, an SA will be conducted, and the results will be presented.

Uncertainty analysis (UA) is widely used in other ﬁelds
of study, such as structural reliability, risk analysis,
forecasting, and calibration (Aghababaei & Mahsuli,
2018; Saltelli et al., 2004). Learning from these ﬁelds,
the domain of architectural design decision-making
will beneﬁt from SA techniques along with UA methods for increasing reliability and robustness of the
model, reducing complexity and improving building
performance.

METHODOLOGY
Sensitivity and Uncertainty Analysis in Design Decision-Making
Several deterministic and non-deterministic
decision- making approaches such as Simple Multiattribute Rating Technique (SMART), Analytical Hierarchy Process (AHP) and Analytical Network Process
(ANP) are discussed by Hopfe (2009). The AHP protocol is a classical method widely used in decisionmaking. The present research extends the AHP
decision-making protocol by using variance-based
SA and UA methods. The integration of AHP with
SA/UA techniques will support the design decision
makers with quantifying the eﬀects of input changes
on the output variation. As a result, design decision
makers will be able to select the ﬁnal design alternative, based on the more precise information. Figure 1
illustrates the framework proposed in this paper for
supporting design decision making. This framework
suggests integrating engineering SA and UA into an
architectural design decision-making process.
Figure 1
Proposed
framework to
employ uncertainty
and sensitivity
analysis in
architectural design
decision making.
Architectural design decision-making begins with
identifying design problems and objectives. It sets

boundaries for the designer’s potential problemsolving methods. The next two steps in the design decision-making process, are investigating and
comparing possible design strategies. The architects
can select the ultimate design solution utilizing computational methods to get valuable insight into the
building performance. Using the computer power
allows the architects to explore a broader range of
solutions more eﬃciently. SA and UA methods implemented in architectural models will highlight the
most eﬀective design parameters and support an informed design decision-making process.

Sensitivity and Uncertainty Analysis in Energy Eﬃcient Building Design
Buildings use a signiﬁcant amount of energy for cooling and heating, along with providing domestic hot
water and artiﬁcial lighting (Asadi et al., 2012). The
physical changes to a building such as improving the
thermal performance of the building envelope and
the use of advanced technologies can aﬀect buildings’ heat gain and heat loss (Ahn et al., 2015). Other
changes including the air inﬁltration rate and modiﬁcations made to the building occupancy, lighting
or equipment schedules that are deﬁned as design
and scenario modiﬁcations, can aﬀect the building
energy consumption (Hopfe, 2009).
The physical, design and scenario-related parameters can be categorized based on the level of building design development (LOD). The LOD 100 is about
generic decisions, e.g., the orientation and layout of
the building. The LOD 200 includes the decisions
about sizes and quantities. More detailed design parameters such as the material properties are determined in LOD 300, and so on.
Design variables in every level of project development have a high impact on the building performance. According to Delgarm, et al. (2018) and Lim,
et al. (2015), the building orientation (LOD 100) affects the amount of solar heat gain and building energy use intensity (EUI). Also, variations in thermodynamic properties of envelope materials (LOD 300)
show a considerable inﬂuence on the thermal energy
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exchange of buildings (Lim et al., 2018). This paper
focuses on LOD 300, to reduce a building envelope
heat exchange as a case study. Figure 2 depicts the
application of the proposed SA and UA framework
for energy eﬃcient building design, an example of
implementing the proposed framework for design
decision making. In this study reducing heat transfer through the envelope is the primary design strategy to achieve higher energy eﬃciency. The decision
makers ﬁnally do design decision-making based on
the information obtained through this process.

ANALYSIS
As the prior model details, the proposed framework
employs sensitivity and uncertainty analysis to assist architects in a building design decision making
process. To demonstrate the application of the proposed framework, a case is performed to evaluate
the importance of building material properties on the
heating/cooling energy consumption over a period
of one year. To this end, a building heat exchange
model is developed and acts to predict heating/cooling energy load based on building design and material selections. The following is the description of a
building heat exchange model as well as sensitivity
and uncertainty analysis.

Building thermal energy exchange model
The present section follows an approach used by
Bengea et al. (2011) and Neill et al. (2010) to obtain
a model for building heat exchange in a state-space
form. This model is selected, as it is simple and better
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for implementing SA and UA techniques, compared
to EnergyPlus and other existing energy simulation
tools. A building, regardless of its number of rooms
or ﬂoors, divides into three types of elements: interior
spaces, exterior spaces, and thermal barriers. Exterior spaces consist of any area where its temperature
is directly set with external sources. The temperature of all exterior spaces, “outside temperature” is assumed identical and equal to weather temperature.
During the analysis, outside temperature is treated
as a disturbance signal in the system. Thermal barriers include walls, windows, ﬂoor, and ceiling; now all
referred to as envelope for convenience. Any space
separated from exterior spaces with thermal barriers
is interior space. The model assumes the air inside a
room is perfectly mixed and uses a single-value timedependent variable to represent room air temperature. Figure 3 depicts a schematic view of a thermal
network in a single room with the deﬁnition of variables. QC and QD represents the HVAC heat load
and disturbance heat load into a room, respectively.
The room temperature TR is determined by the
rate of heat convection between the air and surrounding walls’ surfaces, a controllable HVAC heat
load to a room, and any disturbance heat load generated by people occupants and electrical devices. A
model for heat convection resistance is shown below:
1
RH =
(1)
Aw · h w
where Aw is wall area, and hw is a heat convection
coeﬃcient. Hence, for a room surrounded by n walls
(including ﬂoor and ceiling), the equation governing
room temperature is,
n
∑
T Si − T R
∂T R
(2)
= QD + QC +
CR
∂t
RH
i=1
where, CR is a heat capacity of the air inside a room,
a function of air volume, density, and speciﬁc heat capacity.
A wall surface temperature TS is determined by
the heat convection to the air and also the heat conduction across its thickness. A heat conduction resistance is,

Figure 2
Application of
proposed SA and
UA framework for
energy eﬃcient
building design.

Figure 3
Thermal energy
exchange network
model for one room
in a building.

tw
(3)
Aw κw
where tw is a wall thickness, and κw is a heat conduction coeﬃcient.
In practice, equations for dynamical states {T },
including all rooms temperature and walls’ surface
temperature, are derived and manipulated into a matrix form. Hence, the state-space model for building
thermal energy exchange network is,
{
}
∂T
= [A]{T } + [B]{UD } + [C]{UC } (4)
∂t
Rκ =

where matrices [A], [B], and [C] are functions of
building physical dimensions and material properties, assumed to be independent of temperature.
{UD } includes disturbance heat generated in the
building and outside temperature signals. {UC } is
the controllable heat delivered to the building based
on closed loop multiple-input and multiple-output
proportional-integral-derivative (PID) controller . The
inputs are the room temperature, and the controller
decides on a load of energy supplied to each room.
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Figure 5
Comparison of the
predicted monthly
heating and cooling
energy
consumption
against OpenStudio
simulations for a
ﬁve-room building.
(2015 year)

Validation of the Building Thermal Energy
Exchange Model
Predictions for heating and cooling energy consumption are compared against those delivered from a
popular building performance simulation (BPS) software tool, i.e., OpenStudio, to verify the accuracy
of the current building thermal energy exchange
model. Heating/cooling load predictions are obtained for a ﬁve-room one-ﬂoor building with 40 m.
in length, 20 m. in width, 3 m. in height, and with 4.57
m. in the perimeter zone depth. Each room is deﬁned
as one thermal zone. See Figure 4 for a schematic
view of the building. The building is assumed to be
located in College Station city, Texas, USA and 2015
is selected for the year of simulations. The typical
weather ﬁles obtained from the EnergyPlus website
is used in this simulation.
This model assumes that the building is on the
ground and thermal energy exchange happens between the building and the ground as well as the outside air. The interior heat gain sources such as people,
lighting, and equipment are eliminated from the simulation, and thermal energy exchange through the
envelope is the only focus of simulation. A singleduct VAV system with reheat is assumed as the HVAC
system used for this building.
Figure 5 shows predictions for the monthly heating (a) and cooling (b) energy consumption from
the current model against OpenStudio simulations
for the year 2015. Both heating and cooling energy
loads show a good agreement with OpenStudio simulations. OpenStudio predicts some cooling load,
even for the coldest months of the year (DecemberFebruary). This cooling load is used for the air condition purposes. However, the energy used for air conditioning is not the focus of this study and is not included in the model. This note explains the minor discrepancies between the current model predictions
and OpenStudio simulations in the cooling load. The
total heating and cooling energy consumption delivered by the current model for the entire 2015 year differs less than 5% from OpenStudio simulations.
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Sensitivity and Uncertainty Analysis Techniques
During the analysis, the building material thermodynamic properties are considered as the input variables xi and heating/cooling energy consumptions
as the cost function Y , hereby written as,
Y = f (x1 , x2 , . . . , xm )

(5)

where m shows the total number of input parameters. The input probability distribution of building
materials is set as normal or Gaussian since the variations take place due to unpredictable changes during construction, climate change, age, and maintenance. Input parameters, if not assumed ﬁxed, are
deﬁned with a mean value and a range of deviation
from the mean value. The SA investigates the contribution of each input variable to the uncertainty in
model output. To this end, the SA perturbs input
parameters concerning the mean values and monitors the variations in the cost function. Perturbations
of an eﬀective input variable are followed by a signiﬁcant change in the cost function while parameters with insigniﬁcant role result in marginal changes.
For nonlinear functions with a large number of in-

Figure 4
Schematic view of
ﬁve-room one-ﬂoor
building with 40 m
in length and 20 m
width.

put variables, SA is a relatively complicated procedure and involves extensive computational volume.
In case of stochastic input variables, variance-based
methods have been more eﬀective and reliable compared to other various sensitivity analysis methods.
The present study refers to a variance-based method
detailed by Jansen et al. (1994) and Jansen (1999).
Later, an uncertainty analysis predicts a mean
value and a range of deviation for the cost functions
using the mean values (μ) and deviations (σ) deﬁned
for the input variables. The UA also determines a
probability distribution over the predicted range for
the cost function.

RESULTS
The variables studied in this research are heat convection coeﬃcient (h), heat conduction (λ), speciﬁc
heat capacity (cp) and density (ρ), of 22 building elements. These elements, including interior walls, and
envelope are all made of the concrete material, with
varying thickness for diﬀerent elements. The properties of concrete in the interior walls are diﬀerent from

the building envelope.
The mean values (μ) and deviations (σ) for the
input variables, shown in Table 1 are extracted from
previous research done by Hopfe (2009) and MacDonald (2002). The Jensen method was applied to
1000 diﬀerent simulations and obtained the results
shown in Figure 6. The total number of uncertain
parameters studied here is 88, and they are all thermodynamic properties of the building envelope and
interior walls. The uncertainties of the heat convection coeﬃcient and the heat conduction of the
ﬂoors contribute the most to the variation of building EUI. The changes of the heat convection coeﬃcient and the heat conduction of the ceilings are the
next, followed by the exterior walls. The contribution
of other input variables is insigniﬁcant. For instance,
the density and the speciﬁc heat capacity of the interior walls have almost no eﬀect on the building EUI.
These two parameters may be critical in occupants’
thermal comfort analysis since they aﬀect the time response of the structure. However, they do not have a
notable eﬀect on the building EUI.
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Figure 6 (a) illustrates the contribution of four main
variables to the output variations. A higher value in
this chart shows a more signiﬁcant parameter. The
convection coeﬃcient with about 0.52 has the most
contribution to the amount of building EUI. The heat
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conduction is the next with a value of about 0.47.
The speciﬁc heat capacity and density with a value of
about 0.01, have the least contribution to the amount
of building EUI.
The analysis in Figure 6 (b,c) shows that among
all building elements in this paper, the ﬂoors are the
most signiﬁcant regarding thermal energy exchange.
About 71% of the building EUI variation is caused
by the uncertainties in heat conduction of the ﬂoors,
and 48% of the EUI uncertainties happens due to
changes in the convection coeﬃcient of the ﬂoors.
The uncertainties of the heat convection coeﬃcient and the heat conduction coeﬃcient of the ceilings are the second most important variables with
16% and 43% of contribution to the building EUI. The
percentage of eﬀectiveness of the heat convection
coeﬃcient and the heat conduction coeﬃcient of exterior walls are 13% and 9%, respectively. The interior
walls have less than 1% contribution in both the heat
conduction and the heat convection.
The uncertainty analysis in this research shows
the eﬀects of variations of material properties on the
building EUI uncertainties with 1000 iterations done.
Figure 7 illustrates the UA result in this study. The
analysis describes the probabilistic distribution of the
building EUI, using the mean values and deviations
deﬁned for the input variables.
The analysis in Figure 7 shows that the probability of 1900 kWh/m2 of EUI for this model is the
highest-probable result. As the normality plot in Figure 7 shows, the distribution of the output is Normal and falls in the range of 1860 kWh/m2 and 1930
kWh/m2 . It should be noted that the only parameters
considered in the UA, are the heat convection coeﬃcient and the heat conduction coeﬃcient, due to the
ﬁndings from the SA process. Finding the most effective design parameters by SA and discarding the
other parameters from the simulation makes the UA
process more accessible and less time intensive.

DISCUSSION AND CONCLUSION
The lessons learned from general engineering SA and
UA, such as the simple case study described above,

Table 1
Building material
properties: heat
convection
coeﬃcient (h), heat
conduction (λ),
speciﬁc heat
capacity (cp). and
density (ρ).
Figure 6
The result of the
sensitivity analysis
for building EUI.

Figure 7
Frequency
distribution and
normality plot of
the building EUI
(considering the
heat convection
and the heat
conduction)

can be applied in architectural design decisionmaking. The proposed framework is implemented in
our Excel interface with a user-friendly environment.
Meanwhile, the SA and UA are programmed in Fortran, to be integrated into Excel background. The architects will ﬁnd it easy to move along the tabs in the
Excel interface to submit the building properties required for the analysis. By running the analysis, this
framework provides the sensitivity analysis and probability distribution of results associated with diﬀerent design scenarios. The program produces all these
scenarios randomly and based on the user’s initial input.
The proposed framework is demonstrated in a
case of building EUI analysis. The result of this case is
discussed in previous sections. Extending this framework to various aspects of architectural design will
lead to a lower level of complexity in design decisionmaking and higher eﬃciency and reliability. The SA
and UA methods integrated with architectural design will simplify complex design problems and allow the architects to make more robust and practical
design decisions. This SA/UA framework will enable
the architects to understand the signiﬁcance of each
input parameter and the range of the output variations. This framework is capable of supporting the architects in making informed decisions for single and
multi-objective design optimization problems.
Further research will be conducted in solving
multi-objective design optimization problems. As
an example, this SA/UA framework can be implemented in multi-objective design optimization problems such as aviation facility planning. It will support the architects to design more eﬃcient ticketing
halls based on the probability distribution of diﬀerent passenger ﬂow situations. The uncertainty of the
number of passengers in the ticketing halls in diﬀerent times will be analyzed to allow the architects to
test diﬀerent design scenarios. Multiple objectives
such as minimizing travel distance, maximizing usable area, minimizing construction and operational
cost among others can be taken into consideration.
For multi-objective design problems, like this case, a

weighting system could be applied to determine the
level of importance for each objective. The architect
should be able to assign the level of signiﬁcance for
each objective based on the project’s requirements.
This framework can also be applied in adaptive
façade design process. The uncertainties of external environment such as weather data or internal environment such as occupants’ behavior, make the
adaptive façade design challenging. Further research
in adopting this framework to identify the most signiﬁcant input variables in adaptive façade design is
valuable.
Development of Building Information Modelling
(BIM) tools allows modeling complicated building
models, transferring data from design tools to analysis tools and searching a considerable design space
to ﬁnd the best possible design options. The SA
and UA related data may also be modeled inside
the Building Information Models (BIMs) as parameters with appropriate probability distributions to facilitate more reliable simulation and optimization to
accommodate the future changes during the designconstruction-operation processes.
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Advances in computational algorithmic design, material science, and fabrication
technology have exposed architects to new opportunities in design and enabled
them to address contemporary needs of cities and citizens. The far-reaching
applications of this technology have provided students with a bewildering array
of new tools for their design exploration. Among many of the socio-economic and
political challenges facing today's world, homelessness and refugee crisis are the
most critical. "Shape Your Shelter" design-build studio aimed to create a portable
and transformable shelter using emergent technologies. This paper reviews some
of the central concepts of such an endeavor and the role of computational design,
digital fabrication, and material behavior as a medium of architectural design
education and social services. It describes how these concepts can be used in a
pedagogical framework to encourage student Innovation and increase students'
engagement in new technological resources as they address critical
contemporary and future social issues.
Keywords: Transformable Structures, Portable Architecture, Collaborative and
Participative Design, Homeless / Refugee Shelter, CAAD Education, Social
Architecture

INTRODUCTION
Amidst the development of big cities towards making better educational, residential, and social spaces,
there is a lack of recognition for those who are unable to keep up with the fast pace of capitalistic life.
Acknowledging the fact that a lot of people are left
behind in this competition ruled by consumerist values, designers’ contribution in ﬁnding ways to help
those people to reunite with society is crucial. How
can designers engage in social issues and explore design solutions for improving the community and society?

According to the UN High Commissioner for
Refugees, in 2017, 65.6 million people were displaced
worldwide because of war, persecution, conﬂict, violence, or human rights violations alone. Refugee
livelihoods have become a crucial topic in contemporary geopolitical relations. People who have a
well-founded fear of persecution cannot return home
must ﬁnd a way to contend with their new context. (UNHCR 2017) The 1980s and early 1990s in the
United States have been characterized by multiple
political and socioeconomic changes that have contributed to the “social construction of homelessness”
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(Sclar 1990). These factors include recessions, a shift
in the labor market from industry to services, reduced
social welfare, and educational programs, all of which
trigger an increase in poverty. (Hopper and Hamberg
1986)
Based on the homeless world cup foundation,
the last time a global survey was attempted - by
the United Nations in 2005 - an estimated 100 million people were homeless worldwide. As many as
1.6 billion people lacked adequate housing. (Homeless World Cup Foundation 2018) Also, in its 2017
Annual Homeless Assessment report to Congress,
the U.S. Department of Housing and Urban Development indicated that 553,742 people were experiencing homelessness in the United States. For every
10,000 people in the country, 17 were experiencing
homelessness. Approximately two- thirds (65%) were
staying in emergency shelters or transitional housing
programs, and about one- third (35%) were in unsheltered locations. (Henry et al 2017)
Walk through the downtown core of big cities;
look down the alleys, around the hidden corners,
and into the dark recessed doorways and you will
ﬁnd people struggling to survive, simply needing
a roof over their heads for the night. People who
are homeless are most often unable to acquire and
maintain regular, safe, secure and adequate housing. Refugees and homeless people are suﬀering
from displacement, lack of safe and adequate housing, and extreme consequences of poverty. Current
relief assistance model for refugee / homeless populations is often times the only separation between
homeless people and local communities. At Washington State University, a third-year undergraduate
studio explored pedagogical framework to the question of homelessness. It sought to propose spatial
design and programmatic solutions to ameliorating
the life of refugees and homeless people and providing opportunities for them and local communities to
strengthen ties while enabling self-agency.

DESIGN CRITERIA AND SOCIAL REQUIREMENTS
Architecture is at its core, the design, and creation of
shelter. A simple safe and secure place to sleep and
keep belongings is critical to anyone forced to live on
the streets. When disabilities put people at risk for
continued or recurring homelessness, outreach and
services play a crucial part in getting them into housing. For many individuals, homeless prevention is an
incremental process.
A problem that exists within a multitude of conditions requires a solution that can be adapted to
meet those conditions. When more permanent shelters are not available, ﬂexible and mobile structures
serve to bridge the gap that often exists between
homelessness and housing assistance. Safety and
stability are key elements in establishing and maintaining a path towards the rebuilding of an independent and self-supporting life. Solutions must include aﬀordable housing, along with employment
or mainstream beneﬁts suﬃcient to maintain housing stability. Solutions should also focus on addressing socio-economic concerns regarding refugees and
homeless people and ﬁnding ways to creatively reknit the city and expand engagement and interaction
between displaced people and their local communities. The key factor is to create shared organization
and management activities that involve both refugee
/ homeless and local communities.
To ameliorate the housing and social engagement issue, this project focuses on designing an
aﬀordable, portable, adjustable, foldable, and selfstanding home-oﬃce, using computational design
methods and emergent technologies. The goal was
to design a shelter that would not only provide a
safe place to accommodate the basic needs of the
homeless/refugees, but also one that is at once livable and playful. More importantly, it had to function as a business incubator or a pop-up shop to give
a homeless the ability to become ﬁnancially independent. This would lead to recovery and the regain
of dignity. The pop-up shop facilitates face-to-face
interactions between these people and their neigh-
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bors to inspiring employment, cultural exchanges, or
companion support opportunities. It would also help
raise awareness of these issues in the society by facilitating gradual assimilation and building vibrant and
diverse communities.
The initial cost of the shelter came at $1000, but
in time and repetition, that number will decrease
substantially. Financial contributions could come
through NGOs, governments, UN, donor support and
various philanthropic businesses. Given the clear and
easy to follow assembly instruction, users can be involved in the fabrication process. This will make it
more self-sustaining.

METHODOLOGY

Figure 1
Students’
investigation on
possibilities in
computational
design for
designing a
reconﬁgurable
shelter.

As a design-build endeavor, this project spanned the
gamut of architectural steps, from design to building a full-scale. It focused on research and precedent studies, client preferences, budgeting, creative
design solutions, materials, construction, and fabrication considerations. The pedagogical framework
was deﬁned around various considerations such as
architectural, structural, functional, aesthetic, social
engagement, emerging technologies potentials, and
collaborative construction experience.
While tackling a social obstacle, the studio
sought to promote learning of new methods of
design as grounded in computational design, digital fabrication, and material behavior, all aimed
to enhance students’ perception of algorithms, design computation, mechanism, spatial quality, and
human behavior. In order to create a collaborative studio, throughout the semester, students were
grouped in teams of two, participating in design
charrettes, took ﬁeld trips, and presentations of design solutions. External consultations with structural
engineering and material science students were conducted to enhance the design and fabrication solutions. Serving as a bridge between education, homeless community, and professional practice, this studio provided a creative academic environment punctuated by regular review sessions with industry partners, city council, and homeless representatives. To

achieve the objectives of the project, this studio was
divided into four phases:

PHASE 1: FOUNDATION AND RESEARCH
In this phase, students were introduced to their
clients, context, and available literature review to explore the potentials embedded in emergent technologies. They worked collaboratively to understand
the applications of ﬂexible, portable, and multifunctional architecture and synthesize an outcome
gleaned from the team’s research for designing shelters.
Students began by visiting some homeless facilities and interacting with them to understand their
needs and explore the objectives of the project.
After interviewing homeless people to learn about
their needs, students surveyed scholarly resources on
computational methods for transformable, portable,
pre-fabricated, and multi-functional spaces. Students’ research investigated possibilities in computational design combined with material behavior, digital fabrication, and origami studies for designing a
reconﬁgurable shelter. At the end of this phase, students made use of cutting-edge architectural software such as Grasshopper for design development,
analysis, and making series of ﬂexible and kinetic
structures. Here students observed how the built
environments could gradually morph based on various program and user’s needs. They investigated
how naturally occurring transformable/ﬂexible systems could serve as inspiration for programmable
built environments. The scholarly investigation of
transformable system exploration led them to ﬁnd
the proper system for their shelter. (Figure 1)
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Figure 2
Students designed
stackable and
portable shelters to
accommodate both
individuals and
families with
respect to the
design parameters.

PHASE 2: DESIGN EXPLORATION
In this phase students Learned how to design in harmony with the environment, society, and culture to
improve community and society. They explored how
to integrate the potentials embedded in technologydriven design to create new relationships between
the built environment and tangible sites through
adaptive architecture. After a comprehensive research in phase one, students individually designed
14 stackable and portable shelters to accommodate both individuals and families with respecting
the following design parameters: (i) aﬀordable- under $1,000 a unit, (ii) easily constructed and massproduced, (iii) temporary and portable, with no foundation because of city and codes regulations (iv) Protective of the occupant from the most extreme elements through all seasons, and (v) Not exceeding a
25 sqf footprint and not larger than 6’-0” in height.
Students designed their shelters in three categories:
1) Shelter on Wheels: Ability for direct attachment to a bicycle frame, shopping cart, or other
forms of transportation.
2) Live-Work-Play Shelter: Giving a homeless person the ability to become ﬁnancially independent.
3) Shared Shelter: Capability to accommodate
2-3 people. In some cases, cities face homeless/refugees’ families with children. This design option requires the ability to ’stack’ and expand. (Figure
2)
One student’s project was selected at the end of

this phase for full-scale fabrication and exhibition in
the AIA Spokane Award Show. This project was collaboratively built in full scale and tested by a homeless volunteer during the summer. The following examples highlight design solutions created by the students focused on diﬀerent aspects of adaptive design with the creative and innovative use of emerging technologies.

THE LIFE OF A MODERN NOMAD
The project is inspired by early African nomadic architecture and sphere structure was chosen as an optimal solution for not needing inner supports and
resistance to environmental loads. The structure is
made of ﬁve inﬂatable rings, the middle one being
connected to a base. The rings can be deﬂated to
allow the unit to be transportable. The rings sit ﬂat
on the ground and are connected to a movable base
supported by scissor members. Storage, water collection, and water puriﬁcation system are embedded
in the base of the unit which can be transported like
suitcase through the attached extendable handles
and wheels. Overall, this shelter can provide ease in
daily life and serve as a transition towards permanent
living. (Figure 3)

REGENEREST
Regenerest is a deployable, transformable, and multifunctional shelter that could be transported by
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Figure 3
This structure is
made of ﬁve
inﬂatable rings
which are
connected to a
movable base
supported by
scissor members.

Figure 4
Regenerest is a
deployable,
transformable, and
multi-functional
shelter that could
accommodate 10
diﬀerent
conﬁgurations. The
modularity allows
for expansion
through stacking
and attaching.

wheels. The project consists of six panels that are
connected through double knuckle hinges with a
locking system to improve feasibility and stability.
Movable panels make more than 10 diﬀerent conﬁgurations. The modularity allows for expansion
through stacking and attaching. This can create
multi-functional spaces that can accommodate various activities and diﬀerent families’ sizes. This provokes cultural regeneration of neighborhoods by enhancing the unique characteristics of the site and
strengthening the relationship between homeless
and the locals. (Figure 4)

PARAMETRIC MOBILITY
This is a versatile structure that uses parametric geometry to change its conﬁguration through bending
and twisting. Grasshopper was used to create

a structural network which virtually demonstrated
magnetic ﬁelds to alter the shelter’s form and structure. Magnetic ﬁeld simulation demonstrated the
forces and the changes in the structure. Flexible
hinges and expandable materials used in this project,
allow for re-shaping and rolling up to create ease of
portability. In tandem with it’s aesthetic, the shelter

CAAD EDUCATION | Concepts & Strategies - Volume 1 - eCAADe 36 | 311

allows for play, storage, marketing, lounging, and etc.
(Figure 5)

cal community and society with minimum intrusion
the city fabric while granting urban residents more
self-agency and empowerment. (Figure 7)

ORIGAMI, DIGITAL SIMULATION, AND
TRANSFORMABLE SPACES

PHASE 3: DESIGN DEVELOPMENT, PROTOTYPING, AND DETAILING
In this phase, the whole class worked collaboratively
to develop, document, prototype, and make the details ready for construction and fabrication of the selected project.

SELECTED PROJECT FOR FULL-SCALE FABRICATION
The selected project is a lightweight, pre-fabricated,
and foldable shelter which can undertake eight different conﬁgurations achieved by origami ﬂexibility.
The structure can also be altered to increase light,
natural ventilation or the retention of heat depending on the season. The shelter gives the user options
to create a place of gathering, a private space, a popup shop or an area for family or communal expansion.
(Figure 6)
Also, the colorful tessellation creates a pleasant
experience inside by catching the speciﬁc colors and
shades of the light spectrum. The detachable tessellations found throughout the structure allow for control of natural lighting, ventilation, water collection,
social interaction, and personalization. By considering it as an urban sculpture or a portable green installation, it can also serve the public and can be considered as a medium of interaction between society and
homeless people to further raise awareness of this issue and increase the community engagement. Here
we can fulﬁll our goal of social interaction with the lo-

This shelter capitalized on folding patterns and
origami to alter its conﬁgurations based on needs
and preferences. In this context, origami was used
for spatial conﬁgurations and form ﬁnding, acting as
an eﬀective tool for morphological explorations.
This origami and folding system required a lot
of revisions, analysis, and visualization in order to
successfully transform an ideal folding pattern to a
physical model in reality. Relying on parametric design abilities to demonstrate a virtual appearance
and estimate potential challenges of a project during a design stage, students visualized the potential challenges virtually and overcame problems before the project was built. They used (i)Kangaroo
Physics 2 as a live physics engine for interactive simulation, optimization, and form-ﬁnding, (ii) Freeform
Origami for evaluating constraints of origami, perturbation based calculation, and mesh modiﬁcation, (iii)
Origamizer for layout algorithm, (iv) Rigid Origami
Simulator for simulation of the form and structure,
and (v) Ivy plugin in Grasshopper for fabrication and
analysis of the stresses and potential weakness area
of a structure in a given situation, segmentation and
unrolling the structure for fabrication. (Figure 8)

MATERIAL BEHAVIOR AND DEPLOYMENT
In this project, deployment occurs due to high strain
elastic materials and folds to apply changes in shape.
This waterproof and insulated shelter is made from
two layers of corrugated plastic and leather at its
joints for maximum ﬂexibility. Material selection and
joinery connection were an essential part of our research to allow our structure to easily fold itself (selffolding) without losing its strength, which can reduce
the weight of structure compared to rigid structures
that rely on joinery system to fold. In this project
portability of a structure is created by the inherent
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Figure 5
This parametric
versatile structure
changes its
conﬁguration
through bending
and twisting. The
detachable mesh
allows for residents
to link up with
others and create
large shared spaces.

Figure 6
This foldable shelter
can undertake eight
diﬀerent
conﬁgurations
achieved by
origami ﬂexibility.

Figure 7
The colorful
detachable
tessellations allow
for control of
natural lighting,
ventilation, water
collection, social
interaction, and
personalization.

Figure 8
This shelter
capitalized on
folding patterns
and origami to alter
its conﬁgurations
based on needs and
preferences. It can
oﬀer private, semi
private, and public
usage.
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Figure 9
Material selection
and joinery
connection were an
essential part of our
research to allow
the structure to
easily fold itself
(self-folding)
without losing its
strength. This
light-weight shelter
can be carried by a
single person.

form and content. The material selection also helps
us to be able to embed environmental consideration
and insulation in our design and create a light-weight
and portable shelter which can be carried by a single
person. This portable shelter allows spreading the
refugee/homeless in the city for business and cultural
exchanges and weaves their communities within the
local fabric, creating a condition that can eventually
make our cities more inclusive. This shelter is completely prefabricated and can be transported to the

site without any on-site operation or assembly which
makes it very cost and time-eﬀective. (Figure 9)

PHASE 4: FABRICATION AND INSTALLATION
In this phase, the whole class worked collaboratively
to fabricate 1:1 scale of the chosen project. Here
students were exposed to real-world construction
challenges, material behavior, detailing, building sys-
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tems, components, and assemblies, including structural and environmental impact and use.

STUDIO PEDAGOGICAL OBJECTIVES AND
TEACHING EXPERIENCE
Starting with the idea that our target is the refugees
and homeless population regardless of locations,
and that community outreach is a key component
of education, this small-scale community-based design/build studio emphasized on:
Collaborative, consensus design experience: As
studio based collaborative project, to raise the students’ engagement and share the ownership in the
design, all the work was done in groups, using a
consensus method with a facilitator (rotating), and a
group memory.
Learning-by-doing and real-world design: Technology is most meaningful when integrated into the
studio context and there is no substitute for handson experience. Design/build projects allow students
to move beyond schematic design. Issues that never
come up in the classroom arise on the job site. A realworld design issue, detailing challenges, and construction strategy are all debated with a hands-on approach to three-dimensional reality.
Development of digital fabrication skills: The
students learned fundamentals of digital fabrication
processes including using algorithms in the form
making process, using design computation software
in the design process and fabricating through the

digital tectonic.
Respect to the context: The students learned
how to design in harmony with the environment, society, and culture. They analyzed the human factor in
the community and they have the opportunity to see
the results in the context. As a result, students were
able to do a pre-occupancy and a post-occupancy
evaluation.
Improvement of communication skills: The numerous community meetings, as well as presentations to city agencies, require communication skills.
A polished presentation helps mitigate the doubts
that students have enough experience to build quality projects.
Redeﬁnition of values - community service/commitment: Architecture has always been a service profession, but it has traditionally served only those who
can aﬀord it. By working for the city, the students
were exposed (often for the ﬁrst time) to community outreach and real clients. Students learned that
by working together, projects can happen if they
commit themselves to making them happen. They
gained conﬁdence in the power of commitment, not
just in design and building. Students dealt with design issues in a practical way in this studio, and they
learned building techniques and details. However,
the real lessons involved self-motivation, perseverance, self-reliance, courage, dignity, teamwork, and
service to others.

Figure 10
Final project was
exhibited in the AIA
Award Show, Baazar
Art Festival, and
Square River Mall
and used by
homeless
community in
Spokane during the
summer.
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RESULTS
As a result, the full-scale project was built and tested
with the homeless community in Spokane. To raise
the public awareness a book and website were published that included design and fabrication process.
All the projects were presented in AIA Spokane
Award show and all the winners (ﬁrst, second, and
third places) of “AIA Spokane student competition”
in the homeless shelter chapter were from this studio. (Figure 10)
This was a great social outreach which happened
through students’ eﬀorts. However, some existing challenges required revision and need to be addressed more eﬃciently in future pedagogical experiments. Although the usage of embedded potential
in digital software was critical to design and build
such projects, creating a balance between analytical
thinking and software reliance is crucial. Students
need to learn to rely on their architectural and structural senses and use the software as a complementary tool. Also, the timeframe of such design-build
projects (based on the level of students) needs to be
precisely estimated to avoid adding external pressure
on the process.

CONCLUSION
In conclusion, in this studio, students identiﬁed
proper methods of design inquiry and problemsolving processes to generate creative solutions to a
social problem. They synthesized information from
multiple sources to establish design parameters and
develop genuine conceptual frameworks. They also
applied research, theory, design precedents, regulations, and established conventions as appropriate to
inform design decisions. This studio encouraged designers to reinterpret architecture within the emergent technology as a tool to engage in social issues
and contribute to ﬁnding ways and creative design
solutions to help the community, society, and humanity. By showcasing the application of computational design and digital fabrication strategies within
a pedagogical context, students’ projects present innovations made possible by our current technolog-

ical environment. It also showcases how they can
be used in a pedagogical framework to nurture student’s creative capacities within an ever-changing
technology-driven era to serve better our societies,
cities, and people.
In the end, this transformable shelter can hopefully be known as a long-term solution to a signiﬁcant
problem of homeless/refugees’ population and the
hardship that they undertake, and it might be considered as a homeless shelter of the future.
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knowledge is and how it is produced. In the field of professional education they
also differently define the competencies of the professional. Nowadays, in
architecture, where the design digital platforms producers force the philosophy of
`standards', the need for rethinking our general approach to architectural
computing becomes an urgent issue.
Keywords: architectural computing, education, positivist, creativity,
constructivist apprach

POSITIVIST VS CONSTRUCTIVIST.
The call for a better tomorrow, especially dedicated
to computing in architecture, seems to call out the
search for answers to the questions of rather general and wide scope within the domain. At the same
time, the issue contained in the conference theme is
very positivistic in nature. This seems obviously right
and probably should not be questioned. However,
the theme contains and reinforces themes for discussion, or even assumptions within which the western culture is trapped (The ﬁrst - and perhaps most
fundamental - ﬂaw of positivism is its claim to certainty ). These assumptions tend to concern whole
societies, and by that they also deeply concern the
reality of architecture, methodologies of the architects’ work, tools and media that they use. Computer based design platforms, on the performative
and even ideological levels, are actually the reality of
architectural design. Trying now to simplify the is-

sue, we may assume that the further development of
digital media and tools (mainly led by the corporate
bodies) will make the reality of architecture and architectural design better. In architectural education
therefore, the constant rush to teach solutions that
are proposed (imposed) by the new standards, developers, seriously narrows the space for the alternative
approaches.
The question has to be asked - what does a “better tomorrow” mean in the ﬁeld of architectural computing? This is going to be the ﬁrst question more
widely evolved in the full paper. The potential answer
will cover both the criteria and consequences.
The main idea that is expressed in this paper is
the need for a shift in general approach to education
in the ﬁeld of architectural computing. On the meta
level, the main problem is the shift from the prevailing positivist paradigm in architectural digital media
education towards the constructivist approach (To-
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bias, Duﬀy, 2009) .
Although constructivist approach concerns the
theory of education and learning (Vanderstraeten,
2002), the concepts derived from this speciﬁc thinking on learning can be more widely applied in different ﬁelds. In short we propose the shift from the
approach led by objectivism, certainty and external
control (legal, corporate standards), towards the approach within which the learner becomes the information instructor (Wellington, 2001, 2015) . Can we
then ‘translate’ CAD, BIM, VR, AR into the ﬁeld of interpretative possibilities?
The pattern of development in architectural design oriented digital technologies can be generally
ranged between two values (states): tendency for integration and covering the complexity. The space
between these two situations uncovers the change
within the ﬁeld during last 20-30 years - from CAD to
BIM.
CAD used to be a sphere of some digital support of architectural design. Architectural design was
somehow external to the sphere of digital tools The
tools were developed there to support the architect
in making his/her part of the building process documentation.
BIM expresses the ambition (probably of the software houses corpos) to introduce common digital
platform(s) that would cover all required components of the whole design process. What these solutions really bring is the wider understanding of the
complexity of design processes in the real world. But
does this have to mean also technological complexity? Does this really make the reality of architectural
design better? And - how it inﬂuences architectural
computing education?
In architectural education, both CAD and BIM
platforms are media that in most cases are imposed
- by software producers and technological lobbies,
together with their teaching - learning methodologies. These methodologies came as a consequence
of the nature of the tools (software) that have to be
taught this but not the other way. So instructionlearning processes are led by the software manuals.

In most cases they come from the outside of the design world. In this sense BIM did not bring any new
meaningful possibilities for architectural design (in
fact brought only one - making possible to make design process a virtual place, but this possiblity was
conceptually developed far before the term BIM appeared ) (Verbeke, Stellingwerﬀ, 2001).

CHANGE OF FOCUS.
So what is proposed in this paper is a change of focus in architectural computing education. The focus has to move from the procedural, domain oriented pattern (profession practice with its seemingly
legal requirements and imposed tools, where development of tools develops methodologies, the user
has to adopt these - positivistic approach) towards
the person oriented approach (design situation is deﬁned through media interpreted by the conscious
and reﬂective design process participant - constructivist approach) (Glanville, 1995). The new education
paradigm in architectural computing that should be
focused on the constant development of the person - architect, not just tools or methods, will enable more paths for development of better designers. Better: more conscious, intellectually ﬂexible,
self-actualising professionals (Maslow, 1971) .
As architectural practices are nowadays deeply
inﬂuenced by digital technologies, the reﬂection is
needed whether this inﬂuence goes in the right direction. Computing technologies oﬀer new possibilities, but these possibilities cannot be rationally
evaluated from the point of view of both - development of the ﬁeld of architecture as such and development of architectural thinking (which in fact means
development of the architect as a person). There is a
need to see the sphere of architectural computing as
a sphere of possibilities, not only technological and
methodological obligations. This should be an adaptive sphere, which can be used, adapted for diﬀerent purposes and in various, not standardised ways.
Therefore instead of inventing new needs that must
follow technologies, we have to learn to use technologies for making new design environments.
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Therefore the question of deﬁning proper and
open ways of architectural computing education is
an ongoing question, especially now, when we face
such a strong preference for BIM education, that has
to follow the development of the tools that prevail on
the market.
The only proper solution for deﬁning ways for architectural computing education is to deﬁne what, or
rather WHO should be its ﬁnal ‘product’? I believe
that the issue is NOT to produce just the competent
architect, but the person, who “ can be equally called
self-evolving person, the responsible-for-himself and
his-own-evolution person, the fully illuminated or
awakened or perspicuous man, the fully human person, the self-actualising person” (Maslow, 1971).
Having this in mind, we can distinguish two general approaches to architectural education:
1. Education is a training of the future professional - a strictly positivistic educational approach. The student has to acquire the objective knowledge and skills, that are required by
the profession. Computing education here is
a linear cause-eﬀect acquisition of skills with
digital tools that are required by the market.
2. Education as a laboratory for professional innovation - a constructivistic approach, within
which individual interpretation and experiment become fundamental strategies in the
learning process. In this pattern, the professional education becomes a laboratory for
a personal development. Individual talents,
interpretation skills are involved to act creatively in the process of learning. The sphere
of computing hence, becomes the sphere of
exploration - in the course of developing new
possibilities and new aspects of design. The
classes should be replaced with conceptual
labs, with a free access to digital tools as experiment devices.
Using Glanville’s distinction (Glanville, 1995) of the
general approaches to architectural computing, we
can say that the ﬁrst model of education presented

above uses computers as as tools, the second as a
media. Probably a medium approach to computing,
that is based on treating digital media as media for
experimentation and discoveries, can be seen as general methodological direction for evolving new education paradigm in architecture: “this can help us
get beyond the limitations of our own imaginings,
for we are all somehow trapped in and by the limitations of our imaginations, no matter how wonderful”
(Glanville, 1995).
We, as educators have to remember that there
are no media without their user (receiver). It is
him/her who has the ability to deﬁne his/her tools
and approaches, by an active, creative attitude.
No matter how unrealistic the constructivist approach may seem nowadays, it can really bring an essential change for the better in architectural computing and in architecture as a whole. What would have
to happen to make it possible?
In the author’s view, there are three potential
generative situations for this kind of change:
• - development of designers’ programming
skills, which have to be based on the natural appropriation of programming from the
level of basic education, programming needs
to become a skill comparable to writing skill;
• - development of a new kind of digital solutions for architectural design, that would
enable far deeper possibility for user adjustment, the actual practice of making SDK available for users is not a suﬃcient possibility, untill the designers get the programming skills;
the next level SDKs have to become the design profession oriented;
• - acknowledgement of the open and personalized approach to the digital design media;
this is especially important in the education
processes, where the place for the innovative solution should left open to the users;
Figures 1 and 2 show several examples of
how design thinking can be developed with a
use od 3d modelling and rendering software,
when used not for simulation, but creation
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purposes.

What and How?
Overall development requires ﬁguring out and
Figure 1
Examples of the
experimental
intuitive 3D
modelling class:
spatial imagination
training with 3D
digital modelling.
Bialystok, 1995 2018.
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naming tasks that relate to the general condition of
our culture, our present and future needs and problems to solve. Digitalization, virtualization seem to be
unavoidable, but we need to ask - to what extent and

under what conditions. Strategies for actual conﬂicts
solving, patterns of social life, global cooperation and
neigbourhood, socail and individual progeress - they

Figure 2
Examples of the
experimental
intuitive 3D
modelling class:
spatial imagination
training with 3D
digital modelling.
Bialystok, 1995 2018.
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will never be solved unless we touch and give the
right to reconsider the modern notion of humanity
on every level of education. Architectural education
has a special role to play. We all see that somehow we
reached the paradox - with the digital technologies
we are able to see the complexity of each and every
component of the reality, BUT at the same time we
reach the limit of grasping this complexity. The ‘ruling’ pattern of intellectual, scientiﬁc development,
based on the rationalistic skepticism reaches its limits. This pattern is not wrong but is no longer sufﬁcient in educating us to deal with the world. This
skepticist system impoeses the distance between the
subject of thought and its activity, which locates the
participant of the process outside, making him/her
an observer. In this pattern, the position of participant is very hard to achieve - and in architecture, participation seems to be an essential issue to be sought
in designing spaces. The position of the observer is
the position of controlling. But how many more processes are we able to control? It is the paradox, but in
order to really go further, the digital environments,
that surround us, compel commitment and participation. With a great communication possibilities we
need to become involved with and responsible for
each other. Therefore the model for an open education, focused on interpretative skills is a must.
There is a need for an overall discussion on both
- initial assumption for architectural education and
the vision of its product. These issues cannot be left
in thinking on education, especially in the context of
computing. In fact we are somewhere between our
perceptions and the real complex world. Almost everything speaks of crossing the borders - and the border that we have to cross in architecture is the belief,
that our profession has only one face.
Therefore, I do not believe that present education systems, in which we participate, will even touch
the issue of its own fundamental aims. Some of these
aims lie in the question of the full development of the
person, his own understanding of his own place in
the world, his ability to creatively interprete his/her
own professional development. Education is here to

help us not just to educate as professionals, but we
undertake the professional education to deﬁne our
place in the world, in realities between architectural
spaces that should delight us and digital worlds, that
should enrich our experience.
Therefore the aim of education is not just knowledge, not development of the world ’outside’, not
some mythical future. Education is to be able to release the kind of creativity which concerns the person as a whole, where the speciﬁc profession is its
component, a way of life. Maslow said that we do
not need to teach and train engineers in a standard
sense, but in a new sense, i.e. ’creative engineers’. ”
Education can no longer be considered essentially or
only a learning process; it is now a character training,
a person - training process” (...) What I am really interested in is the new kind of education which we must
develop, which moves toward fostering the new kind
of human being that we need, the process person,
the creative person, the improvising person, the self
trusting, courageous person, the autonomous person” (Maslow, 1971). I am interested in this too.
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The paper describes the interdisciplinary course, Escaping Flatlands, focusing on
improving communication between students, who were either from the field of
architecture or media informatics and human-computer interaction. There were
two underlying themes. The first, the integration and augmentation of digital
media and haptic models, escaping the flatland of classic architectural media
such as paper or screens. The second theme, expert-laymen communication in
public participation, was addressed in the contextual theme and content of the
course task, the communication between students of different fields, and the
presentation of robust working prototypes at an architectural exhibition. Students,
in groups of four, developed three interactive architectural models enhanced with
digital content. The course resulted in a number of benefits to students, the chairs,
and implications for research. It also led to further collabourations between the
two universities involved, including cross-over Bachelor and Master Thesis.
Keywords: tangible interfaces, human-computer interaction, smart city, public
participation, model making, augmented reality

INTRODUCTION
Professionally, Architects take on the role of intermediary between the various stakeholders in planning projects, such as developing designs for building contractors, advising with specialist planners on
details, and coordinating trade companies working
on the building site. To fulﬁl these tasks, an Architect needs to have a basic understanding on a
variety of subjects and disciplines, such as design,
building legislation and regulation, and other spe-

cialist disciplines (structural engineering, plumbing,
energy, etc.). This knowledge is imparted in architectural education, however, there is often a lack of
opportunities to actually work in collaboration with
other disciplines at universities. Convincing, sustainable and suitable solutions to planning problems do
not occur through successive processes, but collaborative ones. In response to this, the new seminar,
Escaping Flatlands, by which the interdisciplinary
teaching method is described within this paper, was
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conceived with the aim to enable architectural students to gain knowledge and experience in interdisciplinary collaborative design.
The Chair of Architectural Informatics at Technical University of Munich (TUM) has, like many other
universities, a number of design courses, such as
building information modelling, which focus on collabouration between students of related disciplines;
in this case the Faculty of Architecture and the Faculty
of Civil Engineering at the TUM. In Escaping Flatlands
however, the aim was not only to create a collaboration experience for the students, but to sensitise
and raise their awareness of the necessity and opportunities of co-operating with other disciplines, when
it is appropriate to collaborate simultaneously and
when successively, and to broaden the scope of their
possible partners beyond the architectural sphere.
Therefore, the course focuses on collaboration between architecture master students from the TUM
and human-computer interaction or media informatics (hereafter referred to as HCI) master students from
the Ludwig-Maximilians-Universität München (LMU).
As intermediaries, Architects are also ultimately
responsible for coordinating public participation processes within the scope of the law and beyond. In
Germany, as in other countries, there has been a shift
in recent years towards transparent planning processes especially in early design phases, with the aim
to increase public acceptance of development proposals, to proactively reduce the costs and delays
caused by protests and public dissatisfaction, to increase the public’s trust in authorities, and to enable
a growing number of stakeholders (within urban environments) to gain the knowledge and understanding they seek on planning decisions eﬀecting them.
Participation is always about the communication of
ideas and opinions. Architectural planning communication tools can include sketches, (CAD) plans of
diﬀerent scales, 3D physical or digital models, visualisations, or animations. For citizens, whose planning
knowledge ranges from novice to expert [Rambow
2000], and who have diverse interests and expectations, these forms of communication can provide

both physical (access) and cognitive (understanding)
hurdles.
Architectural models in particular provide a signiﬁcant mechanism for dialogue within this context
even if each member of the conversation views the
model from a diﬀerent perspective [Ledewitz 1985].
Models make it possible to quickly grasp and evaluate cubature, form and spatial relationships. A signiﬁcant advantage of using architectural models is
that they are a potentially much richer source of information providing three dimensions and the opportunity to use a host of properties borrowed from
the ‘real’ world for example: size, shape, colour texture, relationship between objects etc. Still, traditional static architectural media, such as models, implicitly contain information in their visual representation, whereas today’s digital design methods are
based on data models from which visualisations can
be derived on-the-ﬂy [Mühlhaus et al. 2018].

COURSE DESIGN
Edward Tufte is an information scientist and graphics designer who pushes the communicative abilities of the endless two-dimensional ﬂatlands that we
encounter in our everyday lives from pieces of paper and computer monitors to smartphones displays
[Tufte 2005]. A haptic model is one of the simplest
ways of escaping ﬂatlands. In combination with digital content they hold great potential for the comprehensible communication of information and help us
break away from the static nature of classic architectural communication media by enhancing and augmenting them with interactive digital media. The aim
is to transport expert knowledge to a heterogeneous
group of people using information rich, enhanced
models.
Students from two disciplines were brought together to explore this topic. The challenge was
to understand how information can be presented
and feedback given and received. The ﬁrst discipline is architecture. Architects have domain speciﬁc
knowledge in this ﬁeld, have design and communication knowledge and design and model-making skills.
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Figure 1
Double diamond
concept overplayed
with course
elements

What they lack is hard- and software development capabilities, which is why the second discipline is informatics. Students taking part in the course Escaping
Flatlands were of Master level, enrolled either in an
architecture degree at TUM or in a media informatics
degree at LMU.

Course Concept
The layout of the courses lectures was inﬂuenced by
Buxton [Buxton, 2007]. According to his described
design theories it is for any creative discipline crucial
to perform multiple iterations early in the process in
order to get any design right. Therefor the course
was conceived around the double diamond concept [Norman 2013, Design Council 2006], whereby
the design space is widened in the discovery phase,
closed in the deﬁne phase, widened within a more
speciﬁc context during the design phase and ﬁnally
closed in the deliver phase (see Figure 1). We referred to this design maxim also within the course
Escaping Flatlands and suggested stage appropriate
prototyping techniques [Rudd et al., 1996] and tools
in order to provide a solid basis for revision rounds
and group feedback sessions: in early stages of development, the student teams were asked to deliver
sketches and storyboards on a low-ﬁdelity (divergent
phase) and produce a large quantity of ideas related

to the course topic. In consecutive project phases
mid-review presentations were conducted in order
to reduce the numbers of ideas (convergent phase)
[Norman 2013, Design Council 2006]. After ideas
were selected and more concrete the student teams
were instructed to increase the ﬁdelity of their prototypes by sketching-in-hardware with common prototyping platforms. The instructors were providing individual group feedback after the mid-review round
and gave advice on prototyping issues. These highﬁdelity iterations were performed up to ﬁve weeks
before the ﬁnal presentation. Subsequently a design
freeze, a point were no more changes to the current
concept were possible, was announced in order to reserve enough time for the ﬁnal design implementation of the executed prototype.

Course Structure
The students worked together developing a solution
concept to an architectural communication problem
and implementing it in a robust working prototype.
The course followed a structured procedure, developed to support the iterative design process and was
roughly divided into four phases; problem deﬁnition,
topic ﬁxation and team-ﬁnding, low-ﬁdelity prototyping, and high-ﬁdelity prototyping.
1. Students prepared mood boards with which
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Figure 2
Smart City Table
chosen storyboard

2.

3.

4.

5.

6.

they visually explored the state of the art and
existing solution approaches (portfolio wall,
competitive analysis, state of the art).
They used storyboards comprised of six images (per idea) to clearly deﬁne problems (see
an example in Figure 2) and test solution possibilities and variants quickly.
They presented their projects at various
stages using the PechaKucha style, aiding
them in concisely communicating ideas and
project status.
They designed within an iterative design process; implementing ideas, evaluating them
and reconceiving them.
The project was developed from low- to highﬁdelity, by using tools such as paper prototypes to evaluate concepts quickly without
time consuming implementation, allowing a
more extensive exploration of solution possibilities.
The ﬁnal results were displayed and presented
at an architecture exhibition as a robust working prototype, enabling the students to “sell”
their ideas to and communicate with a hetero-

geneous community.

Equipment and Speciﬁcations
Each team was given access to the workshops at the
TUM and the LMU, including free access to the CNCMilling machines, laser cutters, 3D printer, etc. which
students are able to use by themselves upon completion of the required use and safety introduction.
They also had the possibility to use other more complex machines under supervision or guidance, if their
projects required these. In order to achieve a consistent design language and to increase the comparability of the results, the prototypes followed common
speciﬁcations:
• Dimensions: 50x50cm. Base (divided into two
parts): top (project speciﬁc) - 20cm, foundation (uniform across groups and provided by
the Chair) - 80cm.
• The base could house the technology and
formed the stand for the model.
• Useful scale (e. g. M1:50, M1:100, M1:500).
• Material: left up to the students.
• Model colour: white.
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Figure 3
Smart City Table
ﬁnal working
prototype using the
discussion
integration

Deliverables
During the semester mood boards, 3 storyboards
and a concept presentation were required of the students. Upon conclusion of the course students presented the ﬁnal project where they presented their
working prototype and handed in a documentation
booklet and a 2min video describing the key features
of the working prototype. The documentation booklet not only served the purpose of forming a basis for
discussion, but also served the students reﬂection on
their project and the team work.

COURSE RESULTS
In total 12 students participated in the summer
semester 2017. They worked in three groups of four
students. The groups were intended to be equally
weighted, so that two architects worked with two
HCI students, however the high number of HCI students meant that there was a ration of 3:1 HCI students to architects. Three prototypes were developed, “Street View Game”, “Smart City Table”, “The
Mappet Show”. The process which the students went
through from conception to working prototype is
explained, based on the “Smart City Table” groups
project documentation, within this chapter under
the heading “Student Experience”, whilst the resulting prototypes themselves are described under the
heading “Group Projects”.
“Smart City Table” (Hagemann, G, Quintes, C,
Mayr, F, Ho, CN): a LED matrix to extend physical mod-

els as real-time or recorded interactive presentation
tool through a tablet application (Figure 3).
Student’s experience during their project development is explained in more detail using the example of the “Smart City Table”, who were chosen due
to the high standard of their project documentation
and reﬂection. What follows is step-by-step overview
of the diﬀerent design and development stages the
students underwent over the duration of the course,
highlighting aspects of the concept and ending in a
short description of the implimentation.
The initial phase of the course was for students
to sort themselves into groups and conduct a brief
(one week) analysis of the state of the art within their
group. This research was presented visually on a
mood board and discussed with the class. Here the
aim was to widen their understanding of the topic
and analyse existing solutions to discover deﬁcits and
potentials.
The next two weeks were dedicated to the speciﬁc problem deﬁnition and solution example. The
was achieved through the development of three storyboards (see Figure 2) describing three diﬀerent scenarios based on the initial research. A focus was laid
on the exploration of the scenario and the sequence
of events to test the design solution within the speciﬁc context. The scenario which was ﬁnally chosen
by the group, followed the story of a group of people
standing around an architectural model in a discussion round. The architect was explaining various fea-
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Figure 4
Street View Game
ﬁnal working
prototype

tures of the design of their building, explaining how
it ﬁts into the existing context. Whilst some people
were able to follow, others got lost as to which part
of the model the architect was referring to. The solution was for the architect to highlight the relevant
area on the model.
Based on this scenario the team developed a
number of design criteria for their project. The technological side of the solution should be project and
model independent and users should be able to generate, interact and change the information displayed
on the model. This criteria limited the team in the
technologies they could use as sensor and actuator technology would need to be considered whilst
building the model, limiting them to optical information visualisation and interaction possibilities. In
the proposed scenario projection from above made
no sense, this left LED integration, LCD integration or
projection from below the model. The architectural
model needed to be separate from the screen and
easy to make. Multiple low ﬁdelity prototypes were
developed to test the diﬀerent technological possibilities with the architectural model making materials.
Styrofoam was chosen for the model as this is
a standard basic model making material for quick
model making in architecture. An LED display was
chosen after tests with the model, as a higher brightness was achievable, allowing light to be visible
through the Styrofoam. The LED display was delivered as a low-resolution display using standard LED

stripes as this reduced cost and supported its use in
early design phases by making it clear through the
low resolution that designs are not ﬁnalised at this
stage. The interaction with the LED matrix was to
be through a touch screen device. The app for this
was designed so that no programming knowledge
was needed to use the screen, it works using pixel
images. This makes it possible for the designer but
also for non-architectural experts to draw predeﬁned
patterns to explain problems or to generate animations through the combination of multiple patterns.
Finally, the app also allows users to simply draw on
a map whilst discussing and the areas light up in the
colour in real-time. The students spent three weeks
preparing their robust working prototypes for the delivery.
Initially it was diﬃcult for the team to communicate their diﬀerent competencies with each other,
however over time they improved in this aspect due
to the steps of opening and closing the design ﬁeld
and the necessity of relying on each other’s competencies to complete the task. The model was displayed in architectural exhibition which the students
greatly appreciated, as they were able to discuss and
present their ideas to the public.
It comprised of a 28x28-LED-Matrix built from
commercially available, low-cost RGB LED strips. A
python server controlled the matrix and received the
commands using a Json-based API. The setup allowed for smooth control with stable 25 frames/sec-
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Figure 5
The Mappet Show
ﬁnal working
prototype

ond via a wireless network. The user application was
developed as an Android application using the Android SDK (Java). The intuitive touchscreen user interface oﬀered diﬀerent interaction modes for the
Smart City Table: “Templates” (pre-deﬁned visualisations comparable to a slide show), “Animations” (predeﬁned animations comparable to GIFs) and “Free
discussion” (an easy accessible drawing interface, offering diﬀerent colours and strokes with real-time
model interaction).
“Street View Game” (Fincke, F, Mertl, L, Rusina,
V, Schlott, V): a real-time ﬁrst-person visualisation
controlled through a haptic avatar within a physical
model (Figure 4).
Real models are often too abstract and therefore
diﬃcult for laymen to understand. The “Street-View
Game” addressed this problem. It combined a real
model with a more detailed and precise 3D visualisation of a planned structure. The interface and therefor the interaction between the two, was a standard
game piece, as found in board games. This allowed
for an intuitive and easy handling of the model and
3D visualisation by all age groups and supported the
translation of information from the model to the realworld perception of it.
Only three technical components were needed,
all of which ﬁt into the base of the model. A webcam (Logitech QuickCam Pro 9000) which ﬁlmed the
model from below, a standard night light to illuminate the box from the inside to facilitate the recogni-

tion of the markers under the game piece and a computer to calculate the 3D visualisations. The markers
on the pieces were Aruco markers, which make it possible to recognise the position and the angle of rotation of the game pieces. OpenCV, a free computer
vision software library, was used for marker recognition. OpenCV was used to transmit the coordinates
and the rotation vector of the markers to the game
engine Unity. Unity was then used to calculate the
camera position from and calculate the appropriate
perspective in real time which can be viewed through
a screen or projection.
“The Mappet Show” (Freistätter, R, Schneider,
J, Visintini, V, Wirth, F): a physical model connected
to an online neighbourhood participation platform
(Figure 5).
The basic idea was to create an interface between planners and residents of urban areas. The
Mappet Show oﬀered a platform that allowed users
to enter complaints, comments and positive feedback into a database via an intuitive app-based interface. The sum of these comments provided, in
the truest sense of the word, a picture of the circumstances in the selected environment that is visualised
within a haptic model. The planner (landlord etc.)
thus recieves an overview of the condition and the
mood of his tenants and can use this directly for his
planning.
The project was based on a Raspberry Pi 3 Model
B located inside the base of the Model. The Raspberry
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Figure 6
Presentation of
prototypes to the
public within the
context of an
architectural
competition.

Pi hosted the database (Node FS) and connected the
users (clients) to the system by providing the user interfaces via a web server (node.js, express and http).
This approach made a special app on the client side
superﬂuous, as the user interface was provided via
the web browser. Two kinds of interfaces could be
diﬀerentiated. The front was aimed at the residents
or users, enabling them to make comments and report grievances and was optimised for smartphones.
The back end was aimed at the planners and oﬀered
the tools to start surveys and evaluate results. This
interface was optimised for tablets due to the more
complex interface requirements. The raspberry pi
also brought the model to life by controlling the LEDs
located in the 3D-printed buildings of the model. The
results of surveys and comments would become vis-

ible directly in the model using the colours of the
buildings.

LEARNING EXPERIENCES
Students
The main learning expectations form designing the
course curriculum were to provide students with a
profound knowledge of processes, methods, mentality and educational characteristics of the diﬀerent
domains. As HCI serves as a supporting science and
technology enabler within this context, the HCI students got hands-on insights into a creative domain
and process steps such as, for example, presentation scale model making and creative architectural
design processes, while the architectural students
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gained insights into the complexity of soft- and hardware development and prototyping and developed
their skills in framing architectural problems for nonarchitectural collabourators, skills that will become
essential with increasing demand for public participation, which mostly falls to the architect. The interdisciplinary setup of the course allowed the students
to gain widespread knowledge from another discipline they were not familiar with before the course
start, proﬁting from each other by gleaning insights
into each other’s thought and work processes. Our
aim in providing both disciplines with new learning
in these domain speciﬁc challenges was to foster a
mutual understanding amongst interdisciplinary design teams. As a consequence, we explicitly mentioned in the course that we did not aim at HCI
students possessing high levels of design skills and
architectural students possessing computer science
skills after the course, instead we expected the students to gain cross-disciplinary communication skills,
a learning of high value in an ever-changing professional domain. In addition, they gained an understanding in the ﬁeld of expert-laymen communication, by communicating with each other and through
the presentation to the public within the context of
an architectural exhibition (see Figure 6).

Chairs
For the Chair’s there were two main learning outcomes. On the one hand, improvements for the
course and the teaching method were identiﬁed. It
was deemed important that the teams be weighted
more evenly, with two architectural and two HCI
students per team. For this, the advertising of the
course within the architectural faculty needs to be
improved. The team size of four students per team
was considered appropriate for the amount of work
required. For the student reﬂect in their documentation booklets, chapters describing project development and a description of the teamwork and what
they learned from each other should be added. The
duration of the promotion video students had to deliver, was found to be too long, therefor it will be

shortened to thirty seconds. Although there was an
external partner, who joined during the presentation, it is viewed that a further collabouration with an
external partner in the architectural industry would
be beneﬁcial to the course. On the other hand,
a number of crossover Bachelor and Master Thesis
have been born out of this collabouration. Here the
diﬀerent disciplines work to their own strengths. The
HCI students can work on existing, real problems
and use their soft- and hardware development expertise and architects do not need to solve IT problems
which have already been solved in the IT industry but
can concentrate on developing solutions to domainspeciﬁc problems where they have expertise.

Implications for Research
The resulting prototypes were also intended as starting points for future research investigations after the
course. In our scientiﬁc work we are considering the
ﬁeld of Media Architecture, which we describe as the
fusion of digital media with the built environment
[Dalsgaard et al. 2016, Hoggenmueller et al. 2018].
The outcome of the course therefore served as inspiration on which topics should be investigated further. For example, the previously described prototype concept Street View Game, was perceived of
being of high interests to architects and city planners to enable a deeper understanding of planning
processes and the communication with citizens and
city oﬃcials. Initial informal conversations with architects after the course considered the transfer of
this design concept to other contexts and applying the technological framework to visualise diﬀerent planned projects. The playful interplay with the
diﬀerent user-perspectives led to a concept of highly
mobile form of Media Architecture which could serve
temporary purposes such as, for example, the display
of road safety information or escape routes. Additionally, the developed prototypes support research
into the ﬁeld of augmenting architecture using models [Mühlhaus et al. 2018] and gamiﬁcation in architecture [Mühlhaus et al. 2018, Jenney and Petzold
2017].
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This paper proposes a framework for integrating physical and digital design
medium addressing a sensorial aspect of design thinking. The theoretical
framework, the process and the results of two consecutive exercises taught as a
preliminary project of an interior design studio are introduced and discussed.
The approach aims to determine intuitive modes of communication between
students and digital environments.
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INTRODUCTION
The ﬁrst attempts to theorize the forms of digital design thinking have shaped many new graduate programmes in architecture and design throughout the
world over the last two decades. The pioneering of
new approaches to design computation and digital
design by various researchers have formed a bedrock
to developing a basis for curriculum. The advent
of computer technology dramatically increases the
need to integrate digital design in architectural design education. This revives a longstanding research
question for instructional designers: How to create a
theory of architectural education and design pedagogy in which digital concepts are integrated. Extensive research delineates and addresses the vitality of
abandonment of traditional concepts in search for a
pedagogical framework to formulate and conceptualize digital design thinking-a rupture which largely
deﬁnes the dominant model for teaching with digital
tools in the design studio. This paper aims at reeval-

uating this rupture and its related design methodologies, processes and contents in the context of a
design studio. The objective of this paper is to determine more direct and intuitive modes of communication between students and digital environments
through two consecutive exercises which are the preliminary projects of an interior design studio.

A FRAMEWORK FOR THE CURRICULUM
CONSTRUCTION
In the following sections, we propose to formulate
a theoretical framework and a teaching strategy for
integrating physical and digital representation environments in design education. Reevaluating the relation between the basic notions of design thinking
and digital tools, we propose a three-layered framework. The framework can be outlined as follows:
1. Digital tools as an extension of conventional
tools in design education
2. Redeﬁning the relationship between design
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problems and design tools
3. Sensorial experience as a reﬂective practice in
design
These issues are discussed through two consecutive
exercises. In the ﬁrst part, we discuss the question
of digital tools as extensions of conventional tools
can facilitate students to develop a reﬂective dialogue between design thinking process with multiple mediums and tools. The discussions in the second part are regarding the relationship between the
design problems introduced in design studios and
the design processes of students. The last part emphasizes the role of the body within the sensorial aspects of design reasoning. All three parts constitute
a framework to understand today’s design education
environment in conjunction with digital tools.

Digital tools as extension of conventional
tools in design education
Learning by doing, which involves the tools and
materials in learning process, is a term coined by
John Dewey ([1938] 1963) and broadly accepted as
the foundation of design education. Donald Schön
(1983) describes design as a reﬂective process based
on visual reasoning, while hands and eyes are simultaneously working, that creates a dialogue between external representations and the design problem. For developing a studio model, which integrates physical and digital representation environments, digital tools should be introduced in conjunction with the reﬂective practice of design. Within
this context, two consecutive exercises were structured step by step to help students to develop a sense
of the dynamic dialogue between their paper-based
and digital representations. This was utilized for the
students to be aware of their actions. This is also
crucial for students to develop personalized design
methods by use of digital design tools and to create
their individual visual and spatial ideas.
Goldschmidt (1991) explains that sketching consists of a dialectic process which brings about a
gradual transformation of images. According to
Goel(1995), sketches are mediums of creative trans-

formations of design. Goel(1995) points out that ambiguity is one of the crucial factors because it allows
the seeing of new possibilities in the representations,
in other words, re-interpretations (Schon and Wiggins, 1992). In order to maintain the reﬂective practice of design in relation with digital tools, it is necessary to reconsider the way to introduce the qualities
of digital tools in terms of design reasoning. In the
context of the two exercises presented in this paper,
instead of introducing digital tools as the main objective of the studio, we deﬁne a particular documentation method. Using this method, students can communicate with their representations. This method
provides the interaction of moves and arguments in
design process.

Redeﬁning the relationship between design
problems and design tools
Various researchers and educators have addressed
the need of integrating digital design methods in architectural design education with the emphasis on its
discrete nature from traditional paper-based design
and the need of reformulating design concepts (Oxman, 2005, 2006). However, with the emergence of
new design tools, is it the design concepts and notions that have to be reformulated in design studios
or the way design problems are introduced?
The key assumption of the framework we propose is how design problems are introduced in design studios, determine the nature of design processes of students. With the emphasis of the framework on the digital design as an extension of traditional paper-based design rather than a completely
discrete phenomenon, we attempt to reevaluate the
digital design thinking. Within the process of integrating a new design tool to design education, deﬁning the framework of the design problems based on
the logic behind the tool is key to design thinking.
And this may serve design student to internalize the
new tool as a way of explicating the design thinking
and the processes associated with it in a more natural
way rather than seeing it as a mere tool.
In the studied examples from two the consecu-
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tive exercises in the design studio, students were instructed to follow some tasks step by step. The consecutive tasks were utilized to articulate an analytical model of design thinking. The students were expected to reﬂect on the process through a particular
method of documentation. The general aim, in both
deﬁning the tasks and the documentation methods,
was to develop ways for students to become aware
of computability of their processes and its relation to
the logic behind the digital tools integrated to the
studio. For the purposes of the inquiry, a conception of space as the intersection of points, lines and
planes and how the ways of its deﬁnition are dependent upon the representation environment was key
to structure the process and the theoretical framework of the exercises.

Sensorial experience as a reﬂective practice
in design
The collaboration of the mind, body, and senses set
a highly characteristic and personal medium in the
course of design processes. This highly personal design medium entails how one perceives their surroundings which is also particular to every individual and designates a quality of personal sensibilities.
According to O’Regan and Noë (2001), there is a circular relationship between visual perception and the
governing laws of sensorimotor contingency. Bodily
experience, both in terms of the space of the body
and the body’s use of space, diversiﬁes with the media. However, the concept of representation is derived from the senses in certain formation processes
of digital design implications in design studios. In order to include sensorial aspects of design thinking in
a design studio, it is necessary to reconsider how to
integrate digital tools in terms of design reasoning.
Concentrating on personal experiences, the two
exercises mentioned were developed to sustain bodily and sensorial experiences through the assignments. Within this framework, we propose that observations of their surroundings have the key role to
develop their own methods while producing a representation of their experiences. From the begin-

ning of exercises, to establish a relationship between
body and external representation, the inquiry seeks
to develop ways for students to express analytically
what they see and how their movement aﬀects their
seeing. Thus, the instructors structured the assignments in a way to encourage students to translate
their experiences in the physical space into a dynamic
representation. In the process of introducing digital
tools, students coped with the parameters of the interaction behaviors based on bodily movement. This
helped them to enable the reciprocal connection between the digital and physical environments by revisiting the role of the body.

THE CASE: CAPTURING INTUITIVE MODES
OF COMMUNICATION BETWEEN PHYSICAL AND DIGITAL DESIGN ENVIRONMENTS
A pedagogical approach to the architectural design
education for integrating digital design thinking is introduced and discussed. In order to gain critical insight into this approach, two consecutive exercises
for design studio were developed. These exercises
are: Exercise A: “The Room with a View of Green” and
Exercise B: “A Walk in the Room,” are a preliminary
project of an interior design studio entitled “Climatic
Interiors”. The main project, ‘From the Glass, Green
will Grow’, concentrated on designing a conservatory/glasshouse. The crucial aspect of the project
was to propose a scenario that focused on the interaction between the ‘gazer’ and plants and how
the user experiences the climatic interior that satisﬁes distinct environmental conditions. Shifting from
physical computing to visual programming; students
were introduced to Grasshopper 3D, which is a plugin
for Rhinoceros 3D during the tutorial sessions.
The studio involved 17 interior design students
(3rd and 4th-year). Participating students were acquainted with computational thinking due to their
ﬁrst year Basic Design education and other supplementary courses such as Design Computing. Therefore, the students were not alien to the notion of
computation.
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Figure 1
Photo, sketch and
paragraph by Irem
Diniz, 2017.

Exercise A
Entitled “The Room with a View of Green”, Exercise A
comprises four consecutive tasks. The ﬁrst task assigned to the students was to ﬁnd and experience a
room having a window looking out on any type of
green space. The basic instruction for the task was to
describe this experience using the site reading tools
which were given as one sketch, one paragraph text
and one photo(Figure 1).
Students were also to draw one section, one
plan and one perspective of the room. The general
framework of the exercise was structured to include
tutorial sessions of Processing, which is an opensource computer programming language (processing.org/overview). Rather than through presentations that introduce students the programming language externally, the language was presented as
a design tool in accordance with the tasks given

through the tutorial sessions. The tutorials were designed to beneﬁt from the programming language in
systematic, analytical thinking and also to ﬁt into the
same time slot within the sequence of exercises. The
second task was to make a mapping of the changing
interior atmosphere of the room. Students were instructed to observe the gradual change of color and
light eﬀects in the room and mark the observations
on the section, plan and perspective drawings of the
room for six diﬀerent times during the day (Figure 23).
They were expected to develop their own methods for the mapping which beneﬁts from the graphic
communication techniques. The third task was to abstract the mappings considering the basic elements
of art-point, line, and plane (Kandinsky, 1928) (Figure
4).
The task aimed at beneﬁting from a concep-

Figure 2
Plan, section and
perspective
drawings by Irem
Diniz, 2017.
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Figure 3
Mappings by Irem
Diniz, 2017.

Figure 4
Abstraction of the
mappings by Irem
Diniz, 2017

Figure 5
Images by Irem
Diniz, 2017.

tion of space as the intersection of points, lines,
and planes with the aim of creating a connection
between traditional paper-based and digital design
tools. As students were equipped with processing programming language, they were expected to
come up with a code providing opportunities of exploring the transitions of forms, colors and shapes
between the abstracted observations for the six different times during the day. The last task was to deliver six diﬀerent images created in the Processing environment to abstracted observations of the changing interior atmosphere for the six diﬀerent times
(Figure 5).

Exercise B
The Exercise B, the second step of the project, is entitled as “A Walk in the Room”. The general task
assigned to students is to develop an interactive
walk that revealed the changing interior atmosphere
through iterative engagement with body and ob-

ject. In this part, the digital system is planned to include sensors gathering data from the physical environment, an operating system/processing code that
transform data and a projection that shows animation as an output of the “Walk”. Thus, the consists of
the motion sensor (Microsoft Kinect), software (Processing), a display device and a screen.
The ﬁrst task was to observe the changing spatial relations of the room by designing a walk through
the objects and mark their route on the plan drawing
with six diﬀerent designated stops that included the
start and the end (Figure 6).
The students were also assigned to draw six perspectives of these stops to show how spatial relations
change depending on their positions (Figure 7). The
general framework of this exercise was built on tutorial sessions. The sessions were conducted in order
to convey the logic behind the calculation process
of the motion sensor, instead of giving it as a mere
instruction for use. This helped students to under-
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Figure 6
The route drawing
by Irem Diniz, 2017.

stand how the motion sensor can get a view of the
surroundings - the process of its seeing mechanism.
The second task was to establish a relationship
between body movement and the output of the last
task in exercise A, i.e. re-interpretation of the abstracted observations for six diﬀerent times during
the day within the Processing environment as codes.
They were assigned to choose one element or an aspect behind the code that reﬂects the changing spatial relations by their body movements. This element
could be any of the features that they have speciﬁed
in their code like the transition of the scales, textures,
colors or geometry of certain parts. The method was
to deﬁne a systematic process as rules in the form A
–> B to show what they change and how they make
it.

The last task was to deﬁne interaction ways between bodily movement and the code. Gathering
depth data by motion sensor, provided the students
to translate their experience in their room depending
on the distance of the object, into an interactive experience. Thus, they tried out how they can put their
principles into action. They delivered six diﬀerent images created in the Processing environment corresponds to abstracted observations of the changing
spatial relations for the six diﬀerent positions (Figure
8).

DISCUSSION
Developing a framework entwining the traditional
tools and digital tools to design a progressive out-
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Figure 7
Perspectives
sketches from the
six diﬀerent stops
by Irem Diniz, 2017.

Figure 8
Images created in
the Processing
environment from
the six diﬀerent
stops by Irem Diniz,
2017.

put helped to analyze diﬀerent mediums and how
they can be related in terms of design education.
Analysing an environment and abstracting visual and
spatial transformations with time and bodily movement was a productive process for students to externalize dynamic interior atmospheric qualities.
In the process of designing a visual abstraction
of their spatial experiences into 2D canvases, using points, lines and surfaces, the students translated their spatial experiences into geometries that
would easily be applied in Processing graphics. From
sketches to mappings, from the aspect of the levels of abstraction and the shifts in medium, the students were able to make correlations between traditional paper-based design and digital design due
to the strict deﬁnitions of translating the geometries.
The Structure of the code was developed with the instructors but since Processing is an open source software, some students were able to advance their coding abilities further.
In the second part of the exercises, the digital
interface provided visual feedback through a screen,
based on the bodily movements. By moving in four
directions in the physical space, the students translated their own “Walk” embedded in that physical
place with feedback from a dynamic environment.
This continuous manipulation transforms their digital representation of the physical environment into
a visual representation. Interacting with their own
code enabled the reciprocal connection between
the digital and physical environments with this syn-

chronous changes on the display/vertical surface in
the physical environment.
Another diﬃculty in the process was the limited
problem-solving capabilities of students due to the
limited time of the assignment and the dependence
to the instructors’ know-how on Kinect. The code developed to use Kinect only used its depth map to create focus points; yet the code might be improved to
use the beneﬁt of many bodily gestures and interactions based on these gestures. Since the assignment
was the ﬁrst time for many of the students to utilize
the device, the ability to explore further details and
features of Kinect stayed within the boundaries of
the code that instructors built. Students had access
to one Kinect device during the studio hours. Having access to studio hours or multiple devices would
make it possible for the students to test and improve
their codes further. The schedule may be arranged to
create more study hours with Kinect, where students
may try their own sensorial experimentations while
they are designing as well.
Based on these issues, we conjecture that the
future of design studios might require bringing together a variety of representational practices in the
curriculum of design education.

NOTES
The framework of these exercises, which are Exercise
A: “The Room with a View of Green” and Exercise B:
“A Walk in the Room,” were deﬁned by Bahar Akgün
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and İpek Kay as a preliminary project of an interior
design studio. Entitled “Climatic Interiors,” the studio was coordinated by Deniz Tümerdem, co-tutored
by İpek Kay, Bahar Akgün, and tutorial sessions were
run by Cemal Koray Bingöl at Istanbul Bilgi University,
Faculty of Architecture, Interior Design Department
in the fall 2017 semester.
The ﬁrst task of Exercise A was developed by Bahar Akgün and Lara Mehling for Ornamental Gaze, a
design workshop, and borrowed for this course.
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This paper, presents an ongoing work entitled ICARUS, an abbreviation for
`Integrating Computerized ARchitecture with USers'. The aim of this work is to
develop an open source platform for computer programming implemented in
architecture, for teaching and research. In particular, the platform provides the
framework for a simplified and user friendly textual programming methodology
for the needs of our architectural institution. It consists of several modules like
coding, plug-in and repository development, targeting to be publicly available in
the future. The platform is created based on the Python programming language,
which is run in Grasshopper, a plug-in for Rhino 3D. In the first phase of ICARUS
development, several case studies within the framework of a postgraduate course
are conducted, aiming at providing an overview of its potentials, limitations and
generally, its impact on establishing a useful methodology for algorithmic
thinking among students with little or no prior computer programming skills.
Keywords: Computer programming, Open source platform, Parametric design,
Plug-in development, Algorithmic thinking

INTRODUCTION
In a rapidly growing community of users and open
source plug-in developers of parametric design tools,
the knowledge in regard to the visual and textual programming languages (Leitão and Proença 2014), has
become a more than important skill among students
and professional architects. In order to face this new
reality, relevant skills and competences were gradually introduced in curriculums of architectural education (Terzidis 2006; Burry 2011).
Within this framework, parametric design software including Grasshopper, Dynamo, Generative
Components, etc. has already been established and

used extensively either in architectural schools or in
practice. Nevertheless, the majority of students and
architects have been mostly involved in the visual
programming aspect of the process (Wurzer and Pak
2012) with the use of available components provided
by the platforms or by the third party plug-in developers [1]. This, together with the necessity for understanding algorithmic thinking and visual programming principles, have been the areas that mostly
dominated such investigation so far. As a consequence, textual programming as well as the development of tools and plug-ins remained at a premature
level, mostly conducted by people having a back-
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ground or knowledge in computer programming.
In addition to the above, the introduction of textual or computer programming in architectural education and practice is not something new, as it
dates back to the work of architects-educators such
as Frazer (1995) and Coates (2010). Also, a number
of software has included textual programming languages, for instance MAXScript for 3D Studio Max,
AutoLISP for AutoCAD, RhinoScript for Rhino, etc.
Moreover, stand-alone applications combining textual programming and graphical interfaces like Processing (Reas and Fry 2007), together with traditional
and well-known programming languages such as VB
and C++ show the wide range of available algorithmic tools introduced in architecture.
In all the above cases, the involvement of architects has been growing and expanding considerably; however, a full and satisfactory level of engagement has not yet been achieved, due to a number of reasons. To name a few, these might include
the fact that students do not have a relevant background; computer programming courses are not offered by most schools of architecture; there is less
interest among students and professionals; it is an
undesirable subject of research; there are diﬃculties
in understanding and implementation, etc. In order
to achieve a more thorough and productive involvement of students in computer programming several
projects have been conducted (Wurzer and Pak 2012;
Ireland 2017).
Following similar objectives, the ICARUS project
was developed in order to overcome obstacles and
oﬀer an architectural platform that might allow a
more active involvement of students and architects
in textual programming. The aim is to reconsider the
role of textual programming in architecture according to the needs of students and academic staﬀ of our
department. Towards this direction, the project has
been visualized as an open source platform based on
a bottom-up logic where modules of code are combined to create overall algorithms. The major objectives of the platform are to teach students textual
programming for complex design investigation in a

parametric environment in an easy and understandable way (Celani and Vaz 2012; Kontovourkis 2012),
to collectively gather information from the parametric design community and to encourage and make
plug-in development accessible to the wider public.
The following sections starts by brieﬂy describing teaching aspects of textual programing within
the framework of a current postgraduate course in
our institution, then the organizational structure of
the suggested platform is brieﬂy described, and ﬁnally a number of case study results are demonstrated and discussed.

TEACHING TEXTUAL PROGRAMMING IN
GENERAL
Teaching textual programming to the students of our
architectural institution has started since 2012 within
the framework of the postgraduate course ARH-522
- Advanced Computer Aided Design Topics. This
course is mainly focused on the advanced use of algorithmic design and physical computing as a continuation of the course on parametric design and digital
fabrication given to the students during undergraduate studies. The speciﬁc postgraduate course oﬀers
the opportunity to the students to move beyond simple use of visual programming principles, allowing
them to be involved in textual programming. Algorithmic approaches can be implemented in the development of interactive workﬂows based on users’
interaction with computational design platforms in
order to allow investigation of optimised architectural forms and structures (Kontovourkis et al. 2016;
Kontovourkis et al. 2018a; Kontovourkis et al. 2018b).
Driven by the need to deepen into the use of
computational design tools at postgraduate level,
the ICARUS platform aims at individuals who wish to
gain an insight on algorithmic design thinking and on
how this can contribute towards a more responsive
architecture. Thus, by having as background the experience of parametric design and especially visual
programming principles, students move a step further to deal with issues related to textual programming and algorithmic logic as well as its structure and
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organizational principles.
Figure 1
Course structure:
Module 1.
Algorithmic design
thinking through
textual
programming,
Module 2. Physical
computing, Module
3. Users-driven
interactive
workﬂow towards a
capstone project for
architectural design
optimisation

Figure 2
Column chart that
shows Processing
programming time
for the given task
for each student
(ARH-522, Fall
2016-17)

TEXTUAL PROGRAMMING IN A POSTGRADUATE COURSE
Textual programing has been introduced, together
with two other modules, which formulate the overall content of the postgraduate course. These extra
modules consist of physical computing experimentation and users-driven interactive workﬂows development, implemented in an integrated manner. Due
to the nature of the course, which integrates three
modules, leading to a capstone project, the modules
are structured in classes, where diﬀerent skills and
competences are introduced to the students alongside with the development of the main project (Figure 1). It is important to note that in these classes
prior knowledge of parametric programing skills (for
example Grasshopper) is preferred but not required
for the students to be enrolled. This makes learning
objectives of textual programming even more challenging because students without prior knowledge
should acquire multitude of knowledge in this ﬁeld
in a short time period.
Initially, Processing [2] has been introduced and
taught as the textual programming language. At the
end of the course, students have been able to understand the basic structure of the language and have
developed their own programs, always in an interactive relationship, involving in parallel human motion and bodily behavior. Although without previ-

ous programming experience, none of the students
has failed, while they have shown a particular interest and high success rate.
The knowledge gained by students in textual
programming has been tested in the context of a
three-hour examination. Within this framework, students have been asked to develop their own programs leading to the computer generation of ﬁnal
animated products that comprise motion behavior
activated by the movement of mouse in an interactive way. The nature of the exercise was such that
students had to arrive at a speciﬁc result with speciﬁc functional characteristics. This has allowed their
assessment based on particular objective criteria related to the ability of the algorithm to achieve the
animation goals of the exercise. Although with little
or without prior knowledge on textual programming,
the students managed to accomplish the given tasks
within the time frame of the three-hour exam. The
time of fulﬁllment ranged between 45 min. to 156
min (Figure 2). Teaching of Processing as a textual
programming language has evolved over the ﬁrst ﬁve
years of the course (Figure 3).

Although the teaching of textual programing using
Processing environment has been done successfully
through the ﬁrst ﬁve years, it has been done so more
as an independent module within the wider objectives of the course. The need to concentrate diﬀerent modules under a common parametric platform
has triggered us to the exploration of alternative solutions. These had to actively contribute to the successful development of projects by integrating users
and their behavior within a common and easily manageable environment for design investigation. Another requirement was to integrate other plug-ins in
order to achieve a complete design result. Finally, the
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new solution was also aﬀected by the necessity to
combine in an easy and ﬂexible manner both visual
and textual programming, providing an understanding of their mutual use. This was also demanded by
students, who were looking for an environment in
which, both, learning a programming language and
developing new plug-ins could help them enhancing their design investigation. All the above resulted
in the introduction of the Python programming language in the Grasshopper parametric environment
(plug-in for Rhino 3D) through ICARUS platform since
the academic year 2017-2018.

In addition to teaching pure Python, the textual programming module of the course incorporates other
interesting features included within the wider context of ICARUS platform, which are described in detail in the following section of the paper. This platform aspires to bring forth the full beneﬁts of the
use of the open source computer programming environment by allowing the development, storage and
distribution of new design and fabrication tools that
can be made widely available for use by the architectural teaching and research community. An advantage that expects to overcome current obstacles
of fragmented information in regard to the deepening on computer programming and developing new
plug-ins in a single parametric environment.

ICARUS PLATFORM DESCRIPTION
The platform is created based on the Python programming language, which is run in the parametric modelling environment of Grasshopper, a plug-in
for Rhino 3D modeling software. In its initial phase,

the platform was designed to consist of four separate, but interrelated parts: a. teaching manual
that includes modules of code, b. samples of combinatorial coding based on bottom-up composition
of modules (.gh ﬁles), c. guidelines for Grasshopper plug-in development including samples of tools
(.ghpy ﬁles) created speciﬁcally for the teaching and
research needs of our institute, and d. an open source
online repository for development and operation in
the Github platform (Figure 4).

Modules of code and bottom-up composition
In this part of the platform, the basic code syntax of
programming language Python is recorded and presented so that even students without prior programming skills are able to understand, edit and modify
the suggested modules of code, as well as to write
their own tools. All this is done via the GhPython
plug-in [3] which is embedded in Grasshopper’s environment.
Within this framework and based on ICARUS
teaching outline, students are taught a number of basic functions of the language such as code for ‘Mathematical’ and ‘Logical Operations’. Then, modules of
code are provided, which describe the scripting of
commands and primitive shapes. Figure 5 shows the
example of Curve modules of code provided by the
platform based on the organizational principles of
the Grasshopper environment.

Figure 3
Examples of tasks
that were
successfully
completed in the
three-hour exam
using Processing
programming
language (ARH-522,
Fall 2016-17)

Figure 4
An abstract
diagram showing
interrelated parts
consisting ICARUS
platform
Subsequently, the way the users of the platform
can move on from modules of code understanding
to the composition of modules based on bottom-up
logic, is examined. Our purpose is to teach students
how to develop algorithms consisting of successive
geometrically deﬁned shapes. Towards this direc-
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Figure 5
The example of
CURVE modules of
code

tion, algorithmic compositions are presented to the
students together with guidelines on how individual
modules can be linked, taking into consideration input and output variables.

Plug-ins and tools development
The Grasshopper plug-in development in .ghpy type
of ﬁles, is an indispensable part of ICARUS platform.
The suggested procedure simpliﬁes the way in which
plug-ins are developed as compared to previous
methods, where knowledge in regard to program-

ming with VB or C sharp was necessary. In particular, by using the capabilities provided through Rhino
6, users are able to convert their Python’s modules of
code compositions into ‘packed’ single components
or an aggregation of components and hence, they
can develop their own plug-ins [4]. Note that this
method is only available in the new version of Rhino
6 [5].
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Repository
Finally, collective information from the previous parts
are included in Github, a popular application in code
management based on the Git protocol, an open version control system (vcs). Students, in parallel with
textual programming learning, acquire knowledge in
regard to the use of Github, which can make textual
program and plug-in development easier throughout the phases of writing, distribution, and improvement. In this way an open source online repository
can be developed in the beneﬁt of the students and
the architects’ community involved in the ICARUS
project. Information regarding ICARUS Codebase
can be found in [6] (Figure 6).

CASE STUDIES
As already mentioned, a ﬁrst attempt to test the
feasibility of the platform was conducted, within
the framework of a postgraduate course, during
the academic year 2017-18 and speciﬁcally between
September-December of 2017. The participants were
seven students with Grasshopper experience ranging from enough to nothing and with textual programming skills ranging from little to nothing. The
classes were broken down into nine segments: six for
teaching basic functions and modules of code and

three, for teaching bottom-up composition of codes.
Then, students had to work on their capstone project
that involved the development of interactive design
platforms using data acquisition devices, sensors and
actuators embedded in Grasshopper through diﬀerent plug-ins, accompanied by skills acquired during
Python classes. In parallel, an exam that involved
simple algorithmic development took place in the
classroom.

ICARUS teaching outline
The textural programming module is run for nine
weeks and the content is distributed according to
the structure of the tutorial, which is available on the
Github platform of ICARUS. Starting from the basics
of Python programming language, students learn the
basic syntax of the language, its important concepts
and its functionality. Then, students are introduced
to the Python component and its relation to the available Grasshopper components. Our attempt is to
continuously relate the textual programming with
the visual programming approach, aiming to provide
an easy understanding through observation, comparison and testing. At this point, students study systematically the given modules of code. Modules are
structured according to the currently available structure and syntax of Grasshopper components. This
part of the learning process, which takes up most
of the time, aims to connect the students’ understanding of the basic components that appear in
Grasshopper with textual programming syntax, with
the prospect of developing other modules of code
by the students, following the same principles. Finally, through practical examples, students are introduced to inductive thinking through functioning of
modules of code, aiming at their composition based
on bottom-up logic in order to develop larger algorithms that can be applied to design examples.
Six classes for teaching basic functions and modules of code. The ﬁrst class starts by introducing students into the fundamentals of textual versus visual
programing languages. Particularly, a discussion is
taken place in relation to the Grasshopper platform,
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Figure 6
Screenshots of
ICARUS Codebase
in Github

Figure 7
Column chart that
shows Python
programming time
for the given task
for each student
(ARH-522, Fall
2017-18)

its associative logic, the function of components and
their syntax in larger clusters, creating overall visual
algorithms. Then, discussion in regard to the available textual programming platforms in Grasshopper
is conducted (C sharp, VB and Python) and their association with other standalone programming languages (Processing, etc.). In the second class, an introduction into the Python programming language
is given, correlating the available Grasshopper components with the modules of code and their syntax
in Python that can produce respective results. This is
again a general discussion that aims to teach to the
students the fundamental concepts behind textual
programming languages.
During the third class, an introduction into the
working environment and variables of the GhPython
programming language is given, aiming to recap information delivered in previous classes in regard to
the use of programming languages in the Grasshopper platform. In addition, the basic syntax of the
Python programming language and samples of code
are handed out in order to introduce all students into
textual programming logic, even those who do not
have any programming skills. This enables them to
understand, edit, and modify the oﬀered code but
also to write their own plug-in tools. Thus, in this
class, students familiarize themselves with information regarding Python 3, a high-level programming
language in an open source status. Subsequently,
fundamentals of the language are covered including
‘Variables’, ‘Mathematical operations’ ‘Strings’, ‘Lists’
and ‘Dictionaries’. Finally, more analytical explanation in regard to ‘Logical operators’, ‘Decision structures’, ‘Looping’, ‘Functions’, and ‘Classes and objects’
are provided.
In the fourth class, modules of code are taught,
emphasizing the direct development of geometries
in Grasshopper environment. Thus, students are initially taught how to use the modules of code for
‘Curve’ that include ‘Primitives’, ‘Analysis’, ‘Division’,
etc. At the same time, they learn how to develop
their own shapes and control respective parameters.
During the ﬁfth class, students are introduced to the

‘Maths’, ‘Sets’ and ‘Vectors’, enabling them to combine these modules of code with previous knowledge obtained.
Finally, the sixth class introduces the ‘Surface’
modules of code that include ‘Primitives’, ‘Analysis’,
‘Freeform’, etc. In addition, modules of code related
to the ‘Transform’ and ‘Intersect’ are also explained.
By the end of these classes, students are required to
write or combine diﬀerent modules of code that are
associatively related in order to develop their own algorithms.

Three classes for teaching bottom-up composition of codes. Having acquired an initial knowledge
in regard to the way modules of code can be basically combined to develop larger algorithms, in this
part of textual programming teaching, an attempt to
provide a bottom-up logic is provided. The goal is to
combine and develop parametrically controlled algorithms that involve a series of modules using existing
knowledge. This is achieved by allowing the students
to study, manipulate and edit given larger algorithms
in order to understand their organizational structure.
Then, they are asked to write algorithms that combine, in a bottom-up manner, the modules of code
introduced in previous classes.

Teaching Case Study A
Python textual programming exams. The ﬁrst
teaching case study refers to a three-hour examination within the postgraduate course, where students
are asked to develop an algorithm using Python textual programming language in Grasshopper. Due to
the short time of the exam, the creative design aspect
is not included, and instead a ready-made visual programming algorithm is given. Based on this, students
are asked to write the same algorithm using textual

CAAD EDUCATION | Concepts & Strategies - Volume 1 - eCAADe 36 | 347

Figure 8
Two representative
examples of
algorithmic design
assignment using
Python in
Grasshopper
(ARH-522, Fall
2017-18)

programming principles. Seven diﬀerent visual algorithms representing simple parametric morphologies
are given to each one of the students who participated the course.
The results of case study show that although students did not have enough background, either on visual or textual programming, all of them managed
to accomplish the given programming tasks at less
than half of the total time. Also, the time diﬀerence
between the student who ﬁnished ﬁrst and the last
one was 71 minutes, which can be considered logical given the diﬀerent background of the students
(Figure 7). Still, comparing the diﬀerence between
completion time with Processing (111 min) and with
Python (71 min), it appears that, by using the second
language, the gap between expert and non-expert
users is smaller, showing that Python is probably a
more user-friendly language to learn for people without programming skills. Further studies will compare
the time that takes to develop the same algorithm
in the visual and textual programming environments
to see if in the second case the time needed is reasonable as the students have little or no programming experience. Figure 8 shows two representative examples of the assignment. Overall, the results
show that previous experience in parametric design
or computer programming is not a prerequisite condition to learn textual programming and be able to
parametrically deﬁne a 3D model using Python.

Teaching Case Study B
ICARUS platform correlated with the capstone
project. In the second case study, students had the
opportunity to use their knowledge in textual programming in order to develop their capstone project.
This was achieved by incorporating custom Python
components in Grasshopper in order to develop an
interactive workﬂow for design optimisation, an approach implemented based on a given scenario of
use. Thus, Python textual programming components have been integrated into parametric deﬁnition, making textual programming an essential part
of the process.

Research Case Study C
Finger joint example. The example described in the
third case study attempts to simulate another realworld scenario of use by referring to a parametric
tool for calculating and designing the slots needed to
join two components together with the ultimate goal
of their digital manufacturing and assembly through
digital fabrication principles. Originally designed as
a simple parametric algorithm that was given to the
students to build their prototypes, the development
of a textual counterpart algorithm and the further
creation of a plug-in tool for digital fabrication has
followed the steps outlined in the ICARUS platform.
The given code is used to deﬁne a notch in one
of two complementary pieces of material for the purpose of joining them together. As input variables it
receives a curve, a set of variables that have to do with
the rebuild curve, a variable that regulates the num-
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Figure 9
Top. Finger joint
component
embedded in
ICARUS menu of
Grasshopper
(IcarusCode in
Github), Bottom. An
example of digital
fabrication using
ﬁnger joint
algorithm
(ARH-421, Spring
2016-17)

ber of slots, a Boolean variable that regulates the direction of the slots, and a variable deﬁning the thickness of the material and the size of the notches respectively. As a result, the notch is given as a continuous curve (Figure 9).
This case study shows the ability of the ICARUS
platform to lead students and anyone involved in
programming to develop plug-ins for design and
manufacturing purposes in an easy and comprehensible way, but also through simple steps and without
sophisticated programming skills and knowledge.

CONCLUSION
By developing the ICARUS platform, our aim was to
reconsider the way a textual programming language,
in this case the well-known programming language
of Python that is embedded in Grasshopper, can be
taught and progressively learned. Our target is to
provide guidelines, both in terms of understanding
the structure of individual modules of code and their
bottom-up composition, in order to enable students
and even professional architects to participate in the

process of writing an algorithm with little or without
prior programming background and knowledge, as
well as to facilitate the development of plug-ins.
Preliminary results obtained through a series of
case studies related to teaching and research activities have shown that the platform and its integration
within a visual programming environment can contribute towards textual programming understanding
and learning. Also, the results undertaken demonstrates its great potential to be introduced as a comprehensive tool for textual programming among students and researchers in architecture ﬁeld. These results encourage further development of the diﬀerent
parts of the platform for it to provide the background
and knowledge, for better understanding of the various matters regarding the programming process. Towards this direction, on the Grasshopper front, further work will include the enrichment of the platform
with new modules of code, compositions of codes,
the quotation of several compositions, and an extensive sample of plug-ins.
Ultimately, the goal of the ICARUS project is to
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evolve into a universal codebase that expands in order to cover the greatest possible range of design
tools of the Architectural community. In pursuit of
this, and given the near conclusion of the fundamental development of the Grasshopper part of ICARUS,
we will seek to expand ICARUS’s codebase to other
parametric design environments and programming
languages. During this process we hope to see support from the open source culture that ICARUS embraces and cultivates. Finally, several other case studies will be conducted and discussed in greater depth
aiming to the better understanding of how to further
develop the project.
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Design studio critiques are key moments for students' learning and designing
processes. During critiques, the representational ecosystem provides a setting for
the critique to unfold. Tutors and students, while presenting and discussing
students' designs, interact with each other and the representational ecosystem. In
this article, a case study illustrates our method to measure the effect of a change
of representational ecosystem on the critiques' activity. Our three settings include
traditional desk critiques, 1/50 scale mockup critiques and immersive Virtual
Reality critiques (with HYVE-3D). Each type of critique is analyzed by using
video coding as well as protocol analysis.
Keywords: studio critiques , representational ecosystem , protocol analysis,
pedagogic strategies, cognitive behavior

INTRODUCTION
The design studio is a cornerstone in architectural education. Its pedagogic format fosters a learning-bydoing situation. The studio organization focuses on a
designing task, where students develop a project to
answer design requirements, synthesized in the design brief set by tutors. Design critiques and juries
are milestones in the students’ design development
and learning process. Design representations act as
a designing tool while students work individually on
their project, and as a communicational and designing tool when they present and discuss their design

with tutors during studio hours. In this article, we
explore the eﬀect of the use of three diﬀerent representational ecosystems on tutors and students interactions, manipulation of representations and cognitive design behaviors during studio critiques. A
representational ecosystem includes all the types of
external representations produced or used during a
design activity (Dorta et al. 2016). The ﬁrst representational ecosystem we studied is the traditional
desk critique, where students bring printed drawings, sketches, and 3D models; the second one is
a large scale mockup critique (scale 1/50) and the
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last one is a critique set in the HYVE-3D (Dorta et al.
2014), which is an immersive scale 1 representational
ecosystem.
Systems using Virtual Reality or interactive Augmented Reality tabletops are increasingly brought
into design studios (Angulo 2015; Dorta et al. 2016;
Schubert et al 2016; Sopher et al. 2017) but there is
a lack of empirical research to study the impacts of
such an alteration of the design space. In this article, we make a ﬁrst step to ﬁll that gap by proposing an illustrated methodology to study the eﬀect of
a change in the representational ecosystem (here a
1/50 scale model and HYVE-3D). We speciﬁcally focus on its impact on three key elements that deﬁne
design studio critiques: its format (pedagogic strategies and feedback), its content (design cognitive behavior) and interactions with its settings (representational ecosystem). Pedagogic strategies are molds to
convey design knowledge during critiques. In it, the
center of activity is akin to design itself since tutors
might demonstrate how to reframe a problem to try
a new solution (see for example Petra and Quist in
Schön 1985). Design representations, embedded in
the representational ecosystem, act as materials for
reﬂexive conversations (Schön 1992) during the critique. Our three key elements are connected and offer a global approach to better grasp what happens
during design studio critiques. Our methodology,
based on in situ observations and protocol analyses
(Ericsson & Simon 1984), proposes a framework to analyze whether the use of diﬀerent representational
ecosystems impacts how the critique unfolds. Our
case study of six students, comparing three critiques
settings, will highlight their diﬀerences and similarities regarding each element.

PEDAGOGIC STRATEGIES AND FEEDBACKS
DURING DESIGN CRITIQUES
The design critiques create situations and design experiences where students build their designerly ways
of knowing by seeing their tutors designing, reﬂecting on their design and proposing new solutions.
Collaboration is promoted in the studios and gives

students an opportunity to co-construct their designing skills. Tutors act as coaches (Adams et al. 2016)
to provide suitable feedback to help students bridge
the gap between the design knowledge they need to
reach their goal and their current design knowledge.
The literature on tutors‘ type of feedback or strategies
during studio critiques is rich (Adams et al. 2016; Cardoso et al. 2016; Cennamo & Brandt 2012; Dannels &
Martin 2008; Goldschmidt et la. 2010; Heylighen et
al. 1999; Marbouti et al. 2017; Schön 1985; Uluoglu
2000; Yilmaz & Daly 2016). Based on our literature review, we propose a classiﬁcation of tutors’ feedback
types into four main categories : scaﬀolding implies
reasoning, questioning and reﬂecting on a design issue, explaining / instructing illustrates a descriptive
and explicit approach of discussing a design issue,
demonstrating / proposing involves the formulation
of new ideas, changes in the design and suggesting
/ exploring calls for experimentations and opening
the design process (Table 1). For our study, we analyzed if a change in the representational ecosystem
impacted the use of each of those feedback strategies.

DESIGN COGNITIVE BEHAVIOR DURING
DESIGN CRITIQUES
The content of feedback during the critique focuses
on design as a process or as an object. Tutors may
point out a problem in students design and engage
in a design activity to demonstrate how to resolve it
or explain why a part of the design is problematic.
The content of feedback is of interest while studying
critiques because they convey design knowledge. A
general way to describe design knowledge is given
by the Function Behavior Structure ontology (Gero
1990). The FBS framework represents six design issues: a Requirement (R) includes the design brief
and is outside of the designer, a Function (F) is what
the design object is for, a Behavior (Be) represents
an expected behavior of the design object, a Structure (S) is an element or a structure of elements of
the design object, a Behavior (Bs) is a behavior derived from a structure and a Description (D) is an ex-
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Table 1
Description of four
categories of
feedbacks during
design critiques
based on a
literature review

Figure 1
FBS framework
(source Gero 1990;
Gero &
Kannengiesser,
2004)

ternal representation of the design object. The FBS
framework accounts a total of eight cognitive design
processes showing transitions between the six design issues: Formulation, Synthesis, Analysis, Evaluation, Documentation, Reformulation 1, Reformulation 2 and Reformulation 3, as showed in Figure 1
(Gero 1990; Gero & Kannengiesser 2004). The FBS
framework provides a theoretical model of design activities that can be mapped onto the studio critique
to analyze tutors and students cognitive design behaviors (Gero & Jiang 2016; Milovanovic & Gero 2018).

CAAD EDUCATION | Concepts & Strategies - Volume 1 - eCAADe 36 | 353

In this study, we explored how a change in the representational ecosystem impacted the occurrences
and distribution of FBS design processes as well as tutor / student interactions while designing.

REPRESENTATIONAL ECOSYSTEM TO SUPPORT DESIGN CRITIQUES
Feedback are delivered within the representational
ecosystem. During the critiques, it sets a designing
and learning environment. Tutors and students act
on it, manipulate representations while presenting
and discussing potential design issues. According
to Dorta et al. (2016), this ecosystem should have
four qualities: support hybrid representations, which
means that it should include physical and digital representations; integrate multiple types of representations (2D, 3D, animations); include multiple scales, architectural scales and an immersive scale 1 representation; and foster an intuitive co-design situation. Another characteristic to be added is a synchronization
of the design representations, to oﬀer an updated
holistic perception of the project. It implies that representations forming the representational ecosystem
are connected to each other. Five diﬀerent characteristics deﬁned the ecosystem, which we can synthesize into materiality, dimensions, scales, interactions
and synchronization. In our analysis, design critiques
occurred in three diﬀerent settings with diﬀerent representational ecosystem characteristics that are further developed in the data description section.
Based on our observations of studio critiques, we
identiﬁed several actions tutors and students take to
create or interact with design representations. Representation are pointed out to refer to a special element of the design. Tutors and students might generate a physical representation by drawing on a paper or tearing down a part of the mockup. If a digital
model of the project was brought for the critique, the
design space can be navigated by walk through or ﬂy
over. Some authors like, Visser (2009), noted the importance of gesture during design meetings and we
also observed occurrences of spatial gesture to represent or explain a spatial quality of students design
project.

RESEARCH QUESTIONS
In the light of the description of each of our three
key elements, we can reﬁne the research questions
we introduced. Our comparative study aims to tackle
the following: Does a change in the representational
ecosystem aﬀect tutors’ feedback strategies and students reactions to feedbacks? Does a change in the
representational ecosystem impact tutors and students’ cognitive design behavior? Does a change in
the representational ecosystem have an eﬀect on tutors and students’ actions on and interactions with
design representations?

METHODOLOGY
In our study, the protocol analysis method (Ericsson & Simon 1984; Gero & Mc Neill 1998), is exploited to study how the critique unfold. Each critique was video recorded to be further analyzed. We
used two levels of coding for our dataset. The ﬁrst
level of coding focuses on feedback types and actors
interactions with the representational environment.
Videos are directly coded with four types of feedbacks (scaﬀolding, explaining / instructing, demonstrating / proposing and suggesting / exploring) and
four types of interactions with the representational
ecosystem (pointing, navigating, generating a physical representation and spatial gesture) using Atlas.ti
software. The second level of coding focuses on design cognitive behavior. This analysis is at a ﬁner
grain and is based on the verbal transcripts of the
design critiques. Each transcribed protocol is segmented and encoded with one of the six FBS design issues (Requirement, Function, expected Behavior, Structure, Behavior form structure and Description). For both level of coding, protocols are also
coded with the speakers, either tutor or student. The
double coding gives more information on actors’ interactions during the critique. For example, it reveals
if design processes are constructed by a single actor
or co-constructed between tutors and students. Each
video and transcribed protocol was coded twice several weeks apart, by the same researcher, to ensure
more reliability. The two versions of each protocol
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were compared and arbitrated when a diﬀerent code
was associated with the same verbalization.

DATA DESCRIPTION
A case study with six students was conducted within
two master architectural design studios selected
at the Graduate School of Architecture of Nantes
(France).
Figure 2
Three
representational
ecosystems tested
for critiques

We studied three diﬀerent representational ecosystems, with two students for each setting. In the ﬁrst
studio, we observed the desk critique setting as well
as the mockup critique setting (Fig.2a and 2b). Students had to design an hybrid public equipment in
the Parisian suburb, that includes a city museum, a
sports and spa center and co-working spaces. From
the beginning of the studio, it was required for students to build a 1/50 scale mockup of the site so
students could experience design critiques in that
setting. Our case study includes two desk critiques
(week 7 out of 14 studio weeks) and two mockup critiques (week 10 out of 14 studio weeks) from that studio. The two other cases of our dataset are HYVE3D critiques (Fig.2c). A two-day workshop was organized with a few students of the second master
studio in order for them and the tutor to learn how
to use the HYVE-3D (in collaboration with the LID
lab in Bordeaux, France and the Hybridlab in Montreal, Canada). The design brief was also a hybrid
program including a museum and a hotel situated
in Palm Springs, California, to explore Jacques Tati’s
ﬁlmmaking world. At the end of the two days’ workshop, students presented their project in the HYVE3D. The workshop took place during week 7, out of
the 14-week long studio.
The speciﬁcities of our three settings can be
described based on the representational ecosystem
characteristics we deﬁned (Table 2). The desk critique
is a traditional setting where students brings plans
and sections, printed or hand sketched. The mockup
critiques focus mainly on the mockup itself but some
students also brought plans and sketches. The HYVE3D critiques are immersive since the device oﬀers a
180° screen. Actors can navigate the virtual space
with the 3D cursor, which also serves as a 2D sketching interface (Dorta et al. 2015).

RESULTS
Feedbacks strategies
Based on the video analysis with Atlas.ti, we extracted
the time spend by tutors formulating each of the four
types of feedback: scaﬀolding, explaining / instruct-
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Table 2
Description of the
characteristics of
each setting used in
our case study

ing, demonstrating / proposing and suggesting / exploring (Fig. 3a). Students‘ reactions to feedback
were also coded with the same categories (Fig.3b).
Moments where the current project was described
are not coded. For all the critiques, tutors spent between 60 and 90% of their time speaking, formulating feedback on students’ design (Fig.3a). The distribution of the feedback types varies across the critiques. In this dataset, no trend appears concerning the eﬀect of the representation of the ecosystem of tutors‘ feedback formulation. Students spend
most of their time speaking, presenting their project.
The most active students spend around 20% of their
time reacting to feedback with similar strategies as
tutors’, and the less active between 5 and 10% of their
time (Fig. 3b). We can notice that the two students

from the HYVE-3D critiques are part of the most active ones in terms of feedback reactions.

Interactions with design representations
Concerning actors’ interactions with design representations, we can see that the time spent speaking
while interacting with design representations varies
from 25% of the time (HYVE_3D critique 2) to 57% of
the time (Desk Critique 2) (Fig.4). For desk critiques
and mockup critiques, pointing is the prevailing interactions. For HYVE-3D critiques, pointing is not as
dominant as for the other setting. Navigation was
mainly used in the HYVE-3D critiques. Generating
a new representation (in our case by sketching) occurred only in two critiques, one in the HYVE-3D and
one in the desk critiques.
Figure 3
(a) normalized
distribution of
tutors’ feedback
strategies for each
critiques (b)
normalized
distribution of
students’ feedback
reactions for each
critiques
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Figure 4
Normalized
distribution of
actors’ interaction
with representation
for each critiques

sign issues, we notice more variation than for students. The tutor from the desk critique shows a more
balanced distribution of design issues than the other
two tutors. For the tutor from the mockup critique,
Behaviors, either expected or derived from structures
(Be / Bs), are the dominant design issues. Behaviors
from structure (Bs) and Structure (S) are prevailing for
the tutor from the Hyve-3D critique.

Figure 5
Normalized
distribution of
design issues per
actor for each
critiques

Cognitive design behavior
To study cognitive design behavior, we exploited the
FBS framework and ﬁrst order Markov models to reveal design patterns speciﬁc to our dataset. Critiques
conversations were transcribed and coded with both
FBS design issues - Requirements (R), Function (F), expected Behavior (Be), Behavior from structure (Bs),
Structure (S), Description (D) - and the actor speaking
- tutor or student. Each protocol was coded twice for
better reliability. Since coding was time-consuming,
we were able to analyze only three students’ protocol
for this study, one for each representational ecosystem. The distribution of the design issues for a session gives a description of the nature of the design
activity (Kan & Gero 2017).
The normalized distribution of design issues per
actor for our three critiques is represented in Figure 5. Behavior derived from structure (Bs) is always
dominant, for both tutors and students for every critiques. The distribution of design issues formulated
by students is similar for each representational environment except for Function (F) and expected Behavior (Be). For those two design issues, the student
from the desk critique formulated twice as much as
the other two. Concerning tutors’ distribution of de-

The interest in using the ﬁrst order Markov model
to analyze our data set is to reveal its design patterns (Kan & Gero 2010; Milovanovic & Gero 2018;
Yu & Gero 2016). The Markov model oﬀers a quantitative probabilistic description of the design transitions, that mapped onto FBS design processes. For
each critique, we can capture qualitative information
on the probability a design transition will occur. Indeed, a ﬁrst order Markov model shows the probability of transitioning from a given state to another state
(in our case design issues). The Markov analysis produces a probability matrix based on the sequence of
event states in our data set. The sequence is given
by the actor and the FBS design issue. In our data,
12 states are described, that are associated to design
issues (one of the 6 design issues from the FBS ontology) and actors (tutors or students). The transition
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Figure 6
Representation of
main design issue
transitions based
on their probability:
(a) Desk critique, (b)
Mockup critique, (c)
HYVE-3D critique

probability varies between 0 and 1. Transitions with
a high probability (above the selected threshold of
0.17, two times the random probability) are representative of the most probable design transitions from
the starting design issue.
Figure 6 represents design issue transitions with
the highest probability for each type of critique. The
diagram shows transitions that are formulated by a
single actor, either tutors or students, as well as transitions that are co-constructed. Moreover, we distinguished two spaces within the design space : the
problem space that includes Requirements (R), Function (F), and expected Behavior (Be); and the solution space that includes Behavior from structure (Bs),
Structure (S) and Description (D). Designing entails a
navigation of the problem and solution space, which

co-evolve across time (Dorst & Cross 2001; Maher
& Poon 1996). In the graphic representation of the
Markov transitions in Figure 6, we can notice when
design processes occur within a single space or show
a transition from the problem space to the solution
space and reversely.
Most design transitions in our data set are solo
constructed, either by the student or by the tutor. For
each critique, only one or two co-constructed transitions’ probabilities are above our threshold, from
a student’s formulated design issue to a tutor’s design issue (Fig.6). Transitions occurred mainly in a single space, the solution space or the problem space,
or show a shift from the problem space to the solution space. We observe more transitions from the
problem space to the solution space in the desk cri-
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tiques when the tutor leads the critique’s activity
(Fig.6a). Students from the desk critique (Fig.6a) and
the mockup critique (Fig.6b) have similar design transition patterns, whereas the student from the HYVE3D critique (Fig.6c) shows diﬀerent ones. Tutors from
the mockup critique (Fig.6b) and the HYVE-3D critique (Fig.6c) have similar design transitions patterns.
In the desk critique (Fig.6a), some similar design transitions appear but we can see that the activity is
mainly situated in the problem space or going toward the problem space.

DISCUSSION, LIMITS AND PERSPECTIVES
Our results illustrate diﬀerences regarding the type of
feedback formulated by tutors, although it does not
seem to be related to the representational ecosystem
used. Students‘ reaction to feedback, on the other
hand, are more dynamics in the HYVE-3D critiques
than during the other critiques. That could be a sign
that this setting is more engaging for students to
participate. Previous studies showed how the HYVE3D environment fosters collaboration during design
studios that relates to our observations (Dorta et al.
2012). The type of interactions with the design representations diﬀers depending on the critique representational ecosystem, especially for the HYVE-3D
critiques. In the HYVE-3D, actors did not point at representations as much as in the other settings, which
could be a consequence of being immersed in the
representation. We found similarities and diﬀerences
in the dominant design cognitive processes occurring during critiques. In a study, Yu and Gero (2016)
showed how the use of a diﬀerent modeling environment for solo design sessions impacted on the occurrence of design processes. In our case, we also found
diﬀerences in the occurrence of main design processes but that can hardly be connected to the representational environment used. Students’ cognitive
behaviors during the desk critique and the mockup
critique are alike, and diﬀerent from the students‘
cognitive behavior in the HYVE-3D critiques. That difference does not match with the diﬀerence in tutors’
design cognitive behavior depending on the setting.

We were expecting to observe a richer design interactions through co-constructed design processes in
the HYVE-3D critiques but co-constructed processes
were not the most probable in our case study.
Our sample is small to infer any general conclusions on the impact of the use of diﬀerent setting on
feedback strategies, actors’ interactions with design
representations or speciﬁc design patterns. Tutors
and students form the HYVE-3D critiques only used
this representational ecosystem for a limited time, so
its manipulation is not as seamless as the desk critique setting or the mockup setting. For that reason, the results presented in our study are to be taken
carefully. Nonetheless, this case study illustrates the
complexity and diversity of the designing and learning activity during critiques. Actors’ behavior during the critiques was diﬀerent but we need a wider
study to better grasp if those changes are correlated
with the representational ecosystem used. Design
critique, similarly to design itself, is a situated activity,
actor-dependent and evolving through time. The situatedness of design critiques aﬀects tutors and students’ behavior during critiques that can also be a
reason for changes in the way feedback are delivered
and designing unfold. Our future work will consist on
conveying similar analysis using the same methodology on a bigger sample, and better training for experiential settings to conﬁrm trends that appeared in
the presented case study.
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The paper presents the concept and results of a seminar that addresses the
intersecting fields of architecture and urbanism, data and information
visualization as well as information technology. In the first part of the paper, an
introduction to the seminar topic and relevance in the context of architectural
education and practice is given. Subsequently, the course concept, the learning
contents and the corresponding learning objectives are presented. In the second
part, selected student projects are shown as exemplary course results. In the
conclusion, the results of the seminar for students, teachers and research
implications are discussed. The overall aim of this publication is to draw on the
experience gained in this field of education to offer starting points for others in
developing similar teaching concepts and support for their implementation.
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INTRODUCTION
Architecture and urban planning have become datarich professions. The paradigm shift towards the information society and the use of computers as a primary working medium have heavily inﬂuenced the
work of professionals and students. This applies to
both work processes and the profession’s ﬁelds of expertise.
Nowadays architectural information and planning data are created, stored and communicated
increasingly in digital form. On an urban and regional planning scale, this is primarily done using
Geographic Information Systems (GIS), 3D city models
or Urban Information Modeling on a building design
scale the key method is Building Information Modelling (BIM). The potentials of these digital methods

have been extensively discussed. What became clear
is that in addition to their conventional ﬁelds of activity, the availability of information and access to an
increasing supply of data creates new possibilities,
challenges and ﬁelds of work for architects and urban
planners.

Challenges
The development of our cities cannot be considered
isolated from technological developments. Technology interweaves into urban systems in the same way
as social, political or economic systems do. The term
Smart City and its diverse interpretations can at least
be reduced to this common point.
Looking to an ever-increasing amount of previously inaccessible and newly generated data, pro-
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duced among other things by the growing use of
mobile devices, the Internet of Things (IoT) or satellite imagery this poses urban planners to major challenges. In order to address these challenges and
not leave them to third-party stakeholders with unknown objectives - especially in the light of recent
data scandals, it is important to enable and foster future urbanists to develop a profound position to participate in the discourse.
Data and algorithms do not reﬂect an objective
picture of the world. Instead, they rather create the
rules of the digital realm. To participate in the discussions around the eﬀects of digital technologies
on society and our cities, it is necessary to understand how these rules are formed (Lessig 2006). For
today’s architectural education this doesn’t mean to
train architecture students as data specialists or programmers, but to encourage and enable them to develop their own technological proﬁciency as well as
creative and visionary skills to be able to participate
in the discussions, which aﬀect not only the work processes of architects and urban planners in the proclaimed age of the Smart City but ultimately our everyday lives.

Potentials
Intelligibly communicating ideas and relationships is
a fundamental part of the work routine of urban and
regional planners. In an urban planning scale, where
political decisions and planning measures have decisive inﬂuences on the lives of the people, the communication of their implications for the diﬀerent aspects
of citizens’ lives is an important prerequisite: ”communication is not everything, but planning without
communication is nothing” (Quote translated by the
author; Selle 2005). Selle states that communication
becomes a critical point whenever people plan for
other people (ibid.) - in urban planning that’s the nature of the game.
Digital data on spatial structures and processes
are nowadays available in abundance. The free
access to information and availability of an everincreasing amount of open data has grown exponen-

tially since the beginnings of the internet. “Access
to data or information translates into empowerment;
power to make informed decisions, to solve problems, to generate economic activity, to improve living standards and, in the case of humanitarian emergencies, to protect and save lives.” (Stauﬀacher et al.
2012, p. 2)
In addition to unstructured data, which is e.g.
the result of the growing use of mobile devices or
the Internet of Things, there is also a growing number
of web services that provide structured linked open
data. On a spatial level, open geo databases allow
access to structured geographical data of diﬀerent
levels of detail and at diﬀerent scales and thematic
references. Besides that, there are various other thematic data sources, for example from the ﬁelds of culture, science, ﬁnance, statistics, weather and environment [1]. From oﬃcial sources e.g. for governments,
“open data has been established as a fundamental
cornerstone of oﬃcial transparency and accountability initiatives” (Gray 2014). In a world where a massive amount of data and information - both previously inaccessible and newly generated - are freely
available, the challenge lies in putting this information to use eﬀectively. This means selection and organization of the underlying data, putting them into
context in order to gain useful information and presentation of this information as a means of communication to foster understanding. The fastest and most
eﬀective way to both understand relationships and
make them comprehensible is to visualize them.

A First Résumé
Code literacy is essential for both, facing the challenges just presented and the utilization of potentials. It is not necessarily directly connected to learning a certain programming language, but implies the
understanding of algorithms and code and its intentions in a certain context (Dufva & Dufva 2016). This
empowers to explore new means and solutions - to
shape own tools and not just use them as an end user.
“The ability to ‘read’ a medium means you can access materials and tools created by others. The ability
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to ‘write’ in a medium means you can generate materials and tools for others. You must have both to be
literate. In print writing, the tools you generate are
rhetorical; they demonstrate and convince. In computer writing, the tools you generate are processes;
they simulate and decide” (Kay 1989, p. 125).

COURSE CONCEPT
The aim of the seminar was to explore the potential
of interactive visualizations for the communication
of architectural information in an urban and regional
scale. The course, which has meanwhile been oﬀered
four times, addresses master level students from the
ﬁelds of architecture, urbanism and landscape architecture. The students acquired theoretical knowledge about information design and data visualization,
as well as the technical foundations for accessing, collating and using open data sources. While conveying
practical programming skills, the semester task for
the students was to identify speciﬁc research questions out of their experience on urbanism and urban planning topics and apply their newly acquired
knowledge in a project work. Important milestones
in the progress of the student projects during the
semester were developing a concept idea, research on
data sources, developing an implementation concept
and the implementation of a prototype. These milestones were reviewed in the form of interim presentations.
The challenge for the students during the
semester was on the one hand to acquire the theoretical knowledge to be able to develop a well-founded
concept from an initial idea and on the other hand to
gain the practical skills to prototypically implement
it. Therefore, In the ﬁrst half of the semester the focus was primarily on a theoretical exploration of the
topics data and information science, (geo) information
systems, information design and data visualisation as
well as the acquirement of the necessary programming skills, while in the second half it shifted to the
individual project works.
In weekly workshop sessions, the students, who
were mostly novices in the ﬁeld of programming,

acquired basic programming skills using the open
source software Processing. The programming language and integrated IDE Processing was developed
by the MIT and focuses on the user group of designers, artists and programming beginners [2].
The theoretical exploration of the seminars complex of topics was done by lectures and student presentations as well as talks by invited experts, for example from the professions of data science or media
architecture - and subsequent discussion between
students, teachers and experts. The knowledge that
the students acquired in this discourse to approach
the semester task can be divided into two parts: design aspects and technical aspects.

Design Aspects
The ﬁrst part addresses the creative and graphical
aspects of creating visual representations. The key
question is: What means of design can be used to
convey visual information in an understandable way?
To come closer to answering this question, the students approached this topic from two directions:
• On a theoretical level, they presented and discussed basic models and theories of information design, such as Jacques Bertin’s Visual
Variables (Bertin 1983), Itten’s color theory (Itten 1973) or Edward Tufte’s writing about the
visual communication of information (Tufte
1990, 2006). By researching these theoretical foundations, the students learned how
to structure the information they want to
present and to identify suitable visualization
strategies.
• To apply and consolidate this theoretical
knowledge on a practical level, the students
investigated examples of visualizations ranging from historical cartographic representations to state-of-the-art interactive data visualizations (see e.g. Figure 1).
This investigation of theoretical foundations of information design and data visualization as well as the
evaluation of various examples had two objectives:
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on the one hand, for the students to identify the design tools they have at hand, e.g. for presenting qualitative and quantitative diﬀerences or for displaying
diﬀerent kinds of information like comparisons, proportions, range, hierarchy, distribution, relationships,
location or ﬂow. On the other hand, to develop a sensibility to the fact that for human perception, each
choice of visual representation has a decisive inﬂuence on the usability of the underlying information.
In the sense of this usability, there is no better or
worse, it rather depends on for what the information
is to be used and for whom it is intended. Since there
is no visual representation that highlights all aspects
of the underlying data at the same time, trade-oﬀs
are a fundamental part in designing them (Gelman &
Unwin 2013). The greatest challenge for the students
in this regards was to make obscured but relevant information more visible and explorable.

meaning making.
At a technological level, the students analysed
the topics Big Data and data mining. The aim of
these investigations was to identify the problems in
the processing and visualization of complex data.
Consequently, they presented computational approaches to data visualization and information design (Fry 2004) as well as technical solutions for
exploring large amounts of data (e.g. details-ondemand, magic lenses, dynamic queries). In addition,
technical aspects of cartography and geographic information system were shed light on, for example the
transformation of geographic locations into a twodimensional representation (map projection).
The aim of this examination of technical aspects
was to give an overview of technological resources
and to anticipate important technical questions that
students will be confronted with during their project
work.

LEARNING PROGRAMMING

Technical Aspects
The second part of the semester task relates to technical aspects. The primary objective was to learn existing ways of organizing and presenting data and information. The ﬁrst step was to ﬁnd common definitions for the often confused terms data, information and knowledge (Shedroﬀ 1999) and to draw connections to human processes of understanding and

The focus of interest for us as teachers was particularly on the question of how the architecture students, who had little or no programming experience
prior to the seminar, could acquire the necessary
skills to be able to implement their own ideas within
one semester. According to their own assessment at
the beginning of the seminar, about 3/5 of the students stated that they had no experience with textual programming at all, while about 1/5 already had
gained experience but considered their knowledge
to be insuﬃcient. The remaining 1/5 already had
basic programming skills, for example by learning a
scripting language within another seminar.
Learning a programming language means overcoming learning barriers. Brad A. Myers discussed
this issue in Past, Present and Future of User Interface
Software Tools (Myers et al. 2000): The more sophisticated the problem to be developed, the deeper
the understanding of the underlying programming
mechanisms must be. Ideally, the understanding
should build up linearly: at increasingly complex
challenges, the knowledge of what the learner of the
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Figure 1
Graphical railway
plan, original from
E. J. Marey “La
méthode
graphique”, 1885
(ﬁgure from Tufte
1983)

programming language already has gradually leads
to more understanding. During the learning process,
however, learning barriers occur whenever the students have to accumulate a great deal of additional
knowledge at once in order to gain a greater understanding of the programming language, for example
when learning new programming concepts such as
loops, conditional statements, methods, classes, and so
on. In textual programming, learners are confronted
with a certain learning barrier right from the beginning, since before they can start, they have to acquire
basic knowledge about the syntactical language elements.

Developing own solutions

Based on Myers’ ﬁndings, Andrew J. Ko speciﬁed six
learning barriers that relate to diﬀerent phases of
problem solving in programming: design, selection,
coordination, use, understanding, and information (Ko
et al. 2006). These models gave us valuable indications to identify barriers in the students’ learning process and to develop target-oriented strategies for executing the programming workshops. With increasing sophistication of the students project works, accordingly diﬀerent teaching strategies were applied:
After learning the basic programming language elements such as variables, loops, lists, trees, methods,
classes, inheritance and recursion, as the students’
knowledge progressed, we more and more introduced prepared modules to the students that oﬀered
more complex functionality (see Figure 2).

Adapting examples

Figure 2
At progressing
development of the
student projects,
diﬀerent teaching
concepts were
applied.

In order for the students to develop their own solutions, a fundamental understanding of syntactical language details, basic programming concepts
and the principles of basic algorithms is necessary.
Throughout the Processing workshops, real-world
metaphors with references to the students‘ professional domain and animated illustrations of algorithms were helpful tools to foster the students’ understanding. To evaluate the teaching process, during the semester, the students were asked to answer questionnaires that were based on Ko’s considerations. Their review has indicated that coordination and use barriers were the major challenges.
This means that on the one hand ﬁnding out, what
programming concepts they need in order to implement their own ideas posed a challenge to the students. On the other hand, even when the students
knew what concepts they need, there still was the
diﬃculty of ﬁnding out how to put them together.
This has been shown prior by Spohrer and Soloway.
They demonstrated by studies, that plan composition
problems, i.e. the question of how individual components can be structured to match the mental model
of a programming concern are a major cognitive challenge in programming (Spohrer & Soloway 1989).

Especially for beginners in object-oriented programming, a helpful approach to overcome this cognitive challenge is to apply existing solutions to one’s
own problem in order to be guided by examples
of problem solving (Robins et al. 2003). Therefore,
the approach to convey an understanding of basic
programming mechanisms was to design and implement exemplary (geo) information visualization
components such as cartograms and diﬀerent kinds
of diagrams or basic components of user interaction
together with the students. These partial solutions
could then further guide them to develop their own
ideas.
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Using prepared modules
At an advanced point in the semester schedule, we
introduced prepared modules addressing more sophisticated topics. These modules provided the students with functionality that would require a great
deal of technical eﬀort and additional knowledge to
implement on their own, e.g. of establishing HTTP
connections or about data structures of certain web
services. Other than the examples of information visualizations, where developing an understanding of
how the code works, also provides a positive learning eﬀect, the focus in this category was to develop a
task-speciﬁc understanding of how to use the modules. This means, learning what the modules do and
what the interfaces require and provide, but without
developing a full understanding of the modules’ internal mechanisms.
The Processing environment already oﬀers a
large variety of useful libraries, that are either distributed with the Processing IDE itself, or by thirdparty developers. In addition, we prepared a number
of modules that are tailored to the task of the seminar. Examples are:
Web Services SDK. The collection of libraries provides helper classes and methods to establish an
HTTP connection to a web service and process the returned data. The predeﬁned modules provide a usable way for students to retrieve data from (open)
web services such as the APIs of GeoNames, DBpedia,
Flickr, Twitter, Google Maps or Wolfram Alpha. In addition, external libraries are linked to parse the result in
XML or JSON/GeoJson format.
OpenStreetMap SDK. Based on the Web Services
SDK, the libraries facilitate access to the open geodatabase of OpenStreetMap [3], which has proven to
be a useful source of geographical data for many
student projects. It oﬀers several prepared modules
to retrieve and process OpenStreetMap data via the
Overpass API. The libraries include functionality
• to build up a search query using criteria such
as search terms, object type ﬁlters or a geographical bounding box.

• to establish an HTTP connection to the Overpass API, send the query and receive the result.
• to process the result and translate the topological OSM data structure into JAVA classes.
For this purpose, a class structure is provided
that relates to the corresponding OSM data
primitives. Furthermore, cusomizable methods are provided to draw the OSM objects
in Processing using the UnfoldingMaps [4] library.
SVG & CSV I/O Library. In addition to the resources
for working with web services, basic functions for importing and processing local data sources such as Excel tables or plans in SVG format are provided. Based
on the built-in processing libraries, additional functions are oﬀered here, for example for interaction
with vector graphics or to ﬁnd speciﬁc objects in an
SVG ﬁle or Excel table by name.
Paintbox. This library provides subroutines to work
with one- or multi-dimensional color gradients. In
addition to prepared color codes, the collection offers interpolation methods for translating numerical
values into colors.

COURSE RESULTS
The student’s projects have explored a wide range
of topics on diﬀerent scales from building scale to
global scale. In addition to the projects presented
below, some of the topics covered were urban infrastructure networks, migration, trees and green
spaced, public transport, the inﬂuence and relationships of the city’s architectural schools, analysis of
housing quality or twin towns and city friendships.
To give insights to some of the results of the
course in more detail, three exemplary student
projects with diﬀerent thematic orientations, scales
and data sources are presented:

Indicators of Gentriﬁcation
Students: Besjan Rahmani, Daria Rath
Gentriﬁcation is a process that often follows typ-
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Figure 3
Interactive
gentriﬁcation map
showing rent prices
and inner city
migration
comparing diﬀerent
years

ical patterns: The starting point are existing neighborhoods that become attractive for students, artists,
subcultures, etc. due to the low rental prices. They
lend character to the districts, enhance them and
make them more interesting for people moving in.
Housing demand is rising, so that investors see opportunities for increasing capital value. The ﬁrst
buildings are being renovated, rents are rising. This
means that the original residents can no longer afford the rents and are being forced into other parts
of the city. This development is ultimately accompanied by a change of the population structure and the
neighbourhood characteristics.
Gentriﬁcation is a complex matter that requires
a number of diﬀerent indicators to be considered. In
order to obtain a meaningful analysis of the topic, the
students had to collate various initial data. The selected indicators were
•
•
•
•
•

the oﬃcial representative list of rents,
the internal migration within the city,
the average age of the local population,
the unemployment rate and
the average household income.

For these topics, initial data were collected from several oﬃcial sources like municipal authorities and statistical oﬃces. The prerequisite for later visualisation
of the data was that they were available at district
level for the past ﬁve years. On this basis, the students
developed an interactive map, which allowes the different indicators to be explored and compared on a

spatial and temporal level (see Figure 3). Various details can be displayed on demand for detailed comparisons.
The result showed a signiﬁcant point of how data
is published from oﬃcial sources: Even when the initial data on a topic is fully publicly available, it is often not yet made possible to gain understanding or
draw conclusions out of it. It takes a lot of additional
eﬀort and the political will, to put the data into a certain context and present it in a comprehensible way.

Age of Amsterdam
Students: Roman Freistätter, Victoria Rusina
The idea behind the student project Age of Amsterdam (see Figure 4) was to make the history of
the city and its development explorable according
to typology and historical period of the buildings.
An interesting picture was generated by the possibility to ﬁlter the city’s buildings according to their
year of construction, thus revealing urban patterns
and a patchwork of diﬀerent phases of urban development. The students chose Amsterdam for a proof
of concept prototype since on the one hand the city
shows an interesting mixture of diﬀerent buildings
from the Middle Ages to the modern age and on the
other hand suﬃcient data is available in the OpenStreetMap database regarding typology and the year
of construction or renovation.
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as geodetic lines. By mouse interaction (zoom, pan,
details-on-demand) the data set can be explored
ranging from regional up to intercontinental ﬂigh
connections. In addition, an animation shows the
progress over the day.

CONCLUSION
For the students

The result is an interactive prototype, that allows the
heritage of the city to be explored. The underlying
data is retrieved in real-time via the Overpass API according to the speciﬁed ﬁlters (e.g. type of building,
range of construction years). This means that the visualization can also be applied to any other city, provided the required attributes are available in suﬃcient quality. The user can evaluate the result by different kinds of diagrams.

Flight Route Connectivity
Student: Eva Kukurite
The project Flight Route Connectivity (see Figure
5) visualizes the interconnectedness of cities worldwide by means of ﬂight connections. The foundation
is a comprehensive static data set containing all ﬂight
connections (about 70.000) connecting the 6977 airports worldwide. The data set was collated by the
three big airline umbrella organisations. Besides the
geographical location, name and continent of the
airports, also the ﬂight connections are assigned attributes like aircraft type, aircraft size, frequency or
departure/arrival in local time.
The complex data set can be explored via an
interactive world map. Diﬀerent colours signal the
ﬁve continents. The ﬂight connections are displayed

The seminar helped the students learn to think strategically and how to structure their work process towards the ﬁnal result. The students were particularly
enthusiastic about the variety of possibilities. While
most of them have considered themselves as mere
software users before, the experience of being able
to generate software tools themselves was a major
discovery, which motivated many to put great commitment into the work on their projects. The direct
connection of programming, visualization and interaction that is possible through Processing has made a
major contribution here.
In addition to the practical programming skills,
the students acquired an understanding of how to
exploit potentials of information technology for the
communication of architectural information. Some
interesting discussions within the seminar have
shown that they developed personal interest and a
healthy attitude towards the potentials, challenges
and possible risks of the utilization of (open) data.

For the teaching staﬀ
We especially focused on the question which learning barriers the students were confronted with when
developing a basic understanding of programming
mechanisms and applying this knowledge to particular set of own questions. We have learned a lot about
which teaching methods make it possible to eﬃciently convey complex technological contents in a
relatively short period of time. Through the prepared
modules and examples, ranging from code snippets
to advanced SDKs, the students were able to implement their original ideas within the semester. In the
recent iterations of the course we were able to further
improve this method.
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Figure 4
Interactive map to
explore heritage
buildings of
Amsterdam

Figure 5
Interactive
visualization to
explore
intercontinental
connectivity by
ﬂight routes

Besides that, in times of ongoing digitalisation,
the accessibility of digital tools, in particular the introduction of domain-speciﬁc user groups to programming will continue to be an important topic. In connection with ongoing research projects, we were able
to draw useful conclusions from the evaluation of the
students’ learning processes.

Implications for research
The combination of information visualization, information technology and speciﬁc questions from an architecture and urban planning context has revealed
potential for architectural communication. The variety of student projects have resulted in a number of
connections to diﬀerent ﬁelds of research. Especially
the interaction with data and information can oﬀer
valuable tools for analysis and communication. The
students have shown creative ways to make political
and planning processes more transparent and to develop eﬃcient public information and participation
processes supported by digital tools.
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This paper presents a part of a thesis research conducted at METU. It proposes a
method for evaluating the effects of an immersive virtual learning environment
(IVLE) which is integrated in an architectural design/learning activity. Proposed
IVLE application and design/learning activity were designed through a synthesis
on constructive learning, problem-based learning, immersive technologies, and
intended learning outcomes (ILOs) in learning how to design in human-scale.
Immersive experience of bodily interactions and problem solving process are
focused. Method of evaluation was also developed over this synthesis, and an
evaluation rubric was created based on the SOLO taxonomy. According to the
evaluation method, a before-and-after test was conducted within a case study
involving a particular scenario of design exercise and interviews. Conclusions
are based on the results of this case study.
Keywords: VR in architecture, immersive virtual learning environment, learning
modalities, SOLO Taxonomy

INTRODUCTION
Use of virtual reality (VR) technologies in educational
research has increased in the last decades. Literature
shows a massive knowledge accumulation about potential eﬀects of VR on education in general and in
domain-speciﬁc terms which stems from various disciplines like in the case of VR use in architectural education (Kalisperis et al. 2002, Angulo 2015). As the
most unique and powerful side of VR technologies,
immersion factor and particular immersive features
gather attention of educational researchers (Bowman and McMahan 2007).
Architectural education is one of the most prominent disciplines whose potential to utilise VR technologies is highly mentioned and popularised. Understanding the space, its generation, its transforma-

tion and its interaction is in the core of the discipline.
Additionally, based on the discipline’s relation with
the notion of representation, architecture has an intense history with all media which communicate the
space in novel ways. Indubitably, linking such discipline and the VR technologies gathers a righteous enthusiasm of any associates of this research area. However, one can argue that the research could not satisfy the extent of its aspiration yet.
It is a general consent that VR will contribute
in education in all levels in future, and yet the contemporary literature and many researches show that
how VR can eﬀect the learning especially in architectural education is not a clear concept. Problem
is mostly related with diﬃculty of assessing the effects on learning when VR is integrated to learning
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process. Therefore in this paper, it is concentrated on
how VR can be integrated in architectural education,
and how the eﬀect of VR on learning can be measured is one of the major issues of this paper. Main
contribution of this paper is the novel approach developed for this measurability issue and partial ﬁndings on its application within a case study. This approach derives from the tangible links between the
potential of speciﬁc VR utilities and learning modalities such as constructive learning, problem-based
learning, and media interaction model. The overall
scenario designed for the case study and the evaluation rubric derived from the SOLO Taxonomy are
elaborated further since they are highly prominent in
development of this approach. This paper also issues
the discovery that moving students out of their comfort zone in terms of the design problem provided in
the case study beneﬁts the measurability. It is observed that this criteria played a crucial role in different levels during the case study and the analysis
phase.

EDUCATIONAL APPROACH
Relation between the domain-speciﬁc content and
what VR can provide is important. However, alignment between how it can be learned and what VR can
provide for such learning process is crucial. Therefore, these concerns should be explored considering
basics of them under unifying theories, and a comprehensive integration should be provided as a holistic educational design. It should be designed involving all concerns in its core from the beginning. It
should not be an extrinsic addition to the existing educational design.

What and how students are expected to
learn
Developing an understanding on scale and dimensions is crucial in architectural design education, especially in terms of learning how to design in humanscale. During the entire architectural design education, students are expected to develop this understanding through repetitious practice of creating, ob-

serving and analysing representations involving different scales and viewpoints.
Understanding and processing the relation between human body and architectural space is essential. First architectural design assignments in architecture schools involve relatively small scale and less
complex architectural spaces, and include multiple
smaller design problems of architectural elements
(e.g. doors, windows, stairs, various types of furniture, etc.) with which humans bodily interact. Students are expected to study form, scale and dimensions of these spaces in a way to fulﬁl the spatial
needs required by simple use cases and activities.
Through such assignments, students can try to understand the spatial needs brought by human body
and bodily activities within use cases, and they can
try to respond to these needs by making metric decisions in adequate scale. Nonetheless, it is an important phase of education because in this phase, students start to develop an understanding on designing in human-scale beyond their past layman experience and knowledge.
Starting with this phase, students are fed via
various sources of related information during their
education. As the scaled representations are main
tools of design and design learning, students’ communication with representations provides a multilayered and interactive source. Human ﬁgures, furniture, trees etc. are commonly included in scaled
representations in order to easily perceive the scale
of a designed space. Students are instructed and
encouraged to work with such representations, and
they also observe such representations produced by
experts. Additionally, guides that provide technical
drawings and metric information of architectural elements within a standardised manner (e.g. Neufert et
al. 2012) constitute a type of source which provides
direct instructions and ready-to-use information.
Another source is students’ ever-growing knowledge and understanding about scale, based on their
experience with architectural elements and spaces in
real life. Some experiences involve more bodily interactions than others. Students are expected to com-
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bine and utilise all these sources in their own way in
order to develop their own understanding on relation between architecture and human-scale.

Synthesis on VR and Learning Theories
Deriving from the novice architecture students’ difﬁculties on acquiring an understanding about scale
and from the idea that VR can be helpful through immersive experiences on 1:1 scale, this study focuses
on the educational objective that students need to
learn how to design in human-scale. They need to
learn the relation between what is designed, what is
represented, and the human in terms of scale. This
understanding involves more than just proportions
and rote-learning of standards. They need to learn
how to approach this relation, how and why to think
and work with it while designing. An educational design to be suggested should aim to cover these learning outcomes.
Considering learning about architectural elements with which humans bodily interact, it can be
proposed that VR’s immersive utilities, which can provide the awareness of one’s own body and the opportunity to interact via this body in a virtual environment (VE), can be helpful. Students might experience bodily interactions with architectural elements
and also might use their body as a reference in an
immersive virtual reality (IVR) application which can
provide these utilities in addition to 1:1 scale 3D visualisation and head-tracking utility. This might be
helpful especially in case of architectural elements,
objects, spatial compositions and/or use case scenarios which students are not very familiar with. This
can be also aligned with ‘learning by experience’ approach.
Literature displays an emphasis on suitability of
constructivist views (Winn 1993) and problem-based
learning (Huang et al. 2010) with use of VR in education in general. Deriving from these learning modalities, this study considers the aimed integration in the
form of an IVLE to encourage the inquiry of both content and the learning process and to serve in a design/learning activity in which students can experi-

ence their own unique design/problem solving process, do self-assessment, and thus construct meaningful knowledge from their new experiences and existing knowledge by actively engaging in authentic
and reﬂective learning activities.
The analogy issued here so far draws a frame
to deﬁne an adequate IVLE application and an integration method for it. Accordingly, this application should allow an immersive experience by which
users can visually explore the environment in 1:1
scale, and directly in true 3D. Even if these utilities
alone cannot provide direct beneﬁts for the primary
issue of this study, they are fundamental to visual immersion, and most certainly complementary to the
other immersive utilities. As the human-scale and
understanding the environment in response with
human-scale are primary in this issue, this application
should also allow users to understand their own scale
and to make comparisons between their own body
and the environment through visual exploration actualised via natural body movements and interactions.

METHOD
Bodily activity is highly crucial in terms of humanscale design. There is a strong and direct relation
between these two subjects in many cases. Even if
the knowledge about this relationship is not reconstructed from the ground by every designer nor during every design decision, an understanding about
it should be acquired by architects for them to be
able to comprehend what they are doing, why they
are doing, and how they are doing when it comes to
making a design decision which is anyhow related to
a bodily activity.
Students should learn how to do reasoning and
critical thinking in a way examining the aforementioned relation. Deriving from the constructivist
learning theory and the problem-based learning, it
is believed that adequate learning environment and
learning activities, in other words providing a meaningful experience of the act which is to be learned,
can lead meaningful learning in this context.
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The impact of long-term use of an IVLE on learning
should be investigated for sure. However, such investigation should be realised ﬁrstly in case of shortterm use. Accordingly, case study method is adopted
to simulate a kind of design activity which can be realised in a design studio course. Indubitably, such investigation requests a comparison of two situations:
one where the application is used and the other
where the application is not used. Considering participants’ personal diﬀerences and focusing on their
individual processes during the design/learning activity, a before-and-after test is conducted to make a
comparative analysis. Accordingly, the design/learning activity is designed as it requests respectively a
design performance, use of the IVLE application, and
then again a design performance.
In this point, there are some questions to be answered. What is the quality of students’ process of
problem solving and making design decisions during such design activity? Furthermore, to what extent do they utilise the related immersive features of
the application into the problem solving process? To
what extent do those utilisations enhance the quality
of problem solving process? Accordingly, the focus
moves from evaluation of the end-product to evaluation of the process of problem solving and evaluation
of how students build their ﬁnal solutions against the
problem.
In order to collect this kind of information, interview method is chosen. How the analysis and evaluation will be done also plays an important role in
preparation of the interview. Such systematic evaluation method can be derived from the SOLO taxonomy developed by Biggs and Collis (1982), where
SOLO stands for the Structure of the Observed Learning Outcome. Biggs and Collis derive from Piaget’s
theory of cognitive development and particularly
the developmental stages in thinking. They argue
that there are also stages within a hierarchical order, which realise in process of learning. According to their argument, these stages are not identical
with, but derive from those developmental stages; so
thus their hierarchical order. Accordingly, in terms

of evaluation, they focus on the structure of the actual responses that students give to particular learning tasks, rather than any concept of cognitive structure of the individual. Biggs and Collis investigate this
idea through direct research on student learning, in
which they study the organisation of responses from
a large number of students from various educational
levels, in various subjects. SOLO taxonomy involves
ﬁve levels to describe the structural complexity of a
student response. These levels are respectively; (1)
prestructural, (2) unistructural, (3) multistructural, (4)
relational, and (5) extended abstract among which
the last one corresponds to the highest level of structural complexity. These levels also diﬀer in terms of
required capacity of working memory; and relating
operations, consistency and closure involved in the
performance.
As a method for investigating the quality of
learning through a design/learning activity, considering the learning as an iterative process which is always inﬂuenced by internal and external variables,
and thus evaluating it by the level of its complexity
and sophistication highly coheres with the nature of
design. In this case, this coherence becomes more
prominent, considering that this study aims to investigate the involvement of certain components of
the learning environment in students’ proceeding in
complexity of implementing a response to an openended design task along the process. One of most advantageous features of the SOLO taxonomy is that it
is applicable to open-ended tasks because it focuses
on the structural complexity of any response given
by the student. Under these circumstances, the SOLO
taxonomy preserves a great guidance for the evaluation intended in this study. Therefore, an evaluation
rubric is prepared by deriving from the SOLO taxonomy and by concentrating on the educational objectives.

CASE STUDY
A design/learning activity was composed as an exemplifying design exercise which can be executed in
a design studio course. Accordingly, an appropriate
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Figure 1
A scene from a
participant’s
viewpoint, while
getting familiar
with hands

design problem was prepared to ask students to design an architectural space including architectural elements which are related to bodily activities in terms
of size and form. Additionally an appropriate IVLE application was built in order to provide for students to
utilise during the design exercise.

Participants
The experiment was conducted via voluntary participation of students who are in their ﬁrst month of
second year architectural education at universities in
city of Ankara in Turkey, since they are in the phase
that they start getting familiar with how to design in
human-scale.

Design Problem
Design decisions to be analysed should be addressed
in a suitably larger design problem. Therefore, it was
aimed to keep the problem simple and focused, and
to keep the required architectural elements relevant
to bodily activities and human scale as much as possible. Accordingly, participants were asked to design
a 20 m2 kitchen area including kitchen ﬁttings and
furniture as a part of a single-ﬂoor family house, for a
wheelchair user.
The user type was added as a criterion in order
to move students out of their comfort zone. Reason
behind this was to increase the active engagement of
students during the overall learning activity and during the use of IVLE as a source. In preliminary studies of authors, it was observed that such active engagement was lower and that students tend to improvise and rely on their past knowledge about measurements since they have a life-long familiarity in a
sense.

The IVLE Application
An IVLE application was designed, providing stereoscopic 3D vision and head-tracking technologies. It
also allows the users to see the skeletal representation of their both hands in a realistic scale (Figure 1),
to control them in real-time, and to interact with the
virtual environment via real-time hand motion controlling.

The application was conceptually designed as a virtual learning environment which holds a library
of models of various architectural spaces, environments, objects, etc. The partial software prepared
and used for this case study provides a single virtual
model which constitutes a kitchen area with ﬁttings
and furniture (Figure 1). This environment was designed and modelled as a simple example of an ordinary kitchen with applicable measurements which
correspond to the Neufert et al.’s ”Architect’s Data”
(2012). It was not designed with the criterion of being usable by a wheelchair user, and does not cover
20 m2 nor include every type of ﬁttings and furniture.
An interactive model was prepared to the extent that
participants can open and close the door, cabinets
and drawers by using their own hands in an intuitive
way.
Participants experienced (e.g. moved around,
observed, interacted with, etc.) the environment
through an avatar which represents a person on a
wheelchair in terms of size and eye level, and they sat
on a chair with similar height during the experience
(Figure 2).
An Oculus Rift DK2 head-mounted display and
a Leap Motion Controller hand-tracking device were
integrated and used for the application. Application
software was built via Unity 3D Game Engine 5.3.4f1,
Leap Motion Orion 3.2.0, Oculus Conﬁguration Utility
1.10 and Rhinoceros 5 3D modelling software. During the case study, the application software was run
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on a computer with Intel(R) Xeon(R) CPU E5-1620
v4 (3.50ghz) processor, 16 GB memory and NVIDIA
GeForce GTX 1070 graphics processor.

ticipants are allowed to use their notes, submissions
and video-records during the interviews, and the interviews are audio-recorded.

DATA COLLECTION
METHOD

Procedures
A scenario was created involving a design exercise
with three major sessions and the interview session
following the exercise. In the ﬁrst session (S-1), participant is asked to design by using pen and paper,
and to make measurement decisions as much as possible, and to represent them on proposals within 15
minutes. In the second session (S-2), the IVLE application, its content and capabilities are introduced
to participant for the ﬁrst time. Additionally in this
point, it is announced that there will be another session similar to the ﬁrst one, involving identical design
problem and requirements. Then, participant uses
the application; and meanwhile observer takes notes
for the participant in participant’s own words, when
participant demands. This session is video-recorded
from participant’s viewpoint. In the third session (S3), participant is again asked to propose a design
within same conditions of ﬁrst session. Participant
is allowed to utilise the notes from previous session
and the representations proposed at the end of ﬁrst
session as sources. Two interviews are conducted
with participant right after the ﬁnal design session,
involving the two design sessions respectively. Par-

AND

ANALYSIS

This study aims to analyse reasoning behind measurement decisions in terms of thought contents and
thought relations between those contents in relation
with particular designed volume and the notion of
human-scale. Accordingly, an evaluation rubric was
prepared based on these contents, relations and the
SOLO Taxonomy. This rubric helped to ask proper
questions during the interviews, such as; “What kind
of thoughts, ideas, or criteria did you have and/or
consider while making this decision about this measurement?”, “What was your reasoning and/or story
behind this decision?” These questions helped to collect the kind of data involving various criteria and
references thought and considered by the participant for a speciﬁc measurement decision. Participants provided a story involving how they connected
these ideas, where they acquired these ideas, what
was their reasoning, and eventually how they utilised
any of their speciﬁc immersive experiences from the
IVLE session.
Based on the verbal reports, each participant’s
two responses addressing the same dimension of a
volume from two design sessions are evaluated and
compared. Observed advancements are attributed
to use of immersive features, only if two conditions
are provided. First, the participant mentions a speciﬁc moment when they use an immersive feature
and mentions it as a reason or a source of a thought.
Second, that thought is mentioned as at least a part
of a speciﬁc content (of the response) which causes
that response to be evaluated as advanced.
Corresponding the SOLO taxonomy, the evaluation rubric consists of ﬁve levels respectively (from
lowest to highest): Prestructural (P), Unistructural (U),
Multistructural (M), Relational (R), and Extended Abstract (EA).
A prestructural response involves no adequate
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Figure 2
A participant using
the IVLE during the
design exercise

knowledge, but incompetence. Sometimes it can be
observed that it involves an attempt to create a link
between response and the given cue (i.e. question)
by using an irrelevant information or tautology. In
this case, some examples of contents encountered in
prestructural responses are: “neglecting”, “irrelevant
reasoning”, etc.
A unistructural response provides a link between
response and the given cue through one relevant
aspect, information, or datum. On the other hand,
a multistructural response provides a link between
response and the given cue through multiple relevant aspects, information, or data. These aspects
are not necessarily independent from each other,
but the response does not employ a linking concept
or any interrelation over those aspects to create a
consistent conclusion. In this case, some examples
of contents encountered in unistructural and multistructural responses are: “wheelchair size”, “body
size”, “wheelchair size and body size (any measurement belonging to a body on a wheelchair)”, “activity/movement (a, b, etc.) involved in a use case (a, b,
etc.)”, “recalling an example from daily life”, “correlating scale/measurement with another volume/dimension”, etc.
A relational response goes further than a multistructural one. It provides multiple relevant aspects,
information, or data and issues them in a conceptual scheme. Through employing a linking concept
or interrelations over those, it constructs a consistent conclusion within given context. In this case,
contents encountered in relational responses constitute what participant employs as a linking concept or
as an interrelation over several other contents corresponding to multistructural level. An example of this
is considering separate bodily movements involved
in a use case scenario to modify the same measurement.
An extended abstract response provides what a
relational response can, but further conceptualise all
the relevant aspects, information, or data, and their
interrelations at a higher level of abstraction. It introduces an abstract principle, deductions, and/or

analogies which were not present as any kind of cue;
yet it explores their compatibility with another and
with the integrity of whole response. Considering
the scope of given design problem, any extended abstract response was not expected and not found in
this design/learning activity.
To exemplify the evaluation process, evaluation
of Participant-10’s decision on cooktop width can be
examined. Since she reported that she has identiﬁed
the width of the cooktop according to overall width
of the big storage unit which includes the cooktop in
a drawer form in the ﬁrst session, this decision was
evaluated as unistructural. She also designed a small
unit including a regular drawer at the same level with
cooktop. In the third session, she reduced the size of
big storage unit. She elaborated on a modular design
which allows wheelchair user to open the cooktop
and the drawer by pulling them towards each other
to meet at the mid and to use them as a single plane.
She reported that she considered wheelchair user’s
capability to manoeuvre between units when drawers are closed and diﬃculty to use the drawer and the
cooktop simultaneously. She also mentioned her experience of interaction with base cabinets in IVLE and
the diﬃculty that she realised by this experience as
her reasoning behind this process. Therefore, this decision is evaluated as relational, and advancement is
attributed to her utilising the immersive features of
IVLE.

RESULTS
Results show that among 14 participants, 13 participants displayed advancement in at least two of
their pairs of responses between two design sessions.
Among 14 participants, 4 participants displayed 1, 7
participants displayed 2, 2 participants displayed 3
advancements where they mentioned their immersive experience in a causal relation to the particular
content of their responses which indicates the advancement. Table 1 shows these results including
situations where immersive features were used but
no causal relation was reported (NC), and situations
where immersive features were used and a causal relation was reported (CR).
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the information about such utilisation. It is crucial
to assess the causal relations between the observed
advancements and the use of particular immersive
features. The approach followed in this study provides the opportunity to explore such causal relations. With this approach, this study’s contribution to
the ﬁeld diﬀers among others in terms of two aspects.
First is how the evaluation rubric is created and employed. Second is the scenario which moves participants out of their comfort zone in terms of their familiarity with the design requirements at hand and with
the provided type of experience of an environment.
These two aspects allow elaborating on measurable
facts and introduce new ways of working with and of
evaluating the VR in architectural design education.
This approach might guide future research on integration of VR into architectural design education.
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Technological developments in construction always bring new expectations in
terms of design possibilities. The use of digital tools both in design exploration
and applied to explore new forms of computer controlled manufacture provide
opportunities for the emergence of new tectonics. Because these transformations
change our construction reality fast and with impacts never seen before, it is
important that architectural education follows such change and prepares students
for what will be their future really, making them capable to accept and
incorporate the tectonic implications of digital tools and construction methods in
the way they design. This paper shows a tutored approach to mass customized
housing resorting to 3D printed parametric modular construction.Please write
your abstract here by clicking this paragraph.
Keywords: caad education, mass customization, 3D printed housing

INTRODUCTION
Advances in technology have produced new expectations in terms of design possibilities. The total implications in the ﬁeld of architectural tectonics are yet
to be understood in a comprehensive way (Kolarevic
2004). However, the housing market has already incorporated some of the peculiarities of digital technologies in their demands forcing architects to respond to architectural problems in a very diﬀerent
way than traditionally used to oﬀer. Housing in particular is very much aﬀected, qualitatively speaking,
by the requests for fast, large scale housing developments. Typically, the market requests fast responses
and puts all responsibilities on the architects. The
market wants, more, better, cheaper and more responsibility.

On the opposite side, contemporary culture has
developed a strong taste for individuality which
tends to bring to the market demands regarding design customization at various levels and scales of design production, where architecture, essentially due
to a scale that induces resilience, tends to adapt in
a slower manner. The gigantic changes in China’s
cities have shown clearly that the architectural housing market is still guided by the mass production
paradigm and is far from convincing investors that
diﬀerence and personalization are technologically
available commodities.
Regardless of this reality, architectural education
seems to maintain mostly traditional curricula without truly questioning the implications of this status
quo in the education curricula. It is not just a ques-

CAAD EDUCATION | Practices - Volume 1 - eCAADe 36 | 381

tion of including contents where CAD or BIM tools
are taught, but to acknowledge that the new reality
implies design questions and approaches that might
not be addressed without resorting to new technological methods. Methods are indeed the key issues,
not the tools. This implies clearly adequate pedagogic strategy.
Facts in present architectural reality tell us that
radical changes are close to occur. Let us point some:
1. Architectural production is becoming more
and more digital, the present paradigm being the production of digitally informed architectural integrated models by resorting to BIM
software.
2. Rule based design, whether more parametric
or more recursive allow the exploration of design variations in a scale never seen before.
Such types of exploration allow for two possible attitudes in a design process: (1) augmenting the scope of design exploration towards an extreme extent (a strive for excellence based on raising the degree of experimentation and trial) (Kolarevic 2004); and (2)
the exploration of systems of design objects,
by resorting to rule based design languages
and therefore producing sets of object variations within some predeﬁned spatial and/or
formal type where a speciﬁc instantiation may
be the subject of some form of customization
or adaptation to speciﬁc needs (Duarte 2005).
3. Society demands more and more the production of originality, diversity, customizable solutions, cheaper solutions, but faster, more
eﬃciently and tailored to the users’ idiosyncrasies (Ratti 2015).
4. Digital fabrication raised astronomically the
expectations regarding architectural production. Still far from a totally digital production,
the idea that we may produce architecture
from sketch to construction in a continuously
digital ﬂow has entered the expectations of
the market. Some facts can be highlighted
in this context: (a) architectural elements (if
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not the whole house) can be 3D printed [1],
[2], [3]; (b) a parametric (or generative) model
may produce a diversity of objects that although diﬀerent can be printed with similar
eﬀort - i.e., a project, or parts composing a
project, can be diﬀerent and printed with similar eﬀort; (c) materials technology develops
further and further more materials tailored to
design speciﬁcations that may be used in digital prints allowing to print houses or parts of
houses with materials technically prescribed
for a speciﬁc performance whether such performance is simply aesthetical or deﬁned in
terms of physical behavior (Jancic 2016), (Oxman, 2010), (Van Wijk and Van Wijk 2015).
These facts support the argument that construction
tectonics will change, and these changes will also
change drastically our way of designing houses. It is
the responsibility of architectural schools to address
this new reality and prepare students for it. The underlying assumption is that such reality requires new
teaching methods and new approaches to architectural education.
This paper departs from this assumption and reports the results of a ﬁnal architecture master project
where the design problem was set based on a few
technological assumptions to architecturally explore
their tectonic implications.

FRAMEWORK
Before detailing it is important to explain the framework upon which the Final Master Architecture
Project is developed at the Faculty of Architecture
at the University of Lisbon. The program starts at
the ﬁrst semester of the ﬁfth year of studies (9th
semester) where a large study area is given to all the
students. The urban scale approach and analysis is
developed during this semester and involves collaborative work. This stage allows the students to collect
detailed information on their study areas developing
a deep knowledge of its problems and morphological characteristics. After this semester, and after attending a course on research methodology, the stu-

dents develop their Master Project proposal which at
this stage is simply a short summary of goals drawn
upon an architectural problem that was identiﬁed
during the analytical work. From this point onwards,
their work is supervised following a tutorial principle, and the students become totally responsible for
the direction their work takes together with the guidance from their supervisors. The master student is
therefore guided towards framing his/her own design problem.
In the case exposed in this paper, the student
started by presenting his will to explore the use
of digital fabrication in architectural design. This
generic intention became a speciﬁc program involving research and design which had as generic intension the exploration of digital tectonics in housing architecture.

METHODOLOGY
Once the generic intention of exploring digital tectonics in housing architecture was deﬁned, and leaning on his supervisors’ advice, the student further detailed the scope of his work. The role of supervision
at this point was to set together with the student a
consistent methodology that could outline and support his work from the research contents to the design tasks.
The applied methodology set together with the
student followed a sequence of stages:
1. Literature review and survey on the uses
of digital fabrication in architecture practice
with a strong focus on the use of 3D printing.
The main goal at this stage was the identiﬁcation of the present state of 3D printing in construction and envisioned potentials found in
the literature.
2. Literature review and survey on architectural
practice with the purpose of identifying the
advances and state of the art on the use of
prototyping techniques as methods to support architectural ideation and design at the
oﬃce, more speciﬁcally regarding the use of
3D printing during the design process.

3. After the survey, a research question was formulated: what are the impacts of 3D printing
in the production of housing architectural designs? What are the new tectonics of housing
design within the reality of 3D printing? What
will be a new architectural expression based
on the possibilities of digital fabrication?
4. From these questions, the student deﬁned a
set of assumptions to guide a housing design
proposal: (a) The design result should be a system able to produce several house types providing product customization; (b) The design
process should resort as much as possible to
digital tools and techniques trying to explore
design potentials that otherwise would not
be possible; (c) The design should explore the
tectonics of a new hypothetical material considering that this material congregates a set of
properties based on state of the art already existent construction realities; these were: concrete based material, coloured, structurally resistant, amenable for printing resorting to a
CNC extrusion head; (d)The geometrical limitations of the printed parts should result from
the constraints of a hypothetical (but plausible) printer size; (e) The printed parts should
be building components, modular but parametrically adjustable to shape variations in
the lot; (f ) Material appearance should be that
resulting from the material and printing technique.
5. Design process resorting to digital techniques
including digital prototyping techniques such
as FDM printing, CNC milling and laser cutting. In this case, the chosen techniques were
those available at the Faculty of Architecture
and essentially an FDM printer built by the
student himself.

PRE-REQUISITES
This work would not have been possible if the student had not been able to acquire some preliminary
knowledge and experience, namely on parametric
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Figure 1
Material
experimentation
and test prints.

modelling and on 3D printing. For this he learned
3D modelling using Rhinoceros and parametric modelling using Grasshopper following a course on parametric modelling at the Faculty of Architecture. He
also had an internship at DUS Architects in Amsterdam where he was able to follow their seminal
project: the 3D Printed Canal House [1], where he
became acquainted with the complexity of real scale
architectural 3D printing, but also provided him the
knowledge on how to address many of the technical
construction issues involved in this type of construction technique, namely, structural problems, wall design, embedded infrastructure and material issues.
After this experience, the student participated
in a workshop on cork design developed at the Faculty of Architecture at the University of Lisbon [4]
where he tried to develop a printable material using cork dust (see ﬁgure 1). Figures 1 and 2 show
partial results of these experimentation process. the
student developed several adaptations in his own
printer to experiment several options regarding material mixture and extrusion nozzle diameter (see ﬁgure 2). Even though this part of the work was not
totally successful, this experience prepared the student for diﬃculties and issues already posed by Jancic (2016) in his research on additive manufacture
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digital techniques. This workshop had the format of
a one-month intensive summer workshop.
Figure 2
Customized printer
and printing
experiments.

GOAL
The main goal was to design a parametric modular
housing system exploring the tectonics of a new material. The underlying ambition was to prove that the

Figure 3
Test prints of
decorative motives
inspired by
traditional
Portuguese ceramic
tiles. On the left, a
1/1 scale model in
concrete; on the
right a set of scale
1/50 construction
modules printed
with alternative
decorative motives.

digital methods can support the production of architectural excellence and new forms of expression.
At the root of this work lies an important assumption: a hypothetical material. However, the hypothetical material at the basis of this work is not conjectural. It is based on partial realities that the technology has already accomplished that evidence not
just the desire to produce such a material but also on
the fact that many researchers are working on the development of such materials. Examples considered in
this work were: the 3D printed canal house by DUS
architects [1], the WINSUN 3D printed construction
[2] and the WASP Project [3] among others that will
not be mentioned in this paper. The students studied in detail the work developed by these projects
and wrote a state of the art summary synthesizing the
present achievements in the ﬁelds o digital additive
construction. Details may be consulted in the dissertation (Alves 2017).
Having done an extensive survey on state of
the art digital architectural manufacture, the student
came down to a synthesis on the characteristics of
the material he was expecting to use. These characteristics were:

some form of dust or small grained granulated
natural and recyclable material. These characteristics result both from the student’s contact
with DUS Architects who research for a similar
and from his own experiences with cork during the cork workshop.
• The material is printable by layering material through an extrusion nozzle the same
way Winsun systems produce their concrete
houses, but assuming the future technology
will admit a much higher deﬁnition, capable
of printing decorative low relief motives (see
ﬁgure 3 - print tests performed by the student).
• That the material would have a light colour
like the concrete used by Carrilho da Graça
in the Lisbon Cruiser Terminal. The concrete
used in this building is already a low weight
concrete containing granulated cork.
• The printed modules would be a selfsupporting system bearing the maximum
weight of three levels. The wall prints would
be hollow for lowering the total construction
weight following a three dimensional cell system inspired by the 3D Printed Canal House

• The material is a printable concrete including
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Figure 4
Print test in FDM at
scale 1/10 of the
ﬁtting detail and
hollow cell wall
construction.

but adapted to the expected nozzle diameter
(see ﬁgure 4).
• The printing process would use a transportable printer that could be delivered to
the construction site with a single truck hence
limiting the size of the printed modules (see
ﬁgure 5).

qualities, natural light and material expression (see
ﬁgure 6). Design consistency was a must throughout
the process.
Figure 5
Printer size as
designed by the
student.

DESIGN PROCESS
The most important detail to point regarding the design process is that the student was enticed to explore the possibilities of the technique at all levels of
detail and scale, exploring not just spatial and structural concepts but also the parametric modularity of
the system, the potential to include several forms of
bas-relief motives and the exploration of texture. Furthermore, in addition to the production of original
housing and architectural language, the student explored also the adaption of the system in architectural rehabilitation. The design was developed from
urban scale to construction detailing. It is essential to refer that even though the technical design
brief deﬁned a 3D printable modular housing system
amenable for the production of housing customization supervision kept the focus always on tectonic
and architectural expression exploring both spatial
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The student was also encouraged to resort as
much as possible to the use of digital techniques in
his design process, from testing models using FDM
prints to the exploration of a virtual model by resorting to virtual reality using software “Kubity” with VR
Shinecon V2 Oculus.
The most interesting aspect of the project chal-

Figure 6
Modular system
showing printed
parts. Because
parts result from 3D
printing each part
can be customized
embedding
customized
bas-relief or slight
geometrical
adaptations to ﬁt
site irregularities.

lenge was the fact that 3D printing allowed for a
ﬂexible interpretation of what a module in an architectural system is. The fact that the design system is parametric allows for a modular system to
adapt to geometry changes in site implantation even
though the type under application might be exactly
the same; only the sizes change to adapt to site because modules allow parametric variation within certain limits. Then, because fabrication is digital, module manufacture does not depend on exact dimensions and therefore each module can be printed with

slightly similar but not necessarily equal parameters
(see ﬁgure 7 and ﬁgure 8). The traditional conception of a modular system is hence questioned and simultaneously extended. Slight diﬀerences in modules do not aﬀect the modular concept nor costs or
other technical diﬃculties. On the contrary, the advantages of modular construction can therefore be
extended to situations involving slight geometrical
adaptations and shape twists that would not be possible in traditional modular systems. Plus, modules
can be customized even with 3D printed alternative
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Figure 7
Modular
composition of a
plan.

ﬁnishes, all coming from the architect’s conception
but also amenable for customization, in which a ﬁnal user or customer might choose a preferred ﬁnish
from a parametric board of options.
Finally, the student explored all constructive
possibilities of the system including how the construction system would solve infrastructure, technical installations and other architectural elements that
could have an architectural expression based on the
digital construction characteristics (see ﬁgure 9).

CONCLUSION
The master ﬁnal project presented in this paper
shows the results of a pedagogical approach to future ways of producing housing. The obtained results
show that the approach equips the student with skills
that enable the young architect to respond to the
new requests of the architectural market, in particular, the fast and eﬃcient production (from design to
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construction) of diversity and customization adaptable to diﬀerent housing types, geometry and spatial
requisites. This program prepares the young architectural professional to ﬁnd tectonic expression in a
digital world, create, develop, explore and built using
digital media and prepares him/her to the challenges
of a digital future under continuous transformation.
The results of this work strongly diﬀer from studio based work involving a common program distributed to several students, and can only be developed in contexts like the Final Master Project program as is ran at the Faculty of architecture at University of Lisbon, which is based on individual tutorial
teaching. The development of speciﬁc topics of research and design methods become therefore a program built between student and tutors, but on the
other hand any positive result can become a teaching experience to replicate or even apply on traditional studio environment. In fact, the ﬁnal architec-

Figure 8
Parametric
deformation of the
plan. The deformed
plan feeds back to
the modules. Even
though the
parametric system
could adapt, not all
modules are
deformed still
minimizing the
diﬀerences.

Figure 9
Detail section.
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ture project at this University used to have such format in the past and some pioneering applications of
this type of program had already been applied between 2001 and 2007 (Duarte and Beirão 2011).
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Since 2002, the Master's students at the Graduate School of Architecture of
Nantes who are enrolled in the "Architecture in Representation" orientation have
carried out a pioneering work in the use of digital tools. By adopting the most
recent techniques and tools, they have transformed the architectural design
approach, thanks to the integration of "narrative design". In fifteen years,
students will have gone from the board to digital drawing, to immersion and
virtual reality, including short films and interactive devices, without losing sight
that the subject of the work is in fact the project, and not the tool. In doing so,
they have questioned, led by their professors, the status of synthesis images, the
challenges of interactive narrative and of the virtual world. Within the school,
time was needed to accept these explorations; the use of digital tools, long
criticised, was blocking the appreciation of the content and the students'
experimental approaches. Nowadays, the experience from these past fifteen years
lead us to ask this question: do digital tools renew the design paradigms, or are
we only involved in the evolution of practices through the integration of other
means?
Keywords: Representation, perspective, immersion, perception, 3D, VR

INTRODUCTION OF THE CONTEXT
The proposition of the Master’s ”Architecture in
Representation“ orientation was born as the ﬁrst
digital rendering tools (CG rendering) were starting
to be accessible for students. We were the only professors trained in 3Dstudio, in WRML and in 3D modelisation, and we had been mandated to support the
projects in their communication phase. However, it
soon appeared that the making of images without a
visual culture turned the exercise sterile, and mostly

vulnerable to criticism, both aesthetic and formal. At
the beginning of the 21st century, examples of digital
rendering displaying architecture were characterised
by long travelling shots that we could already see
in the remarkable and seminal reconstitution of the
Cluny Abbey, back in 1992. Nevertheless, do the travelling shots reveal something other than the digital
prowess? Director Stan Neumann , guest in a masterclass, reminded us that ﬁlming architecture was
not just moving within a static object. Each camera
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movement should be signiﬁcant, and each shot, in its
duration, should tell something, image after image.
The challenges of digital renderings have then articulated themselves between ﬁlmed space and the
question of temporality. Our pedagogy has therefore
been structured around the concept of chronotopia ,
enabling the introduction of temporality in architecture. For example, it is the light during the day, the
life of a street over 24 hours or History in the longterm. This approach has given students strong arguments to defend their project and claim rational
choices that we can share. We have then reversed the
mode of production of the project. Instead of starting from a brief, we asked the students to begin with
a story that they would create. This approach can
be called ”narrative design” (Smart Bell 2000) , even
if the English-speaking world usually uses this concept to refer to interpretation, in addition to creation
(Coates 2012). The narrative feeds the formal imagination and should do a hypotyposis (Le Bozec 2002).
The “Architecture in Representation” teaching
unit was proposed in 2001 at the time when students
were switching from the library to Google. If architectural studies are characterised by the heavy use of images, those are images from magazines, websites or
documentaries, as well as produced images, such as
photographs, plans, sketches, 3D productions, which
are wildly enjoyed. Students are also hungry for ﬁctional images, that they ﬁnd in cinemas, on their computers, and more and more rarely on television. They
are similar to their elders in their studies, but with
a media density and copresence that are unprecedented.

A COMPLEX APPROPRIATION
Nowadays, nearly a century after Le Corbusier’s ﬁrst
travels and the ”Journey to the East” notebooks (Le
Corbusier 1966) , the young future architects have
the opportunity to go all over the world, but they
ﬁll out fewer sketchbooks than megabytes of photographs taken without any limit in terms of support or storage. The relationship to images is diﬀerent, and the abundance creates a sort of digital bu-
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limia, which is found both in the production and in
the consumption. In terms of the architects’ training, we should thus dedicate ourselves as intensely to
the modes of production, their aesthetics and to the
forms of speech accompanying any graphic production, and their evolutions. These past twenty years
have seen the architects’ work environment radically
change with digital tools. When the ﬁrst computers
appeared in agencies, in the 1990s, a transfer of skills
occurred, and a set of new constraints appeared. By
moving from the board to the screen, the image of
the ongoing project was no longer visible at all times,
it needed to be printed out to be examined or corrected, or that the designer be at his desk to control
the machine.
The diﬀusion of computer science also inﬂuenced the communication of projects, and, by extension, the economic model regarding competitions.
Beyond the norms tied to the plans, sections and
elevations ﬁguration, the communication of an architectural and urban project borrowed a lot, both
in the style and in the intentions, from paintings
and comics, even if one’s intentions diverge from the
other’s aims (Dethier 1993). The ambiance perspective is the image that conveys the ﬁnal state of the
building after its development, and gives it nature
and spirit. Noble illustration if anything, it is usually
the master’s piece, the architect’s signature. Everyone remembers seeing Franck Lloyd Wright, Mies Van
der Rohe or Aldo Rossi’s sublime boards. Those illustrations are even more remarkable that they form
with the project a powerful and coherent ensemble.
The digital image has disrupted the universe of
architectural image, both in the form and in the
writing of it. In France, the architects’ commitment
to these new technologies is low, mainly because
the personalisation of its aesthetics is complex, even
more so than the technical adoption. The ﬁrst digital images, called synthesis images - term that enables the stigmatisation of an artiﬁcial origin - add
fuel to the debate over the place of those images in
the project’s development. They are, for most commentators, misleading.

In 1997, in its 75th issue , the professional journal Architecture (D’Architectures, le projet en représentation, Du Croquis A L’image De Synthèse No 75,
01/06/1997) compares the merits of synthesis images
to images drawn with a pencil or painted. Given
the youth of digital technology, the arguments work
largely in favour of analogue tools. Far from being
recognised as an emerging expression, the image
that is produced by the computer is accused of not
enabling the distinction between real and artiﬁcial.
The question of resemblance is asked in a peculiar
way: the ﬁguration of the project, of an imaginary object, as an element for mental representation, would
switch status to become the ﬁguration of an object
whose evolution would no longer be discussed. It
was, of course, the confusion between the concepts
of reality and realism, image and discourse that can
potentially accompany it, which we can also consider
as the confusion between signiﬁer and signiﬁed.
The second criticism deals with what we can
qualify as likelihood. Therefore, the synthesis image
would free itself from the laws of physics, statics and
nature, as it proposes ﬁgurations that have a false

likelihood. The images could thus make believable
constructions that are free of the laws of statics and
of what materials and assembling can really achieve.
The example of glass is also often mentioned. For everyone, glass is transparent and reﬂecting, and that is
how it generally appears. However, one only needs
to look around to see that glass windows never seem
transparent from the outside, and that they are only
passably reﬂecting, that they are rather black and
opaque. In the case of projects promoting glass,
there can be major diﬀerences between the realistic
image and the real built product, which, in ﬁne, questions the idea of contractual image.
Lastly, the third criticism put forward since the
dawn of the digital turn, at the beginning of the
21st century, could be organised around the concept
of correspondence. This concept has many ramiﬁcations: we can ﬁrst mention the question of generation of form and correspondences between real
and virtual. The ancient paper architecture, naturally associated with names such as Piranesi or Boullée, is followed by digital architecture (Spiller 2007;
2008), whose ﬁrst virtuality questions the challenges

Figure 1
Extracts from
student’s CG ﬁlms.
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of the relationship to reality. But it would be more
accurate to ask this question in the past tense. In
fact, the latest progress achieved in 3D printing and
digital cutting technology materialise the most ambitious projects (Picon 2010 ; Kottas 2013). From
computers, the designs that we used to call ”nonstandard architectures” (Migayrou 2003), at the beginning of the years 2000 are nowadays grouped under
the banner of parametric design (Jabi 2013). Freeware such as Grasshopper create important communities of users communicating in countless forums
and writing mostly for two journals: AD architectural design magazine , the most prestigious one,
and EVolo (www.evolo.us) , the most graphic one.
The study of the way projects are presented shows
that the concepts of plans/sections/façades are losing readability the more the presented spaces are
complex, giving even more power to the ambiance
perspective.
The digital image is now used for almost every project rendering, and it is only rarely possible
to recognise the architect’s “touch” in a competition
board, often produced by a perspectivist, for whom it
is the main activity. In the context of real estate development, the architectural image is standardised by
very precise graphic codes. The building is shown in
a comfortable environment where groups of passersby display a young and sunny happiness . On the
contrary, stars-architects, like Jean Nouvel, transfer
the personal codes of representation towards codes
of graphic communication inherited from advertisement. The message hands over the subject while hiding the sender’s identity, or, in other words, while
the illustration carried in itself the architect’s immediate authentication, sometimes more strongly than
the project itself, this new form of ﬁguration fully tells
the project, while giving the illusion of anonymity for
the designer. This is naturally not the case, and the
architect, master of his communication, establishes a
process in which the image serves a metadiscourse,
where the accompanying text is more important than
the project evocation by the ambiance perspective.
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WRITING WITH IMAGE
In less than ten years, between 2000 and 2010, our
pedagogy has been completely revamped, given the
fast evolutions of digital tools and of the productions’
formal vocabulary. The design of the rational argumentation has nevertheless shown its limits by removing the location’s poetics, the creation’s dynamics and the concept of reference. From this moment
on, the project’s mode of production is thus reversed.
It was about starting from the desired result to determine the project’s coherence. In a conventional
approach, after a diagnosis or a feasibility study, an
architectural brief is drafted in order to deﬁne the
objectives of the future project, whether it is a landscape or urban unit, a building, a house or an airport.
The brief describes the interactions between the different spaces and gives objectives in terms of surfaces and costs. The architect uses this document to
transform the formal elements into living spaces, and
the constraints are numerous, whether formal, organisational, structural, human, which makes it one
of the most diﬃcult professions. Reversing this process does not mean starting from a bunch of questions, but from a bunch of answers. We asked our students to imagine a mental and sensory visit of their
project, without paying attention, for now, to the coherence. It would mean, for a house: ”upon waking up, the parents’ bedroom is bathed in the morning sun”. This phenomenological approach, working with perception, with quality, will then be transformed in a formal way into a 12m² room with a big
bay window facing the East. Qualitative design is
thus facilitated, thanks to cognitive mechanisms that
we will mention later.
For architect and professor Geoﬀrey Broadbent
(Broadbent 1980), there are four design methods:
pragmatic, typological, analogue and geometric.
Broadbent’s approach relied on a semiological approach and Chomsky’s theories. We can perhaps add
a meta-category, which would be narrative design ,
even if the English-speaking world also uses this concept for interpretation, in addition to creation . Narrative feeds formal imagination, needs to become an

image, or rather a hypotyposis . Narrative design
makes full use of the techniques of scriptwriting: one
needs to create a context, place protagonists, determine a starting point, a disruptive element and a resolution. All that is embedded in a set of values that
the story makes explicit. Figures of speech are used,
the metaphor of course, but also the ellipsis, enumeration, comparison, etc. The project stems from the
narrative, it is one of many elements, and not just the
décor-vessel. According to us, it seems like 90% of
the project’s design work is done when the narrative
and the “décor-actor” or décor-protagonist is determined (Figure 2).

GOING BEYOND PHOTOREALISTIC AESTHETICS
The use of digital tools in architectural design carries the risk of becoming ambiguous on what we aim
at measuring: is it the possibility of making projects
using computer science, is it to master those digital tools, evaluate the adherence to new educational
forms or the teaching’s resistance, despite tooling

that articulates real and virtual? Films directed by students between 2000 and 2013 (Youtube/ensanantes
: www.youtube.com/user/ENSANantes, Figure 1) show
that digital tools can be integrated to the project,
not only to design volumes, which is often the case
with pedagogies centred around methods to generate forms, but also to describe perceptions and uses.
The projects then develop a dialectic around the concept of transgression: therefore, the city of transgression counters the city of regulation. The more Space
1.0 is regulated and the more Space 2.0 is infringed.
How is it expressed? For example, with the staging
from augmented reality, which turns the invisible visible, or with the ability of digital tools to simulate
ubiquity and debodyment (Figure 3).
This transgression is perhaps the result of the
method that is proposed to students. Starting from
a situation in which History is very strong in a location, we asked them to invent a dramatic situation,
whose resolution is solely dependent on the transformation of space, whether through an urban or an architectural project. This dramatic situation becomes
the subject of CG short movies. First, the students

Figure 2
Conceptual work
leading to
storytelling
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Figure 3
Master’s studio
Architecture en
Représentation,
2017, Mobile
museum for rock
art.

develop a conceptual image, which sets a situation.
From this image comes a pitch that describes, in a
few lines, the context and the events of the narrative. Then, the development needs to be written, so
that it can be divided into sequences and be turned
into a storyboard. From there, the students propose
an animation to understand the pace of the story, as
well as the workload. Indeed, this animation will inform on the precise duration and by extension the
number of images to calculate. After sketching the
aesthetic features of each element, several phases
will take place: modelling, texturing, lighting, rigging, animating and rendering. Knowing the rendering time for one image, it is easy to deduce how
much time, and sometimes how many machines, are
needed to present the ﬁlm in time.
“Face à Face” (Emeline Termet, Christelle Morisset, Charles Coiﬃer and Clément Perraudeau, 2008)
was directed while we were working on the anniversary of the fall of the Wall of Berlin, and it is a prime
example of the method. The ﬁrst conceptual sketch
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showed two soldiers facing and studying each other
with binoculars. The pitch was then as follows: two
oﬃcers are watching each other with binoculars.
They are on both sides of CheckPoint Charlie. The order is given: they need to build a watchtower that
needs to be taller than the opposite side. The race
starts, while a poor guy tries his hardest to cross to the
West. The towers are getting taller, to the point of wavering, swaying and collapsing against one another,
frozen in the shape of a giant bridge from East to
West, wonderful metaphor for the conﬂict between
East and West. Everyone runs to this unbelievable
gateway. The project of bridge between West and
East, celebrating the reconciliation between the two
blocks is more original than the proposals that everyone has seen around at this time, which consisted in
recreating the wall, whether in ice or in another material.

PANORAMIC VIEWS
After about ten years working for the screen format,
the students were asked to consider ﬁlm narrative
for another, bigger, more constraining medium: the
Næxus screen. Næxus takes the form of an immersive
bubble with an inner panoramic screen and speakers for a 3D sound restitution. Projection happens
on a 1.50-metre-high and 12-metre-long cylindrical
screen. The image surrounds the user, oﬀering him
or her an intense immersion. This also means that
the viewer will not be able to see the whole screen,
since the image goes beyond his ﬁeld of vision. It
is thus a question of inventing new ways of writing,
to provide a conﬁguration that is both spectacular in
its produced eﬀects and also constraining. The viewers are standing in the middle of an open cylinder, on
which is projected an image with a 220° orientation.
This angle corresponds to the extent of the ﬁeld of vision, the visual limit being 62° on each side, i. e. 124°.
The 16/3 image is 4096 pixels wide and 768 pixels
high, which is much larger than the usual standards
(Figure 4).
With immersive devices, we can immediately
imagine an image with four or six vanishing points,
as it in the case of those we get with a 360° camera.
It is the case of the ”Agrikultur” (Margaux Bouvier,
Cédric Dussart and Anaelle Vittaz, 2012) and ”Underground” (Charlotte Savoie, Nicoletta Leone and
Lionel Kergot, 2012) movies, which chose a classic production and segmentation. The viewer focuses on the centre of the screen, and the extension of the ﬁeld of vision plays a part in the immersion. In terms of segmentation, the duration
of the shots does not aﬀect the understanding of
the narrative. However, if the travelling shot oﬀers
strong visual sensations, the panels cause an unpleasant eﬀect. The challenge of Agrikultur was to
focus on a skyscraper within this panoramic format,
masterly relieved by the ascending movement and
the ﬁnal zoom out. The solution provided by ”La Petite Hollande” (Nayara Sampaio Gomez, Coralie Dumont, François Barcelo-Chatelier, Herbert Marchessou, 2012) works on a divided screen. It is enriched,

and carries 2D graphic information as well as 3D
scenes. It also switches between real-life shots and
synthesis images. The soundtrack, particularly rich, is
a simultaneous demonstration to the image, oﬀering
modern sounds and what would a city without cars
sound like. The point is that of a permanent travelling shot as a long sequence-shot, as if recorded by
a camera in one of the protagonists’ hand. The produced image looks a lot like what we imagine being
augmented vision.
The ﬁlm “Lavau” (Alice Moreau, Joël David and
Claire le Cam, 2012) chose an image without perspective, in the pure tradition of the Bayeux tapestry. The
action moves from right to left, showing the progression of the city towards the Loire estuary. The viewer
thus follows the action as it develops within the time
of the narrative, and on the surface of the screen.
Only a few insert points, on the left side of the image
(where the plot is), are indicated by sound. The “BZH
- Bienvenue en Zone Humide” (Monica Loza Herrera,
Mirwais Rahimi, Sayed Rodullah Sadat and Jérôme
Sautarel, 2012) is built from a unique vanishing point.
Nantes is ﬂooded, and Place Royale becomes a theatre stage. The camera is ﬁxed, and the action unravels in the viewer’s ﬁeld of vision. The entrance and
exit happen within the décor, as it would happen in a
classic scenography. The perspective distortions are
found in the monocular viewing area. Small events
still occur within the limits of the viewing zone, which
makes the overall scene even more vivid. The ﬁlm is
organised around a long sequence-shot.

REAL TIME AND INTERACTIONS
Created in 2005, Unity 3D was a major breakthrough
ten years later, providing a tool bringing together
both developers and artists. While we were inviting students to switch to game engines such as Crytech’s SandBox, or to integrated solutions like that of
Blender’s Game Engine, Unity allowed the students
to integrate a new production chain without altering the existing ensemble. The challenges have thus
moved. Used as early as the design phases, the 3D
engine invites the students to solve early questions
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of volumes and proportions by being immersed in
their project’s spaces. They thus realise very soon that
the classic movie grammar is not used in the same
way, and that the questions of framing, plan values,
focal length, are no longer in the hands of the director, but of the viewer (Figure 6). They also understand that the pace, the segmentation, the temporality and narrative ﬂow are to be tackled with spatial
design. In terms of narrative, the management of the
oﬀ-camera is the most challenging element. In a classic narrative construction, the oﬀ-camera elements
determine two spaces: for the viewer, it is an imaginary space. It is there, away from the screen, that
the narrative is completed mentally. For the director,
the oﬀ-camera elements represent the space where
he can hide the technique “behind the scenes”.
The “Clairmont” (Clément Loyer, Florian Carré et
Timothée Serra-Wittling, 2015) interactive visit proposes what is best in terms of 360° and real time (Figure 5, bottom left). Nowadays, immersion is often assimilated to experiences of virtual reality in which the
viewer lives, in real time and with the possibility to
inﬂuence his actions, to the experience of another

place. If that is acceptable to give an easy deﬁnition,
it represents in fact a limitation of possibilities. As
a consequence, many video games develop several
temporalities . For example, an hour only lasts two
minutes, and a whole day happens over 48 minutes.
However, everything seems to happen in real time.
There are thus two simultaneous chronologies: the
viewer’s and that of the diegetic space. The possibility to use several temporalities within one space allows for playing with temporal ellipsis, a major narrative ﬁgure of speech. In a story, in order to enhance
the interest and the intensity, we move from continuous time to discrete time. In “Clairmont”, the story
is developed around the real-time exploration of an
abbey cloister. The visitor arrives in a space overgrown by the vegetation, and it is raining. He enters
from an arch and starts discovering the ruins. After
a ﬁrst round, he walks under another arch and has already changed season. The rain has stopped and, unnoticed, a construction site has appeared. The structured vegetation has replaced the walls worn out by
time. After a few more steps, summer has arrived
and the cloister is shining with splendour, the woven
Figure 4
Panoramic images
with 0 vanishing
point, 1 banishing
point, and 4
vanishing points.
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rushes redeﬁne the arcades and gives the place some
of its past glory. But this proposition is fragile, and it
relies on the user’s will to save the building or not. A
few more steps can show what would happen if nothing is done. The wild vegetation reclaims its right, the
cloister has been destroyed and the abbey is decaying. This temporal compression is explored within a
unique, interactive and immersive space.

CONCLUSION
We mention more and more the digital revolution as
a phenomenon similar to the invention of printing, in
the middle of the 15th century in Mainz, Germany. It
was characterised by a widespread dissemination of
knowledge, with, as a result, a more egalitarian distribution of technical knowledge and skills. The observation of younger generations attempts to conﬁrm
this fact with the prevalence of tutorials, deﬁned as
a mode of self-learning with online classes, whether
it is about languages, DIY, architecture software or
music, philosophy or living together. Tutorials represent a class without exams, available at the right

time, about an interesting subject. These practices,
still very generational but spreading rapidly, recount
quite well the uses and perceptions of what we used
to call, ten years ago, computer sciences. At this time,
digital tools appeared as a speciﬁcity, sometimes a
speciality, cleaving, either by choice or by necessity.
In a short amount of time, this landscape has deeply
changed, in particular in our students: the digital
world is fully part of their life, without any more discrimination.
Paradoxically, the ﬁrst eﬀect that was generated
was the return to the analogue, within a continuum
that goes from sketch to 3D model, then to 3D printing or building, then a return to the digital with
3D scan (with photogrammetry, for example) for adjustments and reworks that can feed the loop some
more. The questions are thus moving from a series
of tools to design, ﬁnalise and build, to the development of processes, of a set of bridges enabling the
succession of tasks, analogue and digital, while preserving the information’s integrity. The expertise is
now in the ability to articulate and preserve the coherent implementation of this process. One of the

Figure 5
Real time visits
using Unity 3D
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Figure 6
Caballon - Aurélie
Poirrier, Vincent
O’connor,
Igor-Vassili
PouchkarevtchDragoche, VR File
Valentin
Gras-Jolivet

symptoms of this shift is the emergence, or the return, of the “manager” term, as warrantor for a correct tasks interface, as shown in the BIM universe. As
Antoine Picon notes in his book Digital Culture in Architecture: an Introduction for the Design Professions,
(Culture numérique et architecture : une introduction), the digital theme in architecture represents a
”literature mostly doctrinal, even doctrinaire, originating from proselytes, technophiles and other prophets of
microscopic neo-avant-garde”. It remains clear that a
new culture is emerging, is massively shared, and that
this culture deﬁnes social ties, work pace and new
perceptions of time and space.
Narrative design uses metaphors extensively, as
the starting point for the creation process. Years ago,
students came to school and said that they had tackled architecture via cinema or comics. The new generation arrives with video game references. This reference works just as well as comics in the past: wariness and disdain from the elders, adoption of new
narrative codes from the youngers. Cinema inﬂuenced several generations of architects. Similarly,
video games are absorbed by the generation that is
currently at school, both for the representation techniques and the design of spaces and forms.
Acknowledgment: Marcel Freydefont, Cyrille Bretaud, Marc Grandsard, Xavier Massé, and the Archirep
pedagogic team and all students along those 15
years....and Sophie Provost
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Design education usually takes place in a studio setting, in which visual and
spatial artefacts are produced, shared, improved, presented and commented. This
specific setting comes with qualitative properties that allow for situated learning
with object-oriented focus and interaction, combined with a rich collegial context
in which ideas can flourish and certain values and ethics are cherished. Using
our education platform for online learning, we noticed the lack of support for
typical creative and social design studio aspects, while factual classroom
education was well supported. This paper describes how we attempt to translate
the qualities of the studio education setting into an online environment for design
education. Our approach is not to build a Virtual Design Studio (VDS) from the
bottom up, but instead, to build on top of our universities' online education
platform of choice. The paper commences with a short description of design
education in a studio setting. Then a number of basic principles of design studio
education is applied to the development of two Massive Open Online Courses
(MOOCs). In the last section we discuss the different setups and compare the
online aspects with on campus design studio education.
Keywords: Online design education, MOOC, Creative Learning Environment

INTRODUCTION
This paper is the result of a collaboration between
the Delft University of Technology (TU Delft) Faculty
of Architecture instructors and Department of Education and Student Aﬀairs support staﬀ. This collaboration commenced four years ago and has already resulted in an earlier eCAADe paper about
the ‘MOOC-ability of Design Education’ (Stellingwerﬀ 2015). Since then more design-focused MOOCs
have been developed at TU Delft and we have gained
many new insights from these initiatives and from
the rapid developments in the ﬁeld of online edu-

cation. This paper is mainly about two MOOCs that
now have run several times on the edX platform since
2016.
The ﬁrst MOOC, ‘IMAGE | ABILITY - Visualizing the
Unimaginable’ [1], focused on design and communication through diﬀerent kinds of images including
collages, photography and info-graphics. It initially
integrated Pinterest, and later SketchDrive as a repository for sharing the creative assignment work from
course participants.
The second MOOC, ‘Models in Architecture’ [2],
deals with design and communication through dif-
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ferent digital and physical models. It used SketchFab
as an online model repository and Weebly as a digital
portfolio site.
The two MOOCs containing all the platform prototypes and tests were developed over the past two
years, and they were run several times with a total
number of 25000 enrolments and over 1000 active
participants. During several course iterations, we collected a massive amount of data and many new insights. Recently we reported speciﬁcally on the integration of SketchDrive by using the rich and quantitative feedback from learner enquiries (Ouwerkerk
et al. 2018). This eCAADe paper further describes the
actual learning mechanisms and reasoning related to
the course design.
During the whole process of course development, evaluations and iterations, we kept the realworld form of the design studio as a valuable reference.

their environment. Gero (1999) describes situatedness as “where you are when you do what you do matters”. We could add that it also matters “who you do
it with”, as situated learning takes place in communities of practice in the sense described by Lave and
Wenger (1991). It is a social process.
Figure 1
Chairs, designed by
famous architects,
provide reference
to style, form, use of
diﬀerent materials
and allow to study
appropriate details.

Figure 2
Presenting for peers
and tutors. Design
drawings with
magnets on the
wall.

DESIGN EDUCATION IN A STUDIO SETTING
When we observe student and tutor behaviour in
their educational spaces, we encounter design in two
forms: the design activities and the results of those
activities, the design artefacts. Together these activities and artefacts play an essential role in the design
process in education.
The whole collection of design artefacts, such
as for example sketches, schemes, photographs and
prototypes forms a reference at hand to the continuous design thinking process. These ‘objects of
thought’, together with the physical presence of the
design actors (the students and their tutors), the assignment and the studio environment form a place
that can oﬀer a sense of focus and inspiration. This
speciﬁc setting comes with qualitative properties
that allow for situated learning (Lave, Wenger, 1991)
with object-oriented focus and interaction, combined with a rich collegial context in which ideas can
ﬂourish and certain values and ethics are cherished.
The design studio is a place for situatedness. Clancey
(1997) introduced the word situatedness to describe
that human thoughts and actions are adapted to
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Figure 3
The blackboard is
still a perfect way to
quickly illustrate
ideas.

Designers prepare their design studio in such a way
that they can focus; they carefully control what they
put in and what they keep out of their studio. Similar
to the private or corporate design studio, the design
studio in architectural education needs to be optimized for inspiration, collaboration and focus on the

design activities.
As illustrated in ﬁgures 1-3, education in the design studio can take many forms. Figure 1 shows a
group instruction around a small exhibition of ﬁve
chairs. The objects are selected from a larger chair
collection and they are temporarily used as tangible
references for a speciﬁc design task. Figure 2 depicts
a midterm presentation for peers. The design drawings form the anchor point for each individual presentation and they display the progress of the individuals and of the group as a whole. Figure 3 shows
an interaction between the tutor and a student on a
speciﬁc aspect during the same midterm presentation session. The rest of the group is also engaged,
so it is a learning moment for everyone.
Of course, many more individual and group processes can be found in a design studio. What appears
to be a constant factor is that design is about actions
and products: in each process the design actions are
accompanied by design artefacts. This notion was
key in the course design and the ‘look and feel’ of the
two MOOCs.

BRINGING THE DESIGN STUDIO EXPERIENCE ONLINE
With the development of the two image-design and
architecture related MOOCs we focused on one main
research question: ‘What didactic strategies, tools and
techniques can we use to bring Architectural Design
Studio experiences to anyone, anytime, anywhere?’
In view of Anderson’s theorem (2003) that deep
and meaningful learning is supported as long as at
least one of the three forms of interaction (studentteacher; student-student; student-content) is at a
high level, we designed the massive open online
courses with a focus on student-student and studentcontent. We have extended the available edX
MOOC platform by adding external tools for studentstudent and student-content interaction. In addition, the look and feel of the course environment was
adapted in such a way that there would still be a
sense of the design studio environment.
Many processes in design education rely on vi-

sual presentation, shared viewing, commenting and
making annotations. For online education we need
to ﬁnd, deﬁne, test and develop techniques that
adopt, mimic or surpass traditional qualities in a design studio. For example, in campus education, we
often make use of physical references such as a furniture collection. Students start by exploring tangible
examples of high quality designs. They also visit urban case study areas and they take ﬁeld trips to exemplary buildings. The confrontation with real design objects situates the students in order to analyse,
evaluate, value, compare and compete with the good
examples. Furthermore, in a design studio there is a
continuous exchange of ideas. It can be a melting pot
of creativity.
Online education can also bring a wealth of inspiration. Especially the MOOCs attract learners from
all over the world with totally diﬀerent levels of skills
and diﬀerent taste and backgrounds. In architecture
and image design courses the diversity is an attractive added value for the exchange of ideas and the
notion of locality versus globalization.
From the start, we placed design learning activities and design artefacts central in our new online
courses. The new MOOCs should not just be about
design, but the participants should also work with
and through design. We created a consistent structure for each course week, in which theoretical introductions were followed by practical design activities.
Bringing the qualities of a real design education
studio online challenged us in two mayor ways. We
needed to highlight and support the social values
of participants who work and learn together and we
needed to represent the rich environment of a design studio, allowing them to study design precedents and to add and share their objects of thought.

Implementing course design
Course design starts with a description of learning
objectives and ﬁnding the appropriate learning activities and assessment methods. In our design courses
the focus is on creative ‘learning by doing’ activities. TUDelft uses the edX MOOC platform. EdX is
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a rich course environment with a choice of learning
tools built for interactivity and several ways to extend the standard functionalities. EdX has a robust
back-oﬃce to manage enrolments, work with subgroups and cohorts, keep track of learning progress
and pace and enable analytics to view course data reports. Our courses not only provide theoretical units
and quizzes; the main design studio experience results from the interplay of actions and artefacts. Below an overview of essential ‘bits and pieces’ is provided that together represent aspects similar to those
in design studio education on campus.

portant to be constantly aware that there are real
people behind words and projects on a screen.
Apart from values and attitudes, rich content is
of utmost importance. Creative assignments should
be doable but also tempting and somewhat challenging. Participants need valuable and constructive
feedback and most like to show their design products and appreciate some recognition. The course
also needs a sense of continuity, it should be globally
inclusive and technically sound, clear and responsive.

Example 1 - navigation in the course
Figure 4
Example of IMAGE |
ABILITY course with
the museum
metaphor
implemented in the
edX text menu.

Online creative design activities
The fragile conditions for creative endeavours were
evocatively presented by John Cleese in his talk on
Creativity in Management [3]. He mentions the importance of a playful process, for a speciﬁc time in
a well-chosen space. To prepare such a demanding
setting is always diﬃcult, but creating it online is even
more challenging. How to create the online social environment in which creative and personal design activities can ﬂourish? Certain values and approaches
were taken into account to make sure these conditions could be supported.
We ﬁrst took a close look at the social values
in our campus design studios and adopted some
design studio procedures from the architecture faculty. We consider it important to create a safe place
where learners can receive constructive feedback. In
MOOCs peer review is often used to provide feedback, while instructor feedback is usually minimized
to weekly email updates or feedback videos. We took
care to explain the guidelines for using the tools on
the online platform, emphasising the need for participants to understand and take into account that the
design approaches and values of their peers can take
many forms in such a global online setting.
Moreover, we aimed to show tutor presence in
the forum by welcoming new learners, answering
questions, stimulating discussions and thus creating
space for learners to express themselves. Ultimately,
as an online teacher and as a peer reviewer, it is im-
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Figure 5
Example of IMAGE |
ABILITY course with
the museum
metaphor
implemented as an
image with direct
links to exhibition
halls, feedback
videos and a twitter
timeline.

In order to give a sense of place and to stay in the
image-focussed course theme, we used metaphors

such as ‘the museum’, ‘the auditorium’ and the ‘hall of
fame’. Later on we improved the interface by changing from a text based menu to an animated interactive image menu.

Example 2 - providing feedback
Figure 6
Feedback video
about course
results.

Figure 7
Feedback video in
VR.

is the moment they can get to know if they are on
the right track and if they level with the rest of the
participants. In the past two years we have experimented with diﬀerent types of feedback videos in the
various MOOC runs. Each course week the feedback
video was either a new experiment or an improvement of a previous one. We considered it exemplary
to take an experimental approach in order to express
the open and creative atmosphere of a design studio, where it is no problem to fail as long as you attempt something new. Some videos were recorded
in the real campus environment, some were done
at home using a screen cast, however, most videos
were recorded professionally by the TUDelft New Media Center, using green screen techniques. Figure 68 indicate three impressions of the videos. Figure 6
shows the use of the SketchDrive interface to simulate pictures on the wall. Figure 7 is from a feedback
video in which we discuss a number of 3D models by
course participants. The models are presented in Virtual Reality in the green screen studio. This allows us
to overlay the presenter video channel as if we are
standing within VR. Figure 8 is from a feedback video
with a virtual background, made from scale model
materials. In the feedback videos general comments
are given which are applicable to the work of many
participants.

Example 3 - participant introductions

Figure 8
Feedback video
with the
background made
from scale model
materials.

Research has shown that providing timely feedback
is essential in education, and especially for online
learners It can strengthen the community feeling. It

Since MOOCs are globally available, participants can
show and value local diﬀerences. Local aspects are
an interesting added value to the courses, especially
in cultural and contextual subjects like architecture,
art and industrial design. Similar to the start of a
new course in campus education the online courses
also start with introductions. Learners are asked to
provide some background about themselves on the
course discussion forum. For example, based on the
course theme, the ﬁrst activity is to show a picture of
a scale model from the participants’ daily life and local background. We actively welcome participants in
these introductory threads in order to create a sense
of presence and ensure that learners feel acknowl-
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edged. This initial course activity also reframes the
view on the topic (Schön and Rein, 1994), as it is
broadened by the diversity of participants from all
over the world.
Although the edX discussion forums enable images to be included, they were only used for the ﬁrst
introductory discussions. It turned out that the discussion threads with images became very long and
the lack of structure indicated a need for a more accessible and personal way to show images that belong to one person or to one speciﬁc design task.
Therefore, only the topical discussions and preparations for the assignments were designated to the
edX forum, while we used external tools to support
for the larger week design challenges that rely on
personal portfolio applications and dedicated image
and model repositories.
Since MOOCs are globally available, participants
can show and value local diﬀerences. Local aspects
are an interesting added value to the courses, especially in cultural and contextual subjects like architecture, art and industrial design. In the courses this is
triggered and emphasized for example by an activity
in which learners are asked to create an image with
two facts and one lie about their hometown.

and connected applications.
Online tools, such as the blogging tool Weebly
[5], image repositories such as Pinterest [6] (ﬁgure
9), and SketchDrive [7] (ﬁgure 10) and the 3D model
repository Sketchfab [8] (ﬁgure 11) were integrated
in the edX MOOC environment. The challenge was
to integrate the tools in such a way that the technical burdens were ironed out, while constantly striving for real design studio qualities. In the ideal situation, the image platforms could provide views of
the participants’ drawings, models and prototypes as
if they were laid out on the table or hanging on the
wall.
Figure 9
Example of IMAGE |
ABILITY course with
a hand-picked
selection of work on
a Pinterest board.

Online creative design artefacts
A useful tool for developing a course design is
Bloom’s (revised) taxonomy (Anderson et al., 2001).
This hierarchical framework intends to help instructors align their learning activities and assessment using a common language. It represents the process
of learning from the general idea that there are different levels of thinking that build on and support
each other. Most online learning platforms can deal
with the earlier stages in Bloom’s Taxonomy [4]. However, in design education many learning activities focus on analysing, evaluating and creating artefacts,
such as visuals and models designed by students. We
found that when it comes to sharing and reﬂecting
on these artefacts, the online learning platform does
not provide suitable tools. However, we found sufﬁcient ways to extend the platform with rich media
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Figure 10
Example of the
Models in
Architecture course
with a hashtag
(#spatial101x)
based selection of
3D models in
SketchFab.

From a technical point of view we also strived for the

best ways to integrate the external tools within the
edX course environment. Pinterest, SketchFab, HTML
animations and YouTube allow the use of HTML inline code to directly view the content framed within
the course page in edX. For SketchDrive a link button was created that directly connected the edX user
credentials in order to make the login process much
easier. This was done through a Learning Tools Interoperability (LTI) component to ensure single-sign-on
was possible.
Figure 11
Example of IMAGE |
ABILITY course with
an overview of one
speciﬁc set of
assignment images
in SketchDrive.

Figure 12
Overview of week
assignments
available from
within SketchDrive.
Learners can click
on the appropriate
assignment to
upload their work.
They can see what
others have made
and they can
provide feedback
and annotate the
images.
The Weebly integration still needs some improve-

ment. We now needed to create a long list of student
portfolio URLs so participants could view each other’s
work. However, this was worth the eﬀort, because
the student-owned portfolios turned out to support
personal expression and to creatively present the
weekly design steps.

RESPONSES AND CONCLUSIONS
In the course surveys participants provided feedback
on their course experience, for example: The challenges involved and the creativity. I really enjoyed seeing how other people came up with their own solutions
to the problems. The course motivates a lot. All the subjects that I reached to study were very interesting for
me. The didactics of the course is very fun and easily
understandable. The videos from tutors created an atmosphere that encouraged me to feel free and interest
in the material and discussions more than i usually do.
I did not expect it to be so interacting and enjoyable, I
could see that the tutors were putting a lot of eﬀort in
updating to the learner. I also did not expect it to be so
worldwide, it was amazing to see how people from all
around the world were coming up with such great ideas
and creativity. This shows that the eﬀorts to create an
interactive and creative learning experience had paid
oﬀ, but actually we were more focused on ﬁnding immediate or long term solutions to the more critical
comments.
Some comments on what the course participants
did not like: Pinterest board wasn’t allowing direct
communication with the oﬃcial course page. Organize
the forum and encourage students to speak more with
each other. I did not always understand the logic of
TU Delft’s Team behind highlighting (choosing to Like
on Pinterest or to add to “Hall of Fame”, or to weekly
Feedback ) some weekly student’s images. We tried
to bring solutions to such reactions. SketchDrive replaced Pinterest in the rerun of the course and this
improved the integration.
In the reruns we tried to solve some of these issues: SketchDrive replaced Pinterest in the rerun of
the course and this improved the integration. However, providing speciﬁc personal constructive feed-
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back remains the most diﬃcult part in a MOOC. The
Hall of Fame turned out to be a somewhat deceptive concept as it gives a selection of work from the
early participants a pedestal, while new participants
are starting the course during the course run. This
needs a new feedback mechanism in which participants can highlight each other’s work in a more dynamic way.
Next steps will focus on improving feedback
mechanisms, especially in new versions of the
courses in which participants will be able to work ‘self
paced’ in a constantly available course environment.
Another challenge can be found in a new MOOC we
are developing using AR and VR tools. This will shed
a new light on collaboration in the online design studio setting.
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Figure 13
This HTML
animation adopts
the idea of a
presentation of
student work on the
walls of a museum.
See online: [10].

A Comparative Study of Formal and Informal Teaching
Methods in the Digital Architectural Curricula
Guzden Varinlioglu1 , Gozde Damla Turhan2
Asst. Prof. Dr. 2 Ph.D Candidate
1
guzdenv@gmail.com 2 gozde.turhan@iue.edu.tr
1

Design educators are rethinking design education because of the high-demand
for the integration of CAD/CAM in the architectural curriculum. However, in
traditional design schools with fewer digital courses and more emphasis on the
studio courses, an important consideration is how these skills are introduced.
With this in mind, and referring to the informal teaching setup, such as workshops
and student competitions, this paper describes a study comparing two
pedagogical strategies based on a workshop within the curricula and a
competition as an extracurricular activity. ICMP method will be used to measure
the development of participating students' abilities in analysis, synthesis,
integration and critical thinking, under mentor supervision, and enable an
evaluation of this approach to the integration of digital thinking, application, and
informal design teaching/learning experience in architectural education.
Keywords: architectural curricula, informal teaching, digital fabrication,
comparative study

INTRODUCTION
Studio-centered architectural education, originally
conceived by Bauhaus, is still dominant in the current
architectural design education in Turkey. However,
the scope of the discipline can be extended by rethinking the curriculum addressing a certain quality
of architectural design education, in line with the demands of the digital age. Parametric design tools are
increasingly involved with the use of advanced manufacturing equipment, necessitating an update in
pedagogical methods. Therefore, there is an eﬀort to
integrate technological advancements contributing
to the discipline’s scientiﬁc development, as a complement to fundamental studio-based courses. To
complement the conventional education system, lecturers are seeking alternative ways to introduce digi-

tal design tools through informal pedagogical methods.
Since the digital tools have led to a rise in experiential studies through information sharing via the
web, there has been an interaction eﬀect among
new media introduction, interdisciplinary and open
source code culture, and also between the deﬁnitions of the role of professorship and mentorship.
The professor, performing the act of teaching within
the conventional approach, has now become a mentor who develops students’ abilities in analysis and
synthesis, rather than simply showing how to apply knowledge to a speciﬁc design problem, or how
to use a software program. Clear evidence for this
change is the growth of extracurricular setups such
as workshops and student competitions. In the con-
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text of inserting digital design and fabrication technologies into architectural curriculum, two opposing
positions have emerged since the early 2000s (Celani
2012): some consider courses on digital technologies should be integrated into studio courses (integrated studio model), others, that they are independent compulsory courses (discrete studio model).
With this in mind, and referring to the principles of informal design teaching methods and environments as a study case, this paper is a comparative study of two pedagogical strategies, based on
the outcomes of formal and informal education setups. To evaluate our approach for integrating digital thinking, application, and experience in architectural education, this paper aims to analyze the process and the outcome of the projects by Izmir University of Economics (IUE) together with their architectural curricula. The emphasis is on the informal learning/teaching of the digital tools through design competitions, focusing on the maker culture. ICF (IssueConcept-Form) and EDL (Educational Design Ladder) methods, ICMP (Issue-Concept-ManagementProduct) method measures the development of participating students’ abilities in analysis, synthesis, integration and critical thinking, under mentor supervision, and enable an evaluation of the university’s
approach to the integration of digital thinking, application, and informal design teaching/learning experience in architectural education.

THEORETICAL BACKGROUND
The relationship of digital fabrication and computational design enables rapid digitization of product
information, and the design is directly linked to the
architecture of the architecture. In this approach,
architects have control over even the smallest details in the building process, which, as a result, increases their knowledge level of the components of
the building (Gramazio et al., 2010). Citing a speciﬁc housing example, Botha and Sass (2006) argued
that, if previously described in the digital environment, the entirety of an architectural design can be
produced by CNC, in the context of material and
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design rules and the relation of digital fabrication.
Botha and Sass (2006) describes possible ways of producing freeform shapes beyond the boundaries of
3D printer, and outside of Euclidean geometry, by
adding and subtracting in digital fabrication. In regard to potential developments in materials in architecture, Booth (2009) discusses two axes of digital
fabrication tools and methods: material-oriented approaches and performance-oriented methods. Gramazio and Kohler (2008) point to a growing interrelationship between each component in the following pairs: “digital and material”, “data and material”, “programming and construction”. This interrelation between what previously seemed separate, unrelated worlds will lead to transformations and unprecedented expressions in architecture.
The use of digital fabrication, robotic production
technology, and other developments underline the
key role of such triggers in the emergence of new
forms of expression and relationship in architecture
(Gramazio et al., 2010). Booth (2009) lists “Gehry Partners”, “Greg Lynn” and “Herzog de Meuron” as examples of architectural oﬃces using digital fabrication
tools and methods as innovations in processes of architectural design and construction. Since the parametric design tools are widely used alongside advanced manufacturing equipment in the practice of
architecture, conventional pedagogical methods of
architectural design education are likely to require a
review. In most cases, the available resources in digital design setups are ﬂexible and are open to change
and updating. However, it is important to consider
how the need for new skills can be accommodated
in more traditional design schools with fewer digital
courses and a greater emphasis on studio courses.
In the education literature, some studies on alternative education systems usually refer to open systems or formal/informal education setups. Informal
educational setups, there are three main actors: the
student, teacher and the institution. This system addresses a more systematic and organized model, in
which the curriculum is rather rigid in relation to
the content and methodology. The evaluations are

made on a general basis where student work often serve administrative purposes which may not be
improvement-oriented (Dib, 1988). It may be said
that that the teachers pretend to teach, students pretend to learn while the institutions pretend to mediate. Therefore, this lack of stimulation prevents
students actively participating in the process, especially in the current digital era. On the other hand,
the informal education system does not necessarily
share the systematic and organized dynamics of the
traditional formal education systems but rather aspires to produce independent students who are selfdisciplined who, under the supervision of a mentor
rather than a teacher, develop the strong analysis and
synthesis abilities. However, it does not mean that
one system is preferred; instead, both systems are
complementary. Yalli (1987) states that informal education system can be integrated into a conventional
system of education, in which the students can determine their individual learning strategy, and have the
freedom to work independently in class and to learn
by using the available tools best suited to their interests.

METHODOLOGY
In order to reveal the results of the integration of
informal teaching methods to formal education setups, a comparative study was conducted on two
cases at IUE using the ICMP method. This method is
a hybrid composed of the ICF (issue-concept-form)
method introduced by Oxman (1994), and the EDL
(educational design ladder) method by Wrigley and
Straker (2017). The ICMP method includes themes,
descriptions and activity lists for each stage of analysis. The method aims to measure participating students’ abilities in analysis, synthesis, integration and
critical thinking in both formal and informal setups
under the supervision of their professors and mentors respectively, and to provide an evaluation of our
approach to integrating digital thinking, application,
and informal design teaching/learning experience in
architectural education.
The ﬁrst workshop was organized within the sec-

ond year architectural design studio curricula, while
the second was an extracurricular setup. In the
ICMP method, Issue (I), Concept (C), Management
(M) and Product (P) indicate a complete design process. In the I phase, discussions on the theoretical
background and the method to be followed are realized. It involves the interpretation of the given design
scenario, the methods for translating an idea onto
a computer, and the ways to communicate through
various representational media. This phase is the
preparation phase in which the students are subjected to several activities that enable them to understand and analyze the design scenario and its requirements. The C phase involves the development
of design idea that would constitute the product content in terms of form, structure, material, and interaction. In this phase, the students are expected to
apply knowledge by putting into practice the theoretical aspects discussed in the previous phase. The
students identify parts of the design process by deconstructing the methodology into complementary
parts. In The M phase, the students ﬁnalize their
analyses and try to synthesize their previous knowledge and ability with the current design problem
and its potential solutions. In this phase, creative
thinking abilities are promoted through the integration of methods, unique structures, models, ideas
and approaches with the aim of developing design
solutions. The P phase indicates an evaluation process, where the students assess the concept, product,
and process through a critical assessment of whether
these fully meet the requirements indicated at the
beginning of the design process.

EDUCATION SETUP
Parallel to European and American models, undergraduate architectural departments in Turkey follow various education systems and methods (Pasin,
2017). A studio-based education with discrete complimentary classes has been followed since the outset of the oﬃcial architectural education system in
Turkey. Following discrete studio model, in some
universities, drawing and representation courses are
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separate, while in others, both integrated into the
design studio. CAD and CAM courses were later integrated into the curriculum as technical courses, in
which various software was considered mot-a-mot,
leading to diﬃculties in the implementation of digital tools into design education. Students’ lack of design thinking leads to a search for speciﬁc answers,
rather than deﬁning and following the design process towards generative results. However, these constraints in updating the architectural curricula, have
not prevented the emergence of workshops and students competitions as informal teaching methods, in
architectural schools.

Formal Education at IUE
The Department of Architecture at the Faculty of
Fine Arts and Design at IUE is relatively a young department in a recently established private university.
Studio-based education is at the core of the program,
and it is supported by technical, computer-based,
theoretical and history courses.
IUE has a ﬁrst-year curriculum based on an
interdisciplinary Art and Design Studio studio
(FFD101/102) set-up, shared with other design departments. Junior students have their ﬁrst experience of experimenting with design materials and
tools and design thinking. The design studio is at
the core of architectural education, where students
solve design problems through explorations in two
and three-dimensional media. Following the development of Bauhaus pedagogical approaches in FFD
101/102, students experiment with color, shape, and
materials, with no speciﬁc functional or spatial requirements.
In contrast to the emphasis on interdisciplinarity and transdisciplinarity in the ﬁrst year, the second
year design studio focuses on spatial relations, functional requirements, and structural integrity, and on
a more architectural design language. The ﬁrst architectural design studio (ARCH 201) focuses on the
design of space, architectural forms and elements
in relation to our bodies and senses. Visual, environmental, structural and functional aspects are con-
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sidered throughout the design process. The second architectural studio (ARCH 202) focuses on architectural design in relation to user, site, and context, considering aesthetic, structural, functional and
environmental aspects. It also aims to develop the
resolution of form, structure and detailing. Continuing the Bauhaus pedagogical methodology, the
second year gradually introduces architectural thinking (Pasin, 2017). After the ﬁrst freehand and orthographic drawing class in the ﬁrst semester, CAD
is introduced in Computer Aided Technical Drawing
(FFD 104). Similar to the ﬁrst year core FFD101/102,
this CAD course reﬂects the pedagogy of modeling
abstract forms without spatial requirements. This
course is followed by various design departments in
the university and, therefore this interdisciplinary approach introduces a discrete studio model, a separate course supporting the studio (Varinlioglu et
al. 2015) consisting of parametric modeling, as well
as free-form orthographic drawing techniques designed through parametric tools.
In the second year, Computer Aided Architectural Graphics (FFD 201) covers the basics of 3D modeling, architectural graphics, and professional conventions in a one-semester course (Varinlioglu et al.,
2017). As the second and last of the required CAD
courses, it incorporates multiple topics. The course
introduces the essential techniques of architectural
graphics in two and three dimensions and stresses
their incorporation and application within the digital technology. CAM, VR, and BIM are partially integrated to CAD course. Due to the limited time for
CAD courses in the architectural curriculum, independent workshops are arranged on CAD skills and
their applications to design. The sample case studies
explained below refer to two workshops for the same
group of architectural students following their junior
and sophomore education.

C1: Mission Mars 2024 Workshop
The students of the second year followed a two-week
workshop within the curricula of second-year architectural design studio, entitled Mission Mars 2024: A

Biomimetic Structural Organism (C1) (Varinlioglu et
al. 2018).
Issue. The students were asked to design a
biomimetic structural organism to function as a habitat for the ﬁrst colonizers on Mars. After the brief was
introduced, the students were encouraged to interpret the given design scenario through biomimetic
approaches and were supported by seminars on the
geographical and climatological climatic conditions,
biomimetics, and digital design and fabrication tools.
Concept. The ﬁnal design was expected to be a
standalone organism which can not only structurally
withstand the geographical and climatological conditions of Mars but also grow, move freely, reproduce and/or exterminate itself. The task was to deconstruct the design process into parts, such as the
research on biomimetic entities, studies on climatological and environmental conditions of Mars, exploration of digital design and fabrication tools and representation. The students were then encouraged to
apply their theoretical knowledge, supported by the
various seminars.
Management. The students were asked to design a
growing pattern, individual unit, and a system design. In this context, the students integrated several
digital design and fabrication methods to develop
unique designs.
Product. The primary objective of the workshop was
to advance their digital design skills in creating unconventional structural formations, but a secondary
aim was the development of new growth and living
patterns in an extraterrestrial context. Therefore, the
second year students of architecture at the university
were able to build on basic computer skills acquired
in their ﬁrst year to refer to, interpret and utilize digital design and fabrication tools in the representation
of an unconventional project (Halıcı et al., 2017).

Informal Education at IUE
C2: FABFEST’17 International Fabrication
Competition and Public Festival
We used the project outcomes as entries in the fabrication festival and concour of FABFEST’17, at the
University of Westminster in London. This international fabrication festival is a weeklong celebration
of design and making, featuring approximately 50
pavilions built by architecture students from across
the UK and around the world. The team had three
months to develop, test and fabricate their designs
at their home institution before assembly and installation at the University of Westminster. The students
emailed the cut ﬁles to the university’s digital fabrication facilities, which include Computer Numerical
Control (CNC) knives, routers, lasers and robot arms.
Thus, the uninstalled pieces were ready for assembly on the students’ arrival. Teams have an academic
mentor to guide them, and a Digital Fabrication Liaison assigned from the Lab staﬀ for optimal use of
the CNC machines. The purpose of this study was to
evaluate the approaches for integrating digital thinking, application, and informal design teaching/learning experience in architectural education. To achieve
this, we carried out an analysis of the process and the
outcome of the IUE project, together with the architectural curricula. The emphasis is on the eﬀectiveness of the informal learning/teaching of the use of
the digital tools through concours, focusing on the
maker culture.
Issue. After the introduction of the brief and theme
“Pop-up City”, the students were given the task of
suggesting an alternative experience through portraying a distinct frozen image that represented a
city. In other words, the students interpreted the
given design scenario through providing visitors with
a participatory cyber-experience of physical space,
by employing computational tools in the design process.
Concept. The design idea was developed through
deconstructing the design process into parts, with
students applying theoretical knowledge on each
design issue, including the form, structure, material,
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Figure 1
ICMP Diagrams of a
Student work from
C1

and interaction. Central London was chosen as one
of the inputs, and it was divided into a grid. Hashtag “London” was searched in relation with speciﬁc
diameters on each node of the grid via Sonic plugin for Grasshopper in Rhinoceros 3D. The search results were drained for 24 hours. In order to visualize
the quantitative results on the surface created from
the grid, the structure was manipulated by lifting and
lowering the surfaces from the nodes on the grid
within a speciﬁc range. At the end of this process,
the areas where data is densest determined as being
where the pavilion is in contact with the ground and
the areas with fewer data constituted a uniﬁed shelter.
Management. When the students ﬁnalized their
analyses, it was seen that the surfaces act together as
a structural system; however, the structure was not
strong enough to carry its load, and so, to optimize
it, several steps were taken. When the loads were
assigned, the folded surfaces collapsed due to the
moment and shear stress. There appeared to be deformations on the lower parts. Therefore, the structure was optimized accordingly, to transform it into
a self-standing pavilion. Three margins were left on
three sides for each triangular unit, and three margins were left for each individual triangular panel.
The panel margins of the were calculated through
a distinct trigonometric equation scripted in Visual
Basic component on Grasshopper. These equations
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resulted in degrees that determined the degree between the panels). In this context, the students integrated several digital fabrication methods to develop
a unique joint design for the folded pieces.
Product. The students thought that the output
lacked interaction with the visitors, which was contrary to the requirements, as indicated by the students at the Issue (I) phase. Therefore, a graphical display was generated and projected onto the pavilion
in order to give visitors an impression of the transformation of real-time data into a tangible form. In the
graphical display, the real-time data was drained for
22 distinct frequently visited sites in London. As Twitter data constantly ﬂuctuated, the connections between these nodes also changed. This kind of formﬁnding process illustrated the ﬂuidity of the form in
relation to the real-time data on a dynamic scape.
This paper concentrates on a comparative study
of the learning outcomes based on students’ pavilion designs in C2. The focus group consists of 5 architectural students, who participated the formal education system as explained above, i.e. the C1 within the
framework of the curricula, and, in terms of informal
education approach, participated in the C2 as an extracurricular activity. Until C2, they had received only
a basic level of digital design, fabrication and representation skills in both software and hardware.

Figure 2
The ICMP design
process of C2

RESULTS AND DISCUSSION
The exploratory analysis of each case was based
on the ICMP method, which consists of students’
interpretations of design problems through design
solutions, developing concepts by applying knowledge to the given scenarios, analyzing and synthesizing the structures/models/ideas/approaches
through creative thinking, and critical evaluation of
the eﬀectiveness of the product, concept and process. 5 students who participated in both workshops completed an online questionnaire with 27
items. The results have shown that the students
had a reasonable knowledge and experience of
Rhinoceros while they were both concerned about
their competency in Grasshopper. Students group
reported only a small number of diﬃculties while using Rhinoceros and Grasshopper. However, students
indicated that they experienced many challenges
during the digital fabrication. The student group
indicated that Rhinoceros, Grasshopper and digital
fabrication tools, had increased their creative thinking. They also stated that the process was very exploratory and that the design process and the product were very much enhanced by using Rhinoceros,
Grasshopper and digital fabrication tools. They also
considered that these digital tools should become
more integrated into architectural design studios.
For the C1, it can be inferred that the students
have had a reasonable knowledge of Rhinoceros

3D and basic knowledge of Grasshopper before the
workshop. They were very much concerned about
their knowledge and experience of these digital tools
before the workshop. However, although they had
only a basic knowledge of 3D printing, they were
less concerned with this deﬁciency than with their
knowledge of Rhinoceros 3D and Grasshopper. The
students also were moderately successful in applying their recent knowledge to the design process after the seminar on parametric modeling. They faced
few problems while using Rhinoceros 3D, and almost
no problems with the 3D printer, but many problems while using Grasshopper. The students believe that digital design and fabrication tools have
enabled them to develop unique structures, models, ideas, and approaches. Rhinoceros 3D and 3D
printer technology aﬀected their creative thinking,
unlike Grasshopper. This is possible because of their
many problems with Grasshopper, which resulted in
a pessimistic view of their development of creative
thinking. For the C2, it can be seen that the students started to gain conﬁdence in their knowledge
of digital tools after previous experience in a workshop setup. They indicated having very little knowledge and experience of interactive tools before the
workshop, and many concerns. It was observed that
the concerns about digital tools have decreased compared to the C1, and all indicated that they have
found the process a great opportunity to explore.
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Applying the ICMP matrix onto a design process
enabled a feedback-based process of evaluation for
both the students and the educators. C1 was realized within the studio setup as part of the curriculum,
while C2 was realized outside of the studio setup. The
diﬀerence between the results may be seen as an indicator that, even though the design studios are locations for formal architectural education, they were
also able to accommodate informal requirements
when accessible to the students. Although mentor
technical support decreases in informal setups, the
organizing principle is the concept of inquiry, which
enables students to explore through the integration
of a variety of learning activities. They demonstrated
respect for the knowledge of others, democratic procedures, and an emphasis on a collective practice by
individual theorizing. Therefore, mentors become facilitators of student learning, rather than as transmitters of knowledge. The students are actively encouraged to take ownership of their own learning methods by individual inquiry rather than formal tutorials.
These results show a need for such informal education setups within the formal setups in order to increase students’ learning motivation, their ability to
acquire new skills in a short period, and also to acquire new skills in the design process. The qualitative
analysis of students’ abilities in analysis, synthesis, integration and critical thinking is considered to contribute to a better understanding on students’ performance in dealing with the increasing complexity
involved in the digital way of making.
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As we step into a new data-based information age, it is important to get citizens
involved in the whole design process. Our research tries to build up a user-based
urban information system by collecting the data of neighborhood land use
preference from all the residents through gaming. The result of each individual
decision will be displayed in real time using Augmented Reality technology, while
the collective decision dataset will be stored, analyzed and learnt by computer,
forming an optimal layout that meets the highest demand of the community. A
pre-experiment has been conducted in a. an abstract virtual site and b. an
existing site by collecting opinions from 122 participants, which shows that the
system works well as a new method for collaborative design. This system has the
potential to be applied both in realistic planning processes, as a negotiation
toolkit, and in virtual urban forming, in the case of computer games or space
colonization.
Keywords: Collaborative Design, Customization, Urban Design, Gaming,
Information System

INTRODUCTION
As part of everyday life, each citizen has an own judgment of the spatial environment he or she lives in.
Since the profession of architects began to exist, the
citizens have long been living in the urban structure
that is designed and given by the professionals, having limited means to make decision or change themselves. Meanwhile there are several semantic diﬀerentials between the designers and the users, causing great conﬂicts and misunderstandings which can

lead to further urban issues. As several researchers
(Stamps A et al. 2005; Cubukcu E et al. 2007; Bai N
et al. 2017) argued, architects and users have diﬀerent spatial judgment throughout the urban contexts.
Giﬀord R et al. (2002) used the lens model in environment perception process to systematically identify the diﬀerences of cognitive properties judged by
the two groups, suggesting that though great diﬀerences exist, the architects and laypersons could still
understand each other better by negotiation.
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As we are believed to be in the 4th industrial revolution, which approaches the information age, it is getting more and more important to get the customers
involved earlier in the whole production line of the industry, to have the products meet the maximum demand of all the users along the process, fulﬁlling the
concept of Mass-customization as suggested by Duray R et al. (2000). As Bunschoten R (2017a) suggests,
the same situation goes for the architecture and urban design industry.
This research focuses on the aspect of how to
get citizens involved in the decision process of city
making. We create a system which can collect the
preference data of each user in a certain urban area
through interactive gaming. Then the information
is processed by computer, making a self-adapting
urban layout that performs the optimal satisfaction
among the citizens.

PREVIOUS STUDIES
Collaborative Urban Design
As reviewed by Vardouli T (2013), the very early prototypes for computer-aided collaborative design came
from the French architect, Yona Friedman in 1960s
and the MIT Architecture Machine Groups in 1970s.
As a Utopia mind-experiments in the middle 20th
Century, Spatial City was famous for the idea of mobile architecture and mega-construction. However,
the most important thing that diﬀered Yona Friedman from his followers like Archigram was his strong
concern in social participation. Using so-called spatial dictionary of Flat writer, the users themselves
could make every decision related to the building he
or she is going to live in followed by several professional advices or warnings from the architects. Ten
years later, Negroponte N (1975) from the Architecture Machine Group followed the idea of Friedman
and created a more adaptive procedure for collaborative house planning, so-called Soft Architecture
Machines. As Vardouli pointed out, the idea of performing an architecture which is totally interactively
produced and unpredictable fell “victims to a modernist impulse” in their time, but oﬀered a poten-

tial in participatory design computation, when “usercentric design and collective authorship comes back
to the architectural actuality” (Vardouli T 2013).
Besides the highly developed regions as France
and US, Chile, as a developing country, also contributed to the development of democracy within
urban policy process, with the projects of Cybersyn
and Cyberfolk in early 1970s, as reviewed by Espejo R
(2017). The Utopian idea of democratic governance
developed by Staﬀord Beer intended to set a world
of conversation spaces which balance the information in real time. The Cybersyn proposed to have
the “measurement of the complexity of interactions”,
meanwhile the Cyberfolk focused on the “interactions between citizens and politicians”.
Collaborative decision making in urban design
went on through the gaming methodology. As
Mayer IS et al. (2005) suggested, during the urban
renewal process, gaming procedure could help create a shared understanding among diﬀerent groups.
The Conscious City Lab in TU Berlin has been working
on an urban design negotiation game (Bunschoten
R 2017a; 2017b), named Urban Gallery. The gaming
process mainly consists of simple cards within four
categories, namely action plan, stakeholders, prototypes and the database of necessary knowledge. By
having players sitting around a table, playing in turns,
the urban development process is being negotiated.
Meanwhile the process is being displayed on a projector, creating feedback loops for the players. The
Urban Gallery intends to integrate all stakeholders
in the design process through negotiation. Our approach, following the Urban Gallery methodology,
intends to expand on the stakeholder level within the
game and add later analyzing and learning process.
It can be regarded as a DLC (Downloadable Content)
for the game.

Interactive Urban Modeling
With the help of computation, both the digitalization
of existing urban environment and the visualization
of future urban context have been made achievable,
allowing interactive modeling with in-time feedback
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(Batty M et al., 2000).
Speaking only in the context of urban modeling
for non-existing environment, which is the case for
planning new cities from scratch, studying intrinsic
logic in urban graphics and building world in computer games, the method for creating urban morphology could be classiﬁed into two main categories
- example-based or self-generated. The former is the
method of learning from the existing cities, analyzing
the spatial syntax of the urban environment, building
a supervised geometrical algorithm or even sometimes behavioral algorithm, and initially generating
the layout of machine learning (Aliaga D et al. 2008;
Vanegas CA et al. 2009). The latter, on the other hand,
gives more freedom to the participants in urban environment structure generating. Some researchers’
projects (Chen G et al. 2008; Esch G et al. 2007)
allow the participants to draw an underlying tensor
ﬁeld with ﬂows representing the structure of streets,
which would be later applied for street network generation. Either regular patterns as grid networks and
radical networks, or mutations and variations like
randomly-oriented streets, slight curves, dead-end
roads, and other irregularities could be added interactively. Some other researchers (Lipp M et al. 2011)
have been working on an even more user-friendly interface for street adjusting and block generating.
In either category, the steps of street generating
in 2D maps works always more reasonable and rational than the following steps of functional clustering and height generating. The procedure of making the maps from 2D to 3D is skipped and directly
given the results (Chen G et al. 2008), based on clustering with k-means algorithm by setting functional
centroids around the urban context resulting a city
with isolated functional areas (Siva PB et al. 2015), or
relied on complex simulation algorithm in land use,
setting coherences and conﬂicts between the local
and global goals (Weber B et al. 2009). None of the
studies mentioned above really takes the opinion of
citizens into consideration, still making an empirical
professional model in the end, regardless of the need
for mass-customization.

Besides the computational approach, land use
pattern in existing urban environment has been studied through, yet without a certain conclusion. Diﬀerent countries have their own land use master plan,
giving various proportions to each function. The trial
to build up the model for optimal distribution of urban land also proved to be rather complicated (RossiHansberg E 2004).
Our approach is to collect the opinions of landusers, trying to build up a collective information system which can be applied to the urban modeling
done by previous and future researchers. Since the
street network can be easily adjusted in the ﬁrst steps
of urban modeling as mentioned above, we decide
to test our method in a pre-experiment within two
phases, ﬁrst in a more generalized and abstract virtual gridded street prototype, and then in one realistic site in the city of Berlin. The data collected and
the result of analyze would be helpful in future onsite practice.

METHOD
Dataﬂow and Working Process
The collective information system bases on a gridded
typology as abstraction of the real world.
The site proposed for opinion collection would
ﬁrst be projected and transformed into squares.
Then, given the city context, participants from all
around the site will be asked to arrange their ideal
functional layout on the site by using paper cards.
In a game like environment, the arrangement of all
the functions in the blocks would be then displayed
spontaneously with Augmented Reality technology.
After several rounds of the board game, the computer will have collected the data of functional preference of each participant, through certain analysis
and learning process, the computer then gets an integrated optimal city model showing the collective
result, which would also be displayed as feedback for
later participants.
The whole process is shown in ﬁgure 1.
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Figure 1
the working process
and data ﬂow of the
information system

Process of Gaming
The interactive board game would be carried out on
a touch table with a grid showing the map with urban
context, which corresponds to the actual site. Except
for the experimental sites, the functions of the neighborhoods will be shown in advance on board.
Before starting the game, all the participants
would receive certain number of papers marked with
nine diﬀerent city functions, such as residential, educational, commercial, greenery, etc. While deciding
the functional arrangement of the site, the participants should take the surroundings into consideration and then deﬁne the functions for each square by
posing paper cards on the table grid.
While participants are making choices, the computer would read the QR code on each paper card. By
applying the Augmented Reality technology through
Unity, the choice of participants would be displayed
spontaneously with the preset 3D virtual buildings of
each function, making an interactive feedback loop
during gaming.
The result of each participant during the gaming
process would be recorded, analyzed and learnt by
the computer, which at the same time would conduct an optimal urban layout, meeting the maximum
requirement of all the participants. The result would

also be shown aside in the gaming process. The extent of changes caused by the choices of individuals would be adjustable with a coeﬃcient balancing
the controversies, which functions as another layer of
feedback to the participants.

Pre-experiment for default Database
The method is at this point ﬁrst tested with a preexperiment based on online questionnaires. 129
participants involved in the experiment, 7 of them
deleted since their reaction time fell shorter than
100s which is far behind the average of 342.8s, leaving 122 valid questionnaires. The average age is
25.20±5.49. The ratio of participants’ gender is 58
to 64, with slightly more females. 62 of the participants have received architecture education before,
while 60 have not.
The experiment includes two phases, with a.
a virtual situation and b. an existing site, respectively. The ﬁrst phase asks the participants to ﬁll
in eight blanks in a 3×3 grid with nine urban functions, namely greenery, sport, residential, educational, commercial, industrial, healthcare, cultural
and religious facilities. The participants are told that
they can decide their neighborhood on Mars in year
2218 as part of the colonization program. The only
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Figure 2
The abstract forms
of urban
environment, which
is an existing site in
Lichtenberg, east
Berlin, in the
second phase of the
experiment. The
red dots indicate
the residential area
of the participants.
The white blocks
with numbers show
the areas needed
for decision by the
participants with
diﬀerent functions.

restriction of the surrounding is their own residential
area in the northwest corner of the grid. The second
phase also have eight blanks with the same nine possible functions, while the blanks are several empty or
occupied blocks in an existing site in east Berlin, making a 9×9 projected grid with most of the blocks having their functions already. One of the central block
is also taken as the residence of the participants. The
interface of the second phase of experiment is shown
in Figure 2.
The ﬁrst phase of the experiment within the virtual situation functions as the training dataset, while
the second phase as testing dataset. Both phases of
the experiment will be analyzed based on the Manhattan distance system using SPSS 20.0. Functions
distributions in diﬀerent districts would be analyzed
using Chi-square test and paired t-test, generating a
ranking within the functions. The strength of the connections between each pair of the functions would
be counted and weighed using the co-existence of

functions in adjacent blocks. With the ranking information, the strengths of connections, and the actual choices made by participants, an eigenfunction
judging the satisfaction of participants could ﬁnally
generate the initial optimal layout with the collective
dataset.

RESULTS
Overall Diﬀerences
Chi-square test is made through all the 16 blocks (8
virtual and 8 realistic) with the 9 functions selected.
All the blocks except for the 5th and 7th in virtual
situation and the 8th in realistic situation have a signiﬁcant X 2 model with p < 0.001 and none of the
units have an expectation frequency smaller than 5,
suggesting that the distribution of functions in each
block signiﬁcantly varies. The X 2 and p values are
shown in Table 1.
Gender and educational background are used
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as grouping variables within X 2 tests, none of the
model is signiﬁcant, with p all larger than 0.05, suggesting that the choices are made similarly within different genders and educational backgrounds.
The result supports the later analysis within different blocks and functions.

Function Rankings in each Distance

Within each of the four diﬀerent Manhattan distances
from the given residential block, there are diﬀerent
numbers of blocks. For each distance, similar statistical analysis process is taken. The numbers of nine
diﬀerent functions chosen in a certain distance by
each participant is counted. Paired t-Test is tested
within each pair of the nine functions, forming a matrix of average diﬀerences and p values for each pair
of the comparison. Hierarchies could be recognized
through the result of t-test and the average value
of each function. As shown in ﬁgure 3, diﬀerent
functions distribute variously in diﬀerent distances,
the most popular function within distance of one is
greenery, meanwhile within distance of four indus-

trial and religious.
The diﬀerent function rankings contribute as the
ﬁrst layer of weighed collective information.

Strengths of functional Connections
In the results of the ﬁrst phase of experiment, the
relationship of each pair of functions is another important factor. The researchers calculate the coexistence of functions in every pair of adjacent blocks, rearrange the result into the form of possible connections within each single function, and use Chi-square
test to see the variance of distribution. The X 2 models of the entity and of every single function except
for religious are all signiﬁcant, with p < 0.05, as
shown in Table 2, suggesting that the relationship of
each pair of functions diﬀers from each other. The
strengths of connection between each pair of functions are shown in Figure 4.

The strengths of functional connection contribute as
the second layer of weighed information.

Figure 3
Function
distributions in
diﬀerent distances

Figure 4
The strengths of
connections within
each pair of
functions. Left: The
connection
strengths coming
out of every
function add up to
100% each. Right:
The connection
strengths of all the
pairs add up to
100%
Table 1
The result of
Chi-square tests
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Eigenfunction and Trade-oﬀ
With the ﬁrst two layers of data as discussed above
and the third layer given by the actual selection in the
second phase of experiment, we generate an eigenfunction for the optimal layout which meet the most
requirements by combining the three layers of collective information, using the realistic site as demonstration.
For the blocks where all the adjacent surroundings are preset with certain functions, the possibility
of initial function in the block follows the eigenfunctions below:
p i = di ·

4 ∑
9
∑
j=1k=1

pi
(njk · cki ) · t2i , qi = ∑9

pi

i=1

(1)
In the eigenfunction, qi means the possibility of each
function in the block, pi means the existence value of
that function, di means the weight of that function
in certain distance from the residential block of the
participant, njk means the logistic existence of each
function in each of the adjacent blocks, cki means
the connection strength of the pair of functions in
center and adjacent blocks, ti means the actual percentage of choice for each function.
For the situation when un-built blocks stand adjacent to each other, similar eigenfunctions are listed
for both sides and solved by certain rounds of iterations until the result of both blocks are convergent.
The initial result of the possibilities of each function in all the blocks are shown in Figure 5.
After the system is stabilized using the methods
above, any real-time acquisition from a new partici-

pant can be adjusted into the system by setting the
Important Coeﬃcient l in the trade-oﬀ function below, where ti0 means the real-time choice from the
new participants for each block.
Fi (X) = qi (X) + ti0 l

(2)

The higher the value l has, the more important the
status of the new participant represents, the more
signiﬁcant his or her choice will aﬀect the collective
result, the more likely the real-time layout will show
the new choice rather than the collective choice, vice
versa. The diﬀerent layouts with a changing l is
shown in Figure 6.

Display and Demonstration
With the information of selection from the participants and the connections of possible functions, the
researchers also conduct a physical prototype as an
interactive display of the dataﬂow. As Figure 7 shows,
the blocks of given functions are painted speciﬁcally
in diﬀerent colors, while the blocks included in the
gaming process are ﬁlled with numerous sticks, the
color of which corresponds to its function, and the
quantity of which represents the possibility of the
function. Strings connect the centroid sticks with the
adjacent blocks, expressing the strengths of connections within the functions. At certain states during
the gaming process, the model would be rather stable, demonstrating the collective opinions of participants. However, as the gaming goes on, this prototype might as well change correspondingly.

Table 2
The result of
Chi-square tests of
connections within
each function
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Figure 5
The possibilities of
each function in
each block, the
highest three
functions are
labeled below

Figure 6
The gradual change
of layout with a
changing λ. The
image above shows
how the choice in
Block 1 changes
from commercial
center to a physical
stadium

DISCUSSION
The conducted pre-experiment has led us to several
results that are worth mentioning.
The default information system based on the ﬁrst
phase of choices shows the similar collective preference for urban functions in the neighborhood, regardless of gender, race, and even whether receiving
architecture education or not. While urban planning
is a professional job which can only be done through
training, the perception of space and the preference
for land use does not diﬀer greatly. Our research
shows that when thinking about the life and limited

urban space, there is no signiﬁcant diﬀerence for decision making. Everyone likes to live near the greenery and be convenient to buy daily retail nearby, but
how to make the balance when diﬀerent interests are
at stake is what urban designers must think about.
Our ﬁndings support the reliability of collaborative
design, meanwhile still call for trade-oﬀ control by
professionals.
The recent layout of the collective decision making is through online questionnaires from 122 unrelated participants, yet still correlates to the realistic
situation. The distance factor di , connection factor
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Figure 7
The procedure of
interactive display
of the prototype

cki and the actual choice ti have signiﬁcant correlation with each other, while the collective result from
eigenfunction also has strong relationship with some
existing actual functions in certain blocks.
Our result gives the grade of each function in
every block in the form of percentage, which could
be interpreted diﬀerently in practice. If the block is
pre-decided to be monofunctional, then the percentage shows the possibility of making ﬁnal decision to
have that function on board. However, if the block
would be multifunctional, then the percentage can
also work as reference to the proportion of functions
in the planning phase.
As the research was part of a one semester
project, further steps have been identiﬁed First,
though producing the entire system of data collection through interactive gaming, our recent result
still comes from online questionnaires which has little to do with the actual gaming process. the research agenda will focus on how the result would
change if all participants can really see the urban layout of their choices and the collective trade-oﬀ layout spontaneously. With changing l, the strength of
weight varies, leading to diﬀerent feelings of control
while making decisions. How strong would the inﬂuence of existing collective result be to the participant
in the decision-making process is also worth thinking about. Another issue is the source and quantity
of participants, which is recently mainly hundreds of
young Chinese participants. What would happen if

the participants are actually all the residents for the
testing site? Will there be diﬀerent for the results
from the local residents, the unrelated participants
and the decision makers in the government?

CONCLUSION
This research project focused on developing an information collection system for collaborative urban
design through interactive gaming. With a preexperiment testing the system in both a virtual site
and an existing one. The result of the experiment
shows that the system can generate an understandable collective urban layout. This system has the potential to be applied in planning processes, as a negotiation toolkit, since it considers the opinion of each
participant in the decision-making process and tries
to meet the maximum demand. It can also be applied in virtual urban forming, in the case of computer games or future space colonization, by generating programmatic suggestions supported by a
database containing the proportion, distribution and
connection of diﬀerent urban functions. With the
help of information revolution, the future for collaborative urban design could be gradually realized. Our
research could work as a stepping stone.
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The term participation has been used to define different activities, such as civil
debate, communication, consultation, delegation, self-help construction, political
decisions. However, participation in design started from the idea that individuals
whom being affected by a design project must contribute to the design process.
Recently, designers have been moving closer to the future users and developing
new ways to empower them to get involved in the design process. In this paper we
rethink the way the early design process is developed in a participatory approach
thanks to parametric methods. A use case is proposed showing the potential of
parametric design methods to empower the participation of users in the design of
their facilities. The use case is dealing in particular with the spatial planning of
an office building where the users together with the spatial planning team are
able to design the layout spatial configuration by 1) fixing the objectives, 2)
manipulating the model, 3)modifying some parameters, 4) visualizing the
iterations and evaluating in a real-time each solution in an interactive 3D
environment and together with facility managers 5) choosing the configuration of
the spatial layout.
Keywords: Computational design, Participatory design, Optimization ,
Parametric design

PARTICIPATORY DESIGN
The term participation has been used to deﬁne different activities, such as civil debate, communication,
consultation, delegation, self-help construction, political decisions (Davidson et al., 2006). However, participation in design started from the idea that individuals whom being aﬀected by a design project must
have a position in the design process. Recently, designers have been moving closer to the future users

of what they design and developing new ways to
empower them to get involved in the design process (Sanders and P.J. Stappers 2008). The participatory approach (i.e. ‘user as partner’) has been led
by Northern Europeans in the early 1970s. Several
projects in Scandinavia set out to ﬁnd the most eﬀective ways for computer-system designers to collaborate with worker organizations to develop systems
that most eﬀectively promoted the quality of work
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life (Sanoﬀ, 2000). The participation is not a matter
of fact, but a distributed, heterogeneous and relational process (Andersen et al., 2015). This consists
into making a move from user-centered design to a
participatory design with important impacts on the
traditional roles of players and stakeholders in the design process (Sanders and P.J. Stappers 2008). In the
classical way of the design process, the user is passive, the designer brings the knowledge from theories, observation and interviews. Diﬀerent levels of
participation have been identiﬁed in the past, ranging from manipulation to citizen control (Arnstein,
1969).
In the participatory design, the roles and tasks
will be diﬀerent since the user (eventually with a passive role in the traditional way of design process)
is given the position to express his experience and
plays an important role in transmitting the knowledge into ideas and concept development (Sanders
and P.J. Stappers, 2008). Even with this capability
added in the participative design, this remains a responsive system, where the designers are looking for
comments about their design and the public is not
truly empowered to design (Cimerman, 2000). The
concepts around the participatory design and in particular about who should be involved in the collective acts of creativity, design or creation, when, and
in which role vary between diﬀerent studies in social science. In order to support participatory design, a wide variety of methods and techniques have
been developed to enhance the involvement of both
users and stakeholders in the same design processes
(Abras, et al., 2004). More cost-eﬃcient and eﬀective practices are needed for gathering users‘ needs
and requirements in real contexts in order to reﬂect
these needs into the ﬁnal design. The highest level
of empowerment of the users through direct participation is characterized by the direct engagement of
the user in the design process. In this case, the user is
considered as the decision-maker. This type of participation gets more complex when it is concerned
with the community participation. In a variety design instances, the community or individuals’ partic-

ipation is needed in diﬀerent situation (building participatory residential...).

User participation in architectural and urban design
Community design is an umbrella term that embraces community planning, community architecture, social architecture, community development
and community participation, this approach has
emerged from the fact that the mismanagement of
the physical environment is a major factor contributing to the social ills (Sanoﬀ, 2000). On the other
hand, computer application experiences and the development of the technologies, demonstrate that the
use of computers with speciﬁc methodologies can
help the participation and facilitate the integration
of the user into the decision-making process. BIM
can be perceived as a process that facilitates the participation of users in the design process. Today, the
complexity of designing and constructing buildings
is more and more increasing. Engaging the user
in the design-related process issues will ensure the
realisation of the users’ requirements in the design
since housing and building design emerges as a close
cooperation between architect (designer) and the
client (user) (Kwieciński and Słyk, 2014). Various researches and practices explored the methods and
techniques in order to engage the participation of
the users in the design of their living environments.
The user participation in the design has emerged as
a key to a gap between the requirements and the
solutions proposed by the designers (Sanoﬀ, 2000).
The traditional participatory models have been heavily criticized because they require meetings that are
often ineﬀective and ineﬃcient, held at a ﬁxed time
and place; severely limiting the number of actors taking part (Healey, 1998; Kingston, 2007). In such meetings, it is almost impossible to establish communication that is equal. It is also hard to engage a high
number of citizens and to take their experiences into
account in early stages of the planning process (Nuojua and Kutti, 2008). Too often the involvement of
users is superﬁcial and simply used to bring credi-
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bility to the planning and decision-making process
without really transforming it (Sennett, 2012). Consequently, the removal of the public from the decision
making process leads to a sense of alienation of the
users from their environment (Jones et al., 2009). The
beneﬁts of community participation in urban planning are: enhancing the capacity of the population to
cultivate a ”stronger sense of commitment”, increasing user satisfaction and creating realistic expectations of outcomes (Al-kodmany, 1999).

INFORMATION TECHNOLOGIES FOR THE
BENEFIT OF THE PARTICIPATION IN ARCHITECTURAL AND URBAN DESIGN
Recent developments in ICTs, such as 3D modelling
software, communication platforms and computer
serious games as tools for urban planning, are oﬀering new potentials of citizen participation in urban
planning design (Hanzl, 2007). In general, these software systems enable displaying data in forms that
can be easily understood by the participants. The
informatics applications allow the simulation of future urban plans by implementing the parameters
essential to the planning development. A key feature of most participative design activities is the use
of physical artefacts such as sketches, games, or layouts on which participants can place objects to represent houses, gardens, roads... Researchers developed
various technological tools to enable participation.
Among those, the tangible table can be foreseen as
a participatory technology that helps to increase the
engagement of users and community in urban design by manipulating physical objects (Maquil et al.,
2007). In a later research, Wagner showed how to
use a set of participatory technologies in combination with methods to enable a participation to create a vision of an urban project (Wagner et al., 2009).
Digital serious games are another approach to enable
participatory urban planning design. These aim to
support learning in a playful and engaging way. They
represent an emerging research area, enabling learning about the environment and an exchange of contrasting views on proposed urban, regional, or land-

scape plans. By using serious games, the participants
are given the possibility to interact with the design
submitted, to vote for the preferred option or even
chat with other participants (Poplin, 2014). Recent
trends in video games industry focus on improving
graphic quality and easy to use attractive interface,
this fact led to using video games in urban studies,
teaching and research (Rufat et al., 2009). One of the
most common game to be used is the SimCity, which
is developed by William Wrigh. SimCity is used also
in universities laboratories for urban simulation research as a tool for participatory design in urban context (Hanzl, 2007).

EARLY DESIGN
Architectural design process in its general terms, is
a procedure intended to the improvement of the
project through socially situated reﬂection-in-action
(Schon, 1983). In the early phases of the architectural design process the level of detail is typically
low: requirements, constraints, larger scale problems
and priorities are exposed and restructured before
getting into details and smaller issues.This understanding of the design process as a progression of
ideas and inputs can be confronted with diﬀerent factors (Cross, 2011). In the early design phase, evaluating the performance of the concepts on larger
scale issues can be achieved on diﬀerent basis including: energy analysis, daylight modelling, cost
and schedule impacts, or even structural analysis. Indeed, one of the important task in architectural early
design stages (or even in the reconsideration of an
interior layout) is that architects should ﬁnd solutions to the organization of the interior space planning layout to have an appropriate relations between
the diﬀerent spaces and functions (Calixto et Celani,
2015). For architectural space planning problem, architects explore solutions based on varied parameters. Various parameters such as input features can
be taken into account for the space planning layout,
these parameters can be related to the adjacency,
distance, functional arrangement, occupancy, workspace area standards, ﬁnancial allocation, sustainable
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factors such as energy conservation, daylight, view...
(Hassanain, 2010). Besides these, the inclusion of
users and their preferences in the reﬂection-in-action
processes in the early design phase can help the restructuring of the design requirements and make the
ﬁnal design more responsive to the people’s needs
(Commission for Architecture and the Built Environment, 2008).

EXTENDING COMPUTATIONAL DESIGN
Computational tools are fundamentally shifting architectural design practice to another paradigm. In
particular, parametric design tools developed in the
last three decades allow the designers to make decisions earlier in the design process based on a
multi-objective optimization workﬂows (Brown et al.,
2016). In parametric design methods, some constraints can be implemented in the early design
phase which can be maintained during the design
process. These constraints can be related to requirements, contextual and physical aspect. However, the
participation of users in these processes is not supported suﬃciently. The participation of the users in
the early design phase can empower the design process by the inclusion of non-physical factors related
to human preferences aspects. The current practice
of parametric design methods needs to be extended
to include non-physical aspects in the early design
phase. A signiﬁcant challenge in this venture is that
these aspects cannot be easily parameterized and
optimized. Rather they can be reﬂected upon, discussed and negotiated during the course of design.
Therefore new ways of enabling in parametric design
methods need to be developed to trigger and support meaningful social changes, focusing on emerging forms of collaboration (Manzini, 2015).
Several tools have been developed in order to
support the parametric design methods: Grasshopper a plugin for Rhino, Dynamo a plugin for Revit,
Generative component, Houdini... These tools are
based on visual programming languages accessible
by a limited audience. With the digital and parametric era, design workﬂow continues to be a close

collaboration between diﬀerent stakeholders, (architects, engineers, contractors, and fabricators). This
collaboration tends to be practical and ensures a better coordination of the project for supporting what
Manzini (2015) calls “expert design”. This contrasts
with “diﬀuse design” where the designers aim to trigger and support meaningful social changes between
the experts as well with the users, develop and test
emerging forms of collaboration. Even for the professionals, the adoption of computational technologies (in particular parametric design tools) seems to
have varying degrees of practical experiential knowledge. Thus these tools are generating inaccessible
and isolated areas of specialists. Nevertheless, the
lack of participatory approaches in these methods,
especially in the early design phase is a major challenge in the daily work basis in particular with the
paradigm shift of architecture towards a more participatory and social direction. As introduced above, a
signiﬁcant problem of the parametric design process
is the exclusion of non-physical factors related to human aspects and the intense focus on performative
and optimization based design answering technical
issues (solar, energy, cost...).
The application of computational methods for
space planning has been increasing recently with
both research and real-application ﬁelds. Many academic researches was developed trying to investigate in the space planning generated with computational tools. Various applications of evolutionary computing and parametric approaches were deployed for architectural space planning generation
(Dutta and Sarthak 2011). These applications vary
in terms of objectives and desired output. Some
researches considered the space layout and functional parameters, whereas other researches have
been focusing in also in the energy and light factors.
Autodesk researchers (Nagy et al., 2016) also have
worked in developing a ﬂexible workﬂow for generative design applied to architectural space planning.
First, a computational design model was able create
a variety of oﬃce layouts including locating all necessary programs and people using a small set of input
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parameters. Bahrehmand et al (2017) proposed an
approach for space planning addressing subjective
aspects of the design; the research has developed
also a genetic algorithm with a multi-parental recombination method that improves the chance of generating higher quality oﬀspring. This method was able
to generate satisfactory feasible ﬂoor plans based on
spatial quality metrics and designer’s taste.

OBJECTIVES OF THE RESEARCH
The scope of this study covers the early design stage
in general, although the case study developed deals
with the spatial planning, the general approach can
cover diﬀerent situations in early design such as urban planning. Studies have been recently made
by the author for the conﬁguration of the early urban space planning for refugees camp (Daher, 2016).
As shown in this research, for each space planning
on building or urban level, ﬁxed parameters or constraints should be taken into account, such as building physical constraints, orientation and others...
In this research we will rethink the way the early
design process is developed in order to allow the participation of users in the early design phase. The need

is to include not only the physical factors to the early
parametric design process, but also the non-physical
factors, and investigate in the participation process
of the end users as being one of the solution for empowering the design process by the non-physical parameters. Information development and new technologies, such as 3D modelling software, communication platforms and computer serious games are offering new potentials of participation in the design of
facilities. Emergent information and communication
technologies and tools can support as foundation for
a reconsideration of the culture of design. The need
is to develop processes and tools to support diﬀerent
scale of users’ feedback to inform the diﬀerent scale
of decision making process in the early design phase.
In this context, the central research questions to
be addressed in this study are:
1. How can we enable diﬀerent levels of participation the early phases of parametric design?
2. How can we include non-physical factors related to human aspects in the early parametric design process?
3. What are the key challenges of and critical factors for this task?

Figure 1
Conceptual
framework for the
the participative
design
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CONCEPTUAL FRAMEWORK
To address the issues raised in the state of art we
consider a framework conceptually (Figure 1) representing (1): processes and actors involved in the participative design, the associated data (2) and digital technologies (3) enabling to provide a computerbased participative parametric modeling environment.

METHODOLOGY OF WORK
To answer these questions, a case study will be introduced for the design of an oﬃce building located in
Luxembourg. The focus is to enable the participation
of a group of users in the design of their interior layout oﬃce building in the early design phase. Once
deﬁned, the participation process is implemented
through several computer-based systems. To enable
the participation process a set of of architectural analytic and parametric design tools will be combined
with other participative methods such as a tangible
tabletop and graphical interfaces. Design decisions
will be constantly evaluated with the use of parametric design tools allowing the users to evaluate
each decision and modiﬁcation in real-time analytic
eﬀects; visual indicators on the graphical interface
provide constantly information about the modiﬁcations. To achieve the objectives of this research, the
following activities were carried out:
1. Literature review of the published academic
and practical researches considering the
space planning and management and parametric approach.
2. Literature review about the technologies used
for the participation of the users in the design
of their facilities.
3. Identifying the parameters that should be
taken into consideration during the space
planning design, and identifying which from
these parameters should considered into our
case study.
4. Conducting diﬀerent meetings with responsible of the space planning group in our
case study organisation to have some insights

about how this task is usually performed.
5. Developing a prototype answering the research objectives.

DEVELOPMENT
Design process
The participative design process relies on a platform
described below (Figure 2). This is a combination of
diﬀerent tools and devices to enable 1) the participation of users in the design, 2) the of design problems
based on library predeﬁned in the parametric software and 3) the visualization of the results and the
data manipulated, it is expected to use devices such
as the tangible tabletop, touch screens and the augmented reality creating a better understanding and
visualization.
Identiﬁcation of parameters. This design process
is developed to answer the requirements and needs
related to the management of an oﬃce building located in Luxembourg. The organizations occupies
multiple buildings in diﬀerent locations, while the
use case considers the relocation of worskpaces into
one of these buildings. The need is expressed by the
“space management unit” to develop tools that help
in the space planning strategies for new building in
early design stage. The parameters identiﬁed to inﬂuence the conﬁguration of spaces are related to the:
1. Regroupment and relation between the different departments and the organisation.
2. Adjacency and distance (horizontal and vertical distance) between the divisions and/or
units.
3. The circulation between the workspace areas
and the informal areas (such as small informal
meetings rooms, coﬀee areas,...).
4. Health, safety and well-being factors are not
the main focus in this use case. However, factors like the views (meeting rooms to be in
dark areas or areas with no view), and the ﬁre
exit (rooms to respect the standard distance
to ﬁre exit doors) are considered.
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Figure 2
Schematic
description of the
participative design
process platform

In this prototype we use the concept of non-physical
parameters as important parameters to take into account in the design process willing to create informal
interaction between collaborators which contributes
to knowledge sharing and team building. The nonphysical parameters are collected by satisfaction surveys conducted with employees located in diﬀerent
buildings of this organization. The surveys are dealing with: open spaces vs. closed oﬃces, view to the
exterior, noise and privacy which has an impact on
the adjacencies.
Set diﬀerent objectives. For each optimization process, objectives should be set in order to deﬁne the
expected solution to answer the requirements. These

objectives can be related to cost, environment, energy, space allocation, and routing distance...For this
project we set with the space management unit different objectives related to the following aspects:
1. Cost of the conﬁgurations proposed
2. Space allocation eﬃciency (increasing the
rentable area and the density of workstations).
3. Space productivity (proximity and distance
between diﬀerent spaces).
4. Satisfaction of collaborators (interaction with
informal areas, privacy and visual access of
desks).
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Users’ involvement in the design process. The participation of the users and in particular the space
management unit is enabled by giving them the control of the design parameters. Colored and graphical charts will be illustrated to provide some insight
to the decisions and iterations made. Users will be
able to add, remove walls, generating future layouts
by predicting the number of employees and the allocation of each head division. Users will also be able to
ﬁx the proximity between the diﬀerent departments
spaces and when needed they were able to modify
this proximity. Users will be able to set objectives related to the cost of diﬀerent space planning iteration
and to choose between the diﬀerent options.

Prototype
A prototype is being developed at the time writing
this article, the main features of this prototype are:
Visualisation. Visualization devices were used to
help the space planning department to understand
the spaces being designed. Augmented reality is the
potential mean for representatives to conduct tests
and visualize the proposed layouts of the working
space. By creating a 3D model of the working space,
users were able to interact with the model via the
Hololens headset. This helped a projection in the
real context of the real space and better understand
the solutions proposed. The team is given the ability to easily interact with the model and make some
changes in the conﬁguration and update the model.
Simultaneously, visualization of the plan will be projected on a digital tabletop. Users are capable to interact with the plans of the working spaces over a tangible interface tabletop that will be mainly used for:
1. Modifying the collected data on spreadsheets
and deﬁning the relation between the diﬀerent spaces,
2. Adding some physical constraints (related to
the building geometry, external constraints
such as view, energy, daylight and noise),
3. Deﬁning the density of the workstations during diﬀerent time in the year and predicting
the needed spaces for the upcoming collabo-

rators,
4. Fixing objectives and setting the importance
level of each objective.
Optimization. Several optimization plug-ins are integrated into parametric modelling software allowing numerical simulation and iteration of diﬀerent solutions. This helps the users to evaluate the design iteration in terms of KPIs (Key Performance Indicators)
for the ﬁxed objectives.
Envisaged participation level in the prototype.
The level of user participation (Table 1) in the design process varies from an informing participation
where users ares being informed of necessary information, to a direct participation where users are able
to have a direct involvement in the design process by
setting the objectives and the level of importance of
each one. Each department representative is able to
set and change by slider each objective according to
the needs. Other intermediate type of participation
are also envisaged in the prototype such as consultation where the users will be answering surveys for
the post-occupancy evaluation.

DISCUSSION AND CONCLUSION
Conclusion
This prototype is a ﬁrst try to enhance the participation of the users in the design of their building spaces
and in particular the space planning layout through
a parametric approach. The idea is to incorporate
the simulations and iteration of diﬀerent solutions for
the space planning in diﬀerent participative devices
and technologies (Augmented reality, digital tabletop) where users are able to interact with the space
planning layout in the early stages of parametric design. The user is able to explore possible scenarios
and design alternatives, by manipulating the parameters values and evaluating in real time the results
of the modiﬁcation. The main idea in co-designing
is that everyone brings something important to the
discussion and that everyone is capable of developing ideas, expressing them, being creative and being
part in the decision making. Users are seen as ex-
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Table 1
Envisaged
participation level
in the prototype

perts on the situation and there is shift from a passive
role to a co-creator or representative role in the design process. However, this prototype raises several
questions related to the participation of users and the
number of users that can participate in the design.
Another question raised in this prototype is the incorporation of the artiﬁcial intelligence and agent-based
modelling for the design of workplace.

Discussion
In the co-design process, the users are collaborating
with the spatial planning experts and architect in the
design of a new spatial environment. This creates
new roles for both users and the planning experts or
the architects. The role of the spatial experts or architects is to help users to understand the conﬁguration qualities and to point on some issues that need
to be solved. The designers are creating a set of metadesign where parameters, constraints and objectives
are ﬁxed. This meta-design is creating a limited space
of solutions and iterations that satisfy the needs and
requirements of the users. As for the users, they help
to ﬁnd the main focus and the most important aspects to be taken into account by the designers and
they are being active in the design process. These actions are being taken into account at diﬀerent stage
of the design process and at diﬀerent levels of participation. Users are also able to justify and explore different solutions and participate in the decision making process.

Challenges
The main challenge is to incorporate a number of
users and representatives in the design process de-

veloped for this case study. This is resolved by delegating the role of the participation for representative
to be involved in the design. Another challenge is
dealing with non-professional in the computational
environment and the software used, therefore, it is
important to work on a light easy to use platform and
explain to users how this process works. Another important challenge is to transform all useful requirements into a digital model with the appropriate control on parameters.
Another challenge raised is the discussion conducted about equality between the users. The designer as a facilitator has a new task towards achieving this desired equality between the participants.
The prototype provides tools that develop understanding of the conﬁguration made with a transparency in implementing of the diﬀerent guidelines,
however, the discussion about equality is raised in
particular for assignment of the spaces to each departments.
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This work covers the methodological approach that is used to gather information
from the wisdom of crowd, to be utilized in a machine learning process for the
automatic generation of minimal apartment units. The flexibility in the synthesis
process enables the generation of apartment units that seem to be random and
some are unsuitable for dwelling. Thus, the synthesis process is required to
classify units based on their suitability. The classification is deduced from
opinions of human participants on previously generated units. As the definition of
``suitability'' may be subjective, this work offers a crowdsourcing method in order
to reach a large number of participants, that as a whole would allow to produce
an objective classification. Gaming elements have been adopted to make the
crowdsourcing process more intuitive and inviting for external participants.
Keywords: crowdsourcing and gamification, urban density, optimization,
automated architecture synthesis, minimum apartments, visual openness

INTRODUCTION
The era of machine learning proposes that information is one of the most valuable resources in modern
times. The collection and analysis of as much data
as possible has become a crucial step in making automated models, which use the data to make predictions or determine preferences. In many cases, the information is provided willingly, through the process
of crowdsourcing.In the ﬁeld of architecture, such
models can be used as an aid for architecture designers and urban designers and planners, by providing
instant feedback on their designs. This can become
an important evaluation tool in complex dense urban
environments. This research is a part of an ongoing
project exploring the utilization of machine learning
methods in architectural processes. Currently, the re-

search focuses on minimal apartment units, which
serve as the smallest compartment in a dense urban
context. Following Fisher-Gewirtzman (2016, 2017),
the design of minimal units should provide dwellers
with low perceived density as a requirement for wellbeing. In this work, the minimal units are generated automatically (with parametric design); in order to avoid random and unsuitable designs, the process should recognize the suitability of the units’ conﬁguration. As the deﬁnition of quality architectural
spaces is vague, the collection of a large range of subjective opinions, through crowdsourcing, could lead
to the formation of an objective prediction model.
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RESEARCH OBJECTIVE
The research seeks to develop an automatic synthesis process for minimal apartment units, designed to
provide spaciousness and a sense of wellbeing, and
designated for dense urban environments. The process is deﬁned to respond to perceptual and functional requirements, using a learning model composed of optimization and classiﬁcation modules
incorporating crowdsourcing through gamiﬁcation.
The objective of the optimization is to identify apartment units with high values of calculated visibility;
this quality indicates designs with low perceived density, and thus suited to densiﬁed environments. The
solutions of the optimization enrich the database
which the learning model bases its conclusions upon.
The objective of the learning model is to ensure that
the optimization identiﬁes rational solutions, in a vast
and ﬂexible search space also containing many solutions that, based on their interior conﬁguration, can
be classiﬁed as unﬁt for habitation. It does so by correlating between the parameters of the units in the
database and the opinions on them, the latter received from crowdsourcing.

RESEARCH BACKGROUND
Crowdsourcing, or more precisely crowd-rating, is a
systematic approach to collecting a large quantity of
opinions that collectively form a comprehensive assessment; this is also referred to as the “wisdom of the
crowd.” Relying on a large number of willing participants improves the quality and objectivity of the averaged assessment (Morschheuser, 2016), and thus
reﬁnes the predictions made by the machine learning model (Smola, 2008). Studies have shown that
gamifying the process of crowdsourcing–using gaming elements in a non-gaming context–increases the
sense of engagement in participants, and their willingness to provide thoughtful input (Morschheuser,
2016). In an architectural context, game elements
can be used to stimulate a desired interaction with
the visualized space, and to promote impulses for discovery and criticism (Aydin, 2014).
The calculation of visible volume has been found

to be directly linked to the levels of perceived density
attributed by research participants toward a given
space (Fisher-Gewirtzman, 2003; Fisher-Gewirtzman,
2016; Fisher-Gewirtzman, 2018). Thus, the value of
visible volume through simulated human vision can
perform as an analytic evaluation for spatial conﬁgurations with regard to perception of openness.
Furthermore, the geometry–apartment units, in this
case–can be optimized to reach a higher sense of
openness. A common practice when optimizing a
geometry in architecture is to deﬁne the parameters
of the geometry as the decision values, and the performance value as the objective value (or ﬁtness), (extended survey by Grobman 2008). Since the value
of the 3D visibility is analyzed from the geometry of
the 3D-generated apartments, the appropriate optimization method would be a genetic algorithm. The
method simulates an evolutionary process, one in
which an initial population of solutions are created
randomly. In the subsequent steps of the process,
a group of low-performing solutions are eliminated,
while the parameters of the other solutions are reproduced, through crossing, to create new solutions.
The goal of the process is to create better performing “descendant” solutions with each generation of
the genetic algorithm. The genetic algorithm can
also be deﬁned to use a binary classiﬁcation formula,
which with each newly generated solution will decide whether the solution should join the population,
or should be ﬁltered out entirely.
Binary classiﬁcation (Smola 2008) is a method of
producing a prediction model, which when given input variables outputs a binary outcome, thus classifying the item between two groups. The model is
produced by correlating sets of existing data. In the
model described in this paper, the input data is the
unit apartment solutions, created by the optimization; the output data relates to the suitability of each
unit, and is deduced from human opinions, gathered
through crowdsourcing.
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THE DEVELOPED LEARNING MODEL
The learning model is a periodic process composed
of three major compartments: Optimization, crowdsourcing and classiﬁcation. Each compartment uses
the results of the preceding compartments in an effort to automatically generate minimal apartment
units, which hold a reasonable/logical design, where
the logic is deﬁned by human participants. The periodic process is presented in Figure 1.
The optimization’s role in the model is to be the
actual generator for apartment units, through parametric design (Jabi 2017), thus creating the data utilized by the machine learning process. The optimization procedure is developed in the CAD program
“Rhinoceros” and its algorithm editor “Grasshopper,”
and uses the genetic algorithm method, with the
“Octopus” add-on. The procedure is deﬁned to
evolve a variety of apartment units, each with maximized visual openness, a mental need in a densiﬁed
habitation environment. Visual openness is calculated through the deployment of rays that represent
the human line of sight, from three common viewpoints in each unit (the entrance; the sofa or bed; and
from the window, facing into the interior space. See
Figure 2). The rays are interrupted by collision with
obstacles (furniture or walls), and the ﬁtness value for
the optimization is the accumulated length of all rays.
The parameters which make up the search space
for the optimization are the dimensions of the units
and the positioning of interior elements, e.g. bathroom, kitchen, bed. The genetic algorithm operates
with the population of solutions, and so it is able to
ﬁlter units from entering the population if they are
classiﬁed as unreasonably organized. The decision is
made by inserting the parameters of each generated
unit into a classiﬁcation formula, which automatically
indicates whether the unit should be analyzed for its
visual openness or be discarded from the process. As
spatial “reasoning” is challenging to deﬁne, the developed learning model uses no prior assumptions
as to what a rational solution should be. Instead, it
is based on analyzing the opinions provided for previously generated apartment units by external par-

ticipants, through gamiﬁed crowdsourcing. The collected opinions are correlated with the parameters of
the units, using the data analyzer “Eureqa”; the correlation forms the classiﬁcation formula to be used in
the next optimization process. The cycle continues
as the classiﬁcation formula is reﬁned by using more
generated data, the optimization producing better
unit apartments in turn.

THE CROWDSOURCING COMPARTMENT
Crowdsourcing creates an opportunity for capitalizing on the “wisdom of the crowd,” by turning to willing participants to oﬀer their opinions, and aggregating and averaging them into an impartial rating
that can be used for machine learning (Chang 2017).
Opinions on architectural and interior design may
be subjective and diﬀer from one person to another;
thus, reaching an objective conclusion for each solution requires gathering a large amount of opinions.
In the current research project, the crowd-rating
method was used to collect opinions on the apartment units that were generated by the optimization. Each unit is presented to many participants in
a random order. As the classiﬁcation is simpliﬁed
into “suitable” and “unsuitable,” the human participant applies variant criteria in order to make a decision on each dwelling unit. Thus, the ambition is
to refrain from giving additional weight to opinions
by speciﬁc groups of people. As an example, architects or students of architecture may prefer speciﬁc
designs, while what is desired from the process is a
more comprehensive insight. Thus, each participant
receives an equal vote, and the votes are averaged
into an objective assessment of whether the unit is
well or poorly organized. Access for participants is facilitated through gamifying an experience which allows the participant to explore apartment units as a
ﬁrst-person agent inside a 3D model. (See Figure 3.)
The simulation, developed with the “Unity” engine, loads solutions that had been deemed suitable with high visual openness by the optimization process. The solutions are stored as the numeric parameters of the optimization. A parame-
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Figure 1
The cycle of the
learning model, and
the generations of
the optimization
within it.

terization algorithm was developed in order to represent the apartments as three-dimensional virtual
models. This procedural 3D space generator spares
the use of heavy geometry ﬁles, making it easy to
update the simulation with new apartment units
in each cycle. Due to the small size of its digital weight, the game can be accessed with a web
browser (www.appartment.webutu.com), open to
anyone who wishes to participate. Opinions provided by participants on units are recorded in a PHP
database.The participants are presented with a random apartment unit and are asked whether the unit
has, in their opinion, poor or good interior design.
This is similar to the intended classiﬁcation for the
learning model. No standards are oﬀered for the participant to base their decision upon. The game is de-

signed to incite a sense of curiosity, and at the same
time to allow the participant to provide an unprejudiced opinion of each unit. The purpose of this approach is to avoid biased opinions due to excessive
instructions, and to ensure that every thought or decision made by the participants, intentionally or subconsciously, is incorporated into their answer.
The simulation is intended to be practiced in
ﬁrst-person, to reach an immersive experience of discovering each new random unit. The ﬁrst-person
mode is directly derived from 3D gaming experiences. Enabling the participant to move the simulated agent forward and backward and to the sides
of the virtual space, along with a mouse-controlled
head movement, allows for the easy and intuitive
exploration of any given space.The participant is reFigure 2
Deployment of
visibility rays on an
example unit, for
ﬁtness evaluation.
The rays are
deployed from the
entrance (1), from
the sofa-bed (2),
and from the
window inward (3).
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quired to enter each new generated unit by walking through the door, and thus to form a ﬁrst impression signiﬁcantly inﬂuenced by the visual openness (Fisher-Gewirtzman, 2016). The participant is
then free to “walk” virtually around the unit and examine the walkability and the general feeling inﬂuenced by the spatial conﬁguration of the space. The
game also oﬀers the opportunity to explore each unit
in external view, if the participant prefers this and
ﬁnds it a more eﬀective way to reach a conclusion regarding the units.The website which hosts the simulation has been published to the general public, and
participants are encouraged to share it with family
and friends. As of today, the developed crowdsourcing process has succeeded in gathering thousands of
opinions, all provided willingly.

DISCUSSION
The opinions gathered so far formed the classiﬁcation formula that was used for the next optimization
process in the on-going cycles of the learning model.
The participants created the boundaries which indicate the diﬀerence between suitable and unsuitable
solutions, thus enabling the model to limit the vast
search space regarding the optimization of more suitable apartment units. This was achieved without set-

ting assumptions regarding the deﬁnition of “suitability” in terms of dwelling units. Consequently, the
model gives an objective and comprehensive prediction of a notion which otherwise might have been
too subjective to be manually deﬁned. Each cycle
of the learning model showed a degree of improvement over its predecessor. This suggests, that the ﬁltration of conﬁguration faults in the generated units
will continue to be reﬁned if the process continues
to expand the database of units and collect opinions
from participants.
This research demonstrates the feasibility of utilizing machine-learning methods in an architectural
context based on crowd-rating through gamiﬁcation,
where the objective for self-generated spaces relies
on perceptual and cognitive requirements.The methods presented in this work are not limited to minimal
apartment units, and can be used to simulate, gather
opinions, and produce prediction models for complex architectural spaces, such as multi-rooms apartments, large interior spaces, built compounds and urban fabrics. Other than the geometry, the objectives
of the optimization and the subject of the classiﬁcation can also diﬀer while maintaining the structure of
the developed learning model.
While the simulation played a major role in

Figure 3
A participant
engaging in the
web game (1). The
participant can
choose to
experience the
apartment units in
walkable ﬁrst
person (2) or in an
external view (3).
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the crowd-sourcing, the research is yet to conclude
whether the participants found the ﬁrst-person experience to be as intuitive and inviting as assumed.
A suggested future research project would be to calculate the ratio of participants to use the ﬁrst-person
view over the external view, and the number of units
that each participant rates before leaving the simulation. Recent developments in virtual and augmented
reality technologies enable a much more signiﬁcant
immersive experience. A work that utilizes them may
shed light on whether the gamiﬁcation and immersion approach in the research was in fact eﬀective in
attracting participant to engage in the crowdsourcing.
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This paper is part of our research on the digital transition in architecture, and
more particularly on the integration of BIM (Building Information Management)
technology. Indeed, in the field of AEC in France, this transition is still ongoing
and remains difficult for architects. BIM technology changes the way people
work and communicate, and remains only a tool without a method behind it. His
arrival then raises technical but also human questions. Our research then turns
to the social sciences and project management sciences to see if the creation or
adaptation of project management methods can facilitate this integration. In
other fields such as industry, software engineering, or HMI design, we have seen
the emergence of agile methods that focus more on design teams, and therefore
communication, than on the process itself. After experimenting with several agile
practices, we identified the need for a design team to be mentored by someone in
the role of facilitator or coach. This article describes how we can transfer to
students an agile practice called BIM-agile Coach that we experimented during a
weeklong workshop.
Keywords: Architectural design, Agile methods, Agile practices, BIM
technology, Collaborative design, Project management

INTRODUCTION
This research takes place in the ﬁeld of AEC industry
in France, and more particulary in collaborative architectural design. Indeed, both in the professional
and educational ﬁelds, the question of BIM technology is still present, while its integration has not
yet been fully achieved. We create and adapt socalled agile methods and collaborative practices to
facilitate the adoption and the exploitation of BIM
in architectural design. Agility is a term derived

from the world of software engineering, and consists
of human-centered and customer-oriented methods
and practices. This paper describes the path taken to
build an experiment designed to transfer agile skills
to our students. Indeed, our hypothesis is that the
transfer of agile knowledge to our students is an effective way for the digital transition to take place in
the professional world.
During a workshop week called Design and Digital Manufacturing, the students put in groups must
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have designed a BIM architectural project before
making a scale model 1/20 using 3D printers and
laser cutters. They applied three agile practices that
we have adapted for architectural design: micro
poker, design matrix and stand-up meeting.
Experimentation has shown that these practices
are compatible, and that they make it possible to improve the coordination of those involved in an architectural project (Gless et al. 2018). However, these
three agile practices for designers were framed by a
fourth practice for teachers: the BIM-agile coach. He
ensures that the workshop runs smoothly, and deals
with problems concerning the other practices. We
will describe an experiment to improve this practice
in this paper.
We will ﬁrst see in part 2 how BIM technology has
led architectural project de-signers to change their
business habit. Then, we will see in part 3 that the
architec-tural design in France has partly entered into
the digital transition, and how agility can help it. Part
4 will concern the experimentation carried out by our
students. Part 5 will ﬁnally focus on the addition of a
fourth agile practice to the workshop process, and on
areas for improvement.

THE BIM TECHNOLOGY CHANGES THE
WAY DESIGN IS DONE
BIM technology is changing the way we work and
communicate. These changes imply adaptations or
even creations in the way project management is carried out, and therefore in the way teamwork is done.

BIM technology shifts work and brings complexity
The arrival of BIM technology, according to Patrick
MacLeamy’s curve (Kensek et al. 2015), shifts the
eﬀorts upstream, and consequently increases the
amount of work there. By bringing more work and
more complexity upstream, BIM technology brings
more tasks and more decision-making processes and
forces designers to bring more coordination earlier.
These changes are transforming the collaborative
process, with more information to be shared earlier

among stakeholders. BIM poses the problem of the
complexity but also creates a need for exchanges
between the stakeholders. In addition to changing
collaborative digital practices, this can generate misunderstandings, and thus create a climate of nonconﬁdence between actors.
Furthermore, since BIM is presented as a technology, one should expect to ﬁnd both elements of
process and of design tool. Nonetheless, BIM is only
a digital model that the designers of a project feed
in information depending on the progress, complexity and type of project. BIM stands for Building Information Model, Modeling, or Management. However,
it only brings tools and uses (Model and Modeling)
and no human coordination practices (Management)
(Zignale et al. 2011), which does not necessarily allow
good exploitation, and therefore limits its integration
with architects and agencies.
These new tools and uses change the way to do
project management. The amount of design and
modeling work is indeed shifted upstream of the design phase. By passing from a 2D design to a 3D (and
more) design, the amount of work is also increased or
moved upstream. This is also the case when we add
semantic and enriched notions (Halin et al. 2016).
It becomes mandatory to think in more detail about
object modeling.
This complexity brought about by BIM must
be dealt with by appropriate project management
methods.

This leads to a need for coordination
In interviews with students or architecture professionals, we found that designers are generally quite
well informed about the BIM concept but remain
skeptical or worried about its implementation. In addition, we found that collective activities about the
tasks to be performed in a BIM environment are complicated or even totally unclear: who does what, to
whom I address myself, and especially what this task
consists of. It is a question of deﬁning tasks, passing
them on to employees or even estimating both complexity and duration. We call that elicitation, reﬁne-

446 | eCAADe 36 - COLLABORATIVE & PARTICIPATIVE DESIGN - Volume 1

ment and evaluation activities (Gless et al. 2017).
Thus, we have oriented our research towards
practices to improve collaboration and consequently
exchanges within a group in order to solve these
problems: the agile methods.

AGILITY TO HELP THE DIGITAL TRANSITION
While the digital transition is taking place in the AEC
industry, other sectors are adapting and creating innovative project management methods.

France in transition
In France, the world of architecture, engineering and
construction (AEC) is currently going through an important period of change. Especially in the ﬁeld of
architectural design, digital and collaborative practices are changing in parallel with the advent of BIM
technology for both regulatory reasons in public construction and productivity requirements in complex
projects.
Nevertheless, there is inertia against BIM which
can be explained in several ways. Architectural ﬁrms
in France are small (90% have 9 employees or fewer
and 75% have 4 employees or fewer) [1]. The socioeconomic context does not favour large investments
either in the short or long term. Finally, any new tool
asks questions, and change is never reassuring.

Emerging project management practices
In the ﬁeld of project management, methods are
emerging from continuous improvement or Lean
Production, as Lean Construction (Dupin 2014). In
order to improve the construction, it is necessary to
ask the question of the place of the coordination in
the whole process. In software engineering and HCI
design ﬁelds, agile methods are being applied to answer similar issues (Womack and Jones 2003).

Agility to improve collaborative design
Agile methods are management methods that involve the customer in the design and decision process while following three other fundamental rules:

team collaboration, continuous improvement and
change acceptance (Beck et al. 2001). By focusing on
its aspects, agile methods can address issues of eliciting intentions, reﬁning tasks, and integrating customer needs.
Our hypothesis is that the insertion of agile practices into design activities will improve the quality of
the architectural project. Indeed, agile methods and
practices focus on building trust between all the design actors (the customer including).

ASSESSMENT OF FULL BIM-AGILE WORKSHOP EXPERIMENT
In order to test agility in collaborative architectural
design, we organized a workshop at the end of the
semester during which our students put into practice the agile notions they have acquired during our
courses. Divided into groups of 3, they experimented
with the design matrix, the micro poker, and the
stand-up meeting.

The diﬀerent practices tested
The design matrix. The design matrix is an online
table ﬁlled collaboratively by the project designers.
One can also imagine that a customer or his representative could also intervene in its ﬁlling. The incoming
elements are found in lines: these are the programmatic elements of the project. In the column are the
outputs: these are the graphic or mental or technical
supports where the architectural intentions must appear. The boxes at the intersections are then these
architectural intentions. This matrix is used to create
a mediating object between the designers allowing
them to compare their ideas. Moreover, these ideas
are then written and no longer said, which makes it
possible to refer to them later. This is called the elicitation of architectural intentions.
The micro poker. Micro poker is an evaluation practice based on the use of a card game we have created.
Each player has a set of four cards with several rating
scales:
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do today, and if they have problems that need to be
solved. Standing up helps to keep the meeting fast,
as the minimum comfort does not make you want to
linger. Moreover, as this meeting is daily and therefore cyclical, the designers must provide at least one
binder: a design element (ﬁnished or not) whether a
model, a plan, a perspective, etc. The aim is to enable
all actors to have a global vision of what others are
doing, and to solve problems through the collective
intelligence or external help of the facilitator, and to
produce something to guide or act on things.

• Green, with the number 1, the letter S and the
symbol of a paper;
• Yellow, with the number 20, the letter M and
the scissors symbol;
• Orange, with the number 80, the letter L and
the symbol of a stone;
• Red, with the number 100, the letter XL and
the symbol of a coﬀee.
The practice is to evaluate a design task at the same
time, so that one player cannot inﬂuence others by
speaking ﬁrst, and then debate each player’s choices.
The colors represent the scale of the emergency,
the numbers a quantity as a percentage of a day or a
week, the letters of the sizes, and the symbols allow
calling the chance, or a coﬀee break.
This practice also allows the elicitation of architectural intentions, while allowing designers to reﬁne
the perimeter of what they think is the content of a
design task. Thus, one can imagine that an actor who
played a weak card did not imagine the task in the
same way as a player who played a strong card, hence
the need to reﬁne them.
The Stand-up meeting. The stand-up meeting is
a practice that consists in realizing daily meetings
where the actors of a project remain standing and exchange. There are the designers, while a coordinator, or project manager, called facilitator, often leads
the meeting. The exchanges consist in quickly knowing what the designers did yesterday, what they will

The BIM-Agile coach. The BIM-agile coach is the improvement of the facilitator normally present in the
stand-up meeting into a full-ﬂedged actor. This practice comes from the scrum method (Kniberg 2015)
where we ﬁnd a scrum master (in charge of the well
application of the method) and a product owner (represents the customer needs). This coach has no design mission as such, but aims to solve technical, material and coordination problems instead of designers. In addition, he has a role as the customer’s representative. The deliverables expected during the
stand-up meeting are then a means for him to check
the progress of each group, if the proposals correspond to the ordered program, and if the answers are
technically feasible. This role was for us, as a teacher,
a simple and eﬀective way to supervise the workshop.

Design and Digital Manufacturing workshop
After a semester of learning about BIM, modeling,
and agile project management, Master 2 AME students participated in a workshop called Design and
Digital Manufacturing. During this week-long workshop, they must apply what they have learned during
the ﬁrst semester.The students’ work topic consisted
of the realization of an architectural object of their
choice, related to mobile micro architecture. Each
group contained an architect, an engineer, and a designer.
The results of the four practices can be summarized as follows, and some observations can be noted:
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Figure 1
A set of micro poker
cards

Agile practices have been well received by students, and properly implemented overall. The majority of students see interest and are considering
reusing them in their future projects:
• The matrix is eﬀective at ﬁrst, and then is used
less and less;
• Micro poker is sometimes used as a voting
tool and not an elicitation tool but allows players to be on the same page;
• The stand-up had trouble getting started, but
it was certainly the practice most requested
by the students, in order to be able to validate
decisions with the teachers;
• Finally, the BIM-agile coach was able to
quickly solve problems of timetable, interpretation of the subject and techniques.
We realized that tools can be used less as time goes
on. This is normal: no more need for decision support
tools when the project is advanced and only production tasks remain to be carried out.

PERSPECTIVE OF SKILLS TRANSFER TO
STUDENTS
The DDM workshop experiment made it possible to
verify that the three practices intended for students
were compatible and enabled them to communicate
better. However, the teachers supported the practice
of the BIM-agile coach. It is therefore necessary to rethink another experiment in order to transfer skills of
that practice to students in order to achieve a better
distinction of roles. A BIM-agile coach within the design directly at the students, and a representative of
the customer on the teachers’ side.

A new project focusing on management
The new experiment consists of three projects per
group of students, constituting several variants of the
same typology. Each group is composed of three
engineers in architecture initiation and a BIM-agile
coach (see Fig. 2). The latter may be an architect or
a designer. Teachers will then play the role of customers, and each correction will consist of both a
project review and a client needs check. The experi-

Figure 2
Project
organization
diagram
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ment will last one semester.

Experimental protocol
Before beginning the project, we will give courses
and exercises about agility and project management
to our students.
We will follow this protocol:
• Theoretical phase: opening course on agility
and project management followed by an explanation of the three agile practices;
• Practical phase: one exercise per practice;
• Practical phase: the semester-long BIM collaborative project studio where students will apply the four practices;
• Data gathering: students do a report about
the previous collaboration exercise, with comments on practices.

Practice evaluation
Because we are in an educational setting, it is complicated to perform a test on a sample of students
and not on others. Furthermore, the ﬁnal group score
cannot be used to assess practice.
Thus, all groups will participate in the experimentation, and the evaluation of the practice of the
BIM-agile coach will consist of a report at the end of
the semester from the students who played this role.
They should ﬁrst criticize the ﬁrst three practices and
then try to evaluate the inﬂuence of a coach on a design team.
Our previous experiments having shown that
the ﬁrst three practices are well received by the students. We expect that the BIM-agile coach will allow
each group to have homogeneity in each sub-project
thanks to a global vision.
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This paper introduces the concept of Virtual Place-making through Urban
Gamification for architects and designers as a potential application and
approach in architecture and urban design. This introduction will be achieved
through introducing Augmented Play and Urban Gamification; identifying the
urban gamification components based on the game Pokémon Go; exploring the
effect of augmented reality games on the experience of architectural and urban
spaces; identifying the role of augmented urban gamification in rediscovering
cities and redefining architectural spaces. Finally, an investigation of the existing
literature concerning making places is combined with the understanding of the
impact of digital technologies to construct an understanding of the concept of
Virtual Place-making.
Keywords: Gamification in Architecture, Internet of Things in Architecture,
Augmented Reality in Architecture, User-Participatory in Architecture,
Placemaking,

INTRODUCTION
‘Mowing the lawn or waiting in a dentist’s oﬃce can
become enjoyable provided one restructures the activity by providing goals, rules, and the other elements of enjoyment’ (Csikszentmihalyi, 2013). This
quote highlights the enjoyment eﬀect of introducing
gaming mechanics to daily chores. This can apply to
any activities regardless of the context, including activities that take place within the urban context such
as commuting, walking and sightseeing. Recently,
mobile app developers have been utilising gaming
mechanics in addition to other technologies such as
augmented reality to introduce games that are based

in the urban environment. These games use the real
space that is constructed by the architecture to provide a playing experience. It is essential to introduce
the concept of Augmented Play to build the understanding of such phenomena.

Augmented Play
The availability of 4G networks and the proposition
of the following generation of wireless systems provides a new standard for faster data exchange and
better implementation of the Internet of things applications. More devices are being wirelessly connected. This connection provides location-based ser-
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vices and mapping which are utilised by many applications including games. Mobile games started to
utilise location-based services since 2000 (Rashid et
al., 2006). The concept of location-based games is not
new. What is considered new is to provide an augmented location-based gameplay experience within
arm’s reach to everyone in the urban fabric. Examples
of these released mobile phone games are ‘Ingress’
by ‘Niantic’, ‘Jurassic World Alive’ by ‘Ludia’, ‘The Walk’
by ‘Every Step Counts’, ‘Zombies, Run!’ by ‘Six to Start’
and ‘Walkr’ by ‘Fourdesire’. One of the games which
stood out and gained popularity is Pokémon Go. The
game was released by Niantic in 2016. In the same
year, the game downloads and usages surpassed the
use of the social media platform Twitter in the US [1].
This quantiﬁcation shows the popularity of the game
and the impact it has on users.

While this game was released for entertaining
purposes, it brought few extra perks that aﬀected different aspects of its players’ lifestyles. One of these
perks is allowing them to have a new experience
of wandering around in the urban fabric, moving
from one stop to another looking for gaming rewards
and naturally re-discovering the city and its architecture from a pedestrian level (Figure 1). The mobile
game oﬀers the possibility of interacting with reallife monuments such as buildings and architectural
monuments through the game interface. Those architectural elements are recreated in the virtual environment as virtual monuments and are referred to
as ’Poke gym’ and ’Poke-stops’. Each ’Poke-stop’ rewards the gamer with game prizes such as items and
tools once the gamer interacts with the virtual monument within a speciﬁc range of the actual architectural monument. In such interaction, the gamer interacts with three layers, a reality layer, a virtual reality (VR) layer and an augmented reality (AR) layer
which allows the gamer to realise the whole experience through the hybrid bridging between reality
and VR. The reality layer represents the environment
and the built environment, the virtual reality layer
represents the digital map and the gaming mechanics. The AR layer happens through the use of the device camera at certain places in the game. The gamer
is restricted to the game programmed mechanics,
however, there is freedom in the choices of the play.
See Figure 2.
The Augmented Play takes place in an urban context. Thus, it is essential to introduce the concepts of
Urban Gamiﬁcation and the Virtual Place-making.

URBAN GAMIFICATION AND VIRTUAL
PLACE-MAKING
As mentioned the Augmented Play happens within
an urban context which led to the emergence of
two concepts: Urban Gamiﬁcation and Virtual PlaceMaking. In the following section, an investigation of
these concepts is presented.
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Figure 1
A conceptual
montage showing
the fusion of the
Virtual and the Real
on the University of
Lincoln campus, UK

Figure 2
Gamiﬁcation
between Reality
and Virtual Reality

Figure 3
Urban Gamiﬁcation
Components in
Pokemon Go game

Urban Gamiﬁcation
Gamiﬁcation in the urban environment powers the
Augmented Play. Gamiﬁcation is deﬁned as ‘the use
of video game elements in non-gaming systems to
improve user experience and user engagement’ (Deterding et al., 2011). In the urban fabric, the use of
gamiﬁcation aﬀects the engagement and the experience of architecture and the built environment while
providing an interface for information. The building,
streets and landscapes become the level of which the
game takes place
This engagement can be justiﬁed as an extended
perk for using AR technology, but that is not quietly
accurate as signiﬁcant part of the interaction is derived by the gaming elements such as the reward
system, the levelling system and the peer competition. There are various components of which makes
these games urban engaging (Figure 3). In the following section, these components are classiﬁed and
described.

Urban Gamiﬁcation Framework
In order to understand how the urban gamiﬁcation in
the game is created, an investigation of the in-game
features and components is realised. According to

the analysis of the Pokemon go game, 5 main components are identiﬁed: Characteristic, Environmental, Built Environmental, Gaming Mechanics and AR
Window.
• Characteristic
The characteristics component has two subcomponents: Personal Avatar (Personal Representation) and Companion Avatar (Virtual Pet):
• Personal Avatar (Personal Representation)
The avatar is chosen by the players to represent
them in the virtual map. The users choose the gender
and the appearance (style) of the avatar and the team
of which they want to join. The players have no direct
control over the avatar as it follows their movement.
• Companion Avatar (Virtual Companion)
The players choose their favourite companion at
the beginning of the game. The choices of these
companions grow as the players advance in the game
and collect more virtual pets. The companion provides a walkable company and reﬂects the personal
player choice. Also, the virtual companions allow
users to compete (battle) in the game.
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• Environmental
The environmental component has three main
sub-components: the digital map, the weather simulator and the virtual inhabitants. The environmental
component is based on a real-world map. A visuallyenhanced digital map is utilised in the game to represent the real context. In this map, the users can track
their position in the urban and rural context. Also,
they can move the avatar based on their real movement and actual location in the world. The weather
simulator mimics the weather condition that is happening in the real environment inside the game. For
example, a rainy day will be simulated as a rainy day
in the game (Figure 4). The weather simulator aﬀects
the type of virtual inhabitants encountered by the
user. The virtual inhabitants are randomly placed virtual animals of which appear to the users when encountered at random locations through their walking
in the environment. Those inhabitants can be caught
by the user and added to their pet collections.
• Built Environmental
The built environment is based on the real space
that is created by the architecture and the urban context. However new virtual places are introduced and
placed on existing architectural monuments. These
places are resembled by public stations (Pokestops)
and public playgrounds (Pokemon Gyms). These
places are important parts of the game mechanism.
Users often visit these to collect rewards or compete
to gain the highest rank in the gym.
• Gaming Mechanics
The gaming mechanics is based on a collection
system, a rewarding system and an exploration system. The collection system allows the users to collect virtual pets and items that allow the advancement in the game. The rewarding system rewards
the users with extra perks and unlocks new achievements which add to their collection. The rewarding
system is represented by levelling experience points
(XP), medals and trophies. The exploration system
encourages users to explore and achieve some ingame tasks which grant rewards once completed.
The research progress represents the exploration sys-
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Figure 4
An Ingame
Screenshot of
Pokemon Go
Showing a Rainy
Day in the
Environment

Figure 5
An Ingame
Screenshot of
Pokemon Go AR
Feature Turned on
When Encountering
a Virtual Inhabitant

Figure 6
The Initial Urban
Gamiﬁcation
Framework Based
on the Analysis of
Pokemon Go
Application

tem.
• AR Window
This is the feature that allows the users to switch
on the AR feature. The AR Window utilises the mobile
camera to allow an augmented playing experience in
the built environment. See Figure 5.
This framework is an initial realisation of the components based on the Pokemon Go application analysis. It is not a ﬁnal framework, and there is a need to
develop it further based on other cases and applications. See Figure 6.

Virtual-Reality Emergence
The Virtual-Reality emergence and interplay in the
game happen on two diﬀerent levels: cognitionbased, and technology-based.
• Cognition-based
The game user creates the connection between
reality and virtuality in his mind with the aid of the
following features:
1. Map-based location tracking. The map-based
tracking creates a parallel environment allowing the gamer to relate the virtual surrounding in the game to the physical surrounding
of the real life.
2. Weather Imitator. The game is designed to
imitate real-life conditions in the game. A
rainy day in real life will lead to a rainy day in
the game which aﬀects the types of encountered inhabitants
• Technology-based
The application aids the users in creating the
connection between reality and virtuality utilising
the following features:
1. Visually-enhanced Digital Map. The digital
map design and representation, including the
colour choice, invite the user to a parallel reality that enhances the experience and the observation of the real built environment.
2. AR Wndow. This switch allows the game to
use the device’s camera and to capture the
surrounding as a background for the virtual
inhabitants.

Virtual Place-making
Place-making is “the way in which all human beings transform the places they ﬁnd themselves into
the places where they live.” (Schneekloth & Shibley, 1995). This deﬁnition describes place-making as
the process by which humans transform the tangible space that surrounds them into a living place that
hosts their activities. In the pursuit of identifying the
factors that aﬀect the sense and the making of place,
Falahat (2006) identiﬁed the four factors: physical
features, individual features, activities and meanings.
Punter (1991) identiﬁed three factors: form, activities
and meanings. Canter (1977) identiﬁed three factors:
form, activities and conceptions. These factors have
similarities; they highlight the physical attributes of
space, the activity within the space and the human’s
insight whether through meaning or imagination.

COLLABORATIVE & PARTICIPATIVE DESIGN - Volume 1 - eCAADe 36 | 455

With the advancement of technology, space gain
diﬀerent dimensions and diﬀerent interpretations.
One of these diﬀerences is that space is not tied to
time and is not limited to a speciﬁc location that
is physically bounded. Thus, new types of space
emerged. An example of these spaces is the Cyberspace and the Augmented Space (Chan, 2010).
These spaces have virtual and augmented attributes.
They are connected beyond the time and the location. And there are activities which take place in such
spaces. These activities have diﬀerent types. There
are social, entertainment and even educational activities. These activities are virtual. However, they
trigger human insights as eﬀectively as physical activities. Negroponte (1995) describes the disruptive
eﬀect caused by digital technologies on the understanding of space by the notion of ‘place without
space’. This description can be observed nowadays.
An example of that is the digital presence of individuals on social media and online spaces. Anyone
can zone out of a social gathering through the use of
the mobile phone. The mobile screen allows the creation of a virtual place in which the user seeks comfort. Accordingly, It is possible to propose that a place
can be constructed virtually. This place is not limited to a physical presence but can be formed and realised using digital technologies. Also, It triggers human insights and allows activities whether it is virtual
or physical. The construction of this place is VirtualPlacemaking. See Figure 7.
The virtual placemaking can be achieved in the
urban environment through Gamiﬁcation. Gamiﬁcation can transfer the urban space to an urban place
through the digital value that is augmented through
the digital application which stimulates the realisation of the real architectural values and adds to them.
The concept of the digital value is introduced in Qabshoqa (2018).
Games have a motivational eﬀect on their users
(Glover, 2013) which increases their engagement and
participation level. They are deﬁned as “a form of
participatory, or interactive, entertainment” (Rollings
& Adams, 2003). This deﬁnition highlights another

aspect of utilising these games as tools for participation. Participation is an essential component of
placemaking. Placemaking has diﬀerent deﬁnitions.
It can be deﬁned as “a collaborative process by which
People can shape their public realm in order to maximize shared value, facilitates creative patterns of use,
paying particular attention to the physical, cultural,
and social identities that deﬁne a place and support its ongoing evolution”. Pokémon GO can be
seen as a representation of the collective and creative
method to make a place and communicate social values (Hjorth & Richardson, 2017).
Figure 7
A Proposed Virtual
Place-making
Model

The concept of virtual placemaking is not limited to
the use of mobile devices but also applicable to all
sort of technologies that support the crossing between the virtual and the real such as augmented reality glasses and peripheral devices.

The Impact of Urban Gamiﬁcation and Virtual Place-making
Researches in AR technology in mobile phones
showed that using AR applications in mobile devices
improves people navigation and experience (Lee et
al., 2012; Rehrl et al., 2012). These ﬁndings were
linked to the data-embedded in location-based services and the concept of layers, where such technology creates a new layer that reengages, reproduces and re-appropriates public spaces through the
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projection of augmented content and the possibility
to communicate various information in private and
public (Liao & Humphreys, 2015). An observed example of this eﬀect on navigation is locating a building according to its proximity to a Pokemon Go Gym.
Or advertising the location of an establishment based
on the nearest PokeStop.
Recent studies reported health beneﬁts of using
such games. Beneﬁts include increased exercise, socialisation, and outdoor activity (Althoﬀ et al., 2016;
Scholz & Smith, 2016; Tateno et al., 2016).
The motivational eﬀect of such games can be
utilised in participatory design approaches in the
place-making process. An example of this participatory approach appeared in the development of
the Pokemon Go game. The developers used landmarks provided by users from one of their previous
augmented reality games ”Ingress” [2]. This re-use
of data that is provided for one application in another application presents collective users’ participation and introduces the concept of data recycling,
which could be of tremendous use for architects and
designers. Since architects and urban designers hold
responsibilities for the current reality of architectural
spaces, such approach holds the potential for assessing and creating augmented spaces. These applications and games as part of the Internet of Things can
be recognised as interfaces for applications of datadriven design in architecture (Qabshoqa et al., 2017).
The application provides a user-focused experience
and allows designers to gain better insight into the
actual use of urban spaces. Also, it permits them to
reverse-engineer the process to promote the visit of
certain urban spaces by creating virtual gaming monuments that endorse them based on a digital value
assessment.
In 2016, insights gained from a survey of Pokemon Go players in the US [3]. The insights include
contributing to the friendliness of the place, provide
a common ground for racial and gender equity, reduce idleness and encourage activity in individuals.
These studies do not contribute directly to the
experience of architectural and urban spaces. How-

ever, they cannot be ignored as the impact they have
directly aﬀect aspects of experiencing and making
places. From the previous discussion, it is possible
to conclude the impact of Urban Gamiﬁcation on the
experience of architectural and urban spaces as follow:
• Positive impact on Navigation and place location.
• Positive impact on the health and well-being
of urban residents.
• Provide an augmented platform to make
places based on the virtual spaces.
• Provide an interface to assess the urban and
architectural spaces based on the virtual activity.
• Provide a public augmented space and playground which promotes equity.

CONCLUSION
Games focus on the users and the users‘ experience.
They are designed to grab their attention and keep
them entertained (Totten, 2008). This focus on the
user experience is essential in architecture and the
built environment. Architects aim is to design for
users. However, the built environment often disregards users experience and focuses on the physical
aspects of space due to various factors including economic and legislative ones. The virtual environment
has a potential to be the starting point for focusing on
users’ experience and making places within the existing spaces. It is relatively an aﬀordable method with
great potential for enhancing user’s and occupant’s
experience and reviving urban spaces.
Pokemon Go as a game is still considered popular among its users. However, this game could be a
fad that went viral and will fade away soon. The value
of this research is not to focus on the game but to
utilise it as a pilot study to develop more profound
knowledge with regards to augmented spaces, virtual places and people interactions. The game was
chosen for its vast leading popularity and the broad
base of users.
For future research, there is a plan to develop and
test the urban gamiﬁcation framework based on fur-
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ther cases studies. Also, there is an aim to implement
the framework within the Building Information Modelling environment where virtual places are assessed
as information layers in the BIM model.
In this paper, an introduction and discussion of
the Urban Gamiﬁcation and Virtual Placemaking concepts are presented. The Urban Gamiﬁcation framework sets an initial understanding of gaming elements which can be utilised in the architectural and
the urban design to construct virtual places. The paper emphasises the impact of augmented and virtual
technologies on space and the role that mobile devices play in bridging reality and virtuality.
The virtual environment is as important as the
built environment in creating places. There is a need
to expand its architectural application and to assess
and utilise it in design.
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This paper evaluates, along with expert assessment, the novel, evolving and
creative instruments employed for a digital design process. Applications within
this paper derive outputs which are attention-grabbing. These include Agent
Simulations, Artistic Image Processing, Realistic Site Geometry, Projected 3D
Space Sketching, Immersive 3D Space Sketching, Rhinoceros3D,
Grasshopper3D, Fuzor, and Immersive Virtual Reality Presentation. The expert
evaluations conclude that all design instruments and methodologies implemented
within the digital design ecology work together well for educational purposes.
Within the professional practice, however, the various tools could be implemented
seamlessly; whereas some of them would not suit the industry from a time-cost
perspective. Throughout this paper reason and insight becomes explained and is
clear as to why various applications should be selected within various modes of
operandi for design processes.
Keywords: Methodology Ecology, Agent Simulation, Digital Design, Virtual
Reality, Photogrammetry, Image Processing

INTRODUCTION
Diving into the digital culture of intricate and complex design systems laid out as a simplistic tactic.
Aiming to aid the processes of design carried out
by educational institutions and architectural professionals. Breaking out of the norm, also called the
traditional design methodology of persisting within
a singular typical design processes, which occurs
throughout all architectural education and professional practices. Here this paper will explore and evaluate the processes expressed as a qualitative analysis throughout the paper Digital Culture: An Interconnective Design Methodology Ecosystem (Rogers et al.
2018), that has arrived by expert evaluation and as-

sessment. Determining whether the use of such tools
is viable within educational institutions and architectural professionals.
Traditional design methods such as hand-pencil
sketching, CAAD and screen-to-printed rendering,
have since become very ordinary (Kvan 2001). A
unique richness of architectural design during the
concept, development, and presentation phases
must be sought at by the designer to create values
(Kvan 2004). Architectural design is evolving due to
various approaches embracing evolving digital technologies which utilising many modern tools existing
across a range of technical matters.
Three architectural design experts were selected,

COLLABORATIVE & PARTICIPATIVE DESIGN - Volume 1 - eCAADe 36 | 459

Figure 1
(Left) Relationship
of the designer (D)
to the technologies
with the designer in
the centre of all
activities (Maver
and Petric, 2003).
(Right) Design cycle
that advocates the
design is in the
centre of all
activities (Schnabel
et al. 2004).
and asked to provide evaluation and reasoning for
each design tool stated within the Digital Culture research paper, these were titled:
•
•
•
•
•
•
•

Agent Simulations
Artistic Image Processing
Realistic Site Geometry
Projected 3D Space Sketching
Immersive 3D Space Sketching
Rhinoceros3D, Grasshopper3D and Fuzor
Immersive Virtual Realty Presentation

The three experts gave their evaluation, assessment
and reasoning from two perspectives, the ﬁrst being an education perspective, and the second being
from an industry perspective. All experts come from
educational backgrounds and are currently in teaching positions within universities, they have all worked
within a professional practice for diﬀerent lengths of
time, expert one being eighteen years, expert two
being six months and expert three being ﬁve years.
The variation here is required to cover a signiﬁcant
length of time-based design traditions.
The motivation for this research derived from the
continuous production of orthogonal designs carried
out by the majority of students and many professional practitioners (Schnabel et al. 2007). Software
commonly used by these individuals and institutions
is a signiﬁcant factor for this outcome, along with the
materials used within the construction phase (Abdel-

mohsen 2013). Architectural design programs traditionally building structures tend to commonly be
built from concrete and steel which explains the desire for orthogonal buildings, however, this creates a
very rigid landscape and skyline.
Many “older” generations of architects believe
that the study of the design process will restrict their
ability to design (Wiggins 1989), this situation is from
a period where CAAD was very limited and in the
simplest of developments on early desktop computers. Figure 1 shows diﬀerent approaches to generate, interpret and translate design (Schnabel et al.
2004). In the due development of vast numbers of
applications and technology developments deciding
on what tools to use can become too overwhelming.
This is where existing students and architect professionals remain using the same tools throughout their
lifetime and hardly diﬀer from these.
Within ﬁgure 2, as described in the paper titled
Digital Culture (Rogers et al 2018), suggests, “Strategically, the key for success within this methodological ecosystem is the requirement of interconnectivity between the multiple design tools with various technological capabilities. Input data could include site and context factors, inﬂuences, and client
brief, these are distributed around the ecosystem
purposely or arbitrary dependent on the architect/s
aspirations during any phase of the design. Generating rich and complex outputs transpires from
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Figure 2
Interconnective
Design
Methodology
Ecosystem

Figure 3
Quelea Agent
Simulation

advancing the design workﬂow whilst also implementing outputs from other tools simultaneously.
The commencing and concluding tool must be established by any means in order to allow suﬃcient
strength and resolution within the architectural design to come through to the end of the dynamic process”.
The tools from the case study within the evaluation throughout this paper were chosen to best-ﬁt
the design of a Light Rail Shelter through the centre of “Courtenay Place” in Wellington, New Zealand.
Data was composed of the site and context, such as
popular cuisine establishments and attractions, roadways, footpaths and neighbouring buildings, surrounding local artistic graﬃti, and the immediate
neighbouring building texture and form (Rogers et al.
2018).

in academia from a research perspective, also for students to generate creative work”. The term ‘ideation’
is well known within discipline circles, and agent simulations is a well-visited ideation framework.
None of the various agent tools alike are developed from scratch using computer science methods,
these are tools that are available as plugins and as
their own program through Grasshopper 3D, therefore remain very open to the public. The way in which
students bring these tools together have meaning
and generate creative ideations. However, they are
not notepad-like and require speciﬁc coding, they are
point-and-click variables or ‘visual’ code.

AGENT SIMULATIONS
“A Quelea agent simulation tool capable of ﬂexible autonomous path-ﬁnding within Grasshopper 3D
and Rhinoceros 3D” (Rogers et al. 2018).

Education
Agent simulations is a tool used greatly with education as speculative way to explore form and space
(Asriana and Indraprastha 2016). Expert one exclaims the tool “could be used additively to generate forms, or also used subtractive where a particular
form would be used with a Boolean operation over
top of it. These agent simulations are of deep interest

As agent simulations are useful tool-kits for scholars
of architecture, the process works thoroughly within
universities as a driving factor for design. “Simulations should be run so often throughout the projects
with speciﬁc reasoning to avoid confusion and to
provide validation of accuracy” - expert two. Within
a university project, site analysis is subjective of the
designer, thus does not need a speciﬁc simulation of
every condition e.g. weather or times of the day. De-
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tailed data is however highly required to “determine
the location of attractor and repellent points and
their magnitude of a force,” says expert three, otherwise, the system performs as an assumption-based
text, although conceptually it does remain strong.

ARTISTIC IMAGE PROCESSING
“Local artistic graﬃti data input through Adobe Photoshop image sampling extracting dominant colours,
contrast areas, and exaggerating shapes and shadows of the graﬃti produced many abstracted outputs” (Rogers et al. 2018).

Professional Practice
Limited options or examples exist where this strategy has been or is being used in a professional capacity. “There are minimal examples of the profession
revealing to the public how they undertake a design
project, typically the outcome is the only revealed aspect unless a detailed examination of the work and
how things have been put together is carried out” expert one. It will always be diﬃcult to see the way
in which diﬀerent practices work without intruding.
Expert one also said, “Agent simulations are a great
new way to generate data to draw from as a creative
practitioner, a new option for the design process”.
“The study shown in ﬁgure 3 disregards environmental conditions which lead to inaccuracy. Additional factors aﬀecting the reliability of the system are
real popup events happening within the site” expert
three expresses. Expert two articulated that “as this
system is not reality, it requires more variables and accuracy as it is currently speculation speciﬁcally within
a professional setting”. Where the attractor points are
located is a subjective matter, which needs validation
beforehand of the real-street dynamics. Including
multiple conditions such as diﬀerent seasons, times
of day and how these factors inﬂuence agent movements. All of these data sets need combining to either create one general trend or be generalized categorically (Asriana and Indraprastha 2016). Overall,
agent simulations have promising potential regarding a system to analyse human movement for an
unattractive, uninhabited or virtual spaces. The addition of various variables will allow the system to be
much more realistic, thus creating shareable data between designers working on the same project.

Education
“Artistic image processing is a quick and eﬀective
tool computationally and generally to derive analysis
for speculative projects” communicates expert two.
“The strategy speciﬁcs in ﬁgure 4 tend to be vague
regarding the scripting and techniques other than
the execution through programs Rhinoceros3D and
Grasshopper 3D” conveyed by expert three. Collages
of the shown graﬃti and grouping greatly eﬀects the
data output, thus this needs to have direct reasoning
and clariﬁcation (Goldman and Zdepski 1990).
Scholarly and educationally, working with imagery and adjusting or augmenting it through either
code or simply working with the images themselves
remains really popular, leading to creative interpretative data sets. The fundamental reason for this is simply everything students do always ends up being representational, they almost never make the jump into
built full-scale structures. Therefore, they do not have
to worry about factors such as zoning laws, ﬁre egress
or constructional budgets. Thus, stepping back and
forwards into analysis of imagery though scripting
and the like is not too diﬀerent from producing a ﬁnal
image.
Figure 4
Graﬃti Image
Processing

Expert one expresses, “Compared to within industry,
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the ﬁnal image is simply a large complication of concrete, steel and glass. Demonstrating that the step
between working in this way compared to what happens in the design studio of a student are not as
great”. This is where image processing is seen as just
a part of the process in order to add value to a studio
project (Abdelmohsen 2013).

Professional Practice
Figure 5
Courtenay Place,
Wellington
Photogrammetry

Expert three confesses, “the system remains too conceptual, speculative and experimental for a practice
of whom is more concerned with the ﬁnal product of
a design process”. “It is quite rare that a professional
within practice would use this, it seems to provide
complexity and richness, but I think fundamentally
its two-dimensional. We can then use digital tools
to generate 3 dimensional forms out of these, but it
is to a certain extent a rich sketch tool, at the very
early end of the design process,” exclaims expert one.
Here this tool is not foreseen as being a valuable tool
for practice. Exception occurs in the case of projects
dealing with facades and two-dimensional imagery
such as stencilling into the glass or other materials
for a purely visual eﬀect (Goldman and Zdepski 1990).
Typically, the architectural discipline is obsessed with
three-dimensions when it comes to frameworks.

REALISTIC SITE GEOMETRY
“Photogrammetry, the process of taking numerous
photographs of a subject from many diﬀerent angles
stitched together to create a 3D piece of geometry,
with realistic depth and proportions” (Rogers et al.
2018).

Education
Within architectural education, expert one says “we
are obsessed with point-click modelling and highresolution geometry. Thus, photogrammetry is not
as popular, fundamentally, it is a tool to produce a
rough analysis with the level of detail that students
work at”. Regarding the feedback, the tool may be
useful analysing an entire suburb, whereas students
of architecture tend to operate on the street itself or

simply a building, thus the level of detail within photogrammetry is often unacceptable. As seen in NEC
and WCC’s model of Wellington City, New Zealand, it
has a great level of data as a city, but as a pedestrian
on the street it is still unacceptable, thus we’re still
struggling with that gap of ﬁdelity. Therefore, until
things improve or until the concerns of the universities alter I cannot foresee too much investment into
photogrammetry.

Expert two wonders, “whether photogrammetry is
directly added into a virtual reality presentation system such as the Unity3D game engine, or to simply whether to Photoshop the building facades onto
massing forms of buildings”. Here the expert struggles to see the strategy of photogrammetry. It is completed promptly by the use of computational systems
using algorithms to generate the three-dimensional
forms itself, rather than a time-consuming eﬀort to
directly position warped photographs from various
perspectives accurately.
“Photogrammetry is an intriguing technique in
an attempt to replicate reality’s geometry” expressed
expert three. It creates the opportunity for students
in education to morph the existing geometry of the
urban fabric to derive and generate new spaces (AlQawasmi 2000).

Professional Practice
Photogrammetry is becoming “increasingly popular
in industry, especially in New Zealand with the destructive earthquakes out at Kaikoura. It has become
a key tool to generate site analysis” says expert one.
The beneﬁt in this context is for health and safety reasons engineers or any workers must not be sent close
to rock faces or hazardous areas. In an eﬀort to bypass this restriction, drones are sent out to generate
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digital models that engineers in the safety and comfort of oﬃces can examine the site on digital screens
to a certain level of detail visually. Realistic site geometry and photogrammetry with laser scanning is
at the very start of its development, this is currently
working at sub-centimetre levels of detail, and this
gives a reason for incredible use.
Regarding ﬁgure 5, expert two asks, “If the geometric result is not high resolution, then how reliable
is it for use as realistic site geometry?” This is where it
is at the discretion of the designer to determine the
ﬁt-for-purpose. Expert three states that photogrammetry is “easily accessible to engage within the industry, it contains very beneﬁcial site geometric data
to aid design”. However, the result shown is a weak attempt due to the lack of technology and various site
restrictions such as illegal drone use and too much
population for laser scanning abilities. With nearzero site restrictions, this is where the tool strategy
becomes extremely accurate and beneﬁcial.

PROJECTED 3D SPACE SKETCHING
“Three derived outputs were selected from the previous image sampling tools and developed as a form of
design generation. Site photogrammetry imported
into Hyve-3D created a realistic scaled environment
to begin spatial form design. Agent simulation line
data was also imported in the program which the
sketching was referenced too, endorsing interconnectivity between tools” (Rogers et al. 2018).

and to continue to develop it with three-dimensional
sketches. Making the Hyve3D more accessible for all
students will encourage higher levels of usage and
will allow the system to reach better development
with more use.
The Hyve3D is similar to photogrammetry where
there is interest in the high detail that regular pointand-click modelling, scripting and visual scripting
within Grasshopper3D provides. Thus, this is a lowﬁdelity design visualization tool, which as a discipline, is very common to be uncomfortable with this
level of detail, simply as we desire to work at submillimetre levels of ﬁdelity to achieve such accuracy.

Professional Practice
The Hyve3D’s utility appears to be quite limited generally but is extremely good in certain aspects. “This
particular example of Hyve3D is enormous and has
limited accessibility to industry. The ability to sketch
three-dimensionally is not as important compared
to immersing yourself within three-dimensional simulated virtual realities of multiple kinds,” communicates expert one. Sketching is less important than being immersed in the projected ‘shell’, as sketching is
not as compelling as what the wonders of immersive
virtual reality are within a professional setting. The
application allows for collaborative work, endorsing
interpretation to ﬂourish between the architect and
client if desired (Rogers et. al 2018).
Figure 6
Hyve 3D Sketching
and Import into
Rhinoceros3D

Education
“The University seems to have limited interest in tool
uptake, although the location of the Hyve3D is not
in a very public or accessible space for every student
to access. Even when there were two studios of architecture students given the opportunity to use this
tool, there was still a very limited uptake” expresses
expert one. As the Hyve3D is currently quite a weak
and limited tool, “the combination of this tool with
Google Tilt Brush would be very eﬀective, and more
collaborative” says expert three (Al-Qawasmi 2000).
It is an easy way to begin a university design project

Expert two exclaims, “Hyve3D is a broken process
as the player is constantly rotating the sketchpad
in three-dimensional space and worrying about its
x, y and z placement”. In various situations, threedimensional sketching here is much simpler to do
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within Rhinoceros3D, as manipulating the plane is
diﬃcult to achieve accuracy. However, for experimental form-ﬁnding in sketching (ﬁgure 6), the
Hyve3D excels as an ideation generating system
which can be experienced by many critics at once.
Expert three says that the tool “suits a professional
setting in the initial stages of collaborative design,
although is more time-consuming, technical thus
could be more challenging for some of the older generations of architects” (Al-Qawasmi 2000).

IMMERSIVE SPACE SKETCHING
“Google’s Tilt Brush immersive virtual environment
‘game’ tool as a way of creating and manipulating
data. A hand-controller of tools, including diﬀerent
style brushes, shapes, scale and settings, provided
the ability of spatially generating designs 3D around
the designer’s body at any chosen scale” (Rogers et
al. 2018).

Education
“Potentially an appreciation of this tool to the designer rests higher within university students than
it will within practice. It is also immersive in the
way that requires developing designers to enjoy form
ﬁnding in diﬀerent ways” expresses expert one. For
developing designers, its immersive, low cost, it can
be as time intensive as one desires, it is new, and it
happens to be media which is another form closest to
the ﬁnal output. This makes immersive space sketching though virtual reality Google Tilt Brush very close
to the ﬁnal design (Achten et al. 2000).
Figure 7
Google Tilt Brush
Immersive Virtual
Reality Sketching
with Rhinoceros3D
Contextual Building
Masses
This is an experimental tool exploring applications
using three-dimensional space provided. Expert two

says Google Tilt Brush has an advantage to create immense form from an eccentric point of view, which is
ideal for students”. Expert three exclaims, ”This tool
will help to build immersive narrative with the addition of animations. The immersive sketch style endorses the free-hand artistic nature of designers”.

Professional Practice
“This is where being a student and professional depart. Industry will never have fun to explore a
tool such as this, simply because it is in an enjoyable environment to design in” confesses expert one.
Google is a world leader in the information technology department, they have provided many useful
tools, except this tool cannot be foreseen with industry. Professionals taking the time to draw with
three-dimensional blobs of mesh or neon animated
brushes, as intriguing it seems, may appear childish
or a waste of time, despite the exportability of the
spatially constructed forms.
Within the application, expert two expresses, “visually the human arm is ‘removed’ as you are immersed within the virtual space, thus giving the
player a disorientated sense of movement”. This
factor is understandable with novice users, as users
spend more time within the space and gain experience, this will become more comfortable and second
nature. Many practitioners will regard the technique
as too complex within its simplicity, too speculative
and unnatural at this day and age, as they are typically more accustomed with their current drawing
traditions.
Google Tilt Brush three-dimensionally translates
sketch directly to virtual models, this is an ideavisualization to geometry system. Expert three says,
“Younger professionals who typically draw free hand
will ﬁnd this tool encouraging and strategic”. This
is because the application three-dimensionally translates sketch directly to virtual models, solely used as
an idea-visualization to geometry system, the threedimensional sketch then has the option to be translated to a standard CAAD program (Achten et al.
2000).
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RHINOCEROS 3D, GRASSHOPPER 3D, FUZOR
“Data optimisation, development, and documentation commenced within Rhinoceros and Grasshopper throughout the duration of this research methodology testing, combining all tools and working as a
design hub” (Rogers et al. 2018).

Education
“Parametric-designed structure is an estimation of
function; it is not a computational analysis” exclaims
expert two. This is where further plugins need to be
explored and are required for speciﬁc structural analysis within a university project i.e. Karamba3D. These
three tools together as shown in ﬁgure 8 are an “ideal
combination of tools to generate accurate designs
that are more reﬁned towards the end of a design
project” expresses expert three.
“Fuzor is a simple introduction for students wanting to explore their designs within virtual reality easily...Student’s projects still deal more with an aperture
within a wall rather than the exact aluminium joinery
detail. Plugging this into one of the building information modelling programs seems to make very limited
sense. In addition to this, Fuzor does not have too
much sense existing within Rhinoceros 3D as here
the designer is constantly scrolling through the virtual design” expresses expert one.

zor is a simple introduction for students wanting to
explore their designs within virtual reality easily” also
says expert one.

Professional Practice
“In Practice, structural analysis is crucial, therefore an
iterative structural design system is required” says expert two. This is where more complex and speciﬁc
computation tools need to interact within the design development. Expert three conveys that “Architects using traditional CAAD programs typically create rigid designs, thus using these tools here breaks
out of this norm”. This includes the vast range of curvature manipulation that easily occurs within these
speciﬁc applications.
Fuzor allows continuous testing of form within a
virtual environment that is quick and suﬃcient. Virtual reality in this way adds and alters perceptions of
design, which are not apparent in two-dimensional
drawings. Fuzor is “an outstandingly powerful tool,
more aligned to profession than it is to university students. It working exceptionally well if the designer
has variation of library parts and subtle shifts are being made on highly detailed models. Such as shifting a door prefab, window prefab or adjusting a curtain wall” expresses expert one. This editing exists in
an environment where the testing is of low ﬁdelity or
high levels of abstraction. This is where Fuzor is recommended in having a higher impact within industry, rather than within student works.

IMMERSIVE VIRTUAL REALITY PRESENTATION

Fuzor initially is a non-immersive virtual reality. There
is currently the ability to walk-through with a human avatar, scroll through the virtual site, or have an
additional head-mounted-immersive-display such as
the HTC-VIVE or Oculus Rift. The relationship of Fuzor to building information modelling is where it becomes powerful, rather than the relationship to a
free-modelling program such as Rhinoceros3D. “Fu-

“The working outcome resulting from the interconnectivity design process within a realistic immersive
environment was exhibited within Unity as an .exe
ﬁle” (Rogers et al. 2018).

Education
A very powerful tool for professional and academic
studies. “For students, their fundamental interest is
leaning to design rather than to build, with construction merely being a small section near the very end
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Figure 8
Rhinoceros and
Grasshopper
Parametric Design
of Column
Placement and
Lattice Design.

of a design project, if existing at all. The tool offers beginning designers a chance to understand the
relationship between scale, perspective, proportion,
and the like in a way in which older mediums do not
achieve” mentions expert one. Here having a printed
rendered perspective or digital lighting animation is
highly diﬀerent from having the sensation of walking through three-dimensional space real-time, this
eﬀect cannot be diminished. “There are so many allegorical situations where architects have submitted
drawing but the design did not turn out as they had
expected” also expert one mentions. This includes
architectural greats such as Louis Kahn, where he reconstructed a building due to the expert’s mentioned
matter.
Figure 9
Immersive Virtual
Reality Real-time
Rendered in
Unity3D

Even though there is no materiality or temperature
within the immersive space, temporality and movement can be simulated as “this tool contains limitless
possibilities for design presentations, such as animations and simulations as shown in ﬁgures 9 and 10”
conveys expert three (Petric 2001).

Professional Practice
Immersive virtual reality is the most important visualization tool that exists at the current time, although
it is virtual, it is dealing with a built architecture, built
virtually, as opposed to looking at plans and sections which is only important to a certain scale. “The
application of this tool is much closer to architecture rather than what would have traditionally been
done using plans, sections, exploded axonometric
and building information modelling” expresses expert one.
“Various clients ﬁnd it diﬃcult to ‘read’ technical
drawings” mentions expert three. This tool bypasses
this problem with the use of experiencing the architectural design using immersive virtual reality. A virtual reality presentation proved to eliminate design
ambiguity to achieve a functional design, creating a
‘feel’ for each detail’s articulation (Petric 2001).

CONCLUSION

Figure 10
Immersive Virtual
Reality Real-time
Rendered in
Unity3D Animation

“Interconnective methodology ecosystem using the
range of evolving digital tools in a generative way
within this architectural design research proved very
successful” (Rogers et al. 2018). Summarising the
evaluation from the expert feedback candidates, all
tools implemented work together extremely well for
educational purposes. They are new, evolving and
creative with their outputs attention-grabbing (Schnabel et al. 2007). Within the professional practice, various tools could be implemented perfectly
whereas some of them would not suit the industry
from a time-cost perspective. Simply because they
are time-consuming to learn, which could be challenging for the older generations (Segard et al. 2013).
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Recommended applications within education based
on research and expert feedback:
•
•
•
•
•
•
•

Agent Simulations
Artistic Image Processing
Realistic Site Geometry
Projected 3D Space Sketching
Immersive 3D Space Sketching
Rhinoceros3D, Grasshopper3D and Fuzor
Immersive Virtual Realty Presentation

Recommended applications within professional
practice based on research and expert feedback:
•
•
•
•

Agent Simulations
Realistic Site Geometry
Rhinoceros3D, Grasshopper3D and Fuzor
Immersive Virtual Realty Presentation

For a young and new architectural ﬁrm to adopt these
applications of a design process, is the most ideal situation to embrace, extract and enhance new creativity. “While a designer may have a good tacit justiﬁcation for his or her design work, ﬁnding the words to
express the justiﬁcation may be very diﬃcult” states
Wiggins (1989), this is the prime example where such
creative tools can be used to express design, the various forms of data output is very vast.
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Digital technologies and contemporary CAAD systems are increasingly being
adopted in architectural practice. Thus, their impacts on buildings design process
need to be addressed and explored, as there are signs of a potential revolution in
AEC industry. This paper presents a methodology and preliminary results of a
work-in-progress for a Master of Science dissertation. The main purpose of the
study is to find similarities in practice in order to determine main characteristics
and fundamentals of contemporary design process. It consists of a design
praxiology approach according to Cross' taxonomy of design research. Three
project cases developed by digital processes and explored by secondary data from
literature reviews, complemented by documentary research, are presented as
preliminary results, as well as their main similarities. Through the analysis of the
cases, it was verified that the presence of BIM, parametric modeling and digital
fabrication overlaps and promotes holistic and largely collaborative design
processes. The role of collaboration is highlighted, which was presented as a key
factor for the success of the projects. Future results from the described
methodology should allow a more detailed and in-depth characterization of the
contemporary design process.
Keywords: digital technologies, contemporary design process, design praxiology

INTRODUCTION AND BACKGROUND
The adoption of Computer-Aided Design (CAD) systems in Architecture, Engineering and Construction
(AEC) industry, starting in the 1980s, occurred merely
as an analogy to the manual design representation,
which had minimal inﬂuence on the design process
itself. On the other hand, unlike CAD systems, the
emergence of digital technologies in the last decades
brings up great opportunities to revolutionize the
construction sector, modifying the whole design pro-

cess and emphasizing integration, communication
and collaboration (Willis and Woodward 2010). Signs
of these changes have been observed since the rise of
Building Information Modeling (BIM), later complemented by the implementation of parametric modeling systems and the parallel development of digital fabrication technologies and their application in
architecture.
The computational shift of design processes,
driven by digital technologies, originated the de-
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sign of much more complex projects, derived from
higher levels of integration between multiple disciplines and stakeholders, in order to solve design and
constructability challenges. With computation, the
design paradigm before understood as “possible to
real” has expressively changed to “virtual to actual”
(Garber 2014).
Traditional “possible to real” design processes,
based entirely on 2D documentation and coordination, occur in a hierarchical and sequential way as it
segregates design, understood as a description, and
production, the construction according to such description. This process segregation isolated designers from other parties involved and ended up turning
them into individualistic and eccentric individuals. It
also placed the central role of design in drawings,
the main type of communication until then (Lawson
2005).
However, uncoordinated drawings and individual design intentions end up isolating the intellectual contribution of designers from manufacturers
and builders and consequently protecting designers from responsibility regarding project coordination and other issues (Eastman et al. 2011). According to the authors (Eastman et al. 2011), design is not
though this way but it is a team eﬀort, involving the
owner or client, the architect and other experts, as
well as fabricators and others involved in the project’s
execution. The authors (Eastman et al. 2011) also
point out that design development involves prodigious levels of coordination and collaboration that
hardly occur in traditional design processes.
Thus, the contemporary architect has to give up
the role of an author or exclusive creator (Marble
2012) to become a multidisciplinary strategist or coordinator, who deﬁnes aspects and methods that will
be considered, how to use them and judges their
contribution to the design process (Ottchen 2009).
The architect as a strategist may also bring nontraditional ideas into the concept design stage. This contemporary approach makes reference to the master
builders of the twentieth century. However, multidisciplinary, interactive and participatory environments

emerge as essential elements of the new paradigm.
It is also important to point out that the development and implementation of digital technologies
are industrializing the construction sector, as it happened earlier to the automotive, aerospace and shipbuilding industries, both when it comes to the designed geometries and production processes. At the
same time, digital technologies provide resources to
design more sustainable buildings as they enable the
analysis of multiple performance criteria in parametric environments.
Therefore, as pointed out by Keough and Hauck
(2017, p. 76), “under these new conditions, computation can support the actual design and construction process by providing a more complete understanding of a choice’s consequences in the context
of many possible alternatives. The inclusion of fabrication methods and construction logic in design decisions will become routine and repeatable”.
Also, it is relevant to highlight the importance of disseminating digital technologies holistically throughout the entire design process, including
the initial stages of concept design and design development, which are essential to and highly inﬂuence the later stages, so that their real beneﬁts are
achieved. As creative as the concept design stage
may be, it also has to consider multiple constraints
and aspects of the future building, as well as the
expertise of the entire design team (Eastman et al.
2011).
Because of the new roles and processes required, resistances to change can be observed on
part of some AEC professionals, especially when talking about developing countries where there are rare
examples, despite some exceptions, of buildings designed through this new approach of architecture.
This potentially generates some diﬃculties for disseminating digital technologies and contemporary
design processes worldwide, even though they are
increasingly showing up as a global tendency. When
getting to know further about cases of projects consolidated by the new paradigm of contemporary design practice and its characteristics, it is possible that
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these professionals will be interested in migrating
to digital technologies and contemporary processes,
which in time will be inevitable.
Interactive and collaborative models are inherent in current design tools and a new generation
of buildings, in which proactive relationships foster synergies between architecture, engineering, and
construction (Garber 2014). According to Kalay
(2006), one can understand the relation between
technology and architecture as the “horseless carriage paradigm”, where technology emerges as a way
of changing the perception of the practice about itself, transforming and inﬂuencing it. From this context, the author points out that recurring practices
will deﬁnitely be replaced by new design practices
and that the question is how this will occur and at
what proportion.
Thus, a scientiﬁc approach to design becomes
necessary, as a reﬂection of the reality of contemporary design practice, derived from the high scientiﬁc
and technological developments (Cross 2007). This
paper presents a methodology that is currently being
applied in a Master of Science dissertation, as well as
its preliminary results. The main purpose of the study
is to ﬁnd patterns and similarities in practice in order
to determine main characteristics and fundamentals
of contemporary design process. It is expected that
the development of this research may help encouraging the adoption of digital technologies and collaborative work environments in places where contemporary practice is still a distant and unusual reality.

METHODOLOGY DESCRIPTION
Due to the increasing technological development of
design methods and complexity of buildings, investigations focusing on design issues become increasingly necessary for promoting a connection between
the sub disciplines involved in buildings design and
for achieving contemporary design knowledge and
perceptions (Cross 2007). Thus, the importance of
design research, deﬁned by Cross (2007, p. 47) as “the
development, articulation and communication of de-

sign knowledge”, is highlighted.
Cross’s taxonomy of design research ﬁeld has
three main categories: people (design epistemology), processes (design praxiology) and products
(design phenomenology). In this study, the second
case will be approached: the study of practices and
processes of design, including tactics and strategies
resulting from the application of new design technologies, such as computational design, that stimulates design process inquiries (Cross 2007), like the
present paper.
The author also discusses the importance of
studying outstanding designers, who work from innovative manners, because they are “a rich source
of new ideas and alternative perspectives” that can
enable the diﬀusion and transfer of “best practice”
across design professions (Cross 2007, p. 50). Lawson (1994) has developed a study with such characteristics by interviewing several architectural designers in his book entitled Design in Mind. Another similar work was developed by Cross (2002), in which the
author analyzes and compares three case studies of
designers to verify similarities.
It turns out that, in AEC sector, design research is
becoming increasingly speciﬁc, focused on partial aspects of design development and construction. Thus,
there is a lack of studies such as those developed
around the design science decade, but updated to
nowadays, that enable us to identify the impacts of
scientiﬁc and technological development in design
process from a holistic point of view.
That said, these factors were considered in the
planning of this study, which is based on the definition of design praxiology category of design research, considering the design process from companies that work innovatively in the ﬁeld of architecture, inspired by Cross and Lawson’s studies with outstanding designers. It is intended, therefore, to provide a panoramic view, a characterization of contemporary design processes, considering the modiﬁcations that the practice suﬀered from the insertion of
digital technologies and computational design.
To this end, the impacts of digital technologies
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will be veriﬁed on design process’ stages. In this
study, the single term ”digital technologies” refers
to BIM, parametric design and digital fabrication together since their inﬂuence in AEC industry appears
in an overlapping way, with no clear limits deﬁned
between them (Aish 2014).
First stage of the study consists in the exploration of project examples that have already been developed from the intensive use of digital technologies. The data about the examples are secondary and
were identiﬁed and explored through literature reviews, mainly found in books (Garber 2014) and articles from Architectural Design [1], which constantly
publishes innovative project cases, and through documentary research. The cases were chosen considering the companies that work with digital processes
and usually publish work on their projects. In the second stage, the cases were analyzed from systematization ﬁles developed by the authors in order to extract similarities from their design process. The ﬁles
contain the main functions of digital technologies in
the projects, main software used and issues related to
the way agents communicated with each other (see
Figure 1).
The identiﬁed case similarities allowed the elaboration of a questionnaire, which should be applied
with professionals who work or have worked in innovative architectural ﬁrms, also identiﬁed by the literature review, to seek further data in relation to how
digital technologies inﬂuence and modify the design
process. The questionnaire seeks to gather information about the stages of design process in companies, stakeholders involved and main software used
for each stage, as well as their respective functions.
When the necessary data is obtained, it is intended to develop an overall design model, containing stages and ﬂows of design process, software used
and communication means, to serve as an instrument that can characterize and guide the use of digital technologies, especially for companies still tied
to traditional processes and taking initial steps in the
use of computational design.

PRELIMINARY RESULTS
In this section, a brief description of each explored
project case will be presented. Then, the similarities
between their design processes will be highlighted.

Project 1: The Barclays Center by SHoP Architects
According to Gregg Pasquarelli from SHoP Architects
[3], the essence of the contemporary architect is to
take risks in order to achieve rewards [2]. The architect as drafter and producer of images has a low intellectual contribution and ends up seen as replaceable
(Gauchat 2009). When other relevant aspects related
to construction are brought into design stages, the
architect’s intellectual contribution increases, reaching greater value and reward (Gauchat 2009).
The challenging Barclays Center is one of the
SHoP’s projects that exempliﬁes this issue. When
SHoP took over the project, they had only 72 hours
to come up with a solution and six weeks for design development, considering multiple budget constraints and a structural project already developed,
besides the fact that the structural steel was already
ordered ([2]; Garber 2014). Thus, ShoP Construction
Services (SC), an entity that deals with internal project
budgeting processes and the relationship between
project and constructive solutions or techniques, focusing on the use of digital technologies, played a
fundamental role. SC promoted the ﬂow of communication between architects, structural engineer and
façade contractor, as well as the coordination of digital models (Garber 2014).
The use of BIM and other digital technologies became essential to control the multiple constraints related to the project. While planning CNC cutting of
the facade panels (12,000 pre-weathered steel panels), SC transformed the surface Rhinoceros model
into a solid model through CATIA software, maintaining the parametric curves, and then used SigmaNEST
and AutoNest to group the panel format eﬃciently
for waterjet-cutting (Garber 2014). Through the use
of nesting software, it was possible to reduce the dimensions of the panels and save around $ 250,000 in
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Figure 1
File for examples’
analysis
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building materials. This process increased trust levels
between facade contractors and SC, and proved that
standardization is no longer a requirement for facade
panels, which can now be mass customized, becoming unique and yet eﬃcient ([2]; Garber 2014).
Communication between stakeholders was a key
factor for the success of the project and its attendance to constraints and owner’s preferences. The integrated process of the Barclays Center allowed the
development of more complex interior systems to
match the exterior of the building. Finally, detailed
as built models were developed in Autodesk Revit
software, integrating the data from interior design
with the constructive scope, the façade and structural models, to facilitate operation management of
the building (Garber 2014).
Digital technologies were also key factors for
the collaborative model of the Barclays Center.
Pasquarelli [2] points out that this project was a
constant feedback loop and consequent learning
throughout the development process, and emphasizes that we should take advantage of this moment
in architecture where it is good to be a new professional because, for the ﬁrst time the tools of new
professionals are superior than those of more experienced ones.

Project 2: Perot Museum of Nature and Science by MORPHOSIS
The Perot Museum of Nature and Science, a 16,723 m²
building, built between 2010 and 2012, in the city of
Dallas, is one of MORPHOSIS’ projects that had its success widely dependent on a collaborative project environment, aiming at high standards of sustainability
[4]. The sustainable strategies include concrete mixtures with speciﬁc materials to meet LEED requirements, as well as systems for rainwater harvesting [5].
A BIM model was developed, containing information to coordinate the ﬁve main components of
the building: the core, made of cast-in-situ concrete;
the cube, the outer precast envelope; the atrium, the
more complex geometry of the building, made of
precast concrete; the glazed facade for vertical circu-

lation; and the plinth, also made of precast concrete
([5]; Garber 2014).
Physical prototypes extracted from the BIM models have been 3D printed several times through the
process, which greatly inﬂuenced the project development. So, building components were analyzed
digitally and through physical models, which were
also used to discuss design aspects with stakeholders
(Garber 2014). Digital fabrication methods were used
to create prototypes and to enable the production of
full-scale precast concrete panels, a solution adopted
for a large part of the building (Garber 2014).
The building facade consists of multiple precast
concrete panels, conﬁgured to produce shape variations and create geometric continuity [5]. A library
of components has been developed through parametric modelling, which could be arranged in diﬀerent ways to produce such variations. Atrium panels
are more curved than those on the plinth to express
transition from natural to synthetic (Garber 2014).
It should be noted that costs are always kept under control in the geometric studies of the company,
even though they may simplify the initial design concepts (Garber 2014).
The team discussed with the precast manufacturer the best way to make the molds, which was critical for the panels production. In addition, the designers conducted meetings with the contractor and the
subcontractors to ensure that everyone understood
how to control and build the facade under acceptable cost. In these meetings, models were used as a
form of communication and coordination, as well as
to test possible project solutions (Garber 2014).
The engineering team working on the project
developed the model of the primary steel structure.
MORPHOSIS developed the model of the secondary
structure and then coordinated the work of engineers with the precast manufacturer’s. In addition,
Autodesk Navisworks software was used for clash detection (Garber 2014).
The construction process was planned as eﬃciently as possible. The panels needed to be distributed in a continuous spiral around the building,

474 | eCAADe 36 - COLLABORATIVE & PARTICIPATIVE DESIGN - Volume 1

so the hoist was placed inside the elevator shaft. Coordination of the model prior to manufacturing process allowed for all connections between panels to
be established without any requests for information.
The execution of the internal environments was also
improved by the use of digital fabrication techniques
[5].
Meetings and interviews were constantly promoted by design team to deal with all building component systems, this real-time communication was
essential for the success of the project. Thereby,
the eﬃciency of all stages of the design, fabrication
and construction processes was optimized, reducing
costs and increasing the quality of the ﬁnal product
[5].
The transparent and collaborative approach between stakeholders has created an environment that
has fostered dialogue throughout the process and diminished chances of poor communication. The integrated and collaborative process allowed the team
to complete construction six months ahead of schedule, providing the ﬁnancial beneﬁt of an early opening to the owner. In addition, project execution occurred at a total cost about 6% lower than estimated
[6].

Project 3: Fondation Louis Vuitton by Gehry
Partners
Designed by Gehry Partners [7], the 11,700 m² Fondation Louis Vuitton building is located in Paris and
was built between 2011 and 2014 [9]. The project is
a benchmark in the use of technology and has had
intensive use of BIM, parametric modeling and digital fabrication, with more than 15 teams distributed
around the world, over 400 employees, almost 100
gigabytes of computational data, more than 100,000
iterations of the BIM model, 19,000 concrete panels
and 3,500 customized glass panels [8].
Collaboration and communication were crucial
in the development of the project. Gehry Technologies developed a custom, cloud-based system for
models data exchange, which allowed versioning, simultaneous data distribution and tracking [9]. The

central model had been developed in Digital Project,
however, many other tools were used and the interoperability occurred through through customized
tools or online platforms [8].
For the central model, a server that allowed the
simultaneous and transparent work among all those
involved in the project was used, maintaining the
consistency between disciplines, which signiﬁcantly
boosted the communication of project data [8]. The
company had a dedicated consulting team working to accelerate the adoption of digital processes,
including training activities, tutorials, and tool developments. The server was used as a single basis
for construction analysis and scheduling, reducing
time wastage and errors originated from low levels
of communication and integration [8]. In addition,
the use of computational tools for data integration
allowed to achieve design innovations that would
rarely be achieved before in such a short time [9].
Three main models of the project were used, denominated: PRO, model of design team; INT, for the
simultaneous work with the contractor; and the EXE,
a model of synthesis, true to the ﬁrst two, used for
construction. In addition, construction quality was
monitored by laser scanning for simultaneous veriﬁcations in digital models [8].
The building components were extensively parameterized [8]. The central structure consists of solid
volumes made of steel and concrete, called icebergs,
that hold glass coverings supported by steel and glulam beams [9].
The facades were covered with ceramic tiles, rationalized via computational tools and supported
by aluminum panels connected to the structure by
means of speciﬁcally designed spacers [9]. Most elements of the building, including curved glass panels, were optimized by computational mathematical
methods and produced by digital fabrication techniques, resulting in highly customized components
[8].
Building prototypes were developed for many
simulations, including structural analysis in wind tunnel, allowing the insertion of stress data in the struc-
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tural model. In addition, a wide range of other analysis and simulations have been developed, such as
crowd ﬂows, light analysis, landscaping modeling,
ﬁre analysis, security scenarios and ageing analysis
[8]. In this context, models have essential data for future maintenance.
Using the integrated and collaborative real-time
data-sharing approach allowed the design team to
control complexity, cost, and quality. The extensive
use of BIM, parametric modeling and digital fabrication has resulted in streamlined scheduling and the
achievement of innovative and high quality results
[9]. According to the AIA report ([8], p.53), the Fondation Louis Vuitton project marked the “beginning
of a new stage of large-scale concurrent design, engineering and optimization”.

DISCUSSION
Based on the described cases, it is found that concept
design stage becomes largely inﬂuenced by communication resulting from the use of digital technologies, which promotes the incorporation of information related to post-project stages, such as construction and operation. Thus, there is a constant feedback loop to verify the adequacy of the design intent

and its conformity with other decisions inﬂuencing
the process, such as cost analysis, quantity of materials, aspects of the surroundings, means of production, as well as sustainability issues (see Figure 2).
Information models become fundamental for
controlling issues regarding cost, quantities and coordination. Parametric modeling, as well, becomes
necessary to enable the analysis of what-if scenarios.
In addition, digital fabrication allows the development of prototypes, that serve as a discussion instrument for project decisions, and for the production of
full-scale components to be assembled on site, optimizing the execution of the building.
By analyzing the three project examples through
the identiﬁcation of these aspects, the complementary nature of the digital technologies in the design
process becomes clear. BIM, parametric modeling
and digital fabrication’s roles overlap in the midst of
ever more complex design processes.
Collaboration plays a predominant and critical
role in achieving optimized design results, increasing
construction productivity, and reducing ﬁnancial and
time wastes. In the projects described, the presence
of the contractor, the engineers, the facade consultant and the manufacturer during design decisions
Figure 2
Examples’ synthesis
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stands out. Thus, it is veriﬁed that, nowadays, the
great highlights in architecture are no longer individuals, but teams, emphasizing the role of collaboration in current processes. Constant meetings and
the use of central models and platforms for sharing
project data stand out to enable the ﬂow of communication between stakeholders. Also, the presence
of diﬀerent types of software requires consistency in
collaboration and data exchange processes.
By understanding these issues, it becomes possible to determine the potential big reasons why certain companies and professionals resist to the adoption of digital technologies on a global scale. It emphasizes the lack of understanding and openness to
the characteristics of new conﬁgurations for design
processes, which require changes ranging from contracts and process organization to cultural issues. The
last refers to the individual design development and
authorship issues being a reality that is still present in
AEC industry. Collaboration is the key for harnessing
the potential of AEC professionals and for driving the
AEC industry forward.

CONCLUSIONS
In this study, a methodology that is currently being
developed was presented, as well as its preliminary
results. Three project cases based on digital processes and the wide use of BIM, parametric modeling and digital manufacturing were analyzed. At this
stage, it was possible to identify that digital technologies overlap to make design processes increasingly
holistic and collaborative. It is important to highlight,
as a limitation of the research, the restrict use of secondary data from literature reviews and documentary research so far and the need for further development of the study, which is currently being done by
interviews and questionnaires with AEC professionals, in order to gather more in-depth information that
enables the authors to characterize with greater clarity the contemporary design process.
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Building in Cityscape
On a basis of Digital Surface Model
Klara Czyńska1
1
West Pomeranian University of Technology, Szczecin
1
kczynska@zut.edu.pl
The article presents a methodology applied for the assessment of the tall building
visual impact on the city scape, using digital tools. The method has been used by
the author in the planning practice in several cities in Poland. It enables to
determine not only the visibility range of a planned tall building in the city
spaces, but also the extent to which it dominates. Findings are presented in a map
which reflects both parameters applicable to a given facility. Computation of
findings is based on the model of a city consisting of a regular cloud of points
(Digital Surface Model) of high quality and dedicated C++ software (developed
in cooperation with author). The Visual Impact Size (VIS) method supports the
process of conservation and landscaping, in particular in historical cities. It
helps predicting spatial implications tall buildings may have. It may also be used
for comprehensive development of a modern skyline with tall buildings as a
harmonious component of the cityscape. The method is presented using the case
study of the Hanza Tower building in Szczecin (Poland).
Keywords: digital cityscape analysis, tall buildings, visual impact, Visual Impact
Size method, viewshed, Hanza Tower in Szczecin

INTRODUCTION AND RESEARCH GOAL
The cityscape has been undergoing steady and recently increasingly rapid changes. The monitoring
of the process, in particular forecasting visual consequences of new investment, has become a major challenge (Felleman 1979; Felleman 1986; Maver
and Petric 1996; Danese et al. 2009). Analytical
techniques are needed to enable eﬃcient precise
and speedy determination of spatial consequences
of new buildings planned in speciﬁc locations. Especially tall buildings necessitate an in-depth cityscape

analysis. Numerous examples of distorting historical
urban development highlight the need for relevant
studies and tools (Czyńska 2017; Czyńska and Rubinowicz 2017).
This article presents the study of the impact
‘Hanza Tower’, a new tall building, has on the centre
of Szczecin, Poland. The building will be the highest
object in the city with its architectural height above
125 m [1]. The study is based on the Visual Impact
Size (VIS) methods which enables to determine the
visibility range of a planned tall building in the city
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space and the degree of its domination. Findings of
the analysis clearly indicate locations in the city from
which the new facility can be seen. This enables to
foresee whether the building is going to interact accidentally and undesirably with existing buildings. The
computation of results is based on the Digital Surface
Model of high resolution. It is currently, especially in
Poland, the most up to date and close to reality representation of the 3D city structure. The study also
used a dedicated C++ software developed, inter alia,
by the author. The software enables to process data
to the best quality currently possible (0.5m grid size)
and obtain very precise VIS results.

METHODS AND MATERIALS
3D city model
The study presented in the article is based on Digital Surface Model (DSM) and Digital Terrain Model
(DTM), which are derived from LIDAR data. Although
data lack their internal semantics and structure that
can facilitate their use, a simpliﬁed picture of a city
provides a number of advantages. The cloud of
points, which comprises digital models, contains all
landscape components, such as buildings, tall green,
technical infrastructure, bridges and ﬂyovers, all reﬂected with the same precision (Biljecki et al. 2015).
Equally important is the low cost of generating such
data, their validity and accessibility. In the case of using the DSM model for studying the cityscape, the
mesh size is also important since it determines the
precision of the digital city picture and the quality
of VIS analyses. In Poland, all major cities have high
precision models developed, which is the highest of
all EU member states (Rubinowicz 2017). An average
height error is 10 cm. DSM model, used for the purpose of the study, has mesh density of 0.5m. This enables creating a precise picture of the city space. It
was also very important to include tall green, which
signiﬁcantly reduces the visual impact of tall buildings (ﬁgure 1). A specialist C++ software is used to
generate the VIS simulation (Rubinowicz 2017). It has
been optimized for enhancing the eﬃciency of processing data representing a digital picture of the city

482 | eCAADe 36 - CITY MODELLING & GIS - Volume 1

space.

VIS method
The VIS method enables measuring the total visibility of a building depending on its height (Czyńska
2015). It helps to answer the question: from which
location can the building be seen, and also: how well
is it visible? The basics of the method stem from so
called “reversed viewshed”, that is an area from which
a target point is visible (Caha 2017). The method is
related to the ‘extended viewshed’, a method which
calculates additional visibility depending on the distance between the observer and the height of the
target point, i.e. angle values (Fisher 1996). The VIS
method presented calculates a maximum height for
each point in the city, above which a given facility can
be seen. The analysis covers a speciﬁc section of the
city with the mesh size of, usually, 0.5m). Each facility
is represented by a single point (set in its centre) or a
collection of control points (which enables to reﬂect
facility in more comprehensive manner). Although
the result has a continuous nature, i.e. the calculation
leads to precise limit height values, the interpretation of ﬁndings is better once we limit the number of
thresholds (depending on height of individual building). Usually, it is 8 to 10 diﬀerent heights every 20 m.
It depends, however, on the speciﬁc nature of the facility in question and the required precision of calculation. This produces an aggregated representation
of the visual impact of a building that can be seen
from speciﬁc thresholds. Results can be displayed
in various ways - projections, axonometric views and
perspectives. In practical terms, a map with colours
marking the exposure of a given building in the city
is the best for the interpretation of the results.

SIMULATION PROCESS
The VIS method is going to be presented based on
the case study of a tall building in the centre of
Szczecin, Poland. The construction of the ‘Hanza
Tower’ Building is in progress. The building has an unusual shape - elongated twisted rectangular cuboid
with slanted top surfaces on both sides (ﬁgure 2a).

Figure 1
Visualisation of
DSM model,
including tall green
which is an
important type of
development that
has its impact on
visibility of
buildings

The silhouette of the tall building is supposed to be
twice as wide when seen from north and south than
from east and west. This has several visual consequences that cannot be determined when testing a
single point situated in the middle of the building envelope. Once we know the geometry of the building we are able to adjust parameters of the analysis and produce precise results reﬂecting the actual
impact of the tall building on the cityscape. Considering its unusual shape, a set of control points was
used (A1÷A5), and the VIS analysis was performed for
those points (ﬁgure 2b).
Figure 2
Presentation of
Hanza Tower shape
(Szczecin, Poland)
(a) and VIS analysis
control points (b)

The possibility of including tall green is very important for the VIS analysis, since it has a signiﬁcant impact on the visibility (Czyńska 2017). In DSM models,
trees are reﬂected with high precision, both in terms
of their height and the volume of the crown (ﬁgure
1). This cannot be done in full and with precision in
CAD or CityGML vector-based models (Kolbe 2009;
Biljecki et al. 2015). The VIS analysis for Hanza Tower
included two visual impact options of the tall building: with and without tall green. Both options enable
better insight into the impact of the building during
and after the peak vegetation (ﬁgure 3).
VIS simulations for Hanza Tower also covered
both options due to the number of control points
(ﬁgure 2b). Each point has a slightly diﬀerent impact
range. Therefore, the study developed a) individual
simulation for 5 control points within 36km2; b) collective simulation for all control points within 36km2;
c) including and excluding tall green for all 5 control points collectively. Computation results are presented in ﬁgures below (ﬁgure 3, 4).

RESULTS
Observations presented in the article are general and
do not intend to contribute to a detailed assessment of the Hanza Tower impact on the Szczecin’s
cityscape. The goal is to present the methodology
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Figure 3
VIS analysis for
Hanza Tower
collectively for all
control points in
various options: a)
excluding tall
green; b) including
tall green

of urban analysis that can be used in planning practice. VIS analysis ﬁndings show high complexity of
the visual impact area of the building, an area which,
de facto, can be the measure of the city space complexity. A similar phenomenon has already been observed while examining other tall buildings, including Sky Tower in Wrocław (Czyńska and Rubinowicz 2017). The Hanza Tower impact area extends all
over the 6x6 km area examined and shows a very dis-
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persed structure (in particular while taking into consideration tall green). In general the propagation of
the visual impact area for Hanza Tower is the direct result of natural and anthropogenic cityscape factors.
In the south, within a group of buildings in the
city centre, the new building can be seen along main
street axes determined by facades. It is the terminating vista of several such axes (ﬁgure 5). In the north,
the visual impact is more dispersed (ﬁgure 3b). It re-

Figure 4
Diﬀerent visual
impact of control
points

sults from a lower density and compactness of buildings and a larger share of tall green. In the east, from
the side of the Oder River, the visual impact area is
larger. Along the river bank, the new building can be
seen from boulevards, bridges and undeveloped areas (ﬁgure 3b). Those are the areas of the most attractive due to landscape values in the city. In this location, a group of buildings on top of the Wały Chrobrego embankment is the major landmark. The new
tall building can also be seen in the background of
the Castle Route, the main in and outbound road
leading to the city centre (ﬁgure 5).
The VIS analysis for 5 control points highlight an
important factor inﬂuencing Hanza Tower visual impact on the cityscape. The observed width of the
building will vary depending on the direction. From
the south, the building will appear much wider than
from the east, since control points are in line providing a similar result of the VIS analysis. It is very important for the overall image of the city. Usually, wide

bodies of tall buildings are excessively overwhelming in relation to historical landmarks in the city, since
the latter are usually slender and symmetrical. Therefore, in wide panoramas from the side of the river
(east), Hanza Tower will better resonate with historical buildings.
Results of the VIS analysis have major accuracy
and precision (ﬁgure 4). It was possible due to the
following: a) precise and updated DSM model (mesh
size 0.5 m); b) dedicated software generating precision of up to 15 cm; c) covering more than one control
point representing the building; d) optional integration of tall trees which may to a large extent inﬂuence
the visibility of a tall building in a city.
At a very early stage of Hanza Tower planning,
over 10 years ago, the author of the article together
with her team analysed its impact on the cityscape
(Czyńska et al. 2007). Findings of the visual study
were presented to the City and included in the Masterplan. The actual building will be in line with guide-
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Figure 5
Impact of Hanza
Tower: a) along
street axes; b) along
river bank, e.g.
Castle Route

lines presented to a large extent, e.g. maximum
height of the building. The study presented was designed to verify and compare ﬁndings of the 2007
analysis based on the vector CAD model. The contemporary calculation capability enables to obtain
more precise results of the VIS. Comparison of VIS
analysis ﬁndings of 2007 and 2018 is presented in a
ﬁgure below (ﬁgure 6).
On a wider scale the comparative analysis of VIS
ﬁndings shows a number of similarities, especially in
large undeveloped areas. Major diﬀerences can be
observed, however, at the level of individual squares
and streets where the visual impact was signiﬁcant.
This is partially the result of spatial changes which
have taken place in the past decade. The higher precision of the model applied (DSM) is also very important, since it reﬂects the actual situation in the city.
The model applied in 2007 was a mere approximation
of the actual city space. It included simpliﬁed models
and failed to examine tall green. The calculation of
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the real impact of a building on the city space should
include the inﬂuence of trees. The diﬀerence in impact has been presented in the ﬁgure below (ﬁgure
6c).

DISCUSSION
The literature provides examples of a similar reversed
viewshed application for calculating the visual impact of tall building. Worth mentioning are Rød and
van der Meer (2009) who analysed a tall building in
Trondheim. While examining its impact area they determined also the degree of domination in a speciﬁc
city space, i.e. whether the building is going to be
seen in its large part or a small part only. The VIS
method presented in this article enables to obtain a
similar result without any need for additional calculations that can be done by a limited number of applications (GIS type). Caha (2017) presented research
which enhanced precision of viewshed results by a

Figure 6
VIS simulation for
Hanza Tower: a) in
2018 based on DSM
model; b) in 2007
based CAD model;
c) diﬀerences
including tall green

better shape projection of a given facility. In the case
of elongated architectural forms (e.g. Hanza Tower),
a number of control points have been used, for which
a cumulative viewshed has been calculated. A similar
solution was used by the author in her research and
planning practice to examine the landscape impact
of the seminary library in Warsaw (2015).
As Fisher rightly noticed in 1991, viewshed results depend very much on the quality of input data.
In the case of cityscape studies, input data, or 3D
models, are crucial for a desired precision of the result. Too little precision of the DSM model (mesh in
excess of 0.5 m) inﬂuences the quality of the result
(Bishop 2003). A simpliﬁed structure or geometry of
CAD and CityGML models also reduces the accuracy
of the result. In the case of tall buildings, the area

scope of the analysis is particularly important and it
should be as wide as possible. Tall buildings have
a wide visual impact area, extending much beyond
its immediate surrounding, and sometimes also administrative boundaries of a city (e.g. Sky Tower in
Wrocław, Poland). A large analysis area in combination with high resolution of the DSM model can be a
challenge for a computer. Therefore, it is necessary to
optimise the algorithm applied for VIS calculations.
Software applied in the study enables the emulation
of the visibility ﬁeld for an individual control point
within 1.0 km2 and a mesh size of 0.5 m during approx. 48 s (4 core processor and 32GB RAM).
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CONCLUSIONS
The analyses of Hanza Tower in Szczecin using the
VIS method based on the DSM model and mesh size
of 0.5 m enable to obtain precise results for the visual impact area. A comparative study furnished
with a similar calculation of 2007 and based on CAD
model show several major diﬀerences. The diﬀerences result from the following: a) spatial transformation of the city in the past 10 years; b) no possibility
to include the impact of trees if included in the CAD
model of 2007; c) higher projection precision than
in the DSM model as regards height, since in CAD
height was estimated only. The use of DSM signiﬁcantly improved the accuracy of VIS results. The mesh
size of 0.5 m enables to reach signiﬁcant accuracy
in reﬂecting the 3D city space as a basis for further
calculation. Despite some vertical deviations regarding external walls of a building and slightly simpliﬁed roof geometry due to the interpolation of LiDAR
measurement points, the data are suﬃcient to reach
precise and reliable results of the analysis. Moreover,
the use of a number of control points, covered by the
study, better reﬂects the actual visual impact of the
building of an unusual shape.
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This paper presents the experience of implementating GIS technologies at a
county town urban planning department. The necessity to implement GIS
technology is partly dictated by the requirements of the INSPIRE Directive. The
discussed case provides valuable information about the problems and challenges
that cities have in Poland, while performing their obligations under the directive.
The process of preparing the necessary geographical database corresponding to
existing planning documents raises many legal and technical problems. The
presented case illustrates the whole process associated with the preparation of
digitization and publication of urban plans. At the same time, it is worth to see
the numerous benefits that the city obtains after publishing GIS data. Attention
should also be paid to the further development of GIS and the chances of their
use, especially in urban centers.
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BACKGROUND
The history of geographic information system goes
back to the 1960s, when the very ﬁrst solution of
this kind was implemented in Canada by Roger Tomlinson (Tomlinson 1968). He is therefore often acknowledged as the “father of GIS”. During the following decades, governments of other countries gradually realised many advantages of digital mapping
and what is more dedicated software was developed.
But it was not before the 1990s when the usage of
GIS started to become a commonplace, supported
with further technological advancements (Besio at al.
1998). Some ten years later standardisation allowed

users to explore viewing process of GIS data through
the Internet. More recently open-source software has
been emerging as well as more and more geospatial
data has become accessible to download for free.
Nowadays, in every EU member state, spatial
data is collected by various organisations, institutions and administration bodies, both at the central
and the regional level. The result of the above is a
huge number of dispersed databases that cause the
cumbersome acquisition of data. Furthermore, this
situation also entails that comparing data between
diﬀerent EU countries is almost impossible, as they
are not integrated. In order to change the above-
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described situation, an initiative called INSPIRE was
undertaken, which was the basis for the development of the European Union directive under the
same name. The main idea was “to establish an infrastructure for spatial information in Europe that is
geared to help to make spatial or geographical information more accessible and interoperable for a wide
range of purposes supporting sustainable development” (EU 2007). The main aim was, therefore, to allow the unconstrained sharing of spatial data by public sector organisations and facilitate public access to
spatial information in Europe.
The adoption of this directive by member states
resulted among other things in the emergence of an
increasing number of databases available on the Internet. Spatial planning websites are among the popular as they aﬀect a large group of stakeholders. On
the other hand, the possibilities of GIS software prove
to be a smart, eﬃcient and viable solution for urban
planners to present their work in a way that is clear
even to a laymen
It is not surprising then, that many cities in addition to 2D mapping have been introducing 3D models of their city centres linked to the databases (Haala
and Brenner 1999). A number of scenarios for such
projects has been recently described e.g. for Newcastle (Thompson and Horne 2010). Most often, however, these are the models based on the point cloud
acquired from an airborne scanning. Those models
are not associated with any spatial databases, but
only form a mesh. In a few cases, an attempt is made
to combine thе model with database. One of the
most advanced works in this ﬁeld is implemented in
Berlin, where the model, shared in the network, is divided into individual objects (circa 550.000 buildings)
and connected to a database containing, for example, the year of construction of the particular object
and many others features. It is available to the public
as Open Data model. It took several years to develop
and implement such an extensive and complex GIS
(Dollner et al 2006).
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PROBLEM CHARACTERISTICS
The administration and public services count on the
main ﬁelds of application of the GIS. They are both
users and owners of the largest amount of spatial
data. Moreover, local government organisations can
implement citizen-engagement applications which
transforms the urban planning into a truly democratic process. Portals for higher level authorities
have been the subject of extensive discussions, as
had been solutions implemented by large metropolitan cities. The development and the possible use of
GIS in the form of geoportals at local levels still seems
to have been insuﬃciently discussed.
It has been observed that despite the 50-year history of GIS, a number of local government units in
Poland still do not have urban planning data in a digital form. But reasons for that are signiﬁcantly diﬀerent from those in other EU countries from around two
decades ago (Bille, 1999). However, INSPIRE requirements are forcing local authorities to introduce digital technologies. Furthermore, there is a big demand
for the geospatial data from other public institutions
and private sector alike (Kaczmarek et al. 2014). Limited resources are among the main obstacles in this
process. This problem will be illustrated with recent
attempts done at Pabianice, a medium-size county
town in Poland. The essence of this problem is the
combination of an existing electronic mapping basis
with a large-scale planning document.

CASE STUDY
The case study concerns the city of Pabianice, located
in central Poland. It is a city of approximately 70.000
inhabitants, with an area of about 33 square kilometres. Its dynamic development in the 19th century
was strongly connected with great industrialisation
process in the whole region. Nowadays Pabianice city
is a seat of the county authorities. However, it remains overshadowed by a nearby metropolitan centre - Łódź - the seat of the voivodeship i.e. provincial
authorities. Currently, the industrial character of the
city is only a reminiscence, but old factory sites still
attract investors. The city is attractive due to the cen-

tral location in the country, well-developed communication network (intersection of highways, railway
line), available number of qualiﬁed human resources
(in the nearby provincial city there are ﬁve public universities).
Taking into account the rich history of Pabianice,
it’s origins dating back to the 12th century, and its dynamic development during the 19th century, it is not
surprising there are many listed buildings in the city
and an unique historic urban landscape with importance on the scale of the whole region. As a result,
there are numerous conservation protection zones.
In addition, the river ﬂows through the centre of the
city, which causes the existence of ﬂood zones, the
area of nature protection of the landscape and habitats, as well as archaeological sites. All these factors
are essential for urban planning and therefore must
be included in a broader urban study in which the

existing conditions and potential development directions are deﬁned
For many years, Pabianice city did not have a municipal department responsible for preparing and executing planning studies. Urban plans of this type
were outsourced to specialised enterprises selected
through a public procurement. However, a few years
ago (in 2012), local authorities decided to establish
their own autonomous unit within the public administration. As a result, a specialised team was created.
This had a positive impact on a number of issues:
1. Improvement of the current urban planning
due to the direct contact with local authorities, individual public units, as well as the
community.
2. Accelerating the decision-making and implementation process by omitting the need for a
tender-based public commission procedure.

Figure 1
The raster version
of the urban plan of
Pabianice
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3. A holistic approach to all aspects of the city’s
activities and their inclusion in a coherent
strategy during the planning process, taking
into account all conﬂicts occurring during its
course, while at the same time caring for the
interest of the city and its residents.
4. Direct management of all information and
databases owned by the city.
5. Conducting an independent planning policy
and raising funds for revitalization and promotion of the city.
One of the activities undertaken in 2015 by the Urban Planning Department was a decision aimed at
digitisation of existing raster-version planning studies and their publication on the Internet. There were
many companies on the market oﬀering digitisation
of 2D data, however, local authorities did not have
the funds for such a large expenditure at that time.
Similarly, they were sceptical about spending on specialised software even when it was oﬀered by large
providers such as ESRI. Lack of funds and little experience in this area were the main factors causing
the slow digitisation process. It was decided to use a
free Open-Source software and the human resources
available to the administration department.
Before starting the activities related to the digitisation from raster to vector graphics, standards were
obtained from the company that was to manage
the database in the network. These standards included a set of internal procedures and requirements
based on the company previous experience in similar
projects. The aim was to minimise digitisation errors.
They concerned mainly the coordinate systems and
their deﬁnitions at the very beginning of the work,
the georeferencing of a raster object, that is, giving
the appropriate number of characteristic points in relation to geographical coordinates and introducing
the geometry of polygons, lines, and other symbols.
Then, it was necessary to obtain all possible information from the available sources for veriﬁcation of
raster version. Only some public administration institutions provided the data digitally. It concerned the
current ownership structure, natural environment,
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road network and technical infrastructure. The remaining information was drawn from the existing
raster materials. As a result, there were created basic
groups of layers containing information on:
1. Technical underground and overhead infrastructure, ie: main energy and gas transmission
lines, including protective zones and major intermediate stations.
2. Street network and public transport including
the distinction between road classes of local
and regional importance, as well as some of
the more important nodal points in the city.
3. Cultural environment with an indication of
historic building under protection, heritage
protection zones, and archaeological sites.
4. Natural environment including watercourses
and their surroundings, protected areas, ﬂood
risk zone, areas with natural deposits
5. The current and planned land use which is one
of the most important information for the residents, and which deﬁnes what is the possible
form of development for a given building plot
The most important and the most diﬃcult task was
to develop data on the land use (zoning of the areas). The raster version of the study was prepared in
a scale of 1: 10000, while the possibility of working
with vector graphics gives the chance to enlarge each
fragment of the map to the 1:1 scale. Thus, it was
of utmost importance to ensure that the boundaries
of the property coincide perfectly with the intended
land use. In some cases, it was not obvious. The
methods of making the raster version of the study
caused obscurations of the property boundaries and
as a result doubts arose as to the exact course of the
boundaries between the diﬀerent zones. This problem is shown on the ﬁgure 2 (Where exactly are the
borders of road and building plot? On the raster version the width of road line interferes with plot borders. On the electronic version it is necessary to deﬁne borders more precisely). In a number of other
cases, the consultations with with experts in spatial
planning, or law and administration were necessary

in order to determine the correct interpretation of the
2D image records. This was important due to the fact
that the information available on the Internet allows
to determine precisely a designated use of each of
the bordering plots. In the case of incorrect introduction of spatial data and its misrepresentation, there is
a huge probability of receiving claims from the property owners regarding the actual legal status of their
plots and the neighbouring ones.
Since the issue of problematic boundaries had
not only its graphic-representation dimension but
was also of a legal importance, the whole process
could not be automated. Therefore, it was necessary
to follow the point by point coverage of all the zones,
by a two-people team over the period of 2 months.
Figure 2
A comparison of a
raster, and an
electronic version
of urban plan.

After completing the vectorisation of the raster drawing, it was necessary to verify its correctness. This
basically meant to conﬁrm the geometry of all polygons. It was important that the sum of their surfaces
corresponded perfectly to the city area. For this purpose, aggregation of polygons and other analytical
operations available in the program were used.
The created spatial database was transferred
to a specialised IT company which was responsible
for its maintenance and publication on the Inter-

net in accordance with the requirements of INSPIRE.
The data was structured and deﬁned following the
UML (Uniﬁed Modelling Language) rules. Then it
was described using XML (eXtensible Markup Language). Afterwards, the accordingly structured data
was made available with the use of the Simple Object Access Protocol (SOAP) frame. This protocol allows the transfer of data described using XML and
its import in various software models. This was quite
important because the main goal of the INSPIRE Directive is to build a coherent infrastructure of spatial
databases in all member countries (Bartha and Kocsis, 2011). The ﬁnal result published on the Internet
is presented on the ﬁgure 3.
All this process is responding to necessities connected with the INSPIRE Directive implementation.
In 2010 the government obliged all the local authorities to share publicly all spatial development plans
(created in CAD or GIS version) by the end of 2015.
This was an impulse for the urban department in
Pabianice. It was not a problem to share spatial information represented with vector graphics. The main
problem was with non-digitalisated urban plans in
raster version, which have to be shared to the end of
2020 year. The director of urban department in Pabianice decided to create and share database providing
more information than is mandatory. In other words
- an appropriate metadata with a delimitation of urban planning in vector graphics would be enough
to meet the requirements of the INSPIRE Directive.
However, the geoportal of Pabianice allows everyone
to have full access to faithfully mapped plan, which is
linked with text information.
The shown example can be referred to other
comparable territorial self-government units which
faced similar challenges. It turns out that many other
cities took much of the same actions. They concerned various databases, not just urban planning
ones. According to Mendolińska et al. (2017) it happens that the vision of running a local geoportal, and
publishing various geospatial information there, is
positively perceived in nearly 90% of the cases (based
on circa 60 responses from inhabitants, tourists, en-
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Figure 3
The ﬁnal eﬀect of
digitalization the
urban plan of
Pabianice city. It is
avalible in the
Internet.

trepreneurs and government employees).

FUTURE CHALLANGES
The discussed digitisation of urban plans is the city’s
ﬁrst approach to sharing existing databases on the
Internet. A large interest and demand for this type
of initiative was noted among individuals and enterprises alike. On the occasions of working on subsequent spatial development plans, an attempt was
made to use 3D models representing the adopted
regulations in the plan (allowed height, percentage
of built density, greenery, etc.). It is worth noting
that some 20 years ago, along with the rapid development of software, many designers created 3D models for the needs of private investors. In those days,
the presentation of 3D-originating- data for the designed sites or buidings was becoming an increasingly common standard (Halla and Brenner 1999).
Meanwhile, the constant development of technologies, such as point cloud, gives the opportunity to
create more and more accurate, photorealistic urban
models. However, this is still a very time-consuming
and expensive process applies to both data acquisition and the 3D model creation. However, the demand for such information may lead some cities to
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try to obtain the already-made models, integrate and
publish them using the established database.
The basic solution would be to create a simple
model, based on the outlines of the buildings and
ﬁeld observations. Such models (Figure 4) are, however, not very realistic and carry a small amount of
information - there are no textures representing the
façades in any way. The reproduction of details is
satisfactory, which is the result of conscious observation and interpretation of the person constructing
the model. However, the implementation of such
spatial mapping for the whole city is, yet again, extremely time-consuming, and in the case of, for example, representation of greenery - almost preposterous. Another way to obtain an urban model is by
performing a so-called point clouds scan. Already in
the 1990s, the aerial scanning method (by airborne
laser scanning) was often used and several solutions
were established to develop this data (Haala and
Brenner 1999). Currently, this technology is becoming increasingly popular and widely available, which
allows the use of laser measurements to transfer the
real world to the virtuality of the 3D models perfectly.
As a result an object is created by excessive number
of points with speciﬁc X, Y, Z coordinates and infor-

Figure 4
The
non-automatically
generated model of
the Pabianice city
centre.
Figure 5
The realistic
mesh-model of the
Old Town in
Poznań.

Figure 6
The automatically
generated model of
the Pabianice city
centre.

Figure 7
The model
representing
maximal possible
building intesity
according the the
planning
regulations.

mation representing the colour of a particular point
in space (Figure 5). However, the implementation of
scans does not provide a ready-made 3D model, and
it is necessary to post-process the data obtained, so
that, for example, fragments of private apartments
are not shared, scanned accidentally due to open
windows. But, one unquestionable advantage of this
solution is the photorealistic representation of space,
and especially all the green elements located in it.
Already in 1999, a vision of how to use 2D data
to automatically create 3D models in GIS, was presented. Some issues were encountered related to
the problem of matching various building parameters, i.e. roof geometry or diﬀerent heights. An algorithm was tested trying to connect the basic body
with information originating from DSM (Digital Surface Models) (Haala and Brenner 1999). Currently,
there are GIS programs that allow an automated generation of a 3D model of any part of any city in the
world. Collected data allow the identiﬁcation of the
function, the number of ﬂoors, and also in a slightly
random way - the shape the building (ﬁgure 6). This
eﬀect could be not satisfying for experts, but for layman it is a great information about the space in the
city. Taking into account the aforementioned, small
county towns, without extensive budgets, could attempt to create a simple model and make it available on the Internet following the example of more
advanced solutions deployed in large cities, such as
Berlin (Döllner et al. 2006). Currently in Pabianice attempts are being made to create animations (ﬁgure
7) showing the possibilities resulting from the regulations of the urban plan, whose 2D representation
and specialised legal language is not always understood by the residents. It is possible that the combination of these two visions - a simple 3D model
and the above-mentioned way of visualisation will
become the future reality in Pabianice. It would be a
great tool to communicate with inhabitants and potential investors. It could be also a useful instrument
for urban planners. However this would entail an extensive database linked to all buildings in the city,
which would be a challenging task for the local plan-

ning department.

CONCLUSION
The presented case study of the usage of GIS tools in
everyday practice in a county town shows how considerable amount of use-possibilities these systems
have. This is mainly due to the fact that for the man-
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agement needs local government authorities collect
a lot of diﬀerent information that can be presented
using GIS technology. The INSPIRE Directive and the
development of digital technologies have had a signiﬁcant impact on the increasingly widespread availability of spatial databases, which in turn has been
very well received by the community. There is a great
demand for the availability of such data on the Internet, which is now the basic source of information
for majority of people. The connection of a 2D representation of development plan with the database
is deﬁnitely a great help for all who could come
across a problem with the interpretation of all markings visible on the map. One can expect that thanks
to the use of open-source software, it will be possible to continue the independent development of
databases available in the network created by smaller
county towns.
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This paper describes the development of a Grasshopper-based planning support
tool for urban planning. The tool aims at the analysis of demand in educational
facilities and the optimization of their location and capacities. It was developed
for the use case of Berlin using only publicly available resources and data sets.
Through preprocessed GIS- and statistical data plus an easy-access interface, the
tool encourages people from different backgrounds and even those with no
professional knowledge in planning, to engage in urban decision making.
Although being initially aimed at contributing to a moderated participation
process, the tool's simple GUI (graphical user interface) and open source
backend, make it usable in any setup - without a briefed advisor or the need for
later professional evaluation by another party.
Keywords: urban planning, data visualization, gamification, education, GIS

INTRODUCTION
Gamiﬁcation and Planning Games

Geographic Information Systems (GIS) and
their role in contemporary urban planning

In Psychology it is argued, that play takes an important part in a person’s thinking, exploring and creating. (Rice 2009; Bateson 2015) That involves both iteration and interaction. For the former it means exploration and experimentation; exaggerating ideas and
setting boundary conditions, help to deepen one’s
understanding of a certain problem. For the latter in
means passing arguments and ideas back and forth
to extend the scope on a situation using the expertise and experience of the people involved. Thus explorative gaming (gamiﬁcation) forms a core concept
behind planning or participation games, the purpose
of which is to make decision making more eﬀective
and reliable.

Although the principles of GIS have their origins already in the early 20th century with the manual overlay of mapped-out data and GIS evolved into a scientiﬁc tool in the 1960s, it has undergone a signiﬁcant
shift or rather extension of scope with the emergence
of digital communication (Malczewski 2004)(see ﬁgure 2). Web-based platforms, open databases and
real-time visualization lift GIS from a professional
tool, limited to experts, to an instrument of communication: Conveying accessible knowledge about
spatial conditions, empowering the public to engage
in the planning process (both as stakeholders and as
researchers) and providing them with a platform to
exchange on the issue (Malczewski 2004, Pettit et.
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Figure 1
Negotiaton process
on the interactive
table

al. 2004). Malczewski (2004) refers to this as webbased multimedia-GIS.The authors would argue that
here GIS functions less as a means to pursue objectivity than as an interface between subjective perspectives and interests. The accessibility and visualization
of data can help form the stakeholders understanding (ibid., p.32) and dynamic responsiveness enables
them to make their perspective visually accessible to
others.

The objectivity trap
The authors view this understanding as crucial aspect of the technological approach, since urban planning is a far too complex and multidimensional ﬁeld
to claim scientiﬁc, numerical objectivity. (Malczewski
2004, p.37 et sqq.). Malczewski cites Openshaw
(1999): ”Decision making is seldom (if ever) a Science.” The evaluation and interpretation of any analysis trying to grasp an as dynamic and complex system
as a society or city relies on normative assumptions
and is heavily dependent on prevalent paradigms.
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The goal of a comprehensive planning can only be
”’that the decisions should be fair, reﬂect community
choice, be based on evidence and facts that are correct, and be subject to post hoc scrutiny with penalties attached to those who deliberately abuse people’s rights” (Openshaw, cited in Malczewski 2004, p.
58).

Participation in Urban Planning
Urban planning is a complex issue, with many dimensions, factors, players and needs. To negotiate in
between those within the planning process, has become a vital part of contemporary urban planning to
ensure acceptance within the public, to reduce friction between stakeholders and make the outcome
more reliable (Brody et. al. 2003). Thus the obligation
for participatory processes was also included in the
”Agreement for new housing in Berlin” (Bündnis für
Wohnungsneubau in Berlin 2014)[1], concluded between the City of Berlin and both the private and the
public housing companies’ associations.

Figure 2
Evolution of
planning paradigms
(Malczewski 2004)

scope is a speciﬁc tool and not the broad topic of participation and planning theory the authors will not
go into detail here.

Urban Gallery and the Conscious City Lab

Thus developing methods and standards to organize
such processes can deﬁnitely be named as a key challenge the planning discipline is currently presented
with. As of today there is no commonly accepted definition of what participation in the urban realm actually involves: Who participates? To what extend? At
which point of the planning process? In what format?
A wide variety of methods and concepts, rooted in
diﬀerent backgrounds (ranging from corporate consultancy to sociological science to political activism)
is currently applied and tested under also various circumstances. For community participation Van Empel
(2008) in general identiﬁes four indicators for its effectiveness:
1. Identiﬁcation of the interested parties and
their motivations for participation.
2. Identiﬁcation of the conﬂicts of interests of
the various participants in the process.
3. Evaluation of the participants’ satisfaction levels in relation to their objectives.
4. Evaluation of the conditions set for the community involvement process.
Still, since those concepts have not really been institutionalized in a broad scale yet, there are little to no
sound studies to evaluate success and problems in
diﬀerent methods when it comes to the long-term
eﬀects of the planning concerned. Since this paper’s

The CHORA Chair for Sustainable Planning and Urban Design at Technische Universität Berlin, where
the authors are located, and its head, Prof. Raoul Bunschoten, position themselves within the spectrum of
methods sketched above with their “Urban Gallery”
methodology, developed from 1995 on. “It is a tool
and an instrument for management and curation of
dynamic master plans. Urban Gallery is a new approach to urban planning that can address [...][its]
complexity and dynamic character” [2]. Although the
concept was extended and adapted over time to address a broader audience and be used in a public participation process, it was originally directed directly
at the decision making level. “The Urban Gallery is a
public arena that enables the stakeholders related to
prototype projects to act jointly or collaborate over
longer periods of time in order to develop, monitor
and evaluate prototypes as pilot projects within an
overall plan.” [3] The methodology aims to formalize the steps of the planning process, giving planners
a deﬁned set of rules to follow when approaching
a problem in a curated process (Bunschoten 2001).
Thus rendering it a “planning support tool”. Tomaz
Pipan describes the workﬂow in detail in the Chora
white paper on the methodology, published in 2012
[3].
Hereby one of its cornerstones is the so-called
“Data Base”-Layer, providing the participants with
data sets of the preconditions their cooperative planning process is based on, whereas the data is either
provided by the stakeholders themselves or acquired
during the preparation process. Originally, the Urban
Gallery method was applied in an analogue scenario
game (see ﬁgure 3), requiring the collection and assessment of the relevant data and their preparation
for the game, i.e. converting it into an easily readable format and locating/visualizing it on a map. That
process understandably consumes a lot of time and
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resources. Though, in the course of the digitalization, the emerging concept of GIS (geographical information system) provided evermore standardized
formats to exchange spatial information saturated
with all sorts of datasets.
In 2013 the concept of Urban Gallery was integrated in the Conscious City Lab (CCL) at TU Berlin,
a EU-funded research project, which introduced it
2014 as part of the spatial installation “BrainBox” to a
larger audience, shifting it’s scope from professionals
to an educational application. Based on the methodology the CCL-Team developed a digital application
for a interactive table which could track objects and
movement with a camera underneath (Due to this
paper’s extend the technology will no be described
in detail here). The app allowed to visualize various
georeferenced data sets on a map and enabled the
users to draw on the screen and to switch features
and elements on and oﬀ by playing cards with TUIOtrackers on their backs. The data therefore was prepared in beforehand and stored on a geoserver in a
standardized GIS-format (CityGML).

dards make it possible to overlay and correlate information collected from diﬀerent sources without
much manual conversion. Also digital interfaces allow for a posteriori inclusion of new data. The authors
argue that this kind of accessibility is important to
conduct comprehensive and responsible urban planning in a continuously changing society and environment.
In general public accessibility of empirical data
is increasingly regarded as a key factor for democratic decision making and urban innovation. The
hoped-for eﬀect is that, where stakeholders throughout diﬀerent sectors can openly access and use
empirical data, “new knowledge can be generated
through new ideas and combinations of analyses”.
They also make government actions more transparent and add to the democratic control mechanisms. It the last decade that approach has led to
a growing number of governments and authorities
making their databases publicly available and implementing data standards. Germany institutionalized this line of policy through several federal
laws (e.g. “E-Government-Gesetz”, “Informationsfreiheitsgesetz Bund”, etc.). The city of Berlin pioneered amongst others by establishing its “Berlin
Open Data” hub in 2011 and its “FIS-Broker” (geo
data platform), speciﬁcally for maps and GIS data, in
2013, which are continuously updated and extended.
Those provide researchers with a rich source for their
work and facilitate a large number of research papers
and urban planning proposals.

USE CASE BERLIN

Standardization and Open Data
The tool described in this paper has its roots in this
very concept. Its goal is to provide an interactive environment to visualize statistical data on a map and
allow the user to iterate scenarios upon this information. The standardization of GIS data exchange formats enables researchers to easily apply similar solutions to diﬀerent contexts and problems. Such stan-
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Along with the growth of urban areas, their demands
are also constantly developing. In the course of ongoing urbanization some cities cannot satisfy the demand for educational facilities any longer, such as the
area of Berlin. As dynamic and thriving as the German capital is rendered in the media, there are undeniable challenges the city has to face due to its
growth. School places have been increasingly hard
to ﬁnd for ﬁrst graders for years now. Some children have to commute far through the city to reach

Figure 3
Scenario Game analog urban
planning game Chora Tu Berlin

their school and the expected population growth
in the next years will intensify that problem. Until
2026 there are 30,000 additional primary school students predicted (see ﬁgure 4). In some districts the
demand will increase up to 40% (Blickpunkt Schule
Berlin 2018)[4] But not only the increasing demands
have to be dealt with. Additionally many of the existing school buildings are in such a bad shape that
it has become a widely discussed topic in Berlin in recent years [5][6]. While the number of students in private education has increased by 100% over the last
15 years, the tuition costs, long travel distances and
the often specializied curricula make the only 60 private primary schools not an option for many families
in Berlin.
Figure 4
Predicted growth in
student numbers
until 2025
(SenFin/SenBJF
Berlin)

can be used to compare multiple scenarios. That is
what Data Flow is targeting at. It oﬀers a surface to
visualizes data and planning decisions in an understandable way, which makes it easy to negotiate between stakeholders of multiple backgrounds.

THE TOOL
Target Audience
The tool targets especially on three diﬀerent groups
of users. First it addresses the actual stakeholders of
education in the urban context such as the municipality, other providers of educational facilities, teachers, students and the public. It this context DataFlow
can increase a common understanding of the related
parameters and the development of a common language, on which to negotiate particular interests.
Secondly it is also directed at professional planners,
such as architects and urban planners. Here the tool
provides a fast and broad overview of relevant empirical information, thus allows for rational decision
making and functions as an interface between them
and the stakeholders mentioned above. In the third
instance it can work as a learning tool itself, giving
students and laypeople a playful access to the contemporary dynamics and problems in urban development.

Functionality

The senate of Berlin has been trying to face this
issue during the current legislative period. Large
scale projects have conﬁrmed funding in the government budget 2018/19, including the construction of
around 30 new primary schools. (Senatsverwaltung
Berlin 2017)[7]. Until 2026 a consortium consisting of
the federal state of Berlin, the local districts and stateowned housing and real estate companies commited
to spend 5.5 billion Euro on new schools, refurbishments and maintenance. To be able to keep up with
this urgent topic, stakeholders have to be able to act
fast and eﬃcient. Therefore planning support tools
are needed, which help analyzing the problems and

The tool is displaying and correlating data on geometrical, numerical and text-level, directly inside its
environment, to allow for real-time responsiveness
and thus fast understanding of otherwise abstract information. It overlays a multidimensional set of data
(e.g. demographics, population density, distances,
etc.) to facilitate conclusions about their interdependence and the negotiation of their individual weight.
The tool’s real time feedback enables the users
to immediately comprehend advantages and weaknesses of their interactions with data. It visualizes
the impact of the users’ actions graphically to further
comparability between diﬀerent decisions. Without
much foreknowledge the users are allowed to quickly
iterate the scenarios in playful manner and simulta-
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neously negotiate and discuss the results amongst
each other.

Technical Workﬂow
The tool is programmed as a grasshopper patch in
Rhinoceros 3D. To use it the additional free plugins
“meerkat” - to read GIS ﬁles, “Human UI” - to create statistical graphs, and “GHowl” - to communicate
through the TUIO protocol are required. Additionally
an interactive TUIO tracking device (i.e. an interactive
table) is needed for the current state of development.
The following will describe the workﬂow of the
tool in seven steps:
1. The meerkat plugin reads out the fed-in GIS
data which is visualized in the Rhino environment on the interactive table. (locations of
schools, the amount of space for ﬁrst grade
pupils per school, how many requests each
school has per year, the number of children in
the age of 6 to 12 per housingblock, and the
number of inhabitants for each housingblock)
2. Those datasets are overlayed and partially correlated, to interpolate deeper information e.g.
a total demand and supply number for school
places of ﬁrst graders in the studied area,
which are not immediately apparent from the
data sheets.
3. Based on the thought that primary schools
are mostly picked by distance to home, and
not like high schools, by speciﬁcation or reputation, the maximum walking distance due
to demand and capacity, can now be calculated.This happens in an iterative process, visualized in the ﬁgure 6.
4. The capacity, the utilization rate and the maximum walking distance per school are displayed in a statistic graph (see ﬁgure 5).
5. Until this point the tool was reading and correlating data on a static level. Now the users
have the option to place TUIO trackers on the
interactive table. Their location and rotation
on the table represent the planned actual location and the capacity of a new educational
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facility (see ﬁgure 8).
6. This information is fed back into the calculation of the steps 3 and 4.
7. The changed behaviour of pupil distribution
and maximum walking distances is visualized
immediately
Figure 5
Capacity usage of
facitlities and
maximum length of
schoolway for all
Berlin

All data for the exemplary use-case was collected
from the publicly accessible digital archives of the
Berlin senate mentioned above. Since those datasets
did not include high resolution data on each parameter, multiple correlations were needed to estimate
the lacking numbers. For example, information on
population density was provided on building-blockscale, whereas the age-distribution was only provided on so-called “Lebensweltlich orientierte Planungsräume” (planning areas) of around 10 blocks.
The following ﬁgure (6) shows an extract of the
Grasshopper patch.

Interactive Table
By presenting the tool on an interactive table, users
have the option to place physical markers on the
screen. These are tracked by sensors and give direct data feedback to the code, which immediately
adapts to the added input parameters. In case of the
tool’s current version, a placed marker represents for
a possible new educational facility, i.e. an elementary

Figure 6
Iteration diagram
green: assigned
red: not assigned
black: not iterated
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school, which the user can relocate and scale in terms
of capacity in real-time. The adaptive code then returns information about the eﬃciency of the current
scenario. It analyzes the resulting coverage and integrates the proposed scenario with the preexisting
data, displaying its commuting area, overlaps with
existing facilities and again spatial proximity for students in those areas.

The setup on the interactive table can have helpful
advantages for the negotiation process in terms of
understatement of the visualization and the haptic
process of locating a tracker inside the negotiated.
But not in many circumstances those table infrastructures can be accessible for the users. Still, as mentioned above, the project aims both at a more advanced audience (such as a moderated participation
process) and more individual users (such as planners
or schools) at the same time. Therefore, Data Flow’s
code is designed to be also functional as a software
only solution which serves its open source philosophy.

Development Environment
Being developed entirely in the grasshopper environment for rhinoceros 3D it oﬀers third party developers to modify the code to their speciﬁc needs. A major
emphasis was put on keeping the tool open source to
allow for community driven expansion and including
other domains of interest. Therefore, the code, documentation and user manual in text and video will be
provided as a GitHub repository. Still, at its current
state the requirement of Rhinoceros 3D still could be
seen as a drawback regarding accessibility. To address that there are ambitions to migrate the code to
a python runtime environment to serve the goal of a
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standalone application.

PROSPECT
Features
Since the tool is still work in progress as of the publishing date and needs to undergo further testing and
reﬁnement there are several features that still need to
be implemented and integrated into the workﬂow.
As prospect for an applicable build it is intended to
test for the viability of additional parameters such as
empty building lots, no-build areas and the potential of densiﬁcation on or in between buildings on
the one hand, and a more dynamic simulation model
on the other. That means the possibility to project
a scenario into the future by utilizing data on demographic development and an automated detection of
areas of special concern. Furthermore, it is attempted
to integrate the geographical proximity with the coverage of public transportation throughout the city,
which could especially be a crucial asset when dealing with more remote or rural areas.

Data Story
Based on the considerations above the authors conceived a setup to make the tool core of a publication aimed at a larger public audience. Oriented
at the Transport Gaps interactive online publication
(data story, ﬁgure 9)[8], developed by Chora together
with the Berlin newspaper Tagesspiegel, the underlying hypothesis of the Berlin use case was phrased as
the subject of a journalistic piece.
Following the analytical logics described
throughout this article a web application will be developed visualizing the overall coverage of the demand for primary schools in Berlin in an interactive
online map. The aim is to capture possible sites for
new facilities and rate them along diﬀerent parameters - feeding into a certain location score value.
Special emphasis will be put on localizing the areas of special concern: Those with especially high
population growth rates, extremely large class sizes
and a high number of students who do not ﬁnd
a school place in the vicinity. Also qualitative fac-

Figure 7
First part of the
Grasshopper patch
- reading GIS,
correalation of data,
and estimated
distribution of
students (see ﬁgure
6)

Figure 8
closeup on the
tools interface

tors, such as the supply of cultural and public institutions (e.g. libraries, theatres, public swimming pools,
sports clubs) and the distance to parks, main streets,
public transport, etc., will be taken into account for
the location score.
Figure 9
Arm und
Abgehängt - Online
Data Story of Chora
TU Berlin and
Tagesspiegel Berlin

of the methodology, facilitating understanding and
educating the recipient’s awareness of the problem.
As mentioned above the author’s position is that
urban planning is not a science that in which one
can expect objective answers. Thus the goal of a
web-based multimedia-GIS application should rather
work as an educational instrument contributing to
the public debate. This is even more valid as the
proposed publication does not intend to be a scientiﬁc study and cannot take into account the latest
ﬁndings in educational and sociological research as
it would be therefore necessary.

Context Transfer
Hereby, it is crucial not to present a ﬁxed score, i.e.
a deﬁnitive statement, but to allow for interactivity: Enabling the user to weight the parameters and
adjust variables such as the acceptable walking distance themselves. Letting them “play around” with
diﬀerent scenarios and see how adjustments aﬀect
the results in realtime can be regarded a core aspect

Finally, the perspective is to transfer the main code
to other use-cases, like retirement homes or children
daycare, using the existing data interfaces, computations, the UI and the physical interactive environment. We expect to be able to achieve this with only
minor adjustments within the code itself to allow for
fast adaptability.
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In architecture, there was an evolution from Computer-Aided Design (CAD) to
Building Information Modelling (BIM), but in urban planning and design, where
the Geographic Information Systems (GIS) are often used, there is no such
analogy. This paper reviews research in typo-morphology, a branch of urban
morphology, procedural modelling of buildings and cities and 3D city modelling
and visualizations. It present a generic morphological structure of urban
elements and discusses them as programming classes in City Information
Modelling (CIM) and the application of CIM in urban design practice. Urban
design can be understood as art of juxtaposing and arranging urban design
elements such as streets, sidewalks, buildings, building façades, landscaping, etc.
Designing implies experimentation and play for design elements within design
worlds. CIM should integrate procedural modelling, urban morphological
research with toolboxes of design elements and rules of combinations. CIM
should serve as digital design worlds where urban designers can play with design
elements, model and analyse urban scenarios with generative procedures, rules
and typological processes.
Keywords: City Information Modelling (CIM), urban morphology,
morphological structure, urban design, design element, programming classes

INTRODUCTION
With the emergence of Computer-Aided Design
(CAD) in the 1970s and Building Information Modelling (BIM) software in the 1990s, architects digitized
their design studio world with drawing board and
toolbox of architectural elements. The lines and arcs
in CAD became walls, columns, slabs, etc. in BIM. BIM
furthermore produces typical architectural drawings
(site plans, building storey plans, building elevations,

sections and details in two dimensions, and axonometric projections and perspectives in three dimensions). Inﬂuential handbooks and reference books
about architectural elements are used internationally for more than half a century years (Neufert, 2012
[1936]) and they served as background to develop
ArchiCAD in the 1990s. Architects have reached a
consensus about standardized symbolic representations and architectural elements already in the 1930s.
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It is well established at the academy and practice.
In contrast to architectural professionals, urban
planners and designers have diﬀerent interpretations
of cities. Their representation of cities vary from
stories and narratives, painted cityscapes to complex mathematical models and computer simulations (Stojanovski, 2013). For architects and urban
designers, a plan is a drawing. For an urban planner, plan is often a written document (Walters, 2007,
p. 19). For an urban analyst it is a dynamic database
of urban variables. Geographic Information Systems
(GIS) allows for analysing and visualizing data at these
scales that is crucial for urban planning. GIS and
conventional zoning are common in urban planning
practice. Urban planners and designers usually arrange land uses in master plans at a scale of plots, city
blocks or neighbourhoods in two dimensions.
Urban design can be understood as art of juxtaposing and arranging urban design elements such as
streets, sidewalks, buildings, building façades, landscaping, etc. in urban space (Taylor, 1999; Marshall, 2016). Urban designers have advocated replacing conventional zoning regulations with more detailed urban design guidelines (Duany & Talen, 2002;
Talen, 2002; 2009; 2013; Walters, 2007). According to the Form Based Code Institute (FCBI), conventional zoning regulates urban development by setting land uses or employment and residential densities, Floor Space Indexes (FSI), Open Space Indexes
(OSI), and parking requirements. FSI is usually referred to Floor Area Ratio (FAR). FSI is the product
of the total area on every ﬂoor divided by the area
of the plot. OSI is the product of the open area
of the plot (the area of the plot minus the area of
the ground ﬂoor) divided by the area of the plot
(measured in percentage). In addition urban design guidelines and Form-Based Codes (FCBs) include
conventional zoning requirements plus street and
building types, frequency of openings and building façade regulations, street to building height ratios t build-to lines, number of ﬂoors and speciﬁcations about percentage of open street frontage (FBCI,
www.formbasedcodes.org). GIS do not focus specif-
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ically on symbolic representation of urban elements
such as streets, buildings and plots or their interaction (building to surrounding open space on a plot,
street to building, building with building, neighbourhood with neighbourhood, etc.) that are integral for
FBCs. Instead of design toolbox, it has drawing tools
for generic elements (points, lines and polygons) and
editor to insert or modify the attribute of these elements.
Urban planning and design professionals needs
digital tools that like GIS integrate data for analyses, but they also have design capabilities. There
is a need to expand GIS with a BIM analogy in urban planning and design referred to as City Information Modelling (CIM). CIM has to link experiential qualities of cities in three dimensions with the
planning and development process and in the regulatory environment, but also with design practice.
It needs to integrate knowledge about theories and
histories of urban form; methods for observing and
measuring; as well understandings of natural systems in urban environments, as well as transportation that play such a powerful role in shaping cities
(Southworth, 2016). A drawing of the city cannot
represent this complexity of the city. The city is instead experienced kinaesthetically as sequences of
urban spaces (Cullen, 1961; Taylor, 2003). These urban spaces are characterized by elements of townscape (Cullen, 1961; Cullen, 1967; Taylor, 1999), urban elements (Lynch, 1960; Jacobs, 1961) or urban
patterns (Alexander, et al., 1977; Alexander, C. (1979).
CIM has to create a digital platform to enable these
multiple scales and enable designing. Designing
can be understood as a kind of experimentation and
play within design elements in design worlds. Urban designers explore urban phenomena, deﬁne urban qualities, identify and tackle urban problems, enter design worlds, recognise and play with design
elements, establish rules to combine elements create virtual, digital or physical prototypes, drawings or
models and aﬃrm or negate urban designs (Schön,
1984). These experiments are products of imagination that can be addressed, through the notions of

rules, types and worlds (Schön, 1988). There are different types of design elements with rules how to
combine and arrange them in space. Some design
elements are more static such as streets, plots and
buildings. Landscaping elements grow. There are dynamic urban elements such as movement of people
and vehicles (Taylor, 1999). Digital technology can
allows creating design worlds, visualizing and simulating urban design scenarios. To enable creativity in
the design worlds, digital technology must incorporate toolbox of generic types and rules that are used
by urban design professionals.
This paper links typo-morphology, a branch of
urban morphology, with procedural modelling of
buildings and cities to present a generic morphological structure of urban elements and discusses them
as programming classes in CIM. It is very diﬃcult to
transpose BIM to CIM. There are no handbooks for
urban design, but there are inﬂuential papers and
books written by Kevin Lynch, Jane Jacobs, Gordon
Cullen and Christopher Alexander (Marshall, 2012).
Computer scientists usually refer to early work of architects, designers and mathematicians that worked
with geometry of architecture and urban environment (March & Steadman, 1971), shape grammars
(Stiny, 1980), urban patterns (Alexander et al, 1977)
when they create procedural models for generation
of buildings and cities (Parish & Müller; 2001; Wonka
et al., 2003; Müller, et al; 2008; Vanegas et al., 2012).
There are no direct references to the subsequent research in urban morphology. Procedural modelling
does not incorporate the newest research in urban
morphology on typologies of design elements and
procedural typologies. On the other hand, most
of the urban morphologists are unaware that procedural modeling exists. They focus on historical
studies of cities, often without practical implications
for urban design (Sanders & Baker, 2016). Typomorphologists intuitively identify and abstract urban
elements (Moudon, 1997; Marshall, 2015), organize
them into a morphological structure (Conzen, 1960;
Kropf, 2014), create typologies of design elements
and procedural typologies, rules how to combine dif-

ferent elements (e.g. Sanders & Woodward, 2015).
The purpose of this paper is to structure the
knowledge of urban morphology and create programming classes for CIM that derive from urban design practice. Procedural modelling has lot of potential if it converges with urban morphological research and serves as digital toolbox for enabling design worlds and designing cities. The current application of procedural modelling is in generating urban
scenarios and forecasting urban development. It is
either too complex expansion of GIS (e.g. CityEngine
is manually edited 3D extension of ArcGIS) or automated urban design machine (the case of Urban Canvas that got integrated in UrbanSim, an urban simulation software). Software as CityEngine lacks the clarity of the toolbox and design elements that are integral part of ArchiCAD or Revit.

LITERATURE REVIEW
Typo-morphology and
structure

morphological

Within urban morphology, there are diﬀerent approaches and schools (Moudon, 1992; 1997; Kropf,
2009; 2017; Oliveira, 2016). Typo-morphology is an
approach that seeks to understand cities and their
evolution through classifying urban elements into
types. Gianfranco Caniggia, one of the pioneers
of typo-morphological approach, argues that cities
grow incrementally with many elements being juxtaposed. An understanding of the formation and transformation of cities needs analysis of the mutation of
the elements through both time and space (Moudon,
1994, p.292). Pattern language is an example of the
typo-morphological approach. The urban patterns
consists of a set of elements or symbols and a set of
rules for combining these symbols. A set of underlying elements and relationships between elements
characterizes an urban pattern: X=r (A, B, C...) where
X is type and r shows relationships between elements
A, B, C... Each pattern is connected to certain larger
patterns that come above it in the language; and to
certain smaller patterns that come below it in the language. Even though there are theoretically millions
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of combinations between elements, the number of
generic patterns is rather small. The rules only allow
combining certain elements in a pattern. Only few
hundred urban elements and patterns deﬁne cities
like London or Paris (Alexander, et al., 1977; Alexander, C. 1979).
Typo-morphologists understand cities as a morphological structure of juxtaposed elements. Morphological analysis is based on three principles. Urban form is deﬁned by three fundamental physical
elements: buildings and their relation with open
spaces, plots and streets. Urban form can be understood at diﬀerent scales, usually corresponding
to the building/plot, the street/city block, the city
and region (Moudon, 1997). There are two perspectives on urban form and morphological analysis. One
emphasizes combination of two elements: the individual parcel of land, together with its building or
buildings and open spaces. Over time, these elements that lie on the plot are either used diﬀerently
(e.g. by diﬀerent social classes) transformed physically, eliminated or replaced by new forms. The rate
of change in either the function or the form of the
plots varies from city to city, but also generally ﬁts
into cycles related to the economy and culture. These
are referred to as burgage or development cycles
(Conzen, 1960; Whitehand, 1987; Moudon, 1997).
The other perspective, favoured by Italian architects,
centres the street in interplay with the building. The
city block is not a group of plots, surrounded by
streets, but the street space with its aligning buildings. The street has a position in the hierarchy of
scales from smallest architectural scale (the building),
urban scale (block or aggregation of blocks along
main streets) to largest regional scale (arrangement
of neighbourhoods along regional axes) (Caniggia &
Maﬀei, 2001; Kropf, 2013; 2014).
The two perspectives have diﬀerent viewpoints.
The ﬁrst one that focuses on plots, their development
and integration in city blocks looks the city from the
top. The other perspective forwarded by Italian architects perceives the city and the building from the
street. The city is instead experienced kinaestheti-
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cally as sequences of urban spaces (Cullen, 1961; Taylor, 2003). Two approaches in urban design have
worked with symbols and urban elements to combine these perspectives to understand urban experience and experiential qualities of urban environments and represent them on maps. Kevin Lynch
(1960) conceptualized ﬁve urban elements: paths,
edges, nodes, districts and landmarks. People orient
themselves by moving along major paths and landmarks. They create mental maps of major and minor
paths in respect to edges (impermeable transportation infrastructures, waterfronts, etc.) and landmarks.
Gordon Cullen (1961) analyses sequence of images
(serial visions) along pedestrian paths. He also represents the elements in each image with symbols on
a map. The focus of the serial vision is the path, but
it is deﬁned by surrounding buildings and landmarks
(what pedestrians see at the viewpoints). In contrast
to Lynch, who focuses on imagibality of these urban
elements that pedestrian sees, Cullen (1967) looks at
their character, scales and complexity.
Figure 1
Symbolic
representation of
visually perceivable
urban elements on
a plan: Kevin
Lynch’s urban
elements on the left
and Gordon
Cullen’s scales and
indicators on the
right
Within Lync’s tradition of urban elements, there is a
more detailed urban design approach that focuses
(like in the Muratorian typo-morphological tradition)
on street spaces and the city block-street frontages
(Figure 2). This symbolic representation shows elevations of building façades and interactions of neighbours (Appleyard, 1981)

Figure 2
Symbolic
representation of
street spaces,
interactions of
neighbours and
their perceived
home territories
(Appleyard, 1981).

Figure 3
Generic
morphological
structure (modiﬁed
from Kropf, 2014;
2018, to include
Lynch’s edges such
as building façade
and Cannigia’s city
block
frontages/pertinent
strip).
Figure 4
Symbolic
representation of
McLaughlin’s (1969)
urban system of
elements.

Kropf (2014) fuses the Conzenian and Muratorian
typo-morphological traditions and opens the discussions on a generic morphological structure. His review embeds street space (Caniggia’s city block) in
the morphological hierarchy of street, lot and building that expands to urban block and a morphological
district.
This morphological structure does not consider
edges. The combination of the Conzenian and Muratorian typo-morphological traditions with Kevin
Lynch’s urban elements and Gordon Cullen’s indicators produces a generic morphological structure (Figure 3), It is also important for CIM to consider symbolic representations at larger scales. This needs a
topological understanding of relationships between
neighbourhoods (Figure 4), but also between the underlying elements such as the interaction between
streets and buildings. This requires an algebraic approach that is deeply rooted today in urban and
transportation modeling . The focus is on generalization if spaces as centroids, locations deﬁned by urban
activity and land use (McLaughlin, 1969).

Geographic Information Systems (GIS)
and Building Information Modelling (BIM)
classes
There are two fundamental ways of representing
physical geography in GIS (Longley et al. 2005). The
ﬁrst way is to superpose the Earth with an orthogonal grid, tessellated into cells. Each cell or area in
the Earth’s mosaic is diﬀerentiated, categorized and
attributed with one variable. The second way is to
pin discrete objects on the Earth’s surface or reference them with geographic information and position. The discrete objects are represented by 2D
shapes (points, polylines and polygons) and are attributed with multiple variables. The discrete objects
and the variables are organized in attribute tables as
rows and columns. These two geographic representations in GIS and in 2D computer graphics are known
as raster and vector graphics. GIS vector graphics
represent geographical features as points, lines and
polygons with attribute tables. GIS is generically 2D
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environment. There is no topological representation
of geographical features. The advantage of the 2D
geometric representation of symbols based on attributes allows for quick visualization (Figure 5).
BIM, for example the Industry Foundation
Classes (IFC) data model, describes buildings and
building elements as industrial products. BIM is
generic 3D environment based on objects (products). The diﬀerent with the GIS is the inheritance.
Each BIM product is an element with placement in a
3D environment and multiple representations. BIM is
object/element oriented. Diﬀerent kinds of elements
are places on building storeys that are aggregated in
a building (Figure 6).
Figure 7 illustrates the elements and relationships in CIM.
CIM inherits the generic 3D environment and
representations from BIM, just in a context of a morphological structure from Figure 2. The existing GIS
do not incorporate the generic morphological structure, whereas BIM classes cover just a part of it. Figure
7 does not include landscape elements or analytical
elements important for urban design (see elements
of townscapes in Taylor, 1999). It is conceived and
presented conceptually. It is contributed by a representation of hybrid drawing board (a top-within perspective) that reveals building façades on a plan (Figure 8).

DISCUSSIONS
The morphological structure and its elements can be
understood as programming classes in CIM as 3D virtual environment. This is not common perspective
on cities neither for urban morphologists nor for urban modellers. The knowledge from urban morphology is qualitative and descriptive. It comes as libraries
of typical design elements and urban patterns. Urban morphologies aim to understand generic morphological structures, but their theories do not always link to urban design practice. Many morphologists argue for morphologically informed urban design. CIM can contribute in creation of digital urban
elements and pattern typologies. One of the hin-
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drances is lack of software to enable this. Figure 7
shows a conceptualization that can help programmers and procedural modellers to structure a 3D virtual environment that corresponds to the toolboxes
of urban designers (Figure 2, morphological structure in Kropf, 2014; elements of townscapes in Taylor,
1999)
Urban design, procedural modelling and city visualization have diﬀerent purposes (Figure 9), but
they share the same interest in three-dimensional understanding of cities. Urban design aims to create
and shape urban spaces usually by juxtaposing diﬀerent design elements (that can derive from morphological research). Procedural modellers tend to create
generic procedures to create cities. They build design
machines or automated architects (discussed by Negroponte, 1970; Cross, 1976; Batty, 2013). Procedural
modelling is mainly used in computer graphics and
gaming. Slowly it moves to the domain of practical
urban design. Autodesk have advertised Urban Canvas, procedural modelling, as software helps planning professionals more eﬀectively create and communicate urban plans and designs, with easy to use
design and analytical tools. As such, it becomes part
of urban modelling that aims towards computer generated urban design (Figure 5). Procedural modelling
is also used in visualization (e.g. Biljecki et al., 2017).
CityGML is an open standardized data model and exchange format to store digital 3D models of cities and
landscapes (www.citygml.org). It introduces a Level
of Detail (LOD) concept. A complex set of ﬁve LODs in
CityGML 2.0, and 15 newly proposed LODs (Biljecki et
al., 2016) is very important for visualization or simulations, but does not fulﬁl the needs for urban designers or planners who work with elements in 2D (comprehensive plans) or 3D (detailed plans). 3D city visualization does not focus on speciﬁc design elements
to play with.

CONCLUSIONS
This paper reviews research in urban morphology,
class conceptualization behind BIM and 3D visualization and procedural modelling to present a proposal

Figure 5
GIS classes

Figure 6
Building
Information
Modelling (BIM)
classes and product
class and its
representations
(based on the IFC
data model)
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Figure 7
CIM programming
classes

Figure 8
CIM perspectives
and drawing board
(top skewed
perspective)
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Figure 9
Procedural
modelling, land use
(urban) models and
CIM

for morphological structure and design elements of
CIM as programming classes. It focuses and discusses
implication for practical urban design. Procedural
modellers aim to generate urban designs, simulate
and visualize cities. The urban models historically
failed in accurately predicting future urban development patterns. This is not a problem with bad models, but there are too many random sequences of
future events that it is impossible to predict future
urban patterns. There is a risk that the enthusiasm
for procedural models disappears as predictions fail.
However, procedural modelling has lot of potential
to converge with urban morphological research and
serve as digital background for designing cities and
CIM.
CIM aims to create a platform where urban morphologists and urban designers can share libraries as
typologies of urban design elements and patterns. It
is conceptually conceived as a software for design of
urban 3D models. The idea of computer generated
cities and urban modelling has been heavily criticized

as predictive tool, but it has a future as background
for urban analytics. In a same context of urban analytics, CIM should store this qualitative information
about urban patterns and inform urban designers before predict and generate cities.
Many morphologists do research on urban patterns and elements. Many of them argue for morphologically informed urban design. To make morphologically informed urban design possible, there
is a need of digital tools and software that will store
this information and allow urban designers to work
with it. CIM is conceived as digital tool that can help
with practical urban design. The future research aims
to develop CIM as 3D virtual environment and create
toolbox with generic urban design elements.
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A triple graph grammar has been adopted as a formal framework for semantic
and geometric conversion of IFC models into CityGML Level of Detail (LoD) 3/4
building models. The advantages of a triple graph grammar approach are
threefold: firstly, it allows for the conversion rules to be graphically defined;
secondly, the generation of the conversion routines corresponding to these rules
can be automated; and, thirdly, a complete mapping can be achieved in an
incremental way by adding rule by rule.The objective of this work is the
development of a methodology and algorithms to automate the conversion of
Building Information Models into CityGML building models, capturing both
geometric and semantic information as available in the BIM models, in order to
create semantically enriched 3D city models that include both exterior and
interior structures such as corridors, rooms, internal doors, and stairs.
Keywords: BIM, CityGML, Triple Graph Grammar, conversion

INTRODUCTION
The project here described derives from the Singapore government’s eﬀorts in the development of
Virtual Singapore, a three-dimensional city model
and collaborative data platform that will “enable
users from diﬀerent sectors to develop sophisticated
tools and applications for test-bedding concepts
and services, planning and decision-making, and research on technologies to solve emerging and complex challenges for Singapore” [1]. While the current incarnation of the Virtual Singapore model is
as an LoD2 (Level of Detail) CityGML model, constructed using both airborne and mobile mapping
surveys, current endeavors aim to create a semantically enriched LoD3/4 CityGML model. Developing a methodology and algorithms to automate the
conversion of Building Information Models (BIM) into
CityGML building models, thereby capturing both

geometric and semantic information as available in
the BIM models and including exterior as well as interior structures such as corridors, rooms, internal
doors, and stairs, this research project forms part of
these endeavors.
The Virtual Singapore model and platform will be
oﬃcially presented at the World Cities Summit in Singapore in July 2018. In ﬁrst instance, it will become
available for use by Singapore government agencies.
While there seems to be a general understanding
among government agencies of the value of having
access to a virtual twin of the Singapore city, at least
visually and geometrically, few agencies have established roadmaps or identiﬁed speciﬁc use cases for
adoption of the Virtual Singapore model. For this
reason, we are working closely together with a number of Singapore government agencies to identify
potential use cases and to gain an understanding of
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the information that should be extracted from the
BIM models and made available within the CityGML
model, A common understanding that can certainly
be determined is the usability of a city model in performing environmental simulations (e.g., wind, energy, daylight). Most environmental simulations cannot be performed simply on the building under investigation itself but additionally requires a simpliﬁed model of the site context as speciﬁed by the surrounding buildings, as well as other elements. All
too often, modelling the site context is a manual process, whereas having access to a city model can automate the integration of the building model into its
surroundings.
While the integration of a building model and its
urban surroundings is not required to take place in
CityGML, there are obvious arguments in favor of a
BIM to CityGML conversion. Firstly, although sharing data is understood to have many beneﬁts, government agencies may still be wary to release the detailed BIM models they possess for peruse by others,
even other government agencies, for reasons of privacy, security, etc. Secondly, BIM models, whether
native BIM or available in the Industry Foundation
Classes (IFC) data format, tend to be large and heavy
in their operation. Often, BIM models of a complex
building or a building complex may be subdivided
into smaller models in order to be manageable within
the BIM software. Importing the urban context from
Virtual Singapore into the BIM software application
is therefore not a realistic option. Thirdly, CityGML
may be considered as a lightweight alternative for
certain purposes. Obviously, whether CityGML as a
data format can support these purposes is an important question to address. Speciﬁcally, CityGML
prescribes a surface model which is very much appropriate for many environmental simulation software. However, few if any simulation software directly import a CityGML model and, thus, another
conversion from CityGML would be required. Nevertheless, such conversion may be much easier to accomplish. Finally, while it is possible to integrate BIM
and CityGML into a single platform (examples do ex-
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ist), we are not developing a platform but simply contributing to attain interoperability within the existing ecosystem of software applications being used
by the Singapore government. The scope of this research project is limited to the conversion of building
models from BIM to CityGML.
As a data model for cities, CityGML does not support storing all information that may be available in
a BIM model while being relevant for our purpose.
From a spatio-semantic point of view, the default representation of physical building elements or deﬁned
spatial units in IFC is as a solid geometry (whether
a parametric, constructive solid or a boundary representation), whereas in CityGML building elements
are represented implicitely by their boundary surfaces and the surface’s semantic class. This means
that the solid representation of building elements
in IFC has to be converted into semantic surfaces of
the CityGML. From a semantic point of view, in IFC,
the physical building elements are represented as
objects with relations. Such relations can be used,
e.g., for material information, properties, or connections between building elements. Building elements
in CityGML are only modeled as boundary surfaces,
and not as objects and, thus, do not allow for further
properties or relations to other boundary surfaces.
For example, while CityGML LoD3 models specify
both outer walls and windows, inherently, they do
not include any relationship between a window and
the wall it is part of. Such information may be necessary in order to support an energy model or Computational Fluid Dynamics model. As another example,
while a complete breakdown of the material composition of a physical building element is beyond any
requirement we have identiﬁed from our collaborators, various properties that reﬂect on this material
composition or its ﬁnishing layer, such as its thermal value, transparency, reﬂectiveness or roughness
value, may be required for speciﬁc use cases. In order to address these deﬁciencies in CityGML, we are
investigating the development of one or more Application Domain Extensions (ADEs) for CityGML to support capturing such information in CityGML.

Figure 1
The project in a
nutshell.

PROBLEM STATEMENT
While automation from IFC to CityGML has been
demonstrated before (de Laat and van Berlo, 2011;
Deng et al., 2016; Donkers et al., 2016), mainly for exterior building shells, this research focuses on achieving a mapping for both exterior and interior structures in LoD3/4, informed by potential use cases and
aiming to be as complete and lossless as can be reasonable achieved. Speciﬁcally, we are working in
close collaboration with government agencies in Singapore in order to gain an understanding of their intentions and use cases for the converted BIM models in particular and Virtual Singapore in general. We
also aim to demonstrate and prove the conversion
routines on existing BIM models obtained from these
agencies, speciﬁcally, the Housing and Development
Board (HDB), Singapore’s public housing authority,
and JTC Corporation (JTC), Singapore’s lead planner
and developer of industrial sites. Both have adopted
quality assurance guidelines with respect to the development of BIM models which, on the one hand,
should facilitate the automated conversion process
and, on the other hand, provide insights into the limitations of such guidelines with respect to this automation process and the impact of diﬀerent guidelines and practices on how buildings and their indoor
structures are modeled. In principle, we target the
conversion of BIM models in the Industry Foundation
Classes (IFC) data format for openBIM, instead of the
native BIM models as available from HDB and JTC,
which result from speciﬁc BIM software applications,
e.g., Revit and ArchiCAD. Nevertheless, we recognize
that there is some advantage in starting from native
BIM models and controlling, to some extent, the ex-

port of these models to IFC. Speciﬁcally, we are investigating BIM requirements and export conﬁgurations
that result in high-quality IFC4 models from these native BIM models. We have adopted triple graph grammars as a methodology and technique to ﬂexibly and
iteratively develop the rules and algorithms for conversion in order to improve the degree of automation
and completeness of the mapping process.
Overall, the project considers three main components: the export from native BIM to IFC, the automated conversion from IFC to CityGML, and the speciﬁcation of an Application Domain Extension (ADE)
to enrich the CityGML format in the context of Virtual Singapore (Fig. 1). The research and development process takes two parallel approaches. On the
one hand, from use cases identiﬁed in collaboration
with government agencies in Singapore, we identify
requirements for the representation of the building
model in CityGML and the speciﬁcation of the ADE.
Requirements with respect to the CityGML model are
consequently translated into data requirement for
the IFC model. These in turn translate into data requirements for the native BIM models. On the other
hand, based on the data requirements for the native
BIM models, we identify manual steps that need to
be taken to ensure a given BIM model meets these
requirements and ﬁltering and export methods that
assure a valid IFC model that meets most if not all the
data requirements imposed on the IFC model. Next,
the triple graph grammar approach is applied to automatically convert the IFC model into a CityGML
building model. The result is then demonstrated to
our colaborators in order to gain feedback and improve upon the processes where necessary.
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Several studies (Benner et al., 2005; Isikdag and
Zlatanova, 2009; Nagel et al., 2009) have emphasized
that a formal framework for strict semantic and geometric conversion is required for a complete integration of CityGML and IFC. While it is possible to semiautomate part of the semantic mapping between IFC
and CityGML itself, for example, using linguistic and
text-mining techniques (Deng et al., 2016), only a
manual method of semantic mapping can guarantee
accuracy. In this paper, we elaborate on the triple
graph grammar approach as a formal framework for
semantic and geometric conversion of IFC models
into CityGML Level of Detail 3/4 building models.
Speciﬁcally, we elaborate on how the triple graph
grammar approach supports a semantic mapping
from IFC to CityGML, on the automatic generation of
conversion routines from this mapping, and present
examples of the incremental approach to achieving
a complete mapping of Building Information Models
into CityGML building models. We conclude with a
discussion of limitations and future work.

TRIPLE GRAPH GRAMMARS
Deﬁnition of consistent graph triples
Triple graph grammars are a formalism ﬁrst introduced by Andy Schürr in 1995 as a technique

for specifying correlations between graph-like data
structures and for synchronizing and/or transforming these potentially disparate structures based on
their correlations (Schürr, 1995). Like many software
concepts, object-oriented data models and their instances can be expressed as graphs - as such they
are also called type and object graphs. Thus, graphs
appear as an obvious choice to tackle conversion
between diﬀerent object-oriented domain models.
For IFC-CityGML transformation, we have to consider
three graphs: an IFC object graph representing the
building model, a CityGML object graph representing
the city model, and a connection graph relating the
two. Fig. 2 shows a simple example of such a triad
of graphs covering the spatial structure of a building across all three graphs. In order to distinguish
the three graphs, we are employing diﬀerent edge
styles: circle end marks for the directed edges of the
IFC graph (inspired by Express-G), arrow end marks
for the directed edges of the CityGML graph (inspired
by UML) and dashed lines for the undirected edges of
the connection graph. To involve the meta models of
the IFC and CityGML graphs into our formal model,
we employ the idea of typed graphs, consisting of an
object graph, a type graph and a typing morphism,
as proposed by Bardohl et al. (2004).
Figure 2
Triple graph for the
spatial structure of a
building, consisting
of an IFC graph
(left), a CityGML
graph (right), and a
correlation graph
(dashed lines).
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Figure 3
A grammar to
create the
IFC–CityGML triple
graph shown in Fig.
2.

Graph grammars adapt the concept of string
grammars for graphs. A production rule speciﬁes
how to transform a graph. It consists of two graphs:
the left-hand side graph represents what to match
during application of the rule and the right-hand side
graph represents the replacement. A set of such
rules describes how to build graphs of a formal language from a given start graph by successively applying the rules. For triple graph grammars, these
rules operate on the triple of graphs outlined above.
Fig. 3 shows a triple graph grammar that can produce the triple graph example in Fig. 2 and a potentially inﬁnite number of consistent IFC-CityGML
triple graphs representing similar spatial structures.
The start graph consists of the root nodes of the hierarchical spatial structures on the IFC and CityGML
side and their mutual correlation. The grammar comprises two production rules: Rule A creates a building
and Rule B creates a storey in both the IFC and the
CityGML graph simultaneously as well as the correlation, including all relevant nodes and edges for all
three graphs.
The production rules are depicted as integrated
diagrams with the two graphs of the rule combined
into a single graph using a graphical diﬀerentiation
of the elements that are in both graphs (retained
elements), those only in the left-hand side graph
(deleted elements) and those only in the right-hand
side graph (added elements). This is a common
representation adapted for example in the Graph

Transformation Exchange Language GTXL (Lambers,
2005). At this point, there is no designated source
and target graph. The triple graph rules operate on
all three graphs, both in the matching, as speciﬁed by
the left-hand side of a rule and in the replacement, as
speciﬁed by the right-hand side. As a consequence,
also additions and deletions can occur in all three
graphs. For now, we limit the rules to monotonous or
additive productions which do not delete any nodes
or edges.

Deduction of forward transformation rules
A triple graph grammar as described in the previous section can be used to transform a graph of
one type into another, to compute the correspondence between two existing graphs, or to maintain
the consistency between graphs of the respective
types (Kindler and Wagner, 2007). Currently, we are
only interested in a one-directional IFC to CityGML
transformation system, with IFC as the source and
CityGML as the target graph type. Thus a given IFC
graph constitutes the start graph and the production
rules are supposed to extend this single graph into
a full consistent graph triple by creating the corresponding CityGML and connection graph.
Schürr (1995) has shown that such one-way
transformation rules can be derived from the triple
graph grammar rules by splitting them into 1) a
source-local part that does not involve the target and
connection graph and 2) a source-to-target part that
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Figure 4
IFC-local rule A’
(left) and
IFC-CityGML
transformation rule
A” (right) deduced
by splitting triple
graph grammar rule
A from Fig. 3.
leaves the source graph unchanged. Fig. 4 shows
an example of such a split: Rule A from the example IFC to CityGML grammar in Fig. 3 is divided into
two rules: An IFC-local rule A’ and an IFC-CityGML
transformation rule A”. Informally speaking this split
factors out exactly those parts from the simultaneous triple graph generating rules, that build the IFC
graph. These parts of the rules are not necessarily
needed for the transformation, because we already
start with a given IFC graph. However, these IFClocal rules constitute a grammar to build all potential
source graphs. This grammar can be used to parse
the start graph and thus determine the application
order of the associated transformation rules.
Note, that the two sides of a rule (left- and righthand) do not directly correspond to two sides of the
triple graph (source and target). As can be seen
from Fig. 4, even for a forward transformation, where
we conceive of the IFC graph as the source and the
CityGML graph as the target, the left-hand-side of the
transformation rule may include nodes and/or edges
from all three graphs. The addition of nodes and
edges is however limited to the target graph and the
connection graph.

Direct speciﬁcation of IFC-CityGML transformation rules
For the implementation of the actual transformation we specify the forward transformation rules directly instead of deducing them from triple graph
rules creating all three graphs simultaneously. This
short-cut method sacriﬁces the possibility of ﬂexible
bi-directional transformation and synchronization in
favor of a straight-forward implementation for just
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a uni-directional transformation. We presume that
these rules can be easily converted to general triple
graph grammar rules by forming the concatenation
of the IFC-local and IFC-CityGML rules, the opposite
operation of splitting a rule as described in the previous section.
Recall the example in Fig. 4 with the IFC-local
rule A’ and the IFC-CityGML rule A”. The two parts
of a transformation rule are operationalized as follows: The IFC-local rule is used to guide the traversal of the IFC object graph. The IFC-CityGML rule is
used to guide the generation of the corresponding
CityGML nodes, and embed them into the CityGML
object graph created earlier in the transformation
process.
We pose further constraints on the transformation rules to simplify the speciﬁcation of the rules
and the implementation of a generic transformation
algorithm: Each rule shall contain two pairs of correlated IFC-CityGML nodes, with paths existing between the two IFC nodes in the IFC graph and between the two CityGML nodes in the CityGML graph.
The ﬁrst pair is an existing IFC-CityGML pair, whereas
from the second pair only the IFC node exists in
advance and is completed with the CityGML node
during rule application. We might relax these constraints and adjust the transformation algorithm if
the need arises in the process developing the speciﬁc IFC-CityGML transformation rules. In the example rule A” in Fig. 4 we have two pairs (ifc1, gml1) and
(ifc3, gml2).
Another example is shown in Fig. 5 with the
respective IFC-CityGML pairs (ifc3, gml1) and (ifc4,
gml2). This rule identiﬁes an interior wall surface

Figure 5
Example of a
IFC-CityGML
transformation rule
for an interior wall
surface.

within the IFC graph and creates and embeds a corresponding node in the CityGML graph: Within the IFC
graph, it matches an internal, physical space boundary that relates to a wall and a space and has a connection surface geometry. It is the latter geometry
that is then transformed into an interior wall surface
node in the CityGML graph; both are related through
an edge in the connection graph. Finally, the created
wall surface node is connected to the existing room
in the GML graph which corresponds to the related
space in the IFC graph identiﬁed in the beginning.
The additional rule constraints are established in
order replace the computationally hard graph parsing with a predeﬁned rule application order. Each
time we apply such a rule, we complement one IFC
node with a corresponding CityGML node and use
this pair as the starting point to identify matches
against a predeﬁned set of follow-up rules. Consider
for example the rule in Fig. 5: its follow-up rules
would cover diﬀerent types of geometric representations to convert the actual geometry. Though this
approach obviously limits the applicability of these
rules to a recursive, hierarchical development, it allows for a straightforward generation of conversion
routines from this mapping, and it can easily be extended to include other rule types and rule application strategies.

LEVERAGING THE TGG APPROACH
Rule-based conversion
In order to drive an actual conversion, we can either automatically translate the transformation rules
into software routines or consume them as input

for a generic conversion routine.In addition to the
rules themselves, we consider pre- and postprocessing steps, that is enhancement of the IFC- or CityGML
object graph before or after conversion. For instance,
one of our current rule sets relies on normalized triangulated geometry to be present in the IFC graph.
We did not consider yet how to represent attributes
in the formal model and how to tackle conversion on
attribute level, such as unit translation, aggregated
values, or geometry manipulation.

Incremental development of rules
The use of a triple graph grammar allows us to
develop the formal mapping from IFC to CityGML incrementally. The graphical representation helps to
understand and study the details of the otherwise
rather complex conversion process. We are building a rule database where rules can be assigned to
predeﬁned sets, such that we can collect rules conforming to diﬀerent schemas or to diﬀerent use case
requirements. For instance we can have one rule
set that converts space boundary geometry into thematic surfaces for CityGML 2.0 and another one that
converts the solid geometry of building elements
into CityGML 3.0 or 2.0 with an ADE.

Coverage analysis and IFC requirements
From a given set of transformation rules we can extract the IFC-local parts and use these as requirements for IFC source graphs. This allows to conduct
preliminary checks of whether a given IFC input will
yield a result in the conversion to CityGML or it lacks
essential content with regard to this speciﬁc set of
rules. Thus we gain insight in the extent of which an
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IFC ﬁle conforms to the rule set. Conversely, we can
also check to what extent a rule set is able to cover
a given IFC ﬁle and thus identify gaps in the rule set.
To this end we mark all nodes and edges in the IFC
source graph that are matched by any transformation
rule. Non-matched nodes and edges indicate blind
spots in the rule set with regard to a complete conversion. We can also generate metrics such as percentage of covered nodes and edges.

CONCLUSION
We adopt triple graph grammars as part of a formal
framework for strict semantic and geometric conversion. Speciﬁcally, we develop a triple graph grammar
to formally relate and transform a building information model, expressed as an IFC object graph, into
a city model, expressed as a CityGML object graph,
and to transform a model of one type into another.
Rather than specifying triple graph rules creating all
three graphs, the IFC object graph, the CityGML object graph and the correlation graph, simultaneously,
instead we specify the forward transformation rules
directly and extract the IFC-local rule parts and use
these as requirements for IFC source graphs. This
allows to conduct preliminary checks of whether a
given IFC input will yield a result in the conversion
to CityGML but also to what extent a rule set is able
to cover a given IFC ﬁle and thus how complete the
conversion is. An additional advantage of the triple
graph grammar approach is that it allows an incremental approach to the development of the formal
mapping. As such, we argue that a triple graph grammar is a natural choice for supporting the conversion
between IFC and CityGML.
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Against the background of urbanization and the fast growth of population in big
cities, there will be more and more high-rises emerged in the future. In some big
cities, the various layers of public transpiration networks such as metro systems
also played an essential role in the urban life. In the verticalized urban
environment, the complexity of the multi-layers space system connected by
various horizontal and vertical connections have been beyond people's cognition.
The boundaries between private space and public space, outdoor-space and
indoor-space have already blurred. The graph theory based urban spatial
analysis approaches are adopted in urban studies to tackle with the urban
complexity issues. However, at present, most of the methods proposed are
specializing in open urban spaces, and they cannot describe the
three-dimensional completely and accurately. Therefore, in this paper, a new
graph theory based representation method, the Dynamic Geometric Network
Model, which adapted to the verticalized urban environment will be proposed.
And the approach of how to automatically generate such a representation model
according to the urban layout will also be introduced.
Keywords: Graph Model Representation, Graph Model Generation, Verticalized
Urban Environment

INTRODUCTION
With fast increasing population and urbanization,
more high-rise and mixed-use buildings and building groups have arisen in cities, especially in the highdensity city center. In the big cities, the various layers
of public transpiration networks such as metro systems also played an essential role in the urban life.
In this kind of high-density environment, the urban
space and the transportation system are intertwined
together from the diﬀerent levels. The separated ur-

ban spaces are connected to a more complicated,
verticalized urban network by various metro lines.
The complexity of the verticalized space systems
which connected by various horizontal and vertical
connections are beyond people’s cognition. Diﬀerent from the in the low-density urban environment,
in the vertical urban environment the boundaries between private space and public space, outdoor-space
and indoor-space have already blurred. At present,
most of the urban analysis tools proposed are special-

CITY MODELLING & GIS - Volume 1 - eCAADe 36 | 525

izing in open urban spaces, and they cannot describe
the three-dimensional urban spaces completely and
accurately. However, against the background of urbanization and the growth of population, there will
be more and more vertical cities emerged in the
future. Hence, it is necessary to have an appropriate method specializing in analyzing the threedimensional urban spaces.
There are two signiﬁcant distinctions between
the normal public urban space and the verticalized
urban environment. Firstly, the usage of the vertical
urban spaces are more dynamic and ﬂexible, due to
the access of the urban spaces might be controlled
by the opening time of various gates. Secondly, there
are plenty of vertical transportation facilities in a vertical urban environment, such as the stairs, the escalators, the over streets pedestrian bridges, etc. They
have obstructed the pedestrian ﬂows in the city to
some extent and that eﬀects should not be neglected
in urban studies. However, currently in the urban design ﬁeld, the spatial analysis methods are mostly focusing on the static situation in two-dimensional urban scale. Therefore, for adapting to the speciﬁc urban environment of high-density and verticalization,
it is necessary to have an approach that can support
three-dimensional spatial analysis more dynamically
and accurately.
In urban network analysis method, the urban
conﬁguration will be abstract as a graph ﬁrstly, and
then based on the graph theory in mathematics,
kinds of centrality calculation can be conducted.
From diﬀerent perspectives, there have already several urban space representation methods been proposed. However, they are only focusing on the
two-dimensional open urban spaces, like the public square and the streets. In navigation ﬁelds, there
have either numbers of spatial analysis representation tools been proposed, but they are more concerned about the indoor wayﬁnding and evacuation.
Based on the previous work did by other experts, in this paper the author will propose new spatial representation and generation method, the Dynamic Geometric Network Model, which is specializ-

526 | eCAADe 36 - CITY MODELLING & GIS - Volume 1

ing on three dimensional verticalized urban environment. The whole space structure including the vertical transportation facilities (stairs and elevators) will
be represented as nodes and edges, where the nodes
represent the space units and the edges represent
the routes connecting the space units. Based on the
length of the sides we can deduce the accessible distances between two connected space units.
This Dynamic Geometric Network Model contains both the geometric information, the topological information, and the temporal information.
Hence, it can visualize the pedestrian movement trajectory, can abstract the inherent relation between
the spaces concisely, and can also describe the spatial feature changes during a speciﬁc time. According
to the data (connections, travel time, distance, opening time, etc.) summarized from the Dynamic Geometric Network Model, various centrality measurements can be conducted based on the graph theory. Therefore, we can conclude kinds of centrality
indices of the network which can reveal the whole
space structure in a dynamic perspective (e.g., Accessibility changes during one day and one week).

RESEARCH METHODOLOGY OF GRAPH
THEORY BASED URBAN STUDY
Graph Theory is a mathematical branch, which can
describe and analyze diﬀerent types of connections
and relations. Biggs gave the most common deﬁnition in 1976 that a Graph is an ordered pair G = (V,
E) comprising a set V of vertices or nodes or points
together with a set E of edges or arcs or lines, which
are 2-element subsets of V [Biggs et al., 1976]. The
Graph Theory has been widely applied in modeling
many kinds of processes and relations, both in natural science and social science ﬁeld. Such as in computer science, graphs are used to represent the data
organization, the ﬂow and structure of communication, in chemistry and physics, it is adopted as a tool
to study molecules, and in sociology, graphs can represent the linguistic structure, social network.
When the concept of Graph Theory had ﬁrstly
been researched by Leonhard Euler in 1736, it was

proposed with an urban topic of The Koenigsberg
Bridge Problem [Barnett, 2009]. In the ﬁeld regarding
urban studies in the modern age, Graphs have previously been explored in many diﬀerent contexts respectively. Since the Graph can eliminate the ﬂesh
and blood and leave the skeleton by reducing the
complexity of an object, it is usually used to simplify the urban environment into its fundamental elements of nodes and links [Moryadas, 1975]. With the
straightforward and summarized network model, it is
possible to evaluate the hidden features behind the
complexities of the built environment.
Towards urban studies, from diﬀerent perspectives and for various purposes, Graph Theory has
been adopted by the urban geographers, urban
economists, urban planners, transportation engineers, architects, etc. Although their research topics
may concern diverse aspects, and with diﬀerent conclusions, the primary research methodology follows
a similar workﬂow: a). to represent, b).to calculate,
c).to visualize, d).to validate.

Graph Representation
In the context of urban design, the conventional
modes of urban representation focus on describing
the geometric properties in material level. It is a
process to transform the metric dimension, scale,
and shape into a simpliﬁed digital or physical model.
However, the term representation in graph theory
based urban study refers to a process that abstract
the geometric information into graphs, which include a series of nodes and edges. Normally in a representation, the research objects are represented as
nodes, and the edges are the connections among the
nodes. Various representation methods indicate different means for perceiving the built environment, so
there have a number of representation approaches
been proposed towards kinds of research objectives
in urban studies. For example, the representation
method Occupancy Grids proposed for autonomous
navigating robots[Moravec, 1985], the Place Graph
and the View Graph used for environmental cognition research[Kuipers, 2000] [Mallot et al., 1997], and

the Convex Map and Axial Map proposed by Bill Hiller
and Hanson in the architectural study[Hillier and Julienne, 2014] [Franz et al., 2005], etc.
The graph representations can reveal the topological structures of the urban environment and can
capture the co-cognitive and hierarchical properties
of space signiﬁcant to inhabitants’ experience, behavior, and occupancy [Deleuran and Derix, 2 In
geography and urban studies, the network representation sometimes also includes the geometric
information, such asthe coordinates, or sometimes
can reﬂect the space conﬁguration. Therefore, several researchers classiﬁed the representation model
as geometry model and logic model (topographical
model)[Lee, 2004][Lee and Kwan, 2005][Gartner et al.,
2009].

Graph Calculation
The topological graphs generated from the physical urban environment are the foundation for calculation. They can demonstrate the connectedness
for a group of components in the network qualitatively. The graph data structure is highly ﬂexible
and extendable, and there have been a set of algorithms for solving higher level queries in mathematics. The centrality indices calculated from the
graph data can reveal the essential features of a network, either for a speciﬁc node or the whole structure of the graph[Freeman, 1978]. In urban studies, there have already numerous of centrality indices
been proposed concerning diverse research topics.
Such as the index of Step and Integration introduced
in the tool of Space Syntax [Hillier, 2015], and the
Reach and the Betweenness proposed in the method
of Urban Network Analysis [Sevtsuk, 2010]. However, they are still derived according to the basic centrality measurements, the Degree Centrality, and the
Betweenness Centrality, which proposed by mathematicians in 1950s [Freeman, 1978]. A graph structure can also be extended by assigning a weight to
each element of the graph. Graphs with weights, or
weighted graphs, are used to represent the connections have some numerical values.
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Graph Visualization
The calculation results obtained from topological
model merely return to numbers, and the visualization means to display these numbers on the graphs
by assigning the nodes or lines kinds of color, size,
shape or arrangement. The visualization can be illustrated on both of the topological network model or
geometric network model, or ﬁgured on the urban
layout directly. In data science, there have a multitude of layout formats been developed for visualizing topological network model, such as the tree layout, the circle layout, the radial layout, etc [Herman
et al., 2000]. In urban studies, most of graph theory
based spatial analysis tools also provide the matched
visualization approaches, for example in the case of
Route Structure Analysis [Marshall, 2004] and Space
Syntax [Hillier and Julienne, 2014].

The Validation
Most of the graph theory based urban studies aimed
to explore the interaction and relations between the
urban space (geometry) and its inhabitants (human
behavior). Therefore, to observe how the people perceive and adapt the physical environment is entirely
necessary. Using the data collected from site observation to validate if the space conﬁguration leads human behavior or if the public activities also have the
ability to shape the spaces, such as in the research
of Ho �lscher [Ho �lscher et al., 2012]. From Lynch’s
Cognition Map [Lynch, 1960], the PSPL (Public Space,
Public Life) from Gehl [Gehl and Gemzøe, 1996] to
the method of using Wiﬁ or Bluetooth sensors for
pedestrian tracking [Schauer et al., 2014], the human
behavior observation approaches can be various for
sorts of objectives. Meanwhile, the data from the reality can also revise the spacial representation and
calculation.

GRAPH MODEL REPRESENTATION IN DIFFERENT SCALE OF URBAN STUDY
Research scale is the key issue for graph theory based
urban studies [Batty, 2009]. From a). territorial scale
to b). urban scale and to c). building scale, the re-
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searchers in diﬀerent ﬁelds had contributed a plenty
of discussions regarding graph theory based spatial
analysis respectively. Point to various of topics, they
provided kinds of approaches for spatial representation, proposed indices, graphics for describing the
network properties, and some of the urban studies
included the reality data analysis either.

Graph Representation in Territorial Scale
In territorial scale, the human geographers and regional economists are more concern about how inhabitants behave with respect to economic and social activities. For example, in the new media era,
the social network analysis can be a promising tool
for exploring knowledge ﬂows across cities and regions [Ter Wal and Boschma, 2009]. While the physical geographers and transport planers are more focusing on how the individuals move and interact
with places, such as the graph theory application on
the map generation and the subway system analysis [Derrible and Kennedy, 2009]. In relatively large
scales, the nodes in the graph commonly represent a
speciﬁc place, such as cities or regions; and the edges
represents the connections or ﬂows, such as the immigration ﬂow, the ﬂights, or the money ﬂows

Graph Representation in Urban Scale
In urban scale, the researchers from urban planning,
urban transportation, architecture, and the cognition
science areas are focusing on exploring how the human beings percept the physical built environment
and how they interact with the urban spaces. Therefore, in urban scale, the researchers usually represent
speciﬁc urban elements as nodes in a graph, such as
the squares, the streets, the conjunctions, etc.; and
the edges represent the physical connections of the
spatial elements or the abstract relations of them.
The Street Network. Conventionally, the transportation engineers use Street Network method to represent the road structures in the city. Intuitively,
they use vertices to represent the intersection of the
streets, and the movement paths or streets themselves are represented as edges [Jiang and Clara-

munt, 2004]. In this method, the edges are the medial
axis of each street, and the nodes are the intersections of the medial axis. The advantage of the Street
Network is that the geographic features of the physical environment are entirely expressed. It perfectly
matches the real street form and real-life experience
of human beings.
Route Structure Analysis. However, when the
streets or the routes themselves are the primary focus
of the research, this representation method seems
less directly eﬀective. Stephen Marshal proposes an
alternative method Route Structure Analysis to measure and evaluate diﬀerent street patterns. In this
method, the analysis objects are the streets themselves, so in the graph representation, the nodes
represent the street themselves, and the edges are
the relations of the streets [Marshall, 2004]. Route
Structure Analysis oﬀers a particular approach for the
street pattern analysis. The properties of the streets
will be calculated by continuity, connectivity and
depth three main indices proposed in this method.
The Convex Subdivision. In mathematics, a convex
region deﬁned as a region where, for every pair of
points within the region, every point on the straight
line segment that joins the pair of points is also within
the region [Morris and Stark, 2015]. In Convex Subdivision representation method, the spaces are fully
subdivided into some convex regions, and the centroids of each subdivided convex regions are represented as nodes, and their relations are represented
as edges. Such as the convex map diagram proposed
in Space Syntax [Hillier and Julienne, 2014], and the
cell centers and paths overlaid representation proposed by Lorenz [Lorenz et al., 2006].
The Axial Map. The Axial Map is another spatial representation provided by the tool of Space Syntax.
Hiller and Hanson deﬁned the axial map as some
minimal set of the fewest and longest lines of sight
that cover some set of the fattest convex spaces in
terms of their area perimeter ratio [Hillier and Julienne, 2014]. Since the axial lines are straight, it is possible to follow on sight or movement. Therefore, it is
typically used to represent the continuous structure

of open space in the city. Similar to the idea of Marshall in Route structure Analysis, in the Axial Map the
linear spaces are represented as nodes, and the connections of the axis are represented as edges.

Graph Representation in Building Scale
Some architects directly modiﬁed and extended the
representation approaches adopted in urban spatial
analysis and applied them to the building scale. However, the methods supposed to apply in the twodimensional environment cannot describe the threedimensional indoor elements completely. The researchers in the ﬁeld of indoor geography information, have proposed several indoor space representation methods, and they are widely used in indoor
positioning and indoor navigation, such as the guiding and evacuation in complex buildings.
Medial Axis. The Medial Axis of a given shape is a thin
and linear representation that is equidistant to the
boundaries of the shape [Deleuran and Derix, 2013].
It is originally known as the topological skeleton and
was proposed by Blum in 1967 as a tool for biological
shape recognition [Blum, 1967]. The Medial Axis representation is capable of capturing cognitive information of a given shape, and it can also be used to depict kinds of forms of urban spaces and indoor spaces
as the linear skeleton. As in the research from Derix,
when the Medial Axis are seemed as a spatial graph
representation, the conjunctions and the end points
of the axis can be represented as nodes, and the linear axis themselves can be represented as edges [Derix and Jagannath, 2014].
Node-Relation Structure. The Node-Relation Structure is a graphical representation approach proposed
based on the Poincare Duality theory by Kwan and
Lee for the navigation in the three-dimensional space
system, which can convert the Room-Door relation to
Node-Edge relation. The Node-Relation Structure illustrates the topological relationship of the spaces in
a three-dimensional way explicitly by a set of nodes
and edges [Lee and Zlatanova, 2008].
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The article, in the general extent, touches upon issue of the awareness of the
cityscape in morphological terms. It concerns in particular the system of open
spaces as an unique component of the urban structure of cities. The measurability
of the phenomena still seems to be a challenge. The considerations presented in
the article are embedded in the environment of virtual city models. The
3D-Negative (N3D) method developed by the author for generating and
analyzing open space geometries in the virtual city model environment is used for
example area and volume representation of urban structures in terms of space
between buildings. The source analytic virtual city model data is generated on
the basis of combination of DSM and DTM models. The cases discussed in the
article prove the intuitive perception of open spaces in a quantifiable way. In the
aspect of spatial data standardization, the presented analyses are embedded in
the cityGML LOD1 standard.
Keywords: virtual city models, open spaces morphology, geometry of cityscape,
3D-Negative (N3D), advanced urban analyses

INTRODUCTION
The need for a conscious attitude towards spatial development and the current state of cityscapes is basically undisputed. There are many scientiﬁc sources
devoted to the morphology of built-up areas, forms
and parameters of particular spatial components of
cities (Loegler, 2011). On the contrary, it is worth
understanding that the “genetic code” of the city
is mostly recorded in open spaces (Bielecki, 1996),
where public life of cities takes place (Gehl, 1996,
2001). However, a measurable computer analysis of
the space between buildings is a challenge even with

the current availability of spatial data because the geometry of the open urban space is not clearly described and deﬁned within spatial models.

VIRTUAL CITY MODELS AND ADVANCED
URBAN ANALYSES
The environment of virtual city models provides wide
range of possibilities to apply new computer methods of analysis and observation of urban structures.
It is also applicaple in simulations in scale of entire
cityscapes (Yamano, Yoshigawa, 2005). There is a diversity of 3D city models in terms of their structure,
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Figure 1
The triangulated
geometry of the
3D-Negative visible
in blue. The N3D
top and botton
limit lines resultant
from LiDAR-based
data: top surface
(DSM) - red line,
botton surface
(DTM) - green line.

accuracy and origin of source data. Each of the types
of 3D models of cities is to a diﬀerent extent predestined for analytical applications and the development of new computer tools (Pal Singh, Jain, Mandla,
2013). The use of LiDAR-based GIS data has increasing potential for 3D spatial analyses. There has been
already many analytic applications of 3D GIS (Moser,
Albrecht, Kosar, 2010). Two very important issues related to the application of virtual city models to advanced urban analysis are the validity of spatial data
and standardization of the 3D models themselves
(Zhu, Li, Zhang, 2005). In this case, the LIDAR-based
DSM (Digital Surface Models) and DTM (Digital Terrain Models) models are the most appropriate type
of source data. In Europe, thanks to the European
Union’s policy, this type of data has been disseminated and the spatial content is kept up-to-date. The
recently used data is coherent with the EU INSPIRE
directive and its interoperability Implementing Rules
(IRs). Regarding standardization of data, the concept
of level of detail embedded in the cityGML standard
of virtual city models is a reference point for analytical applications (Groeger, Plumer 2012).
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3D-NEGATIVE (N3D)
The interest in the issues of public spaces in connection with the growing potential of computer tools
and analytical environments, in particular virtual city
models, led the author to develop the 3D-Negative
method (N3D). The method is aimed at enabling a
measurable analysis of the system of open spaces
in the city in geometric terms and additionally verify relations between spatial and functional layout of
the city. Its main assumptions and details have been
published in earlier publications. Practically, the N3D
method is based on automatic detection and generation of additional spatial geometry representing the
city’s open spaces as part of the virtual city model. In
terms of computing the 3D-Negative relies on the triangulation as a mode of generating the top and bottom surfaces of the geometry of open spaces. On the
sides, the geometry is determined by the planes of
the walls of the buildings that limit it. In other words,
the vertices of the upper N3D triangular mesh coincide with the DSM model, and the lower grid results
from the location of the buildings on the DTM model
(Figure 1).

Figure 2
The sample of 1
km2 of LOD1.3
virtual city model,
generated in BDOT
Explorer v.1 (by P.
Rubinowicz, ZUT,
CCU), used for
detection of the
N3D geometry (in
blue).

detail (Biljecki, 2016), is performed in separately developed software - BDOT Explorer (Rubinowicz, 2017)
(Figure 2).
By the development of the method and much
better data availability, presently the 3D-Negative
can be applicable to whole city areas. The processing stage of the N3D method is embedded partly
in Quantum GIS and partly in SketchUp computer
software. Recent successful applications of the N3D
method have been performed on spatial data covering entire sample city - the 3D-Negative was generated for an area of over 80 square kilometers (Figure
3). The procedure time was less than 2 hours.

QUANTIFICATION

Figure 3
The largest so far
successful
3D-Negative
detection for the
area of 85 km2 - city
of Przemyśl, Poland.
The calculation took
around 2 hours.

The development of individual computer procedures
for the N3D method initially based on CAD models,
but later it has been transferred to cityGML standard
and ﬁnally it operates on combination of spatial data
saved as point clouds from laser scanning (LiDAR)
with vector data stored in the BDOT10k database. In
the pre-application phase, the conversion from the
LiDAR / BDOT data to 3D virtual city model, coherent with the cityGML standard in the LOD1.3 level of

The N3D is therefore a spatial geometry enabling
the quantiﬁcation of invisible space in a city in various ways. This quantiﬁcation is a key issue raised
in the proposed article. Diﬀerent features of the
open spaces structure can be analyzed within the
N3D geometry. In the previous studies, such possibilities of advanced analyses have been deﬁned as distance studies between diﬀerent types of open spaces
(squares, streets), spatial distribution and density
analysis, spatial continuity studies of space between
buildings in radial and linear schemes, analyses of
public space volume, etc.
The unique scheme and distribution of open areas, particularly in terms of its area and volume, create unique spatial code of diﬀerent cities. This code
should be recognized in order to plan spatial development based on spatial continuity. Completely different logic of the construction and location of the
space between the buildings have small cities with
a clearly historically shaped structure of squares and
streets, and another in turn modern cities with a complex spatial structure. All these elements of streets,
squares, vast open areas can be detected and quantiﬁed by the 3D-Negative. The regularities of unique
open space systems are extracted by N3D with the
appropriate selection of surface or/and volume parameters. Due to the geometric simpliﬁcation of the
N3D method, the greenery is not detected within the

CITY MODELLING & GIS - Volume 1 - eCAADe 36 | 533

virtual city model - the unbuilt green areas are treated
as open space. The surface of the terrain is calculated properly based on the DTM model, mainly to
keep more accurate calculations for volumes of open
spaces.

Area
The issue of observation of the city open space system in terms of their size distribution facilitates and
enables understanding of the logic of a given area
in terms of the location of characteristic and homogeneous urban areas, general density (but in this
method of open spaces), investment potential in undeveloped areas, landscape protection and city ventilation etc. The element constituting the basis of
quantiﬁcation in terms of the open space area in
terms of the N3D method is a single detected element of triangulation, which is a geometric triangle
- namely the triangular surface deﬁned between the
buildings that delimit a certain open space (Figure 4).
The process of detecting open spaces by means
of Delaunay triangulation is obviously a simpliﬁcation due to the individual characteristics of the objects deﬁning open spaces. Therefore, this type of
analysis is applicable at the LOD 1 level of the virtual city model. The use of more accurate models
does not increase the accuracy of the method, but it
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causes very large calculation diﬃculties and on the
level of geometric analysis of the 3D model of the
city. However, the basis for quantiﬁcation is the geometric surface of the 3D-Negative components. It
allows the representation of the city’s open spaces in
the form of simpliﬁed geometric ﬁgures (triangles in
this case) with a certain size range in a speciﬁc location.
For the imaging and discussion on the surface
distribution of open spaces in the urban space, a case
of an urban area of 15 km2 was chosen (Koszalin,
Poland). The area includes basically the entire main
structure of the city (Figure 5). The area quantiﬁcation of open spaces for the selected area was carried
out in two scenarios: global and local. The global
approach reveals, above all, the distribution of the
largest open spaces in the vicinity of the city center
and deﬁnes their distances from this center. In global
terms, open areas with an area of over 10 hectares
were assumed to be the highest level of scaling. The
sequence of images showing the structure of open
spaces in a global perspective, and above all their
quantitative distribution in speciﬁc intervals of the
geometric surface, indicate a repetitive characteristic distribution in urban space where only a few percent of open areas constitute spaces larger than 1
hectare. In the analysed case, the characteristic of the
observed city is the occurrence of open areas with an
area of over 5 hectares, at a distance of no less than
2-2.5 km from the city centre (marked with dark red
colour). On the last, full-colour image, it is also visible
how the ecological corridor (detected as open space)
is clearly dividing the city into western and eastern
parts.
In the local approach, a measurement was made
within the area assumed as the lowest size range
of the open city area for the global approach. The
analysis covered the structure of space of up to 1
hectare, which accounted for over 90% of areas in
global terms. The distribution of small local open
spaces presented in the sequence of images shows
a much greater regularity of occurrence, especially in
the context of distances between individual spaces

Figure 4
The structure of
N3D - triangular
surface detected
within LOD 1.3
virtual city model.

Figure 5
The global
overview sequence of images
representing spatial
disposition of open
space in reference
to the size
parameter.

Figure 6
The local overview sequence of images
representing spatial
scheme in local
extent with use of
signiﬁcantly lower
area parameters.
Clear deﬁnition of
city center (main
square) marked on
the full-range color
mapping of the
area.

(Figure 6.). The distribution of small, local open
spaces presented in the sequence of images shows
a much greater regularity of occurrence, especially
in the context of the distance between individual
spaces. In addition, signiﬁcant clusters of homogeneous smallest (green) triangles indicate areas with
a very regular and homogeneous urban structure (in
the eastern part of the area). In the case of the city
center, the quantiﬁcation very clearly emphasizes the
location of the dominant open space of the main
square in relation to the surrounding compact structure of urban quarters.
In the extension of parameterization of open
spaces in the geometric form of the 3D-Negative triangulation, a matrix of open spaces with an area of

3000-5000 m2 was made and presented (Figure 7).
The matrix was made in a 100m grid, red points indicate the place of occurrence of open spaces at estimated area threshold. The orange area delimited on
the west side of the city is an area of compact buildings and large green areas, where the open space
with the parameters of the main square of the city
is not repeated in any place. The yellow area in turn
determines a fragment of a homogeneous, compact
district of a city where small, repetitive open spaces
are below the assumed surface limit.
An important reminder is the fact that the N3D
method is based on mathematically determinate geometry. Each of the types of analyzes made on the
basis of 3D-Negative geometry can also be saved in
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numerical form, table of values or using any type of
chart representing speciﬁc parameters. The chart below presents the distribution of open area in local
terms (Figure 8.).
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Volume
Regardless of the quantiﬁcation regarding the size
and size distribution of individual open spaces in the
urban structure, the interesting thread addressed by
the N3D method is the so-called the amount of air in
the open space of the city. The perception of space
between buildings can be diametrically diﬀerent despite the fact that in an urban projection plan, certain
open spaces will look similar or even identically. Another will be the space between high-rise buildings
and another between single-family houses. A completely diﬀerent sense of openness will be accompanied by spaces of the same dimensions in compact
buildings, and others in a loose arrangement of detached buildings. The analysis and comparison of
these diﬀerences is measured by individual volumes
within 3D-Negative. As already described at the beginning of the article, N3D is a volumetric model of
open space generated in a virtual model of the city.
The volume N3D is divided between the level of the
terrain and the ceiling determined by the top vertices
of the city buildings. In geometric terms, they are
solids with a speciﬁc volume.
The calculation of individual volumes takes place
in accordance with the mathematical principles of
calculating the surface of spatial solids (Figure 9.). For
the analysis of the amount of “air” in larger areas, the
aggregated values ��of individual volumes are used
within the determined open space. The presented
case of Cracow was chosen for both the basic reason
of volume exploration, but also because of the fact
that one can clearly understand how the real space
hidden in the urban structure is emphasized by generating the N3D model.
The area selected for volume quantiﬁcation is
unique urban layout of the Planty Park and open
space at Wawel hill in Cracov. This is a very speciﬁc
case where, in opposition to the historical, very regular and tight urban structure, where space is scarce,
the Main Market Square and Planty Park layout are
at the same time the clearest elements of the open
space structure and the largest volume of “air” in this
part of the city (Figure 10.).

Figure 7
Local overview - the
matrix of open
spaces with an
estimated area of
��3000-5000 m2.

Figure 8
The chart
presenting spatial
disposition of open
spaces in local
overview by the
size parameter.

Figure 9
The general scheme
for calculation of
the open space
volume within the
geometry of the
N3D.

Figure 10
The general view
towartd Cracov’s
Old Town and
Wawel area - model
by Google Maps
2018.

- Planty Park (2), Main Square (3), Wawel Hill, Vistula
River bend. Applying further thresholds to select area
of geometry, we obtain more and more synthetic image of the space in-between.
Returning to the presented case of the area of
15 km2 in the city of Koszalin (PL), it can be seen
that in the sense of the layout on the city plan the
quantiﬁcation using the open space parameter is relatively similar to the open space volume parameter
display. However, these results diﬀer in terms of distribution in the city space. It is clearly visible (yellow and green colours) that especially in areas of concentration of modernist block settlements, regularly
larger volumes of open spaces are spread - they are
none in single-family housing zones and compact urban blocks of the city centre (Figure 12.).

Figure 11
Volume
quantiﬁcation hierarchy of the
volume of open
spaces within the
Koszalin city area.

SUMMARY

The analysis of the air volume distribution in the city
using thresholds within the volume parameter to be
measured precedes imaging under the N3D method
of the general image of open space volumes. Using
the appropriate reduction of the N3D geometry, it is
possible to image the characteristic morphological
features of the city landscape. Obviously, the general heights of buildings within the analysed area are
important factor determining calculation of the volumes (the N3D top surface reaches the highest points
of surrounding buildings). The following sequence of
images (Figure 11) presents a geometric and quantiﬁable interpretation of the existing system of open
spaces in the area of the center of Krakow. By reducing the amount of component geometry, we follow
from a complete picture of open space volumes (1) to
reduced mapping of the city’s most important spaces

The presented two approaches to the quantiﬁcation of the urban landscape by means of measurable
imaging of open spaces are a continuation of the development of the 3D-Negative method. In the background of these activities are primarily issues of spatial continuity and awareness of unique spatial characteristics of diﬀerent cities. The method adresses
“the invisible” geometry of the cityscape and is going to be complementary to other studies on builtup structures in cities. The genetic code of the city
encoded in open spaces should be treated as important valued in general urban development processes.
It was presented in the article, that the N3D geometry
provides analytic data on diﬀerent issues important
in urban management and planning. The method is
operating in a very perspective environment of virtual city models in terms of advanced urban analysis. It combines availability and the precision of LiDAR
data from aerial scanning, including DSM and DTM
models, with the much-needed standardization of
virtual models - using uniﬁed accuracy derived from
the cityGML standard. Due to the large amount of
individual cases within digital data, the geometrical
and detailed issues are still under development and
improvement by author.
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Figure 12
Sequence of
imaging of
morphological
structure of main
open spaces in
Cracow by the N3D
method.

REFERENCES
Batty, M. and Smith, A. 2002, ’Virtuality and cities: Deﬁnitions, geographies, designs.’, in Fisher, P. (eds) 2002,
Virtual Reality in Geography., Taylor & Francis, London, pp. 270-291
Bielecki, Cz. 1996, Gra w miasto, Fundacja Dom
Dostępny, Warszawa
Biljecki, F., Ledoux, H. and Stoter, J. 2016, ’An improved
LOD speciﬁcation for 3D building models.’, Computers, Environment, and Urban Systems, 59, pp. 25-37
Biljecki, F., Stoter, J., Ledoux, H., Zlatanova, S. and Coeltekin, A. 2015 ’Applications of 3D City Models: State
of the Art Review.’, Proceedings of ISPRS Int J GeoInformation, pp. 842-889
Czyńska, K. 2015 ’Application Of LIDAR data and 3d-City
Models In Visual Impact Simulations of tall buildings’, Proceedings of ISRSE 36 conference, Berlin, pp.
1359-1366
Czyńska, K. and Rubinowicz, P. 2015 ’Visual protection
surface method: Cityscape values in context of tall
buildings.’, Proceedings of SSS 10 conference, London,
pp. 142:1 - 142:10
Gehl, J. 2001, Life between buildings, Danish Architectural
Press, Copenhagen
Gehl, J. and Gemzoe, L. 1996, Public space, public life.,
Danish Architectural Press, Copenhagen
Groeger, G. and Plumer, L. 2012 ’Interoperable semantic
3D city models.’, Proceedings of ISPRS J Photogramm
Remote Sens., pp. 12-33
Kolbe, T. H. and Groeger, G. 2003 ’Towards uniﬁed 3D city
models.’, Proceedings of the ISPRS Commission IV Joint
Workshop on Challenges in Geospatial Analysis, Integration and Visualization II, Stuttgart
Loegler, R. 2011, Miasto to nie architektoniczna zabawa.,
Wydawnictwo RAM, Kraków
Moser, J., Albrecht, F. and Kosar, B. 2010, ’Beyond visualization – 3D GIS analyses for virtual city models.’, International Archives of the Photogrammetry,
Remote Sensing and Spatial Information Sciences, vol.

538 | eCAADe 36 - CITY MODELLING & GIS - Volume 1

XXXVIII-4 part W15, pp. 143-147
Rubinowicz, P. 2017, ’Generation of cityGML LOD1
city models using BDOT10K and LiDAR data.’,
space&FORM, 31/2017(e-ISSN 2391-7725 | ISSN
1895-3247), pp. 61-74
Pal Singh, S., Jain, K. and Mandla, V. R. 2013, ’Virtual
3D city modelling: techniques and applications.’, International Archives of the Photogrammetry, Remote
Sensing and Spatial Information Sciences, vol. XL2/W2, pp. 73-91
Yamano, T. and Yoshikawa, S. 2005 ’Cityscape analysis and simulation with three-dimensional urban
model.’, Proceedings of the 9th International Conference CUPUM 2005, London, p. 171
Zhu, Q., Li, F. and Zhang, Y. 2005 ’Uniﬁed representation of three dimensional city models.’, Proceedings
of ISPRS Workshop on Service and Application of Spatial Data Infrastructure XXXVI (4/W6), Hangzhou, pp.
237-242
Zwoliński, A. 2014 ’Complexity of public spaces system
between key tall buildings in city of Szczecin. Geometrical aspect of public spaces in 3D city model.’,
Proceedings of ICGG 2014 conference, Innsbruck, pp.
175-186
Zwoliński, A. 2015, ’Prospects and potentials of revitalization of public spaces in small cities. Analysis of
spatial continuity and geometrical parameters of urban structure in environment of 3d city models .’,
space&FORM, 23/2, pp. 191-203
Zwoliński, A. and Rubinowicz, P. 2016 ’Geometries of
Cityscape: Analysis and Detection of Public Spaces
Beneath Tall Buildings by 3D-Negatives’, Proceedings
of askNOW 2016 conference, Warsaw, pp. 162-169

DESIGN CONCEPTS & STRATEGIES |
Applications

540 | eCAADe 36 - DESIGN CONCEPTS & STRATEGIES | Applications - Volume 1

Design and Automation for Seniors
Robot aided design of an environment for the elderly and disabled.
Karolina Dąbrowska-Żółtak1 , Jerzy Wojtowicz2 , Stefan Wrona3
Warsaw University of Technology
1,3
{karolina.dabrowska|wrona}@arch.pw.edu.pl
2
jerzy@post.harvard.edu
1,2,3

The changing social structure and the development of new technologies in the
emerging Society of Knowledge makes possible the development a new kind of
living space or habitat that adapts and responds to the needs and problems of
elderly. The exponential growth of the aging population in EU, US and Japan is
well proven and it urgently calls for the innovative solutions. Today use of
automated and robotic elements in design opens the new possibilities for
architecture. This paper offers the background of the problem, presents few
precedents of assisted by mechatronics solutions, review the four experimental
design projects from Warsaw University of Technology and in conclusion propose
the agenda for further design research.
Keywords: mechatronic, architecture, seniors

AGING SOCIETY PROBLEM

Diﬀerent needs and disables

Seniors - who they are and when the old age begins it is still not clearly deﬁned. With the development
of medicine, the average life expectancy increases.
According to the Central Statistical Oﬃce data, in
2015 there were 4,456 centenarians in Poland. On
the other hand, ﬁnancial institutions in Poland names
as a seniors people who have turned 50, reversemortgage funds refer to people over 60. From the
point of view of retirement, this limit is currently set at
60-65 years depending on gender. These data mean
that we can be seniors almost through the half of life.
This entails the necessity to consider a group of seniors not as a single set, but to separate additional
divisions delimited by additional age limits, or what
seems more adequate, conditioned by the degree of
ﬁtness and social and professional activity.

Ther elderly people who are professionally active will
have diﬀerent needs than the old pensioners living
alone. The needs of seniors may vary also as result of
the place of residence - the size and location of the
town, contacts with the family and non-professional
activities or hobbies cultivated before the retirement.
In the group of people over 65, the percentage
of people with temporary or permanent disability increases. Studies showing how the percentage of people with disabilities increases with age (Kalache and
Kickbusch 1997). At the same time, the percentage of
economically active people is decreasing, with age.
In addition to problems caused by the physical difﬁculties, there are those related to psychological issues, like the limited ability to occupy free time and
the consequences resulting from the limited contact
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with family and society.
Regardless of the exact age and living environment of the seniors, the research indicates three
basic types of their needs that are biologically,
psychologically and socially conditioned (KędzioraKornatowska et al. 2010). A well designed residential environment in the XXIc should support seniors
in each of the mentioned areas.

Challenges for architecture and technology
The architecture augmented by inormation technology can support a growing population of elderly people in many areas of life. Engineers and architects
face the challenge of creating a safe and friendly environment that provides support or stimulation, depending on changing needs. It should at the same
time support both for seniors and for those who look
after them. Solution can be drawn from Industry
4.0 that goes beyond the automated factories and
shapes now the human environment in new areas of
life (Olszewski et al.2017).
Frequent occupational passivity among seniors
raises the challenge to designed facilities that are
cheap to use and possible inexpensive to produce,
while adapting to the individual needs of residents.
An important postulate is at the same time constant monitoring of the health of people, often living
alone and navigating seniors moving in urban structures, as they are often struggling with memory problems and spatial orientation.

MECHATRONICS AND DESIGN FOR ELDERLY

• robots and actuators replacing and supporting carers of people with disabilities,
• treatment devices, accelerating, for example,
changing dressings, in patients,
• active rehabilitation devices,
• health monitoring systems,
• quick access diagnostic devices,
• systems controlling and optimizing the environmental parameters of a senior apartment,
humidity, temperature, air purity, etc.,
• simulators and systems encouraging you to
do physical exercises,
• kinetic systems allowing to improve the ergonomics of the senior’s living environment
while ensuring optimal use of space.
In the psychological zone, where there are problems like mood disorders, anxiety, memory problems
and concentration, all kinds of systems activating and
supporting the orientation of seniors in the environment may play an important role, including:
• computers and stimulation robots for intellectual exercises,
• technological facilitations in the implementation of remote work, including computers
and equipment facilitating communication at
a distance,
• systems using augmented reality, facilitating
the movement of seniors, among others in
crowded urban spaces and navigating in a
safe way to reach your destination,
• energy-eﬃcient solutions reducing the cost of
living a senior home,
• systems ensuring security against external
factors.

Problems faced by elderly and disabled are challenging for contemporary architect. Apart from those
above the several subtypes could be isolated and related to the range of technologies and used in the design.
In the biological zone associated with physical
disability in seniors, the demand for:

In the social zone associated with the activation of
the senior, maintaining family and friend relationships, making new acquaintances and stimulating activity, one can distinguish:

• motor support systems - incl. exoskeletons,
• robots and actuators for seniors supporting in
performing everyday activities,

• companions work replacing living beings,
• Interactive remote communication systems to
facilitate meetings without the need to over-
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come distances,
• mobile interiors to host families and grandchildren, while minimizing the space of the senior home,
• mobile units facilitating the movement of seniors, including vehicles and the same residential modules.
Figure 1
LISA Hbbitec (ang.
Habitat, Bits and
Technology in an
Agient Society),
Thomas Bock
Techniche
University of
Munchen

Figure 2
Exoskeleton orthotic robot mounted on a
phantom. Project
implemented at the
Faculty of
Mechatronics of the
Warsaw University
of Technology

Precedence
Architectronics deﬁned in our past papers as design
assisted by mechatronics space dedicated to the elderly and the disabled needs more research to create
an integrated, friendly living environment for seniors.
Among the early examples of those is the LISA project
carried out by Professor Brock at the Munich Univer-

sity of Technology.
In cooperation with a commercial partner, the
LISA project created an interactive wall supporting
seniors, see ﬁgure 1. It was equipped, among others, with an interactive mirror and a system of sliding
mechanical elements designed to support the user in
performing everyday activities (Brock 2015).
In the robotic laboratory in Munich, research is
also underway to detect problems related to physical limitations. Among other things, the trajectory
of motion is analyzed, when older people move up
stairs, ramps and ﬂat surfaces, which may contribute
to further exoskeletal research, supporting the elderly in everyday activities. Research on the Polish exoskeleton is also conducted at the Faculty of
Mechatronics of the Warsaw University of Technology under the supervision of prof. Danuta JasińskaChoromańska, as shown in ﬁgure 2. The exoskeleton
is to support people struggling with leg paresis.
Exoskeletons are used by both physically handicapped people and their carers. They are to support them in performing operations requiring physical strength, such as lifting a patient. Example of such
solution is Hybrid Assistive Limb - HAL (Sankai 2010).
The Asian solution allows you to increase the user’s
lifting capacity and protect it against injuries. In the
case of carers of the elderly, who are often unable to
move independently, this solution allows to increase
eﬃciency and help both professional caregivers and
family members of the disabled.
Humanoid robots are also designed to replace
guardians completely. The ﬁrst humanoid robots
used in caring for people have been used in Japan[1].
Despite years, it has still not been decided to implement this solution commercially.
Support systems also include robots and devices
supporting or replacing them in everyday activities,
such as cleaning, cooking or hygiene. Robots are
gradually entering not only the world of production
or confectioning, but also services.
An example of a prophylactic device in medicine
is the Assistive Robotic Table - ART(Threatt 2014). The
object combines the functions of a piece of furni-
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ture that facilitates the performance of basic medical
procedures with functionality that allows measuring
blood pressure and making it easier to put on dressings. ART (fugure 3) allows you to save the work of a
nurse or a doctor while ensuring the correct quality
of dressing change or health measurement.

Quick detection of life and health threats is the basis
for eﬀective response to sudden emergencies, hence,
next to the mechanical support of seniors, intensive
work is underway on health monitoring systems and
detecting hazardous situations. The basis of their operation are the sensor sets. They may be sensors of
various types located in rooms, and their additional
function may be monitoring of the senior’s living environment, including air cleanliness control, humidity level or daylight intensity (Zouba et al. 2007), as
shown in ﬁgure 4.

In addition to cameras and point sensors, ﬂoors with
a grid of pressure sensors are also used. They allow
the detection of the user’s downfall by information
about the pressure forces and surface area to which

forces are currently distributed [2].
Sensors that monitor the health status that can
be worn on the body enable constant, non-invasive
monitoring of the patient’s state of health. Currently,
tests are underway on prototype solutions, where
sensors would be permanently worn by the senior.
Thanks to the ﬂexible, ultra-thin electronic systems,
it is possible to create an electronic tattoo that works
like a sensor that you can always have with you (Gibney 2015).
Modern machines are not only purely mechanical devices. Software, including those using artiﬁcial intelligence, allows it to become a stimulant for
physical and intellectual exercise, becoming an alternative to passive spending time in front of the TV
screen (Hirano et al. 2013). Among the robotic exercise instructors, solutions are proposed where the
robot conducts group classes for seniors[3]
Works manufactured today, according to producers, can become companions for single people.
It is not their role only to help in the performance of
physical work, but above all to satisfy the need for
contact with others.
One of the ﬁrst robot robots to fall into human
memory was the robotic dog introduced to the market in 1999 by Sony. To this day, he is a companion
of many Japanese, and after the departure of such a
pet, for which the company no longer produces spare
parts, in the country of blooming cherry can meet
real mourners.
In 2014, the Japanese company Aldebaran, presented a humanoid robot that is to read human emotions and respond to them. A robot named Pepper can speak, move and do not need care, and has
been programmed to display positive qualities such
as kindness and caring [4]. Thanks to them, despite
the lack of mechanical functionality beyond moving,
he quickly found buyers.
Assistance in activation, including the implementation of physical exercises and remote contacts,
can also be carried out using classical computers, and
an important role can be played by a properly designed interface, dedicated to people with visual and
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Figure 3
ART - adaptive
robotic table
(Threatt 2014)

Figure 4
Diﬀerent types of
environment
sensors are
integrated in the
GERHOME
laboratory (Zouba
et al. 2007)

hearing impairments.
One of the ﬁrst works on the involvement of
older people to work with computers took place
in the mid-70s at the University of Illinois (Whitcomb 1990). Research conducted on a group of seniors, who during the ﬁve-week course were to gain
the ability to use a computer database with the results of their doctor’s research, show that a properly designed digital environment allows to increase
the independence of seniors and increase their selfconﬁdence (Chu et al. 2009). In the era of the evolving Internet of Things (IoT), the ability to use and access to digital tools can become one of the key improvements in everyday life. Remote ordering of purchases, arranging medical appointments or checking the eﬃciency of home appliances already contributes to lowering the threshold of independence
from physical ﬁtness, according to the above mentioned research results presented by the WHO in
2000.
There are numerous games and platforms for seniors on the market to help in memory exercises,
communicate at a distance or carry out work that can
be done in a digital environment. Taming with the
digital environment allows simultaneous work by seniors and extends the period of professional activity.
In addition to programs and applications supporting seniors, there are also projects that shape the
physical working environment for people who are
not fully functional. Among them, there is robotic
architecture and furniture enriched with actuators
and sensors. AWE - Animated Work Environment is
a project of a robotic workplace, in which the use
of new technologies is to support eﬃciency and improve comfort and ergonomics. The project is dedicated to both healthy people and motor dysfunctions
(Green et al. 2005).
The next stage facilitating and supporting the
work of seniors in the digital environment may be the
use of augmented reality. In order to improve the
comfort and safety of seniors struggling with memory problems, it is possible to use solutions that facilitate navigating in the case of pedestrian or car move-

ment. Systems using augmented reality, are to facilitate the movement of seniors, among others in
crowded urban spaces and help you reach your destination in a safe way. For this purpose it is possible to
use, for example, glasses with a built-in information
display function.
Digital solutions that enable communication can
have a positive eﬀect on maintaining ties with family and friends who do not live in the neighborhood
of a senior citizen. This communication can be implemented both through classic computers as well as
screens integrated with a residential unit. They can
be both intelligent mirrors as well as ﬂexible OLED
screens, which when they are not turned on, are
transparent and can function as windows.
In a zone directly related to architecture dedicated to professionally inactive people whose income is often limited, the basis is to provide high
comfort, while reducing the cost of buying and maintaining a ﬂat. The standard here are solutions allowing to reduce the demand for housing for energy and
to obtain it from renewable sources, an eﬀective way.
To reduce costs, especially for heavily urbanized
areas, it may help to minimize the living space, while
ensuring the basic functionality of the ﬂat, including
easily accessible storage space. For this purpose, it is
possible to use mobile walls in order to be able to use
the same space in many ways, and to use actuators
allowing access to spaces that are diﬃcult to access
and which allow storage.
Miniature apartments with a mobile wall are
gradually becoming a standard in the highly urbanized cities of China and Japan. An example of an
apartment design, which can accommodate up to 4
people is the Compact Project Smart Studio Apartment project of the New York Corcoran studio.
Contemporary visions of future homes for the elderly are proposals combining the provision of individual space for residents, care and monitoring of
health and psychophysical activation. It is also a
place where seniors can develop their passions and
meet with co-residents and visiting their family and
friends, and lowering the cost of living through the
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Figure 5
Ring - On the left, a
residential block
diagram with ﬁxed
service units
marked, on the
right, the
presentation of
docking mobile
residential units.

use of renewable energy and passive construction
become the basic assumptions.
Today’s miniature sensors, including sensors
made in MEMS technology, allow minimizing the volume of measurement systems, or integrating them
with everyday equipment such as a watch, telephone
or items of clothing. Currently, simple solutions of
this type, measuring the pulse of the runner, are used,
e.g. on sports watches. With the development of
techniques it will be possible to extend the diagnostic capabilities of miniature objects. In the literature,
ideas of micro-diagnostic capsules, or those capable
of performing micro-operations, which the patient
will be able to swallow, are also increasingly appearing. For example the Swiss surgical microrobots that
can be injected into the patient’s tissue are already
used (Nelson et al. 2010).
In the case of direct contact of the user with
robots or systems equipped with actuators endangering the safety of users, it is necessary to maintain special security considerations. Current protections are often based on sensor moments that detect unforeseen loads on the mechanism. Such solution has been implemented, among others, in the
KUKA robot, which enables safe and direct cooperation with a human being, without the necessity of
putting mechanical barriers or safeguards based on
sensors that do not allow a person to enter the robot’s
working area.

STUDIO AS RESEARCH BY DESIGN
During the project’s implementation the research by
design method was used. This is a new approach
to research in the ﬁeld of applied sciences, whereas
in architecture studio it has been present for a long
time. Design research is an investigation method
in which design is an essential part of the research
process. This process is based on critical questions,
suggestions and problems created during project
work. Questions may include conceptual schemes
or project prototypes and their possible alternatives.
Therefore, the test results, when using this method,
are typically obtained through practical experience.
In ROBOstudio the research and methods based on
design, which is a recursive process of questions
and proposals was used. In the age of society of
knowledge, this process must l take into account social participation, making designing a reﬂective practice. The critical evaluation, comparative methods
and prototypical models were part of design problem
solving.
In the face of the changing social structure and
the development of new technologies, it is possible
and perhaps necessary to develop a living space that
responds to the needs and problems of older people
and with temporary or permanent disability, using
automated and robotic elements. During ROBOstudio 2017/2018 - ROBOsenior project concepts of residential units - houses of the future, adapting to the
needs of the oldest members of society and allow-
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Figure 6
Ring - Perspective
view of a mobile
residential unit
folded for transport
and unfolded.

Figure 7
Ring - The
possibilities of
changing the
character of a
residential unit by
selecting and
changing the
location of modules
and cubic transport
system, enabling
waste
management, or
delivery of
purchases or freshly
dressed clothes.

ing integration and ﬁnding a place where you can develop your own passions or host relatives.

Ring
Project by L. Czaja, K. Kowalik, T. Ploch, M. Rusak and B.
K. Teja.
The basic assumptions of the project were to provide mobility to seniors through the possibility of
moving their homes between the Rings (ﬁgure 5) basic hubs, providing access to necessary media and
services. Thanks to this, traveling or going to a sanatorium would become simpler and more pleasant for
a senior who could retain its familiar habitat while
eliminating the need to rent hotels.
The students’ project assumed that the main assumption of a residential unit dedicated to seniors
is its mobility, and the dimensions after submission
would allow road transport (2.4 x 8.7 m), see at ﬁgure 6. The units would have a modular layout and be
equipped with rooms such as a living room, a bathroom bedroom and a kitchenette.
The concept assumes the possibility of assembling the unit without the necessity of integrated
furniture with the capsule. Both kitchen and bathroom equipment, as well as furniture such as bed,
wardrobe and table have the possibility of transport
in a complex capsule.
The project provides for the implementation of
mini villages for seniors based on the plan of the circle. Mooring rings for mobile accommodation units
should be equipped with necessary media connections and the possibility of transferring materials between residential units. In the form of razor blades
separating neighboring residential units.
Smart storage system. A modular storage system
(ﬁgure 5) was provided for the residential units. In
accordance with the assumption, modules could be
displaced depending on the current needs of the user
and reaching for high-placed storage places would
no longer be needed. The system based on the Internet of Things technology and the marking of consumer goods and clothing using RFID would allow
you to easily ﬁnd the items you need at the moment.

Additionally, it is possible to transport utility objects
and waste between residential units and service facilities, such as a cafe or laundry. The transport of
objects would be carried out using mobile cubicles
moving within the razor blades for docking and below the ﬂoor of a residential circle.
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space perfectly suited to the needs of the occupant.
Questions for the future remain material solutions
that should be used to make this project a reality,
without giving up all assumptions, and ﬂexible external walls can complement the urban fabric and are
not its basic building material.

Connection network

The structure of moving cubes is the answer to the
need for a compact, yet ergonomic living space and
the need to support seniors struggling with memory
problems - thanks to the object marking system.

Multigeneration house - ﬂexible structures
Project by M. Gosk, A. Krudowska. J. Ogińska, B. Pająk,
P, Rodzeń.
A more forward-looking project, based on new
material technologies, not currently available, is the
design of units consisting of ﬁxed fragments of rooms
set on a mobile core and covered with a ﬂexible fabric structure. The concept assumes the possibility of
a four-fold increase in the area of � a residential unit
by dividing the ﬁxed fragments of the object.
The project assumes the creation of universal
units dedicated to both elderly people and their families, which may be subject to change as the structure
and needs of the family change (ﬁgure 8).
The capsule has a permanent kitchen, a bathroom bedroom and a space with built-in storage cabinets. The combination of capsules is possible due to
the use of ﬁxed doors. Window openings are located
in solid and rigid walls, and the ﬂexible outer shell is
not transparent, as schown in ﬁgure 9.
The project assumes the possibility of locating
units on the roofs of buildings in an intensively urbanized space and at the ground level in areas with a
lower construction index.
The futuristic vision of the ﬂexible units of the future includes the possibility of creating an ergonomic

Project by M. Korotko, S. Szczotka, A. Grzybek, M. Rudnicki, M. Walczak.
The network of connections is a project carried
out both on the scale of a single residential unit as
well as the district and connection network facilitating the formation of a friendly and safe space for seniors.
The basic unit is equipped with a network of sensors located in the ﬂoor, to enable the detection of
dangerous situations such as a fall. The bathroom
has an interactive mirror that can monitor the health
of the user, and shelves are equipped with a system
of simple delivery of the desired item. The center of
a residential unit is a kitchen, which can be rotated
depending on the needs, which is to facilitate the
preparation of meals, by minimizing the way of moving around the kitchen - ﬁgure 10.

CONCLUSIONS
Our contemporary design for the elderly units involve proposals combining the provision of individual, customizable space for residents, care and
monitoring of health and psychophysical activation.
The projects are seen as a places where seniors can
cultivate their diverse interest and meet with coresidents, visiting their family and contribute to community and friends. The reduction of the cost of living through the use of renewable energy and robotically assisted prefabricated construction resulting in
mass-customised units are among the key assumptions.
The works developed during the ROBOstudio
project in the academic year 2017/2018 were devoted to the creation of a friendly, ﬂexible and intuitive living environment adapted to the needs of
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Figure 8
Multigeneration
house - Flexible
structure of future
home for elderly.

Figure 9
Multigeneration
house - capsula
schema

Figure 10
Connection
network Projection of a
residential unit and
diagrams showing
the basic functions
of the facility
dedicated to the
elderly.
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the oldest members of our society. Presented works
shows the individualized approach of team members
and the focus on solving various problems of older
people connected with both the physical zone as well
as psychophysical and social activity. Future solutions, sometimes diﬃcult to implement today, will
contribute to the search for new technological and
material solutions and should initiate the discussion
on how the seniors’ living environment may look like
in the coming future.
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This paper aims to link the blockchain technology with property issues and in
extend architectural design decisions at the urban scale. In an urban design
context, this paper investigates the new potentials of urban form connected to the
application of the logic of the blockchain to urban design. With this, the article
concentrates on the distributed way of sharing information, with no intent to
focus on cryptography issues related to the blockchain. Transferring the
blockchain's core concepts of data distribution through ledgers, to patterns of
shared and private owned spaces it can lead to what we propose as polyphonic
spaces, with overlapping uses. Urban realm, designed as a chain, initiates with
the binary condition of private and shared but handles it as a way to interact,
through nesting, its initial parts. We think that the blockchain theory is capable of
challenging architecture by shifting the weight from individual elements of
composition to compound entities (block) that incorporate all the information
needed.Please write your abstract here by clicking this paragraph.
Keywords: Blockchain, Urban Form, Combinatorics, Typology, Mereology,
Aggregative Architecture

Since the beginning of its discursive consideration,
one can observe a steadily down-shrinking of a city
as an object, as a fabric, as a project, as a composition of parts, to the organization of separated entities. So today, inherent to the postmodern condition, as already suggested by Collin Rowe and Fred
Kotter in their book ‘Collage City’ (Rowe et al, 1978),
is to see the city as a fragmental whole, composed
by the remnants of the past and other artifacts. By
examining a city in this way, we understand that it
is a composition of additive and interlinked data as-

sets. The same principle but with a diﬀerent manifestation is followed in the Archipelago City, proposed
by O. M. Ungers. “[...] the city as a whole is formed
by the federation of the all these urban entities with
diﬀerent structures, developed in a deliberately antithetic manner” (Ungers, 1983). According to this
idea, the city needs to be re-edited to form a series
of strategic islands -which are an independent whole
with their own center and independent characteristics, and also part of the city. Finally, “a ‘loose ﬁt’ is
proposed between activity and enclosing envelope.”
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(Allen, 2009). Stan Allen, translating the city to the
digital realm, regards the city as composed of many
ﬁgures, comparable to the blocks of a chain, all of
which are loose to each other. The traits of each part
will appear in the whole city and interact with each
other. In other words, we could discretize the city as
a series of parts.
In the realm of digital technologies, blockchain
is a newly introduced concept that aspires to become a new foundational technology. Already,
the ﬁrst application of the blockchain theory has
changed the way economic transactions are handled
(www.forbes.com). Foreseeing this technology to
be expanded in other ﬁelds, this project speculates
on how the blockchain can be spatially applied at
an urban scale. While there was already a theoretical background that could architecturally foster technologies that promote parts and discretize city fragments, only now we can start describing and understanding the city and its parts with speciﬁc terms,
these of a blockchain. The research described in this
paper builds on recent interest in combinatorial assemblies and aggregatory architecture (Carpo, 2017)
and their scalability to urban design.
The blockchain can be seen as a progression of
peer to peer network protocols, like the TCP/IP facilitating the internet (Britto, 2013). Characteristics of
blockchain such as the distributed ledger network,
anonymous trust system and information untamperability enable the transfer from network economies
from the digital to the physical, from online to ofﬂine leading to the internet of things. That opens the
opportunity to imagine architecture in an unprecedented manner. Seeing the city in the light of the
blockchain technology understandings of what privacy, ownership, and share-ability is, are entirely altered. What the blockchain proposes is that each
block consists of a private data structure and a shareable entity, that go hand in hand as one entity. In the
architectural discourse, this means that each block to
exist should have a shared space alongside the private one. This kind of thinking explores new opportunities of reading and designing a new form of ur-

ban realm, that can be comparable to what it is already described as a block, a slab or a high-rise, that
this time does not prioritize shared or private spaces
but takes both at the same time under consideration.
Figure 1
Networks: (a)
centralized (b)
decentralized (c)
distributed. Source:
Baran, P. (1964), On
distributed
communications:
Introduction to
distributed
communications
network, The Rand
Corporation.

WHAT IS A BLOCKCHAIN?
The blockchain, is a new foundational technology,
meaning it has the potential to alter and “establish new foundations for our economic and social
systems” (Iansiti,2017). The blockchain technology
allows building decentralized databases (see Fig.1)
storing a registry of assets and transactions across
a peer-to-peer network without the necessity of a
third party (www.ibm.com). A blockchain is a distributed electronic ledger�-�a set of records available to all parties on the ledger which is immutable,
i.e., cannot be changed, only added to. Any additions to the ledger have to be agreed by all parties
using a mathematical proof, and everyone can inspect the ledger. While the block remains unpenetrable -private to only its creator, at the same time,
it can be inspected by the whole ledger. There is
no assumed trust or faith that the records are correct; they are proven to be accurate by computation
by multiple independent parties. Secured through
cryptography that transaction history gets locked in
the blocks of data that are then cryptographically
linked together and secured. As a result, an permanent and unforgeable record is created. And then
this record is replicated on every computer that uses
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the network. That means, we can create a shared
reality across non-trusting entities, and users can
monitor and validate the chain for themselves. The
blockchain concept prospects that the proprietary
and centrally controlled platforms today can be replaced with distributed, open ones; trusted parties
replaced with veriﬁable computation; and ineﬃcient
monolithic services replaced with peer-to-peer algorithmic markets.
Due to the application of cryptography in the
blockchain, one can use blockchain to create a new
relation to contemporary property rights, in which
high share-ability and communicable property rights
can be achieved. Based on the “partial property
rights” concept, real estate sharing and exchange of
property rights can be guaranteed. As a result, real
estate ownership is no longer immutable -it becomes
user-friendly and can be changed through negotiation. Such changes will be recorded in the distributed
ledger by blockchain technology as well as updated
throughout the whole database. It is foreseeable that
to enable such an economic dynamic in a static, physical structure of a building, the pattern of linkage between “assets” must meet speciﬁc necessary prerequisites: i.e., it has to possess the capability of distribution. For this reason, we expect that real estate
markets based on blockchain technologies will promote and lead to new urban forms. This research intends to identify the characteristics of a building that
play a decisive role in this development. The following studies are therefore not to be seen as building
proposals, but as a careful linking of computational
models of the blockchain with built form.

OBJECT ORIENTED PROGRAMMING AND
THE BLOCK.
The blockchain relies upon the object-oriented programming paradigm, where data and execution code
is stored in the same place, called an object: the
block. The data block uploaded from each transaction contains several pieces of information: timestamp, sender, recipient, transaction cost, and data.
The data at the end of the block is used to record

the establishment and execution of the smart contract. In the design project, this information contains
the circumstances of the use and transaction of different space elements. The information is uploaded
to the network for analysis, to calculate the number
of connection and disconnection of the block with
other blocks. When this information is stored and
secured, the object acts like a black box that nothing can alter it but on the same time updates and informs the copies of itself inside the blockchain. So
when an object is deﬁned, it is allowed to perform
only the way that it is designed, keeping it safe and
ensuring the trust between the transactions. The
state of the whole blockchain system is only modiﬁed when the block is ‘sealed’ and attached to the
chain. Blockchain’s object-oriented architecture ensures that the parts inside the system are discrete
and accessible at any point of it, but that does not
mean that the whole is discrete as well. On the contrary, it remains on purpose a vast, incomprehensible whole. Because the new proposed form is built
upon the distributed model, a further crucial aspect
of the blockchain logic is now in the spotlight -that of
the accessibility. The way a blockchain is structured
grants accessibility to every participant of the chain.
However, due to the non-trusting parts involved in
the transactions, whatever is added has to be agreed
on. This, on its premises, leads to a diﬀerent form of
feedback between the building parts. The requirement of accessibility (value, ownership, not necessarily navigation) leads to new notions of share-ability.
Regarding the blockchain, the distributed system means there aren’t single nor multiple central
storages. Correspondingly, the decentralized city
means there isn’t a single center, nor multiple clusters
with their own center. What distribution proposes is
an individualistic approach which handles each object separately with no intent to create a whole. All
of the single nodes in the chain contain the data,
and this makes them equal with equal rights. Regarding the city, the distributed city means there is
no preconceived center or cluster. The relationship
of the blocks in the city become peer-to-peer. That
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means, the pattern of a city would follow local demands deﬁning the spatial hierarchy, as opposed to
bottom-up masterplanning (the third party), resulting in a highly mixed and shareable city.

FROM BUILDING TO BLOCK: DISCRETIZATION OF ARCHITECTURAL PARTS.
Seeing the building as a single blockchain, the mereological extraction process diﬀers a lot than seeing
it as a plain architectural composition. While before, a building could be described as columns, ﬂoors,
façade, or elsewise as structure, navigation, shell,
with the blockchain description, elements have a
compound meaning. That means that structural elements like walls and columns can be navigational or
façade parts. Moreover, the composition of a building does not handle the elements as single layers

added on top of each other, but investigates the inherent features of each one and connects them under the scope of cost, circulation and environmental needs. The ﬁrst step, thus, is to recognize conditions and qualities existing in buildings that can
be subtracted from them, yet retaining their connections to the whole but at the same time be independent. What now is the compositional element is the
block, which can be self-existent and self-explicable.
This mereological description focuses on the closed,
as private, and the open, as shared entities as well as
their connecting elements (see Fig.2). So, what matters in the extraction is the block from which we can
represent the building as a data structure, allowing
us to capture all the relevant information that can be
then used algorithmically. From the whole, extracting the relevant part and then translating it into a
data scheme we can represent the requirements of
a building, but this time with the connections that
compile with the blockchain thought.
As can be seen in ﬁgure 3 and 4 one block can
consist of walls, corridors, stairs, roofs, etc. For the
sake of deﬁning private and shared space, the standard of private and shared is deﬁned and distinguished by the walls. In a block, there are multiple
ways of connection or else navigation inside it. The
way to describe the part as data asset follows a cost
to connect or elsewise cost to move system (‘transaction’). A sequence of space then could be to join
corridor - stair - corridor - stair - stair - roof and that
would give the cheapest cost of 6. It can be seen that
the more private elements require a higher transaction cost, thus making the system more expensive.
The private and shared is relative. When it comes
to a house, each of the rooms in it becomes private,
while the living room, kitchen, and stairs are shared.
When it comes to a building, each of apartments in
it is private, and the staircase, corridor, and lobby
are shared. In an urban scale, we deﬁne each of the
blocks are private space, while the outside spaces are
shared, such as the courtyard, street, plaza, and park4
A multi-objective programming is then used, at
ﬁrst to evaluate the connectivity and in a next level
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Figure 2
3D model
representation of
the Narkomﬁn
Building by Moisei
Ginzburg and
Ignaty Milinis in
Moscow, 1928. The
extracted block
consists of a private
and a shared entity
and a bridge as
their connection.

Figure 3
Block 3. The
abstraction of
geometrical
elements into data
scheme of nodes
and edges.

Figure 4
Block . The
abstraction of
geometrical
elements into data
scheme of nodes
and edges.

to aid decision making through machine learning.
There are two cost structures, the ﬁrst one deals with
distance to move from one space to another and the
second one gauges the privacy of the elements inside the part. Both systems, as described above, set a
starting point and a target to evaluate the eﬃciency
of the part. Afterward, the block deﬁnition is sealed,
and it only keeps open its connection points. That
allows us to examine at the same time a graph deﬁnition of large aggregations according to the external
connectivity of the element. Each record includes a
‘transaction’ timestamp, and a block of detailed in-

formation is considered a block. The information is
all connected and encrypted. Therefore, it is credible
and immutable.

INSCRIBING PROPERTY RIGHTS.
With the above mereological descriptions, the question of possession inside an object arises. There is
a weird gap between what is owned by what inside
an object. Part’s rights are based on property rights,
so that being in possession of itself is one criterion
of having them. In the shared economy described
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Figure 5
Small aggregation
consisted of a block
with bridge private – shared
conditions that
results in ring
ﬁgures with
courtyards.

Figure 6
Small aggregation
consisted of a block
with private shared – bridge
conditions that
results in a linear
system with
overlaps.

above with the blockchain example, there exists a
shareability of elements inside the object. In that
case, there are deﬁned three entities -two of them
compiling the third. Concerning ownership, each entity is on possession of itself -even the whole, but
each of them own membership in the collection, either extensionally (by the parts that belong to it) or
intentionally (by the same shared feature among the
elements). Parts are objects in their own right while
being parts of larger objects, the ones they are subtracted from. What makes this realization interesting
is that the parts are not deﬁned by their relations with
other objects, but can consist on their own and also

can be detached from the whole.
The property right is “a theoretical sociallyenforced power to assign the resource in economics”
(Alchian, 2008). The processes of operating property rights include “making decisions and allocating
beneﬁts” (Field and Ostrom, 1992). Property rights
“emphasise on the collective that can support the
claims that people possess resources” (Sauri-Pujol
and Bromley, 1992). Actually, property rights “record
the relationships between the participants involving
and the shared resource” (Demsetz, 2002). Besides,
establishing and applying the property rights can impact the eﬀectiveness of beneﬁt allocation and shar-
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ing. From the traditional perspective, “the long-term
and well-deﬁned property rights drive a sustainable
and equitable beneﬁt stream managed by participants, while the indistinct property rights generate
evasive beneﬁt distribution” (Ostrom,1992). In the
realm of urban design, with the technology of the
blockchain, a description of a property is not constrained to the extrusion of a ground. Here, notions
of property build and interpret other elements as
‘ground.’ By ‘ground’ is here stated the value generation of a plot. Such shared conditions are already
part of our built environment; the simplest example
is the compartment wall and ceiling between condominiums. One aspect of the research is, therefore, the
documentation and extraction of existing property
relations other than the plot and the ground. In a further step, deﬁned as states, these relations are tested
for their scalability through an assembly model constructed by ﬁnite-state-machines. Here, the concept of the blockchain was translated into a rewardpolicy documented by a graph-data-structure. That
allowed the classiﬁcation of building assemblies and
the comparison of blockchains and their value distribution.
As can be seen in ﬁgures 5-7 a building arrangement can be composed of the same block, with likewise deﬁnition as it was before explained. This time,
what deﬁnes the sequencing of space is the external connectivity of the block -this means the possibilities of connecting with another block, while at

the same time, zooming out and retaining only the
private/shared information needed. In this arrangement, it is seen an alternating sequencing of private and shared that can form a building type that
is based, for instance, on courtyards.

INVESTIGATION
When the aggregations are understood as city parts,
it can be seen how the patterning of private and
shared spaces are now not solely deﬁned by their
binary deﬁnition. Here, shared spaces can take the
place of road network infrastructure, or pathways,
while at the same time they can be spaces of gathering and form plazas. On the other hand, private
entities can have a range of shareability according to
the connectivity of the element. What is here proposed is an InterChain (Kruijﬀ et al., 2017), a chain
of chains that can deﬁne a city structure compiled
by diﬀerent degrees of shared spaces. This aggregatory method is capable of creating polyphonic spaces
with inherent features, like navigation, and structural
deﬁnitions that can on the same time be eligible to
diverse readings. That is because of the large-scale
eﬀect, that leads to ambiguity but with speciﬁc variable design characters.
While forming InterChains, as seen in ﬁgures 811, what is essential is the large-scale eﬀect that fades
the interconnectivity but focuses on the distributed
patterns. In this arrangement, there is witnessed two
types of patterning, and this stems from the exter-

Figure 7
Small aggregation
consisted of a block
with open - 3
semi-open and 3
closed conditions
that results in a
linear system with
overlaps.
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Figure 8
InterChain C3B2,
Combination of two
chains result is a
new interchain with
cost 1450.

nal connectivity of the block. While the two forms
merge with each other, it can be seen how on the one
hand private spaces (blue) can cluster together, while
the yellow, navigational space is always connected.
On the other hand, the connectivity of the block suggests a more dispersed private space while the prevailing space of the chain is the navigation. Moreover, the share-ability is according to the eﬃciency
and the accessibility of the shared space, which is deﬁned by how many private parts can connect to the
shared part. When the shared part connects to the
shared part, there is a hierarchical structure created.
The share-ability can have a diﬀerent degree from the
highest to the lowest.

OUTLOOK.
The research shown intends to explore the possibilities of spatial sequences through the application
of the blockchain theory. Here, as a ﬁrst introduction of the computational concept to urban design,
it was essential for us to point out potential design
strategies that are not based on traditional masterplanning. In a further step, closer investigations
interlinked with navigation patterns, programmatic
distributions, and structural performance will be necessary.
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Figure 9
InterChain A3C2,
Combination of two
chains result is a
new interchain with
cost 1220.

Figure 10
InterChain B6A1,
Combination of two
chains result is a
new interchain with
cost 950.
(axonometric view)

Figure 11
InterChain B6A1,
Combination of two
chains result is a
new interchain with
cost 950. (plan
view)
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Architecture is the mediator between the Environment and Humans. Nature
maximal performance and minimal resources creations are Humanity inspiration
that led us to exceed structural, material, mechanisms, tools, systems and
methods boundaries (Oxman, 2010).Nature are the Architect of the most reliable
and sustainable systems. Looking into Nature's lessons, this paper presents a
Nature-based design methodology conducted during Kine[SIS]tem'17 Shading
Systems International Summer School, held by the ISCTE-Instituto Universitário
de Lisboa, Portugal, between 19th - 30th June 2017. The methodology
encompasses two main stages, one before and other during the Summer School.
From a pre-definition of context constrains, a nature based design strategy, to a
planning of the manufacture and construction still during the phase of
development of the design, conducted the Summer School participants through a
defined biomimetic process that achieved the construction of 1:1 scale prototype.
Keywords: Kinesis, Shading, System, Nature-based design

BACKGROUND
Architecture could be no more static. Our environmental context, our social responsibility and our
true natur(al)e condition as Humans are conducting
us to (re)new building mutable capacities, dynamic
and automatic response, to internal and external environments and to diﬀerent patterns of use. Our
constructions are now seen as bridges to transform
needs or use sustainable resources between Humans
and the surrounding environment. These bridges
could ﬁlter the solar radiation, change the air temperature, storage the solar heat transforming it into

light energy, among many other functions. These
ideas speculate and inquire on reciprocal relationships between users, spaces and environment. This
means that the three before mentioned factors have
direct consequences on each other, aﬀecting reactions, sensations, conﬁguration and behavior. (Kolarevic, 2014). In the realms of ﬁction and science
ﬁction, several examples compel the imagination on
this topic. In 1962 James Ballard, a British novelist,
described a ‘psychotropic house’ a mood sensitive
house that responds and learns from its occupants,
made of a new material called ‘plastex’ - a combina-
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tion of plaster and latex - that enables the house to
change its conﬁguration and form. Addressed with
sensor cells, the ‘psychotropic house’ could interpret its occupant’s mood and position, in a way that
could change its conﬁguration and environment, fulﬁlling the needs of the users. In the same decade,
in interdisciplinary and design ﬁelds, Gordon Pask
starts setting the foundations for interactive environments through the ‘Conversation Theory’ cybernetics concept, which integrates processes in electronic,
mechanical, and biological systems. ‘Conversation
theory’ proposed human-machine interaction as a
form of conversation - a dynamic process, in which
the participants learn about each other. Inﬂuenced
by Pask’s cybernetic principles, Cedric Price worked
on the ‘anticipatory architecture’ of the “Fun Palace”,
an unbuilt 1962 design project for a ﬂexible, openplan structure integrating space, media, change in
time, and collective virtual elements of decision making, into one structure. Later in 1975 Negroponte
started working on ‘architecture machines’, incorporating computational analytical and synthetic processes into buildings, developing several novel concepts such as evolutionary mechanisms and augmented and assisted reality. In 1987, Jean Nouvel
had completed the Institute du Monde Arabe in Paris,
building the ﬁrst large scale building with an adaptive envelope (From Natur(e) to Architectural Matter, 2017). In Flexible: Architecture that respondes to
change, Robert Kronenburg, argues that for a building to be ﬂexible, “it must be capable of: Adaptation
- responding to several functions, uses and requirements; Transformation - being capable of alterations
of shape, volume, form and appearance; Movability
and Interaction - internal and external to the building. This Flexible capacity is induced by environmental factors” (Kronenburg, 2007).

INTRODUCTION
Having Nature has a starting point, Kine[SIS]tem’17
Shading Systems (SIS’17) was the ﬁrst International
Summer School held in Portugal, that aimed sharing and debating research and develop design work

related to the integration of biomimetic design processes applied to the scale, function and aesthetics architecture. Kine[SIS]tem was divided into two
diﬀerent moments: two days of conferences with
four sessions leaded by internationally guest keynote
speakers - Alberto Estévez (ESARQ, Barcelona), Alex
Haw (Atmosstudio, London), Bob Sheil (Bartlett
School of Architecture, London) and Manuel Kretzer
(Braunschweig University of Art), and eight days of
design studio, that have integrated four fundamental masterclasses - Sustainability and solar radiation,
Nature-based parametric patterns, Essay and simulation by Ladybug and Digital fabrication, mechanics
and electronics. Kine[SIS]tem’17 was hosted by ISCTE
- Instituto Universitário de Lisboa, 19th-30th June,
2017. SIS’17 International Summer School methodology and scientiﬁc strategy were deﬁned in two main
stages, (1) Creation and analysis of a context - choice
of place of intervention, observation of the local inhabitants and they type of space occupancy, local
environmental analysis and diagnose of solar radiation, design, fabrication and construction of a base
structure of intervention for the SIS’17 participants.
This stage was conducted by the tutor’s team before
the SIS’17 event; (2) Design studio - creation, development and analysis of three nature-based passive
low-cost shading system solutions, fabrication and
assembly of the solutions by the SIS’17 participants,
during the SIS’17 event.The goal of SIS’17 International Summer School, was to develop passive lowcost shading system solutions for a pre-deﬁned and
constructed structure.

SIS’17 METHODOLOGY
Stage 1 - Creation and analysis of a context (before the SIS’17 International Summer School)
The local of intervention choice was related with the
architectural characteristics of the ISCTE-IUL campus.
A solar challenge was needed, as well as frequent
inhabitant’s usage. And so, a second level 100m2
terrace, informed by two white seven level façades
coated by lioz marble, where students only occupy
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Figure 1
Kine[SIS]tem’17
canopy skeleton

the terrace margins due to the discomfort caused
by the excess of heat and incident solar radiation,
was the elected location. In order to provide shelter
and shading comfort in the middle of the terrace to
its inhabitant’s, a canopy (Figure 1) was projected as
the base structure for the SIS’17. Using Ladybug, an
open source environmental plugin for Grasshopper,
the ﬁrst step that lead us to the canopy design were
a wind-rose diagram and a sun-path analysis of the
terrace. Context scenario inﬂuence also irradiance,
reﬂection and refraction results. With this ﬁrst analysis, implantation and design decisions were taken,
occupancy and pedestrian patterns and wind were
also considered and analyzed through diagrams and
graphics. The design of the canopy was loaded with
three concepts. The canopy needed to be material sustainable, reusable and low-cost. The elected
material was Coretech (thermal and acoustic panels,
made from the by-product recycling of the automotive industry), sponsored and oﬀ course, limited to
sixteen boards 2200X1200X16mm. Beyond limits of
material, we assumed that the canopy would be constructed without the use of other materials - screws,
glue or others - and so de canopy was all assembled
with its own material. A connection and self-support
system was conceived, designed, planed, and fabricate. The designed canopy, was constituted by
four triangular frames and a bench. The triangular
frames and the bench were autonomous modules,
that were pre-assembled, and after transported to
the ISCTE-IUL terrace. Once in the terrace, the triangular frames and the bench were connected to each
other through his locking and sealing system. The
canopy was positioned in the terrace with one frame
facing West, two frames facing South/Southwest and
the last one on the horizontal plane.

Stage 2 - Design studio (during the SIS’17 International Summer School)
The second stage, was based on Lisbon and ISCTEIUL terrace site speciﬁc conditions, the canopy location, implantation, design and its surrounding constrains and function. Participants had access to the

environmental analysis essays and canopy model, in
order to informed them of all the pre-determined
constrains. Divided in three groups, participants
were encouraged to subdivide the presented problem - structural constrains, material availability, nature inspiration, its relevance and major input for the
system, and then focus in only one problem - shading eﬀects, system performance, system responsiveness to its environment and/or its inhabitants, human comfort, etc. During this process some data
bases were presented so they could ﬁnd some possible solutions, examples and strategies - Biomimicry
3.8, AskNature, Diﬀen, among others. The design
process was supported by environmental analysis, allowing the diagnosis and improvement of the solution. Considering the construction of physical prototypes, questions related to assemblage, support,
planning parts for fabrication, mechanics, electronic,
among others, emerged in an early stage during design process, shaping the design and also the system
performance.

THE PROJECTS
Mechanical Leaves
From the main structure canopy weather and environmental ladybug analysis, the rooftop module of
the canopy was the one that was diagnose with the
less necessity of shading. The ladybug radiation and
sun path ﬁrst analysis revealed that for the triangular surface, the South/Southwest edge, if totally exposed was the one that could induce some sensation
of discomfort to the canopy inhabitant. Consider-
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ing, from the previous analysis, that a partial shading
would not induce any improvements to the system,
the idea for this canopy surface, was to design an autonomous shading system that enable full exposure
or total blackout, according with sun exposure intensity. The decision of closure and opening were meant
to be decided by the canopy inhabitants.Based on
the Palm trees leaves, this project ﬁnds its basis on
the interactive movement that occurs between the
natural leaves by overlap. In nature, these movements occur during the leaf growth and during the
leaf exposure to sun and wind. A reinterpretation
of their natural movement and a mechanical design
conducted to the Mechanical Leaves system solution.
The Mechanical Leaves system was composed by
two symmetrical groups of leaves, composed by ﬁve
blades (leaves) each. Those groups were attached to
opposite faces of the canopy substructure, and the
ﬁrst blade of each fan was static. These static blades
were positioned to the South/Southwest edge of the
system, preventing the canopy inhabitants of any
type of solar radiation. The material choice, intended
to prevent ﬂexibility and improve the sliding ability
of the blades. A red wood ﬁbre with eight millimeters thickness was chosen for the system of the symmetrical fans. How can we do a symmetrical double fan system with only one linear motor? The challenge was all about how to draw the mechanical system. How could we produce a closed circuit that
could produce a symmetrical movement in two independent fans? Most animals have bilateral symmetry. Peacock took the sexual selection theory to
an extreme level, developing a too heavy tail for its
body proportions, only with the goal of increase its
chances of mating. The tail produces and up movement, followed by a symmetrical fan movement. Butterﬂies wings are another classic nature symmetry
example. When Butterﬂies fold their wings upward,
they are perfect matches in size, shape as well as patterns. On both previous examples the movement of
the elements begins on a center axis of the animal
and moves to on near 90º angle. To introduce the
idea of overlap on the system, we pick the Lemniscata

(Latin for a geometric curve in eight - also known as
the inﬁnity symbol). The symmetrical element that
only needs one input direction movement, and on
the same path distributed it in two directions. The
parametric model was essayed, in a way that could
provide us info related with the physical constrains of
the two blade systems, helping us to prevent eventually crashes between the elements and the preexisting structure. A ladybug analysis revealed a neutral condition for the canopy structure, being the inhabitant the determining element in the movement
of the Mechanical leaves.
Figure 2
Mechanical Leaves
– Movement circuit
diagram.

The construction of a 1:1 mock up model was necessary to calculate the strength and the material resistance, as well as the assembly constrains between the
blades, between the fan and the structure. The system was developed using a single linear motor, and
a Lamniscata pulleys circuit (Figure 2). A continuous
lashing wire rope closed circuit, was attached to the
motor and to the ﬁrst blade of each fan. The blades,
ﬁbre wood were cut by CNC machine, and were assemble/connected to each other’s by cotton rope providing softness to the closure movement of the
fan and preventing rope relaxion, keeping no more
than the necessary and calculated gap between the
blades, for them to slide over each other. A power
supply was used to provide electric energy to the sys-
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tem as well as a switcher was attached to the structure to provide the canopy occupants the open and
closure option of the rooftop canopy.

The Lotus Project
Ladybug environmental analysis, diagnose the West
module of the canopy with a prior necessity of protection against wind and sun exposure. The ladybug radiation and sun path analysis revealed that the
south edge of the surface needed to have larger areas
of sun entrance, and the north corner of the surface
needed to be more protect and so, opening need to
be less and smaller.The idea was to develop a system that enable sun exposure through the façade,
allowing the possibility to block intensive wind. So,
the intended essence for this system, it’s the possibility of block its openings that have rhythm and
autonomous dynamics created between the system
and its surrounding environment. This project ﬁnds
its basis on the life cycle of the lotus ﬂower. Associated to several meanings, such rebirth and purity, lotus ﬂower lives on a daily cycle marked by two
events - the lotus retraction into the water at the
night, and its emergence in the sun the next day. The
idealize system must allow an autonomous cycle to
the canopy, enabling it to have its own rhythm, but
also providing its inhabitants the ability to interrupt
that cycle in order to improve its occupancy comfort. The Lotus Flower Project, produce several openings on the West canopy surface. These openings all
had diﬀerent sizes and proximity relations, according with the sun and wind analysis. To provide an
internal order and dynamic to the shading system,
all the openings were ﬁlled by smaller turning elements. These turning objects produces ﬁltered sun
eﬀects inside the canopy and had the ability to ﬁlter
the direct wind. Considering that this was the most
volatile façade of the canopy, in terms of temperature ﬂuctuation, expanded agglomerated cork was
the primary material to be consider for this shading
system (Figure 3). But agglomerated cork it’s a light
material, with no structural skills. So, to thirty millimeters agglomerated cork, an eight-millimeter oﬀ-

set grey ﬁbre boar was added. This double skin enables us to hide the blocking system and to hold the
metallic axis of the spin elements. The blocking systems were design as Y elements, giving the possibility to lock the three spin elements on the radius of
the Y axis. They were positioned between the cork
and the ﬁbre wood. A left-right turn bottom enables the inhabitant of the canopy to lock and unlock the spin elements and so interrupt the ‘natural’
spin system. So the main focus was to conceive a passive dynamical shading system, engaging form, material and environmental conditions, enabling users
to interact and intersect the natural behavior of the
system without breaking it. Codariocalyx motorius
known as the telegraph plant. Each leaf is equipped
with a hinge that permits it to be moved to receive
more sunlight. To optimize its movement, each large
leaf has two small leaﬂets at its base. These move
constantly along an elliptical path, sampling the intensity of sunlight, and directing the large leaf to the
area of most intensity. Another hypothesis has been
oﬀered that the rapid movements are intended to deter potential predators. Nelumbo nucifera, known by
Lotus ﬂower (aquatic specie) and Ipomoea nil, also
known as Morning Glory Flower both daily perform
to expose their petals to the sun and closes them at
sunset. Their routine could only be broken by an external event or a third element. After the environmental analysis and diagnose, it was important to
analyses and evaluate what were the sizes and proportions of the subtracted openings on the shading façade and their relationship with the spin elements. The proportion of the openings were determined by the graphic analysis of the radiation and
wind canopy impact and human hand reference. The
spin elements establish the trilogy relationship between light, void and surface of the system. These elements were proportional to its corresponding opening. The void space between the spin element and
the corresponding opening, range between the 25%
and the 99% depending of the angle position of the
spin element.Both cork and ﬁbre wood panels were
cut by CNC machine. The spinning elements were
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attach to metallic axis that were placed between the
two panels in a way that the spin element was ‘ﬂuting’ on the void opening. To sustain the axis a threemillimeter engraving were made on the ﬁbre wood
surface. The ‘blockers’ were Y-shaped MDF elements
that had the ability to turn 60º and when not needed
were completely hidden between the panels. The
‘mechanism’ was very simple, the Y was attached to a
cylinder that served as an axis for the rotation movement and for the user interaction.

Bioshading - A Performative Mockup
Facing Southeast, South and Southwest sun light
exposure, the two triangular modules attributed to
this group, had the most extreme levels of radiation. From the initial analysis, the major sun incidence of radiation crosses the southwestern panel of
the canopy. However, ladybug analysis also reveals
that the passage of some controlled radiation from
the modules could beneﬁt for its afternoon inhabitants, increasing its comfort values. Revealing to be
the most critical and determinant area of the canopy
structure, it was necessary to consider far from only
form - movement and material. So, the idea was to
develop a system that was capable to produce a relatively fast open and close movement, and yet enabling always a ﬁltered light through the system. The
system its autonomous, driven by wind. However, it’s
a mechanical system that enables inhabitants to interact with it, through the possibility of inducing velocity to the system. In nature one of the most ﬂash
open/close happening it’s the eyes movement. Particularly amphibious eyes, open/close a geometric

membrane, producing a retracting moment. To produce an open/close movement, and create a prominent/retraction moment, a tridimensional structure
was designed. Based on triangular modules, these
eyes were composed by two not complete pyramids
and attached by two common edges that establish a
structural rotation axe. The rotation movement produce a fast change of state of the system: a closed
and pyramidic shape or an open diamond frame. The
system needed to cover two modules of the canopy,
and yet work somehow individually at diﬀerent levels and in diﬀerent panels. The idea was to introduce
hierarchy to the system by regulating the area of
voids in the panels, using the intensity of shade and
radiation as a proportion measure.The group projected a tridimensional passive shading system, completely autonomous in its behavior, that increases the
canopy inhabitants comfort. The natural movement
of the system enables inhabitant’s participation, as a
momentary intervention in its natural cycle, and regulate it ﬁnding its natural rhythm, in a matter of short
period of time. Considering nature references, diﬀerent pupil shapes seem to be an adaptation to diﬀerent activity patterns during a day. The eyes of most
terrestrial vertebrates have slit-shaped pupils. Pupil
plays the key role as the adjustable opening that controls the intensity of light allowed to enter your eye
just like the aperture on a camera. Human pupils
dilate to allow more light in and contract to allow
less light in. Canines, felines, (some) snakes, geckos
and some birds have vertical slit pupils, and in common they all are nocturnal predators. Other species
like some frogs, octopi and humans have horizontal
slit pupils. Predators eyes on the sides of their head
with lateral they get and extremely wide ﬁeld of view,
nearing 360º degrees. The two-module façade faced
sun exposures between 110º to 230º degrees. Panel
openings cover 75% to 85% of the area. However,
the shading system openings, by each unit enables a
conditioned solar rays passage between 50% to 20%
of its total area. These low percentages of direct exposure enable to manage a fulltime controlled and
ﬁltered system. It was also very important to estab-
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Figure 3
The Lotus Project –
assembly stage
(photography by
João Sousa).

lish the relation of progression of the panel openings.
Starting from the ladybug analysis, crossing it with a
triangular grid it was possible to design a progressive
hierarchic grid structure. By integrating these solution into the canopy structure, the shade beneﬁt control increases between 2º to 3º celsius degrees, which
translates in an 20% to 25% of comfort improvement.
Each shading panel was composed by two MDF parallel boards. Aligned inside the main skeleton structure. Panels openings follow a bottom-up direction,
from bigger to minor area, respecting the evaluation
of proportion between the several elements and conditions. For the cut and subtraction of the openings
we used the CNC machine. The ‘eyes’ were transformed into plan sheets and cut with laser cutter. The
‘eyes’ were equally proportional aligned in horizontal
lines by threaded rods, deﬁning a simultaneous rotational movement per line (Figure 4). These threaded
rods worked between the two panels, sustained by
a wood pulleys net. The eyes were produced in a
translucent colored polypropylene, attached to the
threaded rods with bolts and nuts. These primitive
bolts and nuts system help us also to ﬁxed determine
space between the eyes, as well to constrain the ﬁnal
geometry.
Figure 4
BioShading Mockup
Prototype –
assembly stage
(photography by
Filipa Osório).

of the ladybug we can extract that from its West side,
the canopy was mostly exposed to strong winds and
intense rays of late afternoon sun; the canopy South/Southwest façade was exposed to strong solar radiation, making it necessary to control and mediate the
entrance of light, regulating the shade, and improving the interior comfort of the canopy. Being passive
systems, human intervention was a common ingredient that the three groups considered essential. The
three systems are open to human intervention and
interaction, assuming it in diﬀerent degrees of relevance in the well-functioning of the systems. Mechanical leaves let inhabitants to determine its state
- open or close; Lotus Project it constituted by an autonomous system, that could be blocked - closed by
the canopy inhabitant’s intervention; while Bioshading accept inhabitant’s intervention by enabling time
limited blocks or system acceleration but yet, when
inhabitants stop interacting, the system, reorganizes
itself, returning to its natural dialogue with environment.

INSIGHTS
KINE[SIS]TEM’17 challenge was overcome.
The
canopy was in its whole eﬃcient.The three developed shading systems solutions revealed to be up
to each speciﬁc challenge, designing strategies that
driven into valid solutions. Mechanical Leaves, the
less site/position constrained element of the structure lead into a mechanical passive strategy approach. Lotus faced the thermal dynamic issues using manual mechanisms and engines. Bioshading,
conceive a system completely integrated in its formal essence - growing form, structure and material
as a cyclic consequence. A brief SWOT (Forces, Weaknesses, Opportunities and Threats) analysis of the
projects is presented in Table 1.

COMBINE - MECHANICAL LEAVES, THE LOTUS PROJECT AND BIOSHADING

CONCLUSIONS

The combination of Mechanical Leaves, The Lotus
Project with Bioshading, occurred in a very natural
way. All project started from an initial environmental
and local weather analysis. Thus, from the diagnosis

During SIS’17 we have analyzed and put to the test
the way that nature could inspire design. For that
we prepare a gauge that encompasses the climate
analysis, how to interpreter and (re)design a natu-
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Table 1
Diagnosis and
analysis of the
projects.
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Figure 5
KINE[SIS]TEM’17
Shading System
Final Prototype
(photography by
Vasco Costa).

ral element or mechanism, how to analyze environment and inhabitants comfort and ﬁnally how could
we materialize, fabricate, build and develop these solutions. Pre-SIS’17 stage reveal to be essential, not
only because of the time consuming of this preliminary analysis and design strategies, but also for the
design, fabrication and construction process. The
pre-constructed canopy not only ‘frame’ the shading systems solutions, it also combined them into a
unique system (Figure 5). During the Summer School,
we also guide our students through an unconscious
but strategical script deﬁned by: Analyze; Structure;
Subdivide; Focus; Brainstorm; Evaluate; Combine and
Prototype. This methodology revealed to be an important tool to help deﬁne and lead the projects to an
end. The main methodology proved to be eﬀective.
Developed solutions, faced material, system and mechanical problems, but in the end, all of them were

succeeded.
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The Spatial Sonic Network is a proposal for a series of parabolic acoustic mirrors
that collect, focus, and translate sound. Computational tools were used
extensively throughout the project, to realize algorithmic logic, to integrate
acoustic performance into the architectural design process, and to link design
models to fabrication machinery. While conceptually straightforward, the design
of acoustic mirrors, also known as sound mirrors, raised several challenges in
terms of network design, geometry definition, acoustic performance simulation,
prototyping, and measuring. The research and results that emerged from these
challenges is the focus of this paper.
Keywords: Architectural Acoustics, Performance Simulation, Prototyping

INTRODUCTION
Spatial Sonic Network is an architectural installation
that re-examines physical and sensorial infrastructure required for communication. It is a proposal for a
series of parabolic acoustic mirrors that collect, focus,
and translate sound. Spatial Sonic Network is both
a series of architectural urban devices that invite investigation and habitation, and an invisible passive
acoustic network that creates both the possibility of
communication without the aid of ampliﬁcation. The
project is designed to enliven an urban site, inviting
passersby into a participatory space that opens channels for communication that are imminent to, but not
immediately apparent, amidst its networks of footpaths, sight lines, and digital webs of communication. The ﬁnal design of this spatial and acoustic logic
manifests itself as a seven-node network of soundmirroring structures. Benches are placed at acous-

tic focal points, a short distance from the sound reﬂecting portions of each node’s surface, enabling visitors to sit and have a conversation either locally with
those sitting next to them nearby, or through the effect of the acoustic mirror, with those at the opposing
node
Knowledge of the architectural form’s capacity
to reﬂect and focus sound stretches back at least as
far as antiquity (Helfer 2009). In the 1920s, Wallace
Sabine speculated that the most famous architectural examples of parabolic sonic reﬂection-The Ear
of Dionysius at Syracuse, or the whispering gallery of
St. Paul’s Cathedral in London-were likely accidents
(Sabine 1964).
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METHODS

During WWI to the early years of WWII, devices were
constructed than enabled the acoustic detection and
location. While some of these devices were essentially large, steerable horns, some of the best-known
examples of the phenomenon were of an architectural scale, see Figure 1. These building-size acoustic mirrors dotted the English coast (Helfer, 2009)
and before they were eclipsed by radar, these monolithic, concrete structures were built to detect incoming enemy aircraft. As Ganchrow (2009) notes,
acoustic mirrors enable users - through “tactile perception” to literally physically collide with the acoustic phenomenon of the incoming aircraft, where the
spaces “close-at-hand and the far-oﬀ momentarily
coincide.” While the Spatial Sonic Network draws inspiration from this history of sonic surveillance, the
project is equally rooted in architectural geometry’s
ability to enable communication across signiﬁcant
distances without electrical ampliﬁcation. Popular
in science centers and playgrounds, acoustic mirrors enable spatially separate areas to be acoustically
fused into a single arena and oﬀer a benign lesson
in acoustics (Blesser and Salter 2007). The acoustic
mirror has been investigated by artists and architects
(Crow 2007 and Peters et al. 2011) however, the Spatial Sonic Network extends the singular form of the
surveillance dish to a multitude of architectural geometries that enable networked communication. At
the work’s core lies a paradox: any technology that
extends communication also aﬀords new possibilities for surveillance.

The project brief called for the design of an urban
installation that created “a social meeting space be
inserted into the already complex network of movement, vegetation, infrastructure, furniture, and architecture.” (Making Models, 2018) Our team’s solution
of a network of acoustic mirrors demanded the solving of several design challenges. The ﬁrst challenge
was placement of acoustic mirror nodes on the site - a
site that brought with it complex existing conditions
that both limited design options, yet still suggested
a limitless number of potential conﬁgurations. The
exploration of the network topologies to determine
the “best” solution suggested computational investigation. To explore this large design space a computer
program was developed in Processing. The brief dictated restrictions in terms of build-able areas in relation to buildings, paths, trees, and street furniture.
Our generative algorithmic approach, as illustrated in
Figure 2, used site data as input, found the build-able
regions, computed arrays of random points in the different regions, and output arrangements of acoustic
mirror networks. These diﬀerent networks were analyzed both visually and using the computer program
for things like: number of nodes, angles, distances,
and topological arrangement.
The second challenge was the deﬁnition of the
acoustic mirror geometry itself. Figure 3 describes
the logic of acoustic reﬂection using rays - that
the angle of incidence equals the angle of reﬂection. The form of acoustic mirrors is relatively wellknown (Kaplan 2010, Helfer 2009) and can be described through using the mathematical formulation
of the parabola (in 2D) or paraboloid (in 3D). With
the parabolic form, incoming parallel rays of sound
energy becomes focused at a single point. Parametric modelling describes associative geometrical relationships and this method was found to be an appropriate method for generating the geometry of the
acoustic mirror surfaces. The Grasshopper algorithmic modelling environment for CAD software Rhino
was used to develop the parametric models of the
acoustic mirrors.
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Figure 1
Acoustic Mirror,
East Yorkshire, UK.
(photo by Paul
Glazzard)

Figure 2
Acoustic Mirror
Network Generative
Algorithm

Figure 3
Geometric Logic of
Acoustic mirrors.
Given that the
angle of incidence
equals angle of
reﬂection, all
incoming parallel
rays of sound are
focussed at a single
point when using a
parabolic form.

The third challenge was to predict the acoustic performance of the mirrors themselves. Historically in architecture and engineering, the use of ray-diagrams
is an accepted way of predicting sound reﬂections
(Addis 2009). As illustrated in Figure 4, Grasshopper
was used to geometrically verify generated surfaces
to verify focus points and the directional characteristics of sound projection.

Figure 4
Acoustic mirror
geometry was
veriﬁed using
parametric
methods.

However, this ray diagram approach is a simpliﬁcation of the properties of sound and so two other
types of computational acoustic simulation were also
employed. Acoustic simulation can be categorized

into two types of simulation: geometric methods
and wave-based methods, and this project used
both. Most commercially available acoustic simulation software uses geometric methods (usually a
combination of ray-tracing and image source), and in
this project the Odeon software was used. Because
sound is a wave phenomenon, and to visualize sound
waves, a custom computer program using a FiniteDiﬀerence Time-Domain (FDTD) solver was used (Peters 2015).
The design and fabrication of two prototype mirrors addressed the fourth challenge - how to construct the proposed acoustic mirrors of the Spatial
Sonic Network. Grasshopper was used to develop
parametric models that generated the details of the
structural ﬁns and panels, as well as generated the
drawings and data needed to CNC mill components
from plywood material. Though only a 3-axis mill was
available, prototyping was used to fabricate the two
double-curved acoustic mirrors. These two prototypes were used to test the performance of the acoustic mirror’s parabolic geometry and panelized material conﬁguration. The two digitally-fabricated prototypes were measured using acoustic testing equipment - a Bruel and Kjaer (B&K) 2250 sound level meter
and B&K 4720 Echo speech source. These two acoustic mirror prototypes were also installed in the University of Toronto’s Art Museum and were used and
experienced by visitors to the museum. The prototypes were both quantitatively and qualitatively examined.
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RESULTS
Generative Network Topology
The Spatial Sonic Network consists of a number of
nodes. Each node consists of two or more acoustic mirrors enabling many people to interact with
the installation simultaneously. From two nodes
an “Acoustic-Connection” is established. From three
nodes, three “Acoustic-Connections” are created.
However, when a larger number of nodes (more
than three) is considered, the number of potential
“Acoustic-Connections” increases exponentially. The
shape and topology of the network becomes harder
to visualize. As site restrictions are introduced, designing the network becomes a diﬃcult task due to
the multivariable possibilities. An algorithm was developed in Processing to study the possible and desired networks. The algorithm produced balanced
networks by calculating the standard deviation of
length the “Acoustic-Connections”, see Figure 5. In
each network the algorithm attempted to maximize
the number of connections to obtain most acoustic mirrors given the minimum-angle allowed between two connections while also considering the
site-speciﬁc acoustic obstacles. While this installation was designed for a speciﬁc site, this algorithm
is generalizable for almost any site and scale of network.

Figure 5
Three example
acoustic mirror
topology diagrams
and characteristic
data. The computer
program generated
and analyzed
hundreds of
options.

Deﬁning Acoustic Mirror Geometry
An algorithm to automatically generate the parabolic
mirror surface and node geometry was developed
in Grasshopper. Using data exported from the previously described network topology generator, this
script automatically generated the geometry of each
of the nodes, trimming the surfaces and connecting surfaces with ﬂat faces, shown in Figure 6. The
parabolic geometry of the acoustic surface was determined using mathematical formulation combined
with acoustic ray diagrams to obtain the exact angle
of the reﬂecting surface to capture all of the sound
energy - transferring it as eﬃciently as possible from
node to node. Due to diﬀerent focal distances a variety of parabolic forms were generated, and as these
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Figure 6
The best
performing
network topology
combined with
generated acoustic
mirror geometry.

forms are trimmed against each other interesting architectural forms are generated. Hundreds of diﬀerent node options were studied, a selection of which
can be seen in Figure 7. The ﬁnal design of the sevennode conﬁguration is shown in Figure 8.
Figure 7
Acoustic mirror
node design study.

to prove that the Spatial Sonic Network nodes would
actually work as communication devices - that there
would be suﬃcient sound level at “acoustically connected” nodes that people could understand each
other. Sound level is an important component to
speech intelligibility. The simulations demonstrated
that sound levels were ampliﬁed between the acoustic mirrors. As shown in Figure 10, sound pressure
level (dB) was extremely variable due to the impact of
the acoustic mirror geometry, and reverberation time
remained consistent throughout the area of study.

Prototyping

Simulation Results
Once digital CAD models were generated, the acoustic performance of the acoustic mirrors were simulated using both ray-tracing methods and wavebased methods. A computer program was developed in Processing that utilized the FDTD method
(Cox 2009, Peters 2015) for simulating the physics of
acoustic waves. A script was written in Rhinoscript
that exported a 2D grid of data deﬁning solid-void
relationships. This 2D grid was written in text ﬁle
format and imported into the Processing FDTD program. This workﬂow essentially takes discretized 2D
sectional information from Rhino and then visualizes the sound waves and the eﬃciency of the sound
energy transfer across the acoustic connection between acoustic mirrors. Figure 9 shows results from
this wave visualization: ﬁrst, how the ﬁrst parabolic
acoustic mirror creates a planar reﬂected wave front,
and second, how this sound energy is then focussed
to a single point with the second mirror.
Acoustic simulation software Odeon was used
to simulate the performance of the acoustic mirrors.
Both point receiver (at the focus point) as well as
grid receiver (across a wide area of study) simulations were carried out. The simulations were done

To build the acoustic sound mirrors a general construction strategy was developed that used the input
parabolic acoustic surface, and from this generated a
set of notched ribs and triangulated panels, see Figure 11. The digital fabrication workﬂow used Rhino
3D, Grasshopper, RhinoCAM, and a 3-axis CNC milling
machine.
Two identical 1:1 prototypes of parabolic acoustic mirrors were built to test the functionality of the
sonic network, see Figure 12. These prototypes were
installed at the University of Toronto’s Art Museum as
part of the invited “Making Models” exhibition. The
input surface was cropped from a revolved parabolic
surface with a focus point 600mm from the surface,
and at a vertical (sitting) height of 1165 mm. The
acoustic mirror prototypes were eight feet in height
and had a width of one meter. The trimmed surface geometry was subdivided into 60 quads, each
then triangulated, creating 120 triangular panels for
each mirror. Because of the increase of curvature at
the centre of the parabola, the panel subdivisions
became smaller as they approached the focus; this
was done using the decay curve of a power function. Horizontal ribs were oriented parallel to the xy plane, and vertical ribs were oriented perpendicular to the tangent of the horizontal parabola of revolution. The edge of the horizontal ribs approximating the parabolic section was tapered - the parabolic
geometry meant that any given horizontal rib would
only be sloped in one direction, thereby not requir-
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Figure 8
Acoustic mirror
nodes
automatically
generated from
various network
topologies.

ing any 5-axis CNC operations or ﬂip milling. Triangulated panels were CNC-cut from 9.5mm plywood,
painted white, and a 3mm deep proﬁle was milled to
express the panelization and to hide nails.

Acoustic Measurements
The constructed 1:1 prototypes oﬀered a perceptual
conﬁrmation of the unique acoustic communication
properties of the parabolic surface. The prototypes
were measured using acoustical testing equipment.
For measurements, a B&K 2250 sound level meter and
B&K 4720 Echo sound source were used to test the efﬁciency of the acoustic mirrors at transferring sound

energy from node to node. While several acoustic
mirrors have been built and published in the past,
very few have been simulated and/or measured for
their performance. This experiment provides a starting point for measuring and understanding in greater
detail the actual performance of the parabolic surface
for collecting and transmitting sound. The B&K Echo
sound source output pink noise and was set to “elevated level”. The sound source is directional and was
place facing into the acoustic mirror with the speaker
directly at the 60 cm focal point. Similarly, the microphone of the sound level meter faced the acoustic
mirror. Measurements were carried out in a large,
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Figure 9
FDTD Wave
Simulation of
Sound Source (left)
and Sound Receiver
(right)
demonstrating how
the ﬁrst parabolic
acoustic mirror
creates a planar
reﬂected wave front
that is then
focussed to a single
point using the
second mirror.
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reverberant room at the University of Toronto’s architecture building. The sound source produced a general level of 67.8 dB in the room.

DISCUSSION AND CONCLUSION
The relationship of performance to geometry, and in
particular the variations in parabolic form, is a key
driving concept in the design of the acoustic mirrors.
As such, parametric design tools played an important
role in the project, encoding the geometric relationships and enabling the straightforward exploration

of variation. Underlying the associative systems of
the acoustic mirrors, is the algorithms that deﬁne the
network of nodes on the site. Processing proved to
be an adaptable tool to generate and evaluate the
site strategies for the project. The generation and importing of text ﬁles enabled the network deﬁnition
routine in Processing to link to the node generation
script in Grasshopper.
While architects are comfortable with designing
for visual criteria, acoustic conditions are more challenging. Acoustic performance needs to be integrated into the architecture design process and similar to previous work, simulation played an important
role in enabling designers to understand the acoustic
eﬀects of their geometric moves (Peters 2015). Two
diﬀerent types of simulation were used: geometric
methods and wave-based visualization. While normally geometric methods produce excellent results
and are the only simulation tool needed for many architectural acoustic design scenarios, in this case the
results coming out of the geometric simulations did
not capture the ampliﬁcation of sound at the focus
point of the receiver. While, it did predict an ampliﬁcation of sound all along the axis between sound
source and sound receiver. The experiment demonstrates that while reverberation time is a key driver
for much of architectural acoustics, it is not as relevant in a discussion of acoustic mirrors. The geometric methods fail to identify the focal points, do not accurately predict the sound levels. However, while the
FDTD wave-based simulation was used primarily as
a visualization tool, it proved to be immensely useful. It demonstrated clearly the creation of a planar
wave front, the multiple sound waves incident upon
the sound receiver, and the clear focussing eﬀects of
the parabolic geometry. The wave-based visualization also clearly demonstrates the time-based nature
of the sonic event.
1:1 prototyping was a key design tool, and the
full-scale prototype demonstrated again the ability
to enable the perceptual veriﬁcation of the sonic experience (Peters et al. 2011). There were many issues with the smoothness of the acoustic surface that
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Figure 10
Acoustic simulation.
Odeon predicts that
sound pressure
level will be at a
maximum between
acoustic mirrors
(left) while
reverberation
remains constant
throughout the
space (right).

Figure 11
Waﬄe structure and
panelization
strategy for acoustic
mirror fabrication

Table 1
Sound level
measured at various
distances on axis
between acoustic
mirror focal points.

Figure 12
Two acoustic mirror
prototypes.
Installed at the
University of
Toronto’s Art
Museum for the
Making Models
show, visitors could
sit in front of the
mirrors and
experience the
communication
channel enabled by
the acoustic mirror
geometry.

could have impacted its performance: the discretization in to panels, panels did not ﬁt perfectly, and
there was minor surface articulation. These all add up
to an imperfect reﬂector, and it is speculated that the
use of more advanced fabrication techniques could
result in more acoustically eﬃcient reﬂectors.
Table 2
Sound level
measured from the
focal point to
various distances
oﬀ-axis from the
axis deﬁned by the
acoustic mirror
focal points.

The acoustic measurements conﬁrmed the simulations. A focus distance of 60 cm was predicted and
veriﬁed. Tables 1 and 2 illustrate just how signiﬁcant
the focussing eﬀects of the acoustic mirrors are, and
the measured eﬀects are consistent with the FDTD
visualization. On-axis the sound level varies from

about 75 dB to 94.4 dB, about a 20 dB diﬀerence. According to Long (2006) while a 6 dB increase is substantial a 10 dB increase is a doubling of sound level;
therefore, a 20 dB increase would be a doubling again
of the sound level. The focus point produces a sound
about 4 times as loud as the sound only a short distance away. Interestingly, the focus point perceptually becomes a virtual sound source, radiating sound
from the focus point. This eﬀect would likely become even more pronounced if a smoother surface
was fabricated.
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The article underlines the problem of introducing computer techniques into the
education process in master degree studies in architecture. Following the
consumer society, developing technologies, changing social values architecture
education changed its continuous principle into two-level system. The system well
known from other fields of education results in diversified level of knowledge
between admitted students on master studies. This fact in together with large
exercise groups and a relatively short time allocated with the project requires
methodical approach in relationship between a student and a teacher. The article
focuses on complexity of a design process within different stages. Special
attention is placed to an early design phase of shaping an architecture form
because it demands different ways of presentation including freehand sketching,
physical modelling and digital modelling. These tools correspond to the
subsequent three phases of the design process, starting with exploration of the
idea and context, functional decisions and determining the aesthetics. In authors
opinion, the first phase of teaching process held without the use of computer
techniques led to a higher originality of the architecture concept and increased
efficiency in design process.
Keywords: sketch, computer , architect's vision, shaping the architecture

INTRODUCTION
Shaping the built environment is the basic subject
of architecture where an idea and materiality play a
crucial role. According to Vitruvius, an idea or the
thought is a basic feature of architecture, although
it is not yet architecture itself (Niemojewski, 1947).
An architectural design in the form of a drawing or
model is still a thought - an important element in
the process of transforming the thought into the material shape of the building (see Figure 1). Various

techniques and technologies signiﬁcantly aﬀect the
shape, beauty and usability of the forthcoming object. Although diﬀerent methods at diﬀerent times,
the change of technology signiﬁcantly aﬀects the development of architectural thought.
The architect sees his idea in a nearly real way, he
can move in the building he has presented. There is a
gulf between a thing built and a planned thing, similar to that between the idea in the mind and the idea
already drawn . Construction of the work - choice
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Figure 1
Gil Adam,
Metamorphosis –
conceptional
project of a
multifunctional
centre in
postindustrial areas
- Bitterfeld

of structure, selecting materials, colours - is created
through a project, a drawing or a model, whose task
is to change the thought into reality. An important
task of the work is to make the user’s mind create impressions similar to those that were the inspiration for
an architect.
Gothic cathedrals, or earlier buildings of antiquity, well known from perfect proportions of medieval or Renaissance urban squares, illusory palaces
and gardens of the Baroque, as well as subsequent
magniﬁcent buildings or restored places destroyed,
or forgotten, to name only a few among many... All
these the buildings make the reality of architectural
space allow us to feel our humanity entirely. The expression of these places in the development of culture and thought means more than the increasing
perfection of technology solutions, it also means that
the changing forms of human existence inﬂuence
changes in the scope of social needs.
All these the buildings make the reality of archi-

tectural space allow us to feel our humanity entirely.
The expression of these places in the development
of culture and thought means more than the increasing perfection of technology solutions, it also means
that the changing forms of human existence inﬂuence changes in the scope of social needs.

GOALS
The preliminary goal of the article is to show a multilayered nature of the architecture design process.
The process has two basic ﬁelds of interest: functional and cultural aspects, both are also the subject of physical solutions in architecture. Functional
aspect means that the urban building / or an urban complex meets pragmatic requirements of technique and technology (quality and user related comfort) or meet ideological (social, psychological) and
other assumptions that existed at the beginning of a
design process. Cultural aspects concern the building form and aesthetics or in a broader context con-
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cerns ﬁtting an urban environment.
The secondary goal of the article is to indicate
important aspects in the design process. Architecture, like art, can be considered in two categories:
high or universal. We usually talk about ‘universal
art’ on the occasion of discussions about our everyday life. The second category, like in art, creates an
original architecture, innovative in the sense of an
idea, architectural geometry and material solutions.
Creation of such an architecture can be compared
to the dialogue between the problem and the solution. The dialogue concerns three components of
high importance - project idea, the knowledge and
imagination of a designer and an ability to use a digital software. The article underlines the problem of
the design process that can be expressed in three
abovementioned aspects, which are also the three
most important terms on evaluation of the architecture project during the students semester.
The article is based on authors experience in
architectural design education collected on design
courses at the master’s degree studies, diploma supervisions and students workshops at the Institute
of Architecture and Urban Planning, Lodz University
of Technology and the Faculty of Architecture, Silesian University of Technology, Poland. Most courses
concern service, public and commercial buildings,
like university buildings, oﬃce complexes, shopping
malls, etc.

IDEA, CONCEPT, PROJECT
Architectural design is a process of transformation or
creation of the new reality. Methodically speaking
there are two formulas functioning one next to another: - thinking of a project which leads from the
detail (functional or technical solution) to an overall
layout concept and a geometrical form- the second
approach leads the designer diﬀerently; the ﬁrst step
is a thought - an overall picture; detailed solutions are
the second step.
In each case there are three stages of action:
analysis - synthesis - evaluation (see Figure 2) and
synthesis - analysis - evaluation. Both models

are consistent and form symmetrically diﬀerent approaches to the design process. But they split architects , of which almost 90% is on the ﬁrst side and
10% on the second side; this situation is somewhat
the eﬀect of inborn abilities and somewhat the effect of the teaching methodology. The ideal model
is to be able to conduct detailed analysis at the beginning of the design task and to create an overall
shape of the object as a summary, as well as to be
able to visualize the whole object in the ﬁrst other
place and in time, to lead to solutions related to function, structure, and technology. An important aspect
of the learning process is to teach both skills.
If one deal with ideal designers who can equally
success in beginning the concept design with details
and ending up with a whole, or the other way round
- beginning with an overall idea of the building form
which leads to the details. From the didactic point of
view it is essential to teach the students both skills.
At the level of teaching as well as during the professional work, each practicing architect and each student should start the design process with underlining their conceptual path according to the following rule: idea - solution alternatives - architectural
concept - project. The mentioned stages should refer to the method of visualizing - presenting the developing thought:- an idea, one need an idea to be
able to hypothesize; an idea helps to form criteria
and provides a framework of evaluation possibilities
in the architectural creation,- solution alternatives,
alternating teaches how to move freely around the
two formulas of the teaching process: ‘from the general to the particular’ and ‘from the particular to the
general’, which is particularly important in the phase
of concept creation,- an architectural concept; the
search for solution alternatives should lead to clarifying one concept picturing the new architectural object and/or the new urban plan (see Figure 3).
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The designing course conducted by the authors pursues the ﬁrst two phases to be performer as a freehand drawing. In the next phase a draw is also required, but in a form of model. The last phase of the
design in architectural teaching is the time of generating a digital project - creating the visualization and
technical documentation.

COMPLEXITY, INTERDISCIPLINARY, CREATING VARIANTS
Architecture, however still perceived as an art.
Whose task is the symbolic expression in the role of
object in the space, and sometimes even the ability to create a ‘decoration’ for construction and installation solution, is seen as an activity at the interface of theory, applied sciences and practical knowledge (Juzwa, Ujma-Wąsowicz, 2011). The reasons lie
probably in the directions of modern architecture:traditional design based on the realization of human/user’s needs,- design creating environmentally
friendly architecture- design in which computer are
widely used.
Lately, these trends have been actively pursued
in the form of parametric design, in which a prominent role, next to the architect, is played by the computer with modern software and technology asso-

ciated with the implementation of the undertaking
at hand and is usually a matter of students interest.
The technique, which increasingly enters various aspects of life in large, complex projects often results
in shifting the role of an architect in the direction
of interdisciplinary activities, combining theoretical
knowledge with experience and practical engineering knowledge. Similar observations can be made in
current pro-ecological trend and in so-called ‘zero energy architecture’.
The most striking feature of architectural design,
is its complexity and interdisciplinary. The easiest explanation of it is that each project is a response to a
given functional program in a material form (drawings, visualization) and oﬀering a uniform architectural vision. Three methods could be mentioned:architectural concepts, using a ‘simple’ idea merge
knowledge coming from diﬀerent areas of expertise
(ergonomics, ecology, social conditions etc.) - architecture is associated with signs and symbols, and
therefore with emotions developed on many levels,
its ‘language’ is the form of the objects, which inspires to pose existential questions but its function
descends into the background in this design phasedesign that uses knowledge about modern technologies implements solutions simple in form and functional organization, while developing complex construction and technical systems
The issues of the economics of solutions, closely
connected with technology and technique, enter the
centre of design and teaching architecture (Turner,
1986). Material creation of the object: choice of structure, construction technology, selection of materials, etc. are created by the means of a drawing or
a model. Their task is to change the thought into a
new material reality, which in the mind of the future
user will also create new feelings - similar to those
that were inspiration for the architect’s designer. In
the diversity of architectural ideas, the eﬀects of creator beliefs about the role that architecture should
play in society are the most clear. If we notice that
thanks to the access to computer technology, the architect ‘maybe more’ also means that often the user
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Figure 2
Gil Adam,
Metamorphosis –
conceptional
project of a
multifunctional
centre in
postindustrial areas
- Bitterfeld

the architect’s skills and introducing basic concepts
that the dialogue between designer, computer and
idea is possible.

must also learn to read the new space.

COMPUTER AIDED DESIGN
Figure 3
Gil Adam,
Metamorphosis –
conceptional
project of a
multifunctional
centre in
postindustrial areas
- Bitterfeld

The project created in the form of computerdeveloped solutions has become a standard in the
ﬁeld of architecture. The computer over three
decades proved that it is an irreplaceable tool in
creating an unique architecture. Nowadays, only a
few designers imagine designing without changeable drawings, a three-dimensional model, or photorealistic visualizations. The computer supports design process making it faster, easier and more precise.
Thanks to a computer software it became possible to
coordinate a complicated design actions, especially
in the case of large scale objects. Computerization
also includes the production of building components
and is increasingly supporting the creation of new
construction techniques and technologies.
On the other hand, the digitization of architecture has made it possible to cross the limits of impossibility. Thanks to computerization, previously unmanageable forms, construction techniques and details were possible to be built. Digitization among
the new generation of architects has become a tool
for the implementation of architectural fantasies. It
freed the creative imagination, making the architect
limited only by his creativity and the strength of his
own mind. Of course, there are still unreal dreams
but as Harbison writes (Haribson, 2001) the collection
of unmanageable building elements has signiﬁcantly
narrowed. Moreover, due to many architecture critics computer-generated parametric architecture has
become one of the newest architectural styles of the
21st century considering its remarkable and recognizable aesthetics.
Despite many advantages, a computer equipped
with the latest software is still not an automatic tool.
It does not replace the work of an architect or student. Still, the role of the designer in the creation process is undeniable. Even though, the increasing impact of optimization of architecture, without specifying the parameters or managing the scripts, the computer software is useless. It is only through the use of

The dialog is especially diﬃcult in the early design
phase when the idea is still under modiﬁcation. Concept improvement needs solution alternatives witch
are diﬃcult to manage in digital production and easy
to handle manually. Furthermore, the ability of operating computer software is extremely problematic for
unexperienced students or young architects. Therefore, the early design process accomplished manually
in contrast to digital work is more eﬀective and brings
more original eﬀects.

SUMMARY
The design process can be otherwise presented as
a dialogue between the problem and its solution.
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In this process a special role is played by:- an ideadesigner’s knowledge and imagination.- architecture
drawings collected by computer technologies
With appreciation and importance for computer
technologies in shaping the contemporary architecture, the authors of the article would like to express
their focus on the idea and architect’s knowledge and
imagination.
Idea is the guideline of the project expressed
most often in the form of a sketch that allows a synthetic record of the project. At the same time the idea
allows a broad reﬂection on detailed solutions in the
further phase of the design process. The close relationship between the idea and the material shape of
the architecture work is closely related on the time
and place where the object is built.
The architect, his professional knowledge, but
also his imagination and his dreams aﬀect the form,
aesthetic and technical solutions of the designed object. Regardless of the pragmatics of creation or
avant-garde aspirations - the world in which the object is created imprints the form and aesthetics of the
object. This happens through the realization of the
architect’s thought.
An architect, in the act of creating an object, just
like an artist struggles with materiality and also with
ideas. Like the manager of a large company, he must
react as quickly and as accurately as possible to the
needs, possibilities and dreams of modern times. It
is because human dreams change at the beginning
of the thought just as quickly as the change of materials in architecture. Architect plays an important
role throughout the entire design process. Especially
a designer who can use knowledge derived from professional experience, theoretical knowledge, creative
reﬂection, the ability to compare and use the experience of others. These skill are known as Knowing-inAction and Reﬂection-in-Action, knowledge speciﬁc
to architecture, but also for related ﬁelds. The eﬀectiveness of such a process lies in a particular ability or
even creative passion given to some of us ‘from time
to time’, while others learn from it, ﬁghting their own
imperfections.
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This paper discusses by way of the authors' recent projects how improvised live
dance performance, architectonic composition, and sensing technology converge
and inform new opportunities in architectural experimentation. We first lay out
the theoretical basis of technology in architectural experimentation in "new
rationalities" of technologically augmented aesthetic work. We then briefly
describe two projects, X-Change Room and RaumSubsTANZ and the motives
behind them. X-Change Room deals with /non-verbal/ ambient display of
information and interaction through envelope threshold. RaumSubsTANZ, a short
interactive dance composition that highlights the ephemerality of architectural
composition augmented by interaction devices. Through the two small projects
we attempt to explore a specific technological milieu and reflect on the potentials
and challenges of experimentation in architectural composition. The paper
presents design methods and techniques that incorporate theories of perception
and semiotics by way of an umbrella concept, "ambient displays" and interactive
composition. Ultimately, we explore non-verbal communication and theatrical
performance as architectural informant that augments semiosis and cognition
that pertains to the role of technology at the intersection of primordial senses,
cerebral technology, and place-making.
Keywords: Ambient, Bauhaus, Cybernetics, Sensors, Society, Theater

Architectural performance concerns, in large measure, the surplus or excessivity (Taylor 1990) of the
sum of parts: a sense of “sublime,” (Kant 2007) or
at least of out-of-the-ordinary experience that is beyond the necessity of a well-functioning building or
economy of construction. Performance embodied in
a work of architecture pertains not only to the physics
and technics, but also, and more importantly, to the
“functional scaﬀolding” of semiosis (Hoﬀmeyer 2008)
of built environment. Architecture accommodates
one of the most dominant forms of semiosis, the actual quotidian environment, while the theater as en-

vironment represents the virtual, ﬁctitious, and fantastic. Both bears on the cultural milieu that inﬂuences the formation of human subjectivity.
In recent past, the modernist architects sought
to align architecture with technological advances as
well as social equity. Since the turn of the century,
the creativity motivated by computational technologies pushed forward new experimental opportunities. Regardless of the era, experiments in architecture stand for the desire to venture beyond the conventions by pursuing little tested ideas, tools and
techniques. In each of the facets, we ﬁnd one feature
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in common: experimental and risk-taking approach
to architecture that embraces and actively explores
what lays outside of the safe conventions of disciplinary bounds.
Since 1990, digital technology, underpinned by
personal computing and the World Wide Web, has
advanced at an exponential rate. The complexities
of technology behind architectural work have vastly
increased as well. Such transformative technological
innovations compel the re-examination of architecture’s disciplinary conventions and open up new opportunities for experimentation. Digital technology
has increased quality and eﬃciency of construction
and encouraged experimental designs. But they fall
short of the experimental aesthetics in cultural and
environmental dimensions. As signiﬁcantly, they also
bring into question the position of architecture as
carrier of ideas, expression, and meaning in the process of aestheticizing technology and technologizing
aesthetics.
Algorithmic devices that are networked have
produced intermodality of cultural production and
distribution. They have radically transformed media
and agency in all facets of human society. For example, one type of content on a sheet of paper might be
scanned and digitized, viewed on a computer screen,
and printed back onto paper. This ﬂow raises the
potential for a range of distortions, the “slippages,”
(Hayles 1993) compared to what might be considered to be the original. Intermodality characterizes
the media device that can contain, present, and distribute various types of content and then be used to
access them again. These can range in scale from a
wristwatch to an entire building façade. Each mediadevice presents a particular modality because of its
own distinctive mode of existence and operation in
hardware (the machine) and software (the encoding)
combination. Creating content that can seamlessly
traverse across these platforms, with all the intermediate scales, represents the quintessential state of intermodality.
As a speculative discipline that deals with the
future of built environment, architecture inherently

carries the risks of what is yet to happen. Historically we have witnessed seminal moments when
risk-taking by experimentation contributed great advances in architecture to the fabric of human environment. In various building traditions, we ﬁnd numerous such instances that exemplify experimental risktaking driven by cultivated speculation to break new
grounds in the art of architecture.
We can sum up the relevance and importance of
experiments, however small they may be, in one clear
line of thinking: experimental concepts, tools, techniques, technologies and, ultimately, ideation open
up “a new ﬁeld of rationalities.” (Foucault 1980) We
cannot emphasize enough what the experiments in
architecture contributes to the discourse of architecture and how they open up new frontiers and venues
of disciplinary discourse of architecture at large. Experimental architecture problematizes and helps expand the consciousness of human milieu, thereby enriching our built environments.
What we call milieu (or Umwelt) and the conditions that question the position of human subjectivity in this world should motivate us to question
and disrupt the status quo. The word “experiment”
(as well as experience, expert, expertise, etc.) originates from the Latin meaning trial, risk, and danger. It relates to the Latin expression ex periculum meaning from danger. From the etymology, we
derive a perspective that to experiment means to
try and risk what may prove dangerous and learn
from it. Untested, risky, and dangerous ideas motivate great works of architecture and ultimately enrich the discourse of/on/by architecture in both practice and theory. Architecture as a discipline should
continue pursuing dangerous ideas, especially when
confronted with the manufacture of spurious valorization that commoditizes what/whom architecture is expected to serve. This is crucial to maintaining the rigor of the discipline itself as well as the relevance of architecture’s raison d’etre at large.
X-Change Room (hereafter XR) was conceived
as a simple drapery-like personal space that responds
to motion and touch. It provides an isolated in-
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dividual scale of space that facilitates aural and visual experience by triggering sound and light in
response to the occupant’s movement and touch.
Next, we discuss RaumSubsTANZ (hereafter RST),
a short interactive dance composition that highlights the ephemerality of architectural composition.
within technological milieu and reﬂects on their potentials and challenges toward experimentation in
architectural composition. The paper presents design methods and techniques built around threshold devices (XR) and interaction systems (RST).

X-Change Room

Figure 1
Sensory modules
(Photo by Authors)
Figure 2
Surface distortion
(Photo by Authors)

Threshold devices and interaction systems complement the conventional thresholds as borders and
boundaries. Technical devices and infrastructural
amenities such as intercom, face recognition or automated door openers regulate people and environmental elements (e.g., air, water, light, etc.) that permeate the tectonic structures of architecture and circulate within. Because of its multiple meaning, how
to shape the threshold makes an essential architectural and spatial problem. XR turns the envelopethreshold into an interactive ambient display. When
we look at an object, we acquire speciﬁc information
about it, such as location, materials, shape, size, color,
texture, and so forth.
We ﬁrst conceived XR as a curtain in the sense
that its is in essence a membrane that reﬂect subtle yet distinctive ambient information between foreground and background of senses. (Ishii et al. 1998)
It may be translucent and let in ﬁltered light during
various hours of the day; reﬂect or otherwise indicate
outside conditions; and changes its shape when the
air around it moves. At the same time, a curtain may
act as an indicator of unknown aﬀordances. (Gibson
1977) In XR, the curtain takes on the role of an active informant that creates its own ambient by the
occupant who interacts with the curtain. The ambient information in XR consists of visual, aural, and
haptic stimuli, [Figure 1] and according to the stimuli, the envelope threshold changes the conﬁguration of the envelope-threshold. [Figure 2] XR is in

part inspired by the novel Elective Aﬃnities by Johann
Wolfgang von Goethe centered around a metaphor
for the romantic relationships of the protagonists:
“Like the alkalis and acids whose behavior captivates
the novel’s protagonists, words and images, though
apparently opposed, may also display a remarkable
aﬃnity.” (Goethe 2009)
XR focuses on the relationship between the discursive surface and the occupant inside and spectators outside facing it. The installation is framed
around the human body. The design utilizes geometrically rational, uniform surface that can transform its
conﬁguration while maintaining a degree of aggregate rigidity. We chose the equilateral triangle module as the basic geometrical shapes in order to keep
the physical structure simple and stable, while maintaining the potentials for changing conﬁguration in
three directions. In the version we presented during the festival in Kronach [Figure 3] we assembled
triangles cut from 3mm-thick plywood and incorporated speakers, lights, vibration motors, and Arduinobased controllers in individual modules. Various sensors are connected to the controllers that trigger motors pulling or releasing the strings to change the
shape of the membrane and ﬁre sound and light both
inside and outside the room described by the membrane. Presence of an occupant inside or a spectator outside of the room will initiate changes and the
membrane turns into a medium of non-verbal communication.
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RaumSubsTANZ
Upon invitation by the Bauhaus Dessau for its 2017
Bauhausfest, we staged an architectural performance
entitled “RaumSubsTANZ” (heareafter RST) that features a performer interacting-dancing with a threedimensional drawing, a modular construction system, and the interactive moving objects we call cube
puppies. RST allowed us to connect with the theater
of the Bauhaus (Gropius and Wensinger 1961) leading to the contemporary playwrights/dramaturgs
such as Richard Foreman and Robert Wilson as interactive information-driven composition. We also
explored how sensor-driven technology may contribute to the perceptual disposition of theater as architectural space.The project served as on one hand
a modest homage to the Bauhaus theater, and on the
other an occasion to bring theatrical interactivity pioneered by Richard Foreman in Ontological-Hysteric
Theater (Davy 1981) to digital age.
Bauhaus masters created environments in which
they required individual viewers to knit together a diverse range of experiences toward a coherent sense
of the world around them. During the conceptualization phase, we intend to assemble together the elements of the theatrical language, the circus. From
a cast of protagonists - László Moholy-Nagy, Xanti

Schawinsky, and Oskar Schlemmer, and extending to
John Cage - RST weaves together complex threads
of historical narratives of the Bauhaus tradition. The
conceptualization of the RST performance hinges on
one question: “How do we augment human agency
in interactive performance?”
The RST is a participatory performance and the
audience plays a crucial part. The primary objective of this phase is to design interactive performance
that oﬀers a wide range of audience participation,
rather than linear story-telling. We started with a
graphic score from our collaboration with a jazz musician for a sound composition Plan_B. [Figure 4] From
the graphic score, we extracted a three-dimensional
drawing composed of crisscrossing aluminum rods
and rubber lines constructed inside a cage-frame. We
designed and programmed the attractor-repellant
interaction system comprising an Arduino controller
controlling motors with pulleys triggered by sensors
for proximity, movement and light in order to enable both the performers and the audience to choose
what to do in relation to the dance performance.

Figure 3
X-Change Room
installation during
the festival Kronach
Leuchtet, Kronach,
Germany, 2017
(Photo by Gregor
Schreiber ©)

Figure 4
Graphic score for
sound composition
Plan_B, 2010

The lines of the 3d drawing are connected to
Arduino-controlled motors, changing their conﬁgurations according to the dancer’s movements and the
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Figure 5
Dance set for
RaunSubsTANZ,
Bauhausfest, 2017
(Photo by Authors)

audience response by motion and light. [Figure 5]
The performer becomes a part of the drawing. They
are also able to choose how to navigate the media
environment with diﬀerent ways of interpreting and
engaging with the performance.
We divided the design of the project as follows:
Responsive Sensor System:. An essential feature of
RST is the sensor system among the performers, costumes, and stage set, and the audience. How to incorporate this new form of interactivity into the performance is the key feature of the design. To measure the ambient information we used simple LDR
(Light Dependent Resistors) and ultrasonic distance
sensors. The sensors are embedded in the dance set
and can be controlled by the performer’s improvisation of movements and by the audience shining
light on speciﬁc sensors. Each sensor’s input is then
processed by the controller that turns a speciﬁc motor in speciﬁc dgrees to change the conﬁguration of
the aluminum lines. The conﬁguration of the line
thus changes constantly in relation to all three participants (the dancer, the audience, and the set) in the
performance.

Figure 6
Dancer performing
in the set of
RaumSubsTANZ
(Photo by Marnie
Schulze ©)

Construction and Rehearsal:. Based on the design
of the sensor network system and the performance
structure, we construct the set in a simple rectangular
wood frame. [Figure 5] It consists of varying lengths
of aluminum rods that are connected in tensegrity
conﬁguration using rubber ropes. The frame contains movement sensors for the dancer and light sensors for the audience. The ends of the aluminum rods
were connected to tension threads that can be pulled
and released pulleys and motors controlled by an
Arduino processor. minimal interactive objects that
contain sensors and eﬀect devices such as motors,
pulleys, lights, reﬂectors, speakers, etc. We design
the set as a three-dimensional drawing as an architectural composition of lines, planes, and volumes.
The performers interact with/in the composition and
the signals from the performers and the audience will
change the conﬁguration of the composition.

Performance Structure:. The sequence of the
scenes will be based on actual, real-time responses
between the performers and the audience. We ask
the audience to actively participate in the performance as the nature of performance depends largely
on the audience participation. The performers determine the opening scene. [Figure 6] Even though
we put together a rough outline program, the performance can develop and conclude in several different directions. The environmental information
consists of the audience response: their movement
and sound/noise, and the room temperature. A select number of audience are asked to carry a small
ﬂashlight and/or a mirror to trigger certain sensors.
[Figure 7] The design of the stage set incorporates
the above elements and the audience’s potential
responses in order to provide engaging interactive
tectonic theater experience.

DESIGN CONCEPTS & STRATEGIES | Explorations - Volume 1 - eCAADe 36 | 593

and aesthetically framed technologies points to the
kind of performativity (theatrical or architectural) and
the aﬀordances of human environment that has yet
to be articulated.

REFERENCES
The Next Iteration:. We have yet to implement
the conﬁgurations that simultaneously reﬂect several
sensor data at the same time, as well as other elements expressed in the graphic score. In the the next
iteration of RST, forthcoming as a part of the Bauhaus
centennial events in 2019, we will incorporate biometric sensors in the performers‘ costumes as a part
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Figure 7
Audience
participation with
mirrors (Photo by
Marnie Schulze ©)
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Diagrams have an extraordinary potential as a tool for the analysis of
architectural and urban problems.They can also be considered a design strategy
in themselves according to Eisenman's understanding of this graphic notation
system. Diagrams have proved to be a valid design tool for architecture beyond
the professional practice within the design studio. Students were given a design
tool which was alien to their previous practices and it worked well as a
propositional graphic device for the design of an architectural artefact. As a
graphic tool that may be embodied in grids the possibility to enrich the design by
superimposition techniques may well serve as a trigger for collaborative work,
embedding in the design different layers of meaning and design solutions
proposed by various students enhancing a level of complexity which the proposal
of a single student may not achieve. From a didactic point of view, the use of
these design strategy among the class, enabled to tackle different problems so
that the work in the urban scale was also successfully addressed as part of the
course aims.
Keywords: diagrams, architectural design, urban design, collaborative work

INTRODUCTION
Diagrams are present throughout the history of architecture. From the Hippodamus of Miletus’ urban grid
organising the Piraeus, or the Etruscan urban planning based on cardo and decumanus to the focalized
urban grids characteristic of baroque planning; from
the classical compositional systems to Durand’s design method or Le Corbusier’s regulatory traces. They
are no modern invention.
In the last two decades diagrams have become a
common place in architectural design among some
conspicuous architectural practices. It is worth men-

tioning that in recent decades there have been architects like Peter Eisenman who have exploited their
use, generated an architectural theory and worked in
an innovative way with them. Grids -which could be
regarded as schematic order systems- as well as diagrams -essentially deﬁned by grids- make possible
architectural shorthands (Eisenman 1999, p.27), true
graphic notations which have the capability to deﬁne
the basic hierarchy and scale of the diﬀerent parts
in relation to the whole, as well as the topological
connectivity relationships within the morphological
structure. Moreover, grids set main directions, align-
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ments and, above all, axial character; that is to say:
orientation in architectural space. Not to mention
the advantages of their use from a structural point of
view in classical and ancient architecture before the
development of a precise calculus apparatus to ensure structural stability and even load bearing distribution. No wonder why grids have been present and
still are in most built architecture and urbanism; and
amongst all of them, the orthogonal grid as one of
the greatest inventions of rationality.
Probably, the ﬁrst architect aware of the synthetic attributes of diagrams was J.L. Durand. He
developed this graphic notation to liberate his design method from any particularisation of stylistic nature (Madrazo, 1994). Thus, he tried to step over the
limitations of style and of the architectural language
of his time allowing for further reach in their use.
He should be certainly regarded as the inventor of
such graphic devices and their generative possibilities even if he started to work with them for analytical
purposes like others have done in the past decades.
In his Précis des leçons d’architecture Durand
(1981) proposed a diagrammatic syntax for architecture based on his graphic analysis, proposing a compositional system as a design method. The intention being that its principles must transcend styles;
therefore, the elements of architecture “must be
freed from the tyranny of the orders, the classical orders should be seen as mere decoration” (cit. Moneo, 1978, p. 29). To deprive his syntax of any
traces of stylistic inﬂuences and raise it to a more abstract level, Durand simpliﬁed the representation of
architecture abstracting the geometry to the limit,
thus radically removing any level of detail. His diagrams are so restrained that have been reduced to
a schematic set of lines; lines which, nevertheless,
maintain the dimensional value of the spans of the
basic geometry of the architecture they embed, thus
keeping the proportions controlled.

ANALYTICAL AND GENERATIVE DIAGRAMS. EISENMAN AND THE DIAGRAMMATIC BASIS OF HIS ARCHITECTURE
True architectural diagrams must retain measurable
relationships inherent to scale drawing in order to depict the very geometrical essence in a work of architecture; in this sense, we may regard them as synthetic representations of architectural order rather
than of architecture itself. The use of diagrams, as a
conceptual tool equipped with metrics, can be used
both in the analysis of the existing, as well as in the
generation of the project.
On their analytical side, diagrams have the capacity to represent a certain conceptual hierarchy of
the object to study. Analysis may entail both: the
choice of content and in its valorisation and representation. Eisenman started this diagrammatic approach as early as in his PhD defended in 1963 and supervised by Colin Rowe. Both of them employed the
diagrammatic representation after their use in Wittkower’s analysis of Palladian villas. Eisenman, however, as a practitioner has made an extensive use of
them. In his 70’s houses he made a considerable
number of diagrams analysing his own work and illustrating the process of design followed in these
early projects. As Somol has rightly pointed out, the
idea of repetition and diﬀerentiation is present in the
diagrammatic analysis of Rowe and Eisenman (Somol
1999).
The diagrams in their most productive aspect
constitute themselves as a generative or ideation
tool. In the late 90’s, Eisenman’s use of diagrams is
based on this approach. Diagrams are then to be considered graphic constructions that preﬁgure what
the design may be. However, they are not the design itself, not even the inception drawings. To a certain extent, they are similar to conceptual schemes,
yet there is a signiﬁcant diﬀerence: they have metric attributes -a geometric quality-. From a conceptual point of view, they vividly recall the description
of space as a nurse of matter found in the passage
from Plato’s Timaeus where a third genre is established somewhere in between being and becoming,
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that is, between the idea or form and matter, literarily
“This, more than anything else: that it is the Receptacle -as it were, the nurse- of all Becoming.” (MacDonald Cornford 1997, p.177). Maybe the notion of potential being coined by Aristotle’s Metaphysics is an
even more suitable conceptual base for their understanding (Aristotle, 1991).

DIAGRAMMATIZATION AS A TOOL FOR A
PROJECT. TWO DESIGN STUDIO EXAMPLES
It is this generative dimension of diagrams that is basically reﬂected on in this paper. Works done by students using these design strategies are commented
here. Diagrams may be understood as a tool to
represent and objectify a certain concept, but it is
the choice of variables and the way of diagramming
them that makes of it a singular design. Diagrams can
be based on spatial traces (x, y, z), time (t) or any other
variable (v). The development of information mapping techniques is an immense diagrammatic source
for the generation of architectures. This alone may
serve as a trigger to develop an architectural form
that may relate to site, embody relationships with the
past of the locus, involve scale decisions, incorporate
connectivity issues between the parts and the whole
as well as include programmatic or functional variables. It is the idea of process which we ﬁnd most interesting from a didactical point of view as diagrams
may easily entail this kind of approaches and guide
the process within the design. The ﬁnal outcome
of the design may be easily traced and developed
thanks to the capacity of diagrams to embody several
design issues simultaneously.
Students of the Master course Graphic Tools for
Architecture at the University of Alicante were asked
to produce a design following this diagrammatic approaches to tackle the design problems. In one case,
the students were asked to produce a small pavilion
-a building- taking this diagrammatic approach as a
conscious design strategy. In the other case, students
were asked to work on an urban project to redesign a
public square; they were also asked to work on it on

a collaborative basis.
Students had a couple of lectures on generative diagrams as part of the course content and were
given bibliographical references to become aware
of this design strategy. According to what was addressed from a conceptual point of view, students
were asked to work on a project using diagrammatic
strategies of the generative type. The purpose was to
develop their own creative diagrammatic approach
to gain this design skill applying this tool or strategy
in a practical case of intervention within the architectural ﬁeld.

DESIGNING A PAVILION.
On the site of the Mies’ Barcelona pavilion, built in
1929 on the occasion of the Universal Exhibition held
in the city of Barcelona and brieﬂy dismantled short
after its construction, some sixty years later, it was literally reconstructed by Ignasi de Solà-Morales, Cristian Cirici, Fernando Ramos and Ana Vila in the most
faithful possible way as an authentic architectural
facsimile of the original between 1983 and 1986. In
the academic course 2015-2016 the students were
proposed to imagine themselves placed in the hypothetical situation of this group of architects with
the task of create an exhibition pavilion with a programme similar to that of the Miesian pavilion and on
its same location, supposing that the replication criticised by Koolhaas as a certain kind of Disney kitsch
(1995, p.49) had not been really rebuilt and that, accordingly, the site was empty to hold an expo in 2016.
Special attention to Eisenman’s externality diagrams
with references to the traces absent in projects such
as the Wexner Center for the Arts, or the Cannaregio
town square; to topographies as in Banyoles, or Santiago, etc. and his more clearly generative proposals regarding the diagrammatic approach such as the
Church for the year 2000, the Huei library, the contest
for the IIT Student Center or the Tours Conservatory
should be considered.
The example shown in Fig. 1 shows the diagrammatic design process of one of the pavilions designed
by one of the students. As it can be seen, many of
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Figure 1
Diagrammatic
design process of a
new version of Mies
Pavillion. Student:
Viviana Bey Cabrera.

the aspects that can be dealt with in a diagrammatic
approach of the design can be traced in the diﬀerent design steps illustrated in the mentioned ﬁgure.
As diagrams have both topological as well as geometric qualities, the metric of the site and the possibility of scaling strategies are pursued. In step four
one of the key issues regarding this design strategy
used by Eisenman, the superimposition of an alien
order grid to favour the generation of alternative geometries, precede the ‘extraction’ process of the ﬁnal shaping of the pavilion. In his own words: “It is
the idea of the trace that is important for any concept
of the diagram, because unlike a plan, traces are neither fully structural presences nor motivated signs.
Rather, traces suggest potential relationships, which
may both generate and emerge form previously repressed or unarticulated ﬁgures.” (Eisenman 2000).
Based on the same assignment and during the
same academic course as the design in Fig. 1 another
student worked over the plan of the original Mies
pavilion to obtain a complete diﬀerent outcome (Fig.
2). In this case, the starting point of the process commenced with the simpliﬁcation of the Miesian plan to
the bone -just the vertical enclosures that deﬁne the
functional space-. Although in the original design
the implicit limits deﬁned by the overhangs and roof
decisively contribute to conﬁgure the overall architectural space it was this speciﬁcity of Mies’s project
the spark that triggered this other design. A virtual
topography was created around the heads of the ori-
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Figure 2
Diagrammatic
design process of a
new version of Mies
Pavillion. Student:
Rubén Martínez
Sanchís.

Figure 3
Analysis of green
areas, pedestrian
routes and main
traﬃc in the city of
Alicante. Diagrams
by student Pedro
Pignatelli.

ginal walls for the roof generating a ﬂuid shaped
cover for the building. The new walls, were extruded
to accommodate to their geometry to this new geometry and do it in accordance with a principle of
geometric continuity. Thus, one of Mies strongest
points in the original design-the ﬂuidity of space- was
critically read and anew design proposed to embody
in a contemporary language this idea of spatial ﬂuidity in spite of the fact that the footprints of the original walls remained.

cal zeitgeist of the epoch while the rest of the plaza’s
building elevations are a considerable pastiche of the
following decades with little relation amongst each
other or with the rest of the plaza. That is the reason
for the students to choose to redesign the plaza
to solve these conﬂicts as well as the functional ones.

URBAN PROPOSAL FOR A PLAZA
The diagrammatic approach allows to step beyond
the scale limitations characteristic of the architectural discipline and enter into the realm of the urban space. As Hall has written, “In the last deacde,
architecture has embrced diagramming as a means
to negotiate the complex phenomena of urban design” (Hall 2011, p. 164). Accordingly, students on
the following year in the same course were proposed
to work in an existing square with total freedom to reorder it, solve conﬂicts between the traﬃc and pedestrian circulations and contribute to enhance a quality urban public space in a contemporary language,
making use of diagrammatic approaches.
The chosen square is an urban space connected
by two adjoining squares to one of the most important boulevards of a Mediterranean middle sized
city, Alicante (Spain) lacking signiﬁcant large public
spaces. Located in the heart of a group of blocks, surrounded by 4 important roads of traﬃc and transit,
it is a quiet place with virtually little traﬃc circulation. The Plaza has four signiﬁcant public buildings
that were designed in the 50’s: A church, the Public Finance oﬃces, the Government’s Delegation and
oﬃces of the Telefonica -then in hands of the government. Even though the quality of their design
is certainly questionable, they belong to the period
know as Autarquía -Autarchy- (during Franco’s dictatorship). It was intended then to develop a large public space to solve the lack of a central plaza in the city
and, although it was never ﬁnished, these four buildings remain as a unitary design embodying the lo-
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A city analysis was ﬁrstly done by the students and
several individual designs were developed for the
plaza (Figure 3). Once these two stages were completed the class, guided by the professor, chose on of
the students’ best designs. In this case, it was Pedro
Pignatelli’s the chosen scheme as it addressed and
conveniently solved most of the issues and conﬂicts
at stake. Once agreed, all the students worked collaboratively in the redesigning of the plaza following the initial concept after Pedro Piganatelli’s initial
scheme; they enriched the original proposal and everyone of them had to develop in detail an element
of urban furnuiture taht should be integrated in the
master plan.
Due to the aforementioned characteristics, it is
contradictory that the plaza in its current state is
constantly traversed by traﬃc lanes and its central
space is even invaded by a car access to an underground parking that completely destroys the urban
space (Figure 4 A). In addition, the mentioned public buildings do not have an open space preceding
them of the size, scale and importance according to
their activity. For these reasons, a uniﬁcation of the
three squares is proposed as a large space for pedestrian connection to diﬀerent consolidated areas of intense shopping and leisure activity in the city such as
Avenida Maisonave, calle San Francisco and calle Felipe Bergé (Figure 4B).
A diagrammatic strategy was carried out adapting the new design to these communications and
taking into account various factors such as the existing network of trees, the architectural elements
present in the square, the generation of spaces prior
to public buildings, combined with other occasional
temporal traces such as the preparation for popular celebrations (Hogueras similar to Valencian Fallas,
huge cardboard and wooden sculptures several stories high which are burnt on the night of Saint John
-the patron of city- coinciding with the summer solstice), or even past traces such as the former topography of the square. As Vidler has pointed out, some
of the qualities of diagrams rely on their capacity to
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Figure 4
From top to bottom
(A, B,C, D, E).
Current state of the
segregated plazas.
Conceptual scheme
with gained
continuity in
pedestrian domain.
Diagrammatic
mesh based on
pedestrian
itineraries adapted
to existing trees in
Plaza Calvo Sotelo
(lower part).
Benches and
crowded areas-sun
protection with
pergolas. Paths
hierarchy and open
areas for access to
public buildings.
Diagrams by
students Pedro
Pignatelli and
Daniela Paunache.

Figure 5
Intermediate stages
of the collective
design and
conceptual render
of the pergola and
benches
(Axonometric view
by student Rafael
Vives Rodriguez;
conceptual render
by student Pedro
Pignatelli).

foster abstraction, reduction and geometrical simplicity (Vidler 2011, p. 54). This is quite obvious
for any designer who is willing to delve into this design strategy and develop his project design in accordance to such qualities.
The most important features of the new design
are that, to begin with, the plaza is now perceived
and inhabited as a single magniﬁcent urban space
of which the city is lacking. In addition, the existing
conﬂicts of pedestrian traﬃc and car traﬃc are now
solved in a smart design considering the fact that
the car traﬃc is, in the actual state, basically related
to the parking which now is being accessed in the
perimeter instead of occupying the centre of the urban space. Moreover, the plaza is now a truly public
space for the citizen to be there enjoying the public
space and remain, not just a transit space connecting
parts of the city with major commercial or leisure activities.

but also because the use of diagrams constitutes a
very dynamic way of designing and experimenting,
both in the analysis of situations and in the creative
proposal of solutions. In our particular case it has
been of special convenience considering the short
duration of the course.

DIAGRAMATIC DESIGN STRATEGIES FROM
THE POINT OF VIEW OF THE STUDENT
At the University of Alicante’s s of Fundamentals
in Architecture and Master in Architecture the students are asked to make a design statement proposing their own architectural themes to develop their
projects trying not to condition the student in the
way to address them. This involves an investigation
and original experimentation on the part of each student regarding how to approach the project on every
occasion. But this systematic absence of method or
conditioners may produce a certain disorientation or
blockage at the beginning and/or during the project
process as it has already been discussed in lenght
(Marcos 2012).
In the academic course of 2017-2018 within the
course Graphic Tools for Architecture led by Professor
Carlos L. Marcos the condition of the use of diagrams
in the design work of the square has brought the students closer to the diagrammatic theory in architecture and has allowed to work more eﬃciently and intensively. This is not only because the students have
known from the beginning the project tools to use,

In greater detail, two exercises have been proposed:
ﬁrstly, the urban reorganization of the square to be
carried out collectively by all students; secondly, an
individual assignment in which each student had to
project in detail one of the architectural or urban furniture elements of the square.
One of the most common operations in the use
of diagrams as a design tool is the superposition and
combination of them. This aspect has been key in
cooperative work among students. The use of dia-
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Figure 6
Final design of the
plaza including
redesigned ﬁlters,
parterres and
pedestrian paths.
Implicit pedestrian
circulations are
solved, traﬃc
circulation and new
access to
underground
parking are
provided; a unitary
image of the plaza
joining the two
previous ones
(Plaza de la
Montañeta
-originally divided
into two parts by
parking access and
traﬃc ane- and
Plaza Calvo Sotelo).
Render: student
Luca Pereiro.
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Figure 7
Photomontage of
the new design of
the Plaza in which
several of the urban
furniture designed
individually by each
student are
perceived as part of
the same
intervention and
integrated in the
global design.
Photomontage by
Pedro Pignatelli.

grams by all the students of the course has allowed
a greater ease in the development of a joint proposal
where the diagrams made by the students are combined collecting all their contributions and enriching
the ﬁnal proposal.
For the analysis of the square diagrams of the circulations of cars and people, sunlight, focus of activity, topography, etc. have been made. The superposition of these diagrams, of great formal richness
due to the complexity of the urban space in question,
have shaped the proposal for the reordering of the
square. In this way the traﬃc has been repelled from
the pedestrian area and the elements of shade, street
furniture, lighting and trees have been adapted to
pedestrian routes and activity centres.
The individual part allows each student to experiment freely through the use of diagrams to obtain in
this case the design of a speciﬁc element contained in

the square. In this part the elaboration of the objects
has been required by means of some digital manufacturing technique. The new techniques of production through computers have revolutionised modern
architecture, exponentially increasing its formal possibilities. By combining the use of diagrams with digital manufacturing techniques students have been
able to verify the proximity between them and their
connection with parametric programming. Each student has designed each element with a diﬀerent digital fabrication technique of their choice. The projected elements have been: benches (folding), street
lamps (sectioning), pergola (tesselating) and ﬁlter
(adding-subtracting). Subsequently all the elements
have been gathered together in a common ﬁle and
represented together.
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CONCLUSIONS
It can be stated that the diagrammatic theory is both,
a tool and a design strategy that may be naturally associated with parametric or digital architecture and
has proven fruitful as a design aid for students.
One of the greatest advantages experienced to
this reagrd is that operating through additive or subtractive procedures allows easy interaction and cooperation between diﬀerent subjects in both analytical and creative processes. Moreover, the possibility to superimpose several grids that address diﬀerent problems by diﬀerent members in the team may
add up a compromise solution that can beneﬁt from
the team work and teh diﬀerent individual’s insights.
In addition, diagrammatic approaches allow either the design process of an architectural artefact
as well as urban design strategies. The fact that the
traces of these graphic devices embody metric relationships help students to step over the problem of
scale, be it on the architectural or on the urban scale.
Diagrams not only serve as a tool for analysis but also allow stemming shapes out of them as
they are “the spatialisation of a selective abstraction
and/or reduction of a concept or phenomenon” (García 2011, p.18). In a certain sense, diagrams could
therefore be regarded as a form ﬁnding design strategy. If the students had been skillful in programming with Grasshopper or Rhinoscript, these design
form ﬁnding strategies could have taken advantage
of computation potentials. This remains as a possibility to be explored in future courses.
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The world where humans live in, is constantly changing. In order to interact with
these conditions, it is necessary for the architects to create an environment with
sufficient dynamics based on the needs and behavior of its users. Kinetic
architecture allows occupants to experience new environments which could cause
raising the efficiency of the buildings. Therefore, constructions with kinetic
elements could serve better utilitarian purposes in different fields.In the following
essay, studies are about using kinetic design and fabrication method in one
project despite ordinary ways regard to the two main points; 1. The impact of
Khayyam's mathematics and astronomy on the proposed kinetic architecture and
2. Creating interaction Between Indigenous ideas and Contemporary
Architecture in Khayyam Memorial Pavilion. As a result, a model is designed and
several prototypes have been built.This essay illustrates that with making a
connection among architecture and other fields of study could lead designers to
be more creative according to the existing limitation in each project.
Keywords: Kinetic architecture, Interactive architecture, Hyperboloid modules,
Omar Khayyam

INTRODUCTION
Iran is a civilized country, and many scientists
and scholars have grown there, which they led to
widespread changes in various sciences. One of
these inﬂuential people was Omar Khayyam. His full
name is Ghiyath al-Din Abu’l-Fath Umar ibn Ibrahim
Al-Nisaburi al-Khayyam (born May 18, 1048 (Ritawati,
T, 2017) who died at the age of 83 in his hometown,
Nishapur on December 4, 1131 [1]. He was a Persian
polymath: philosopher, mathematician, astronomer,
and poet [3] who has received a comprehensive edu-

cation in science, philosophy, and mathematics from
Bahmanyar bin Marzban [4]. Also, he is best known
for his quatrains (Persian: Rubaiyat) although only after his death the verses came to light by translation
of Edward FitzGerald (1809-83) to English [5]. In addition, he wrote numerous treatises on history, geography, mineralogy, mechanics, Islamic theology and
music; moreover, he was master in jurisprudence and
medicine [4].
Omar Khayyam’s Contributions to Science and
Algebra start from his early age. He produced
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Figure 1
Omar Khayyam’s
Contributions to
Science [4]

some groundbreaking works which are still applied
in mathematics. In 1070, one of his signiﬁcant discoveries was Khayyam-Pascal triangle, a triangular array
of the binomial coeﬃcients which is one of his ﬁrst
works [8]. This problem led Khayyam to write the
Treatise on Demonstration of Problems of Algebra
and Balancing, which contained a complete classiﬁcation of cubic equations with geometric solutions
(Heine Barnett, J. 2018). Then, after seven years, he
wrote ‘On the Diﬃculties of Euclid’s Deﬁnitions’ in Isfahan [4]. In this book he tried to prove the parallel postulate with only the ﬁrst four postulates by examining a birectangular quadrilateral [5]; meanwhile,
he accidentally proved properties of ﬁgures in nonEuclidean geometries [6].
Furthermore, due to Khayyam’s knowledge
about both mathematics and astronomy, not only

reformation of the ancient Persian solar calendar
(known as the Jalālī calendar [1]) was achieved , but
also during his time in Isfahan (capital of the Seljuk
Empire) Khayyam measured the length of a tropical
year.
By 1074, an observatory founded by Malik Shah
(Sultan of the Seljuq) and he gave leadership to
Khayyam who was companied by other talented scientists [1]. An initial aim of this place was making observations of the heavens for 30 years, during which
time Saturn, the most distant planet then known,
would complete an orbit [2]. Also, in the ﬁeld of astronomy, Khayyam led work on compiling astronomical tables (entitled ‘Al-zij al-Malikshahi’), in 1075 [6].
Eventually, in 1092, political events ended the funding for both the Observatory and Khayyam’s calendar
reform. Hence, in the last decades of Khayyam’s life,
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he only taught mathematics and philosophy of Avicenna and astronomy [8].

METHODOLOGY

Figure 2
The mausoleum of
Omar Khayyam [11].

The method which is used in this essay adapted to investigate these questions involves theoretical studies. In addition, there is comparative analyses of
the architectural design and prototype with other
projects such as The mausoleum of Omar Khayyam
and The Dome an interactive pavilion. It is necessary
to notice, both of these projects were eﬀective in our
design.
Furthermore, the Grasshopper software had
been used in the design section, which is for designers who are exploring new and kinetic shapes using algorithms since it could respond to the diﬀerent changes. Also, Grasshopper is a graphical algorithm editor tightly integrated with Rhino 3D modeling tools [9]. Then for analyzing the amount of receiving light inside the structure, regard to the pavilion
movement in Grasshopper it needs to use Ecotect. It
is one of the energy software that can show angles
of the solar radiation in diﬀerent time of the day and
year on the Solar Protractor.
In the ﬁnal step, the prototypes had been built
in the design studio of Tarbiat Modares University
(TMU), by diﬀerent materials and methods. The main
way was a ‘tried and tested method’ since for having
the exact model which is used in the design, it was
necessary to ﬁnd speciﬁc connections between details of the project.

CASE STUDY
The mausoleum of Omar Khayyam. According to
the Khwájah Nizámi of Samarkand heard, Khayyam
made a prophecy about his place of burial, that
his grave “would be where ﬂowers in the springtime would fall their blossoms over his dust” [2].
Thus, a modern monument of white marble erected
over Omar Khayyam’s tomb which is located in one
of the Nishapur gardens where the tomb and the
mosque of Imamzadeh Mahruq had been placed [7],
[9]. This symbolic structure is the third mausoleum

of Khayyam which was designed by Hooshang Seyhoun, a famous Iranian architect. He tried to employ Persian-Islamic elements and concepts to create a common language which could link modern architecture with traditional Iranian designs [10]. This
mausoleum was constructed in 1963 [2].

Seyhoun wrote about his main concept: Khayyam
was an extremely talented and famous Persian mathematician, astronomer and Poet; “I tried to manifest
these three aspects of his personality in the tomb. I
considered ten separate bases on this construction
since it is the ﬁrst two-digit number, and it is the basis of many numbers. From each base, two blades
rise diagonally according to the particular mathematical model and collide with other blades, and placed
against each other in the opposite direction. All of
these diagonal blades cut oﬀ each other in the vertical axis and in the center of the tower. This complex design, which is derived from mathematical formulas, illustrates a mathematical aspect of Khayyam.
Moreover, the intersection of the blades in the tomb
roof creates a star and it symbolizes astronomy works
of Khayyam” [12].
Seyhoun wrote about details of the mausoleum: “The metal skeleton of the building will be
covered with aluminum. The ceiling will be decorated with a kind of thick glass while other surfaces of
the construction are going to have tile. Concrete will
be part of the foundation but stairs, a wall in front of
the fountain and gravestone of Khayyam are going to
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be granite, travertine stone and black stone of Mashhad, respectively” [12].

CONCEPT
One of the main objects of this paper is paying
homage to the great Iranian mathematician and astronomer Omar Khayyam regard to the importance
of using ancient algebra and astronomy in the modern architecture. Therefore, only two aspects of
his lifetime (mathematics and astronomy) are going
to be considered as main ideas of this temporary
memorial building. As previously said, he is the author of the Treatise on Demonstration of Problems
of Algebra and Balancing which is one of the most
important treatises in this ﬁeld which written before
modern times when he was in his 20s [8]. This book
is about a geometric method for solving cubic equations (x3 + 200x = 20x2 + 2000) by means of intersecting conic sections. And not only he found a positive root of this cubic by considering the intersection
of a rectangular hyperbola and a circle [5] but also
Khayyam prove a cubic equation can have more than
one solution [2]. It was the reason, rectangular hyperbola selected as the base of design section in this
project.
A hyperbola is the set of all points in a plane,
and the diﬀerence of whose distances from two ﬁxed
points is constant [13]. But since there is need to
have a three-dimensional volume instead of hyperbola, hyperboloid has been selected which can be
built by rotating a hyperbola about the perpendicular bisector to the line between the foci [14].
Apart from that, making a dialogue between traditional and modernist architecture could provide
visitors with a deeper understanding of construction
(Kouchaki, M, Mahdavinejad, M, Zali, P, Ahmadi, S,
2016). Therefore, the second concept is about showing eﬀects of sunlight on the structure regard to the
Khayyam knowledge in both astronomy and mathematics (he with some other scientists prepared an
accurate calendar). Therefore, the best way to show
an interactive movement in the following project is
to resize hyperboloid modules according to the day-

light which could represent the length of a day as
a symbol of Khayyam calendar. Thus, this idea led
hyperboloids module to Skewer Hyperboloids which
are kinetic modules.
Figure 3
Three plans of
project changes &
Algorithm of the
pavilion in
Grasshopper
[Authors]

DESCRIBE PAVILION DESIGN
The design team was challenged to examine their
ideas through designing the pavilion. This project
was considered for a ﬁxed area until it can have a certain number of visitors throughout the day. Hence, a
kinetic pavilion has been built in a deﬁnite area until
visitors use daylight.
This pavilion has eleven Hyperboloid modules
and each module can have 3 to an unlimited number
of bases but regard to visual comfort and amount of
sunlight transition, the number of bases could play a
signiﬁcant role. Since with the right number of bases
not only could show Hyperboloids form of the modules clearer but also components of modules would
not be an obstacle for people who want to see the
surrounding of the pavilion from inside or for people
who want to use sunlight during a day. It was a reason that only 15 bases considered for each module.
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Figure 4
steps to build one
module[Authors]

In addition, this structure moves in a particular way
since according to the image, central module and last
ﬁve modules move in the similar pattern while the
other ﬁve, which are located in the middle of scheme
move in the opposite way; thus, when ﬁve middle
modules are opened at night the other 6 modules will
be closed and conversely in the morning.

Steps of constructing a prototype (from
modules to ﬁnal form)

Figure 5
The process of
opening the dome
an interactive
pavilion by Farshad
Mehdizadeh [16].

Zero step: Finding appropriate materials relative
to the kinetic structure. After utilizing diﬀerent
sorts of materials, skewers and rubber bands known
as the best option since they are light and inexpensive with relatively high durability. Also, end of each
skewer is like spear which could due to a better movement in modules. The other point is the length of
the skewers since as the height of the skewers decreases, not only would the prototype need more
force to move but also the area of the pavilion will be
reduced. While in reality, constructions with a higher
height face more problems because wind and earthquake power could be more eﬀective in taller structure with the same plan. Thus, in this project length
of the skewer is 7.6 inches which is neither tall nor
short.
First step: How to make a module. For having
a module with 15 bases there is need to prepare 30
skewers in the same size. Then, they must be connected to each other two by two (put rubber bands
in the middle of the skewers). In the next step, all of
the second skewers of each couple skewers will be
connected to the ﬁrst skewers of next ones and those
rubber bands must be placed in the ¼ of the skewers.
Finally, both the third and last steps are as the same
as part two just instead of joining ﬁrst skewers to the
next second skewers, they must miss one of the couple skewers from the top and two of them at the end
of skewers.
It is necessary to say, if one of the ﬁrst skewers is
in front all the other must be in the same position, as
well. In addition, that would be best to do not tie the
skewers to each other very tightly because they need
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Figure 6
pavilion façade
from front side &
connection among
two of the modules
[Authors]

to be ﬂexible.
Second step: Identifying similar pattern. First,
it is essential to explain about a prototype which
showed by prominent Iranian architect Farshad
Mehdizadeh [15]. This prototype, known as the
dome an interactive pavilion which has some sort of
similarities and diﬀerences with the following pavilion.
In this project, all 11 modules are working as a
single unit and with a pressure of hands to two of
the modules the whole unit can be opened or closed.
It represents diﬀerent sorts of connections between
prototype components compare to what in this essay is built. Also, when it is getting opened or closed,
its movement has a direct impact on its area and an
opposite inﬂuence on its height. It means the height
of the modules will be decreased if this project gets
opened while it will cover more area and the opposite
of this fact is true, as well. The last diﬀerence is about
centers of each module since they are not ﬁxed and
regard to the project movements location of whole
axes will be changed except a central module while
in our prototype all centers of the axis are ﬁxed during pavilion movement until it covers a ﬁxed area.
Third step: Building the main prototype. Ini-

tially, all eleven modules must be built in exact same
shape; then, 5 middle modules have to join to the
center module. Eventually, each of the last ﬁve modules has to join to the two of the middle modules.
However, there are several points which must be considered during constructing this pavilion:
1. Diﬀerent patterns of movement between prototype modules cause two various heights for them;
hence, pavilion details can be connected to each
other but just in one level of skewers height and it is
essential that this level be approximate to the point
where the prototype is going to be placed.
2. The other problem of modeling the pavilion
is that it is not possible to open or close this structure to the highest and lowest levels of it because
plenty of the areas will be useless since in this situation some parts of the building will be extremely
short or small to be used by any person. It is the reason; modules of the prototype cannot be completely
closed or opened.
3. It is necessary to use a speciﬁc method to
move the whole pavilion at the same time. In this prototype, the 6 modules centers (it means central and
last ﬁve modules) should be speciﬁed. Then each of
this 6 modules can be opened with 2 or more strings.
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Figure 7
kinetic pavilion
[Authors]

Each of the string should be tied from one side
to one of the skewer couples and from another side,
they must be passed through the axes. Finally, with
pulling strings module could be moved. Just there is
the need to connect those strings to the bar like below sample.

CONCLUSION
Building a kinetic pavilion was the very ﬁrst idea of
this essay since when it comes to modern architecture, the dynamism of project would be an inseparable part of the contemporary architecture. Because not only it would increase the sustainability
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of the construction according to the various conditions but it could also provide visitors with diﬀerent
feelings about same environments. But what makes
this pavilion diﬀerent from other projects is its connection with mathematics and astronomy of Omar
Khayyam. Those monumental works of this famous
Iranian poet during his lifetime give opportunities to
the designers to be innovative.

The result of the study shows that using Hyperboloid
modules can create a changeable structure which is
able to respond to diﬀerent functions and environmental changes according to the user’s needs. This
structure could have compatibility with diﬀerent climate zones and it can be the right choice for temporary buildings such as exhibition constructions with a
lower amount of energy consumption.
As a consequence, developing kinetic architecture could happen with increasing the importance
of mathematics and other ﬁelds of study. Since
they could lead designers to be more creative while
they are saving energy and building more sustainable structures. Thus, a participation of designers
with other majors could cause better results.

[3] http://www.worldlibrary.org/articles/omar_khayya
m
[4] https://www.thefamouspeople.com/profiles/omarkhayyam-254.php
[5] http://www-history.mcs.st-andrews.ac.uk/
[6] http://www.encyclopedia.com/history/encyclopedi
as-almanacs-transcripts-and-maps/omar-khayyam
[7] https://www.youtube.com/watch?v=yQfiOJ9slSI
[8] http://totallyhistory.com/omar-khayyam/
[9] http://www.grasshopper3d.com/
[10] http://www.sah.org/publications-and-research/sa
h-newsletter/sah-newsletter-ind/2013/08/30/imaginin
g-the-nation-influence-of-nationalism-on-architectureof-twentieth-century-iran
[11] https://www.pinterest.com
[12] https://en.wikipedia.org/wiki/Hooshang_Seyhoun
[13] https://en.wikipedia.org/wiki/Hyperbola
[14] http://mathworld.wolfram.com/Hyperboloid.html
[15] https://archinect.com/people/cover/95928791/far
shad-mehdizadeh
[16] https://www.youtube.com/watch?v=K-DKu1LNey
w.
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Figure 8
Mechanism of
pavilion movement
[Authors]
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To improve environmental wellbeing and productivity, design innovation focuses
on human's use-process, evolving individual space to flexible and specialized
ones, according to the users` tasks - activity-based. BIM models supports
sophisticated behaviours' simulation such as energy, acoustics, although it is not
able to manage space use-processes. The present paper rather than a report of a
case study or the presentation of a new methodology wants to contribute, together
with previous works, in sketching a theroretical framework within which it is
possible to compute the interaction between users and spaces (and vice versa).
The quest is to reflect on possible paths for engineering knowledge and
understanding, providing a BIM system the semantic information required to
operate adaptively and achieve robust and innovative goal-directed behavior.
Compared to current research on simulation systems, this research approach
links Context, intended as spaces capabilities to Actor's Behavioural Knowledge
including formalization of personality typologies and profiled behavioural
patterns. By means of a classical problem solving metaphor, the ``squared peg in
a round hole'' one, multiple categories for goal achievement are sketched, based
on reciprocal Actors and Context behaviour adaptation.
Keywords: Use-process Knowledge, Behavioural Knowledge, Use Simulation,
Cognitive Computing

INTRODUCTION
To improve environmental wellbeing and productivity, design innovation focuses on human’s useprocess, evolving individual space to ﬂexible and specialized ones, according to the users’ tasks, activitybased. Among available design tools and methods,
it has been largely discussed in literature that recent BIM models supports sophisticated building behaviours’ simulation such as energy, acoustics, al-

though at the state of the art, this paradigms is not
able to manage space use-processes. Researchers
are called for studying methods and developing tools
to support decision-makers in the built environment
modiﬁcation process - new realisation, refurbishment and change of use, conservation and management - according to humans’ operational needs.
Nowadays, the deﬁnition of user requirements,
a milestone for achieving aforementioned goal, re-
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lies on static methods and models, deﬁned a priori by
few knowledge engineer. In order to enhance simulation of new/existing artefacts in relation with their
potential (re-)use, a good starting point is the development of an acquisition strategy for collecting dynamic data about the users’ behaviour related to the
context, coming from actual comparable context.
The present ’concept paper’ rather than a report
of a case study or the presentation of a new methodology wants to contribute, together with previous
works, in sketching a framework within which it is
possible to compute the - dynamic - interaction between users and spaces (an vice versa). The quest of
this research is to reﬂect on possible paths for engineering knowledge and understanding, providing a
BIM system the semantic information required to operate adaptively and achieve robust and innovative
goal-directed behavior. Within the research domain,
in this paper, by means of a classical problem solving metaphor, the squared peg in a round hole, it is
sketched a scenario made of multiple categories for
goal achievement, based on the possibilities of adaptation of Actors’ and Context behaviour.

ACTORS AND CONTEXT
Actors’ presence, both, humans and agents, must
be introduced in the actual simulation models for
evaluating and enhancing the environment ability
to host, to support and to address the use-process.
The environment does not only cause behaviour, but
is also inﬂuenced by Actor’s behaviour. In a useoriented approach, Actors’ behaviour can be inﬂuenced by Context capabilities and viceversa: Context
behaviour can be inﬂuenced by Actors’ capabilities.
Context, intended as a general extension of
the physical environment, including non-physical aspects, is where the Actor use-process takes place.
Context can be deﬁned by its capabilities, or better
by “aﬀordances”, intended in a classic way (Gibson,
1979) as parameters of perception-action loop, also
involving such complex concepts as history and practice, namely, the evolutionary relationship between
Context and Actors. As remarked by Turner (2005)

the concept of “aﬀordance” is relatively easy to deﬁne, but has proved to be remarkably diﬃcult to engineer.

COGNITIVE VISION OF THE CONTEXT
A fundamental task for modelling a general domain
of knowledge related to Actors‘ behaviour in a Context (and viceversa), is the eﬀective representation of
the Actors’ cognitive vision of the Context (and viceversa). Since there is no universally-accepted agreement on what “cognition” is, diﬀerent research communities have developed diﬀerent perspectives on
the matter: artiﬁcial intelligence, image processing,
developmental psychology, cognitive neuroscience,
and others yet in cognitive robotics and autonomous
systems theory.
According to Vernon (2006), for narrowing the
technical ﬁeld of quest, the deﬁnition of “cognition”
and, for our aims, of “cognitive vision” a couple of relevant questions should be addressed:
- How can we engineer knowledge and understanding into a system, providing it with the semantic information required to operate adaptively
and achieve robust and innovative goal-directed behaviour?
- Does a cognitive system necessarily have to be
embodied (in the sense of being a physical mobile
exploratory agent capable of manipulative and social interaction with its environment, including other
agents)?
In order to start reﬂecting on the possible answers, a state of art recognition about cognitive science is required.

COGNITION AND COMPUTERS
Cognitive science has its origins in cybernetics (194353), following the ﬁrst attempts to formalize what had
to that point been metaphysical treatments of cognition. The intention of the early cyberneticians was
to create a science of mind, based on logic. This initial wave in the development of a science of cognition was followed in 1956 by the development of an
approach referred to as cognitivism. Cognitivism as-
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serts that cognition can be deﬁned as computations
on symbolic representations, i.e. cognition is information processing: rule-based manipulation of symbols. Much of artiﬁcial intelligence research is carried out on the assumption of the correctness of the
cognitivist hypothesis. Its counterpart in the study of
natural biologically-implemented (e.g. human) cognitive systems is cognitive psychology which uses
‘computationally characterizable representations’ as
the main explanatory tool. According to Vernon
(2006) one of the more recent trends in computer vision research in the pursuit of humanlike capability
is the coupling of cognition and vision into cognitive
computer vision.
Gero (2017), a researcher with a deep CAAD
background, aims to extend our understanding of
what kinds of knowledge we can expect our computational tools to have and how systems that have a
range of kinds of knowledge might perform diﬀerently. Gero calls such objective knowledge ‘thirdperson knowledge’ in that the person - we can extend to Actor, including humans and agents - who
produced the knowledge is not required to be there
when that knowledge is used by another person/Actor. ‘Third person knowledge’ can be distinguished
by “ﬁrst-person knowledge”, deﬁning it as the kind of
knowledge developed through the interaction of the
individual and their world, or, according to our introductive discussion, of the Actor and the Context. Relying on concepts from cognitive science and in particular, a branch called ‘situated cognition’, we can
build computation systems that encode ‘ﬁrst-person’
as well as ‘third-person knowledge’. Using those concepts we can produce a branch of computing called
‘cognitive computing’ that is a closer analog to how
the mind works than general computing.

APPROACHES TO COGNITION
It is possible to distinguish essentially two approaches to cognition (Vernon, 2006):
1. The cognitivist symbolic information processing representational approach;
2. The emergent systems approach (connection-

ism, dynamical systems, enactive systems).
The one thing that is common to both is the issue
of knowledge and thinking. However, each approach
takes a very diﬀerent stance on knowledge.
1. The cognitivist approach: - takes a predominantly static view of knowledge, represented by symbol systems that refer (in a bijective and isomorphic
sense) to the physical reality that is external to the
cognitive agent; - invokes processes of reasoning
on the representations (that have been provided by
the perceptual apparatus); - subsequently plans actions in order to achieve programmed goals; - and
can be best characterized by the classical perceptionreasoning-action cycle.
2. The emergent systems approach: - takes a
predominantly dynamic or process view of knowledge, and views it more as a collection of abilities
that encapsulate ‘how to do’ things; - is therefore subservient to the cognitive agent and dependent on
the agent and its environmental context; - embraces
both short time-scale (reﬂexive and adaptive) behaviours and longer timescale (deliberative and cognitive) behaviours, with behaviours being predominantly characterized by perceptual-motor skills; - is
focussed on the emergence (or appearance) of cognition through the co-development of the agent and
its environment in real-time.
A general schema of the state of art is summarized in the Table n.1, where the author identiﬁes attributes of diﬀerent approaches to Cognition.
There is one other crucial diﬀerence between the
two approaches. In the cognitivist symbolic information processing representational paradigm, perceptual capacities are conﬁgured as a consequence of
observations, descriptions, and models of an external
designer, or knowledge engineer (i.e. they are fundamentally based in the frame-of-reference of the designer). In the emergent systems paradigm, the perceptual capacities are a consequence of an historic
enactive embodied development and, consequently,
are dependent on the richness of the motoric interface of the cognitive agent with its world. That is, the
action space deﬁnes the perceptual space and thus is
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Table 1
Attributes of
diﬀerent
approaches to
cognition (Vernon,
2006)

fundamentally based in the frame-of-reference of the
agent. A central principle of the enactive emergent
approaches is that true cognition can only be created
in a developmental agent-centred manner, through
interaction, learning, and co-development with the
environment.

MODELLING A TRADE OFF BETWEEN CONTEXT AND HUMAN BEHAVIOUR
The innovation is to take into account misused
spaces or inappropriate user’s behaviour to modify
one of them or both to reach the activity goal. The
human history - especially the science one - is plenty
of overcoming (apparently) impossible goal. The

“trial and error” paradigm both in technology and in
theory, very often intertwined, as a means to adapt
circumstances, tools and goals has been the normality not an exception at diﬀerent abstraction layers
with diﬀerent granularity. The key concept to resolve deadlocks has frequently been the “adaptation”
mechanism.
For instance, the classical problem of ”squared
peg in a round hole problem” - extending this concept to human satisfaction in a speciﬁc environmental situation - can be solved by cutting the peg, or
enlarging the hole, or both. Going back to the peg:
how can it ﬁt in the hole? Can it be cut? What is the
stiﬀness of material? Are there tools to modify it in
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Figure 1
Modelling a
trade-oﬀ:
Subsequent
adaptation and
hidden capablities

a right manner? What is the cost? How much time
should be spent for modifying the initial planned
work? What phase is it, the design or the construction one? Authors’ identiﬁed diﬀerent trade-oﬀ scenarios for design problem solving in the assessment
of bidirectional relation between context and human
behaviour. On one side based on ”squared peg” potentials, intended as the human behaviour adaptation possibilities, and on the other side based on the
context capabilities, we outlined the following seven
diﬀerent hypothesis for goal achievement:

1. Hard modiﬁcation of the “squared peg”: rethinking radically the human behavioural
convention, in order to ﬁt in the assigned
“round hole”.
2. Hard modiﬁcation of the “round hole”: reshaping radically the context, in order to accept the adopted behavioural “squared peg”
solution.
3. Impossible modiﬁcation of the “squared peg”
OR the “round hole”.
4. Soft modiﬁcation of the “squared peg”: re-
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shaping the solution, cutting the overﬂowing
edges in order to ﬁt in the assigned “round
hole”.
5. Hybrid approach: it consists of a soft modiﬁcation of both, the “squared peg” and the
“round hole”.
6. Soft modiﬁcation of the “round hole”: enlarging and re-modulating the context in order
to consent the “squared peg” behaviour to be
admitted.
7. Out of the box scenario: modelling a ﬁlter, intended as an “ad hoc” system able to adapt
the square peg to the round hole and vice
versa.
In order to implement these seven scenarios, and especially for deﬁning the “adaptor”, it is necessary to
rely on a formal and computable representation of
both, Context capabilities - at least physical spaces and Actors behavioural potentialities.
Additionally, the problem of ”squared peg in a
round hole” can be seen in a more general point of
view as not to simply match performances to needs,
but as to have an eﬀective couple among these Aristoteles’ categories (or barely architectural components, joints, etc.).
In times there were diﬀerent academic positions
(ﬁg. 1). In A) Carrara, Kalay and Novembri (1994) correctly thought that during the design process both
goals and solutions by means of design activity are
getting closer, but the iterative process rarely successes and that the initial assumption was that to
reach goals resources (the solution) should overcome
the minimum requirements with wasting resources.
In B) usually after construction there are two
adaptations: from one side improving solution i.e.
the building; from the other side, diminishing the
goals i.e. the services to patients in a hospital or expectations of visitors in a museum (Simeone 2015).
In C) by introducing the concept of (hidden and
more) capabilities (Wurzer 2009) in design solutions
and of “real” needs of clients it is possible that the solution it is right for goals without any modiﬁcation i.e.
a ﬁre safety in historical building. These hidden ca-

pabilities should be discovered before building construction during the design process by means of machine learning tools and/or trigging accurate simulation programs even in preliminary design phase without waiting constructive phase - according to the
principles of proactive design (Fioravanti et al. 2017).

A GENERAL FRAMEWORK
HAVIOURAL SIMULATION

FOR

BE-

As previously discussed, situational and contextual
factors need to be taken into account for understanding human behaviour. Apart from personality traits, further interpersonal diﬀerences are important for explaining and predicting environmental behaviour, e.g. competencies and knowledge,
expectancies, value orientations, (environmental) attitudes, personal norms, psychological states (e.g.
tiredness, stress, anxiety). Explaining environmental
behaviour contemporarily relies, to very large extent,
on diﬀerent concepts than clinical and personality
psychology. As value-orientations, attitudes, knowledge and competencies are usually understood as
less stable (less deeply rooted in personality) as compared to personality traits, considering these factors
opens up possibilities for changing environmental
behaviours. In today practice, it can be observed
a diﬀuse pragmatic approach adopted by commercial goods and services industry, based on classiﬁcation of Personality Typologies. ‘Consumer’ and ‘lifestyle’ types use psychological and other features to
describe a group of Actors: these are not personality theories or traits in the classical psychological
sense, e.g. not stableover lifetime. Such typologies
often include consumption pattern and behaviours
as a basis for classiﬁcation. Of course it is required
a clear distinction between characteristics used for
classiﬁcation, and related behavioral characteristics,
e.g. diﬀerent variables can be focused on the same or
diﬀerent typologies: demographics, environmental
knowledge, environmental concern, norms, activism,
shopping motivations, shopping behavior etc.
In order to collect formalized knowledge related
to users’ proﬁles, oriented to model phenomenon
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and process simulations we classiﬁed two main
methodological categories.
On one side, more traditionally, designers/knowledge engineers identiﬁes and model useprocess requirements, based on ‘a priori’ operational
needs. Experts work on deﬁning space users Personality Typologies by means of structured surveys for
outlining diﬀerences in the same classes of users approaching the same activities (preferences, value orientation, expectancies, attitudes, etc.).
On the other side, the knowledge source originates by a sort of acquisition strategy, based on a reverse engineering process, capturing data, information and knowledge from real world monitoring, by
means of diﬀerent media technologies (temperature
revelator, camera, RFID, Internet of Things, etc.).
The implementation pipeline, according to the
currently available technologies, can be developed
following this process: Reality -> Big Data Collection
-> Data Driven Processing -> Ontology Recognition
-> Ontology Population - > Computing Cognition.
It is also important to remark that if we use simulations in a virtual world to predict future events of
the real world, we have to reliably represent it, but
not be limited by the real world rules.
So, while in the real world only people have the
capabilities to think, evaluate the environment and
control their behaviour, in the virtual world this task
can be assigned to entities, both representing physical or abstract objects, regarding Actors, Context and
their interaction.

CONCLUSIONS
This paper reports on theoretical contents and some
early implementation patterns developed in the general framework of an on-going research aimed at the
deﬁnition of a new approach for modelling and testing knowledge related to the users’ behaviour in a
building environment, oriented to support assistive
systems for management and performance simulations.
The deﬁnition of two basic concepts eg. Actors and Context has been clariﬁed in order to intro-

duce the actors’ cognitive vision of the context. Authors tried to address the reﬂection on how to engineer knowledge and understanding into a system, by
looking at the history of a ﬁeld of research like cognitive Science and discussing a classiﬁcation of two
main diﬀerent approaches to cognition: Cognitivist
and Emergent Systems.
By means of a classical problem solving
metaphor, the “squared peg in a round hole”
one, multiple categories for goal achievement are
sketched, based on reciprocal Actors and Context
behaviour adaptation.
At present the proposed general framework implementation can count on a limited number of
building entities formalized by means of current ontology editing systems in order to be used for design
reasoning, using the large family of ready-built inference engines and information extraction tools.
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Increasing applications of parametric design and performance simulations by
architectural designers present opportunities to design more resource- and
energy-efficient buildings via simulation-based optimization. But Architectural
Design Optimization (ADO) is less widespread that one might expect, due to,
among other challenges, the problematic integration of optimization with
architectural design. This problematic integration stems from a contrast between
``wicked'' or ``co-evolving'' architectural design problems and optimization
problems. To mitigate the contrast between architectural and optimization
problems, this paper presents Performance Explorer, an interactive, visual tool
for performance-informed design space exploration (DSE).
Performance-informed DSE emphasizes selection, refinement, and understanding
over finding highest-performing design candidates. Performance Explorer allows
interactive DSE via a visualization of a fitness landscape, with real-time feedback
provided with a surrogate model. Performance Explorer is evaluated through a
user test with thirty participants and emerges as more supportive and enjoyable
to use than manual search and/or optimization.
Keywords: Architectural Design Optimization, Performance-informed Design,
Interactive Visualization, Design Tool

INTRODUCTION
The increasing use of computational methods such
as parametric modelling, performance simulations,
and optimization raises questions about how to integrate such methods into architectural design processes, which are characterized by wicked problems
and the co-evolution of design problems and solutions (Johnson 2017).
This paper presents Performance Explorer, a vi-

sual and interactive tool for performance-informed
design space exploration (DSE) (ﬁgure 1). DSE is an
active ﬁeld of research devoted to supporting designers in selecting from the large numbers of design
candidates represented by parametric models and
in understanding the underlying design spaces (e.g.,
Shireen et al. 2017). Performance-informed DSE considers design spaces relative to one or more quantitative performance objectives, such as environmental
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or structural performance.
Design spaces with performance dimensions are
also known as ﬁtness landscapes. Surrogate models interpolate ﬁtness landscapes from a sample of design
candidates with known performance, using a variety
of statistical and machine-learning methods (Koziel
and Leifsson 2013) (ﬁgure 2).
Performance-informed DSE contrasts with concepts such as performance-driven design (Shea et
al. 2005), performative or performance-based design
(Oxman 2008), and generative design (Nagy et al.
2017) that propose to automate the search for highperforming design candidates, most prominently
through optimization methods such as the popular
genetic algorithms (Wortmann and Nannicini 2017).
Performance-informed DSE emphasizes supporting
designers with selecting and reﬁning promising design candidates and with understanding ﬁtness landscapes, and aims to better integrate optimization
into architectural design processes.
This paper provides a brief background to
performance-informed DSE, introduces Performance
Explorer, and presents results from a user test. The
user test compared the interactive DSE aﬀorded by
Performance Explorer to manual DSE (i.e., manipulating parameter values by hand) and automated DSE
(i.e., using an optimization tool).

BACKGROUND
Selection entails presenting designers with a meaningful choice from a set of well-performing solutions
rather than with a single optimization result. Reﬁnement entails supporting manual parameter changes,
either to bring a well-performing candidate closer to
a designer’s intent, or to enhance the performance
of an otherwise promising candidate. Understanding
refers to surveying the entire ﬁtness landscape and
analyzing relationships between design parameters
and performance.
Approaches that support selection often employ a clustering method to group large numbers of
parametric design candidates-resulting, for example,
from optimization-into clusters of similar candidates
(e.g., Stasiuk et al. 2014). A single design candidate
from each cluster then represents the corresponding
“type” of designs, which makes it easier to select a design candidate for further development.
Compared to selection, supporting reﬁnement
is relatively straightforward. Allowing the intuitive
adjustment of individual design parameters is a basic feature of visual programming platforms such as
Grasshopper. Surrogate models-approximations of
ﬁtness landscapes that are much faster to compute
than simulations-provide designers with real-time
performance feedback to such adjustments (e.g.,
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Figure 1
Performance
Explorer in
Grasshopper. From
left to right: (a)
Morphology (i.e.,
appearance) of the
current design
candidate, (b)
deﬁnition of the
parametric model
in Grasshopper
(note the green box
with number sliders
representing design
parameters and
their current
values), and (c) the
Performance
Explorer window.

Figure 2
(a) Design
candidates in a
design space with
two dimensions,
i.e., variables. (b)
Design candidates
in a threedimensional ﬁtness
landscape, i.e., a
two-dimensional
design space with
one added
performance
dimension. (c)
Surrogate model,
i.e., approximation
of an entire ﬁtness
landscape.

Geyer and Schlüter 2014).
The interactive performance maps proposed by
(Wortmann 2017) not only use surrogate models for
real-time feedback, but also to visualize (a projection
of ) the entire ﬁtness landscape (ﬁgure 3a). In this
way, designers can see what kinds of parameter adjustments might lead to better performance. Performance maps also support selection by representing
individual design candidates relative to the positions
of other design candidates in the ﬁtness landscape.
Exploring the eﬀects of parameter changes on
performance in real-time helps designers to also
grow and reﬁne their understanding of ﬁtness landscapes. The real-time feedback by (Geyer and
Schlüter 2014) and the interactive performance maps
by (Wortmann 2017) not only support adjustments in
local regions, but also global explorations that lead to
a better understanding of ﬁtness landscapes. Performance maps support this exploratory analysis with a
visual overview of ﬁtness landscapes.

PERFORMANCE EXPLORER INTERFACE
This paper presents Performance Explorer, an interactive visualization of ﬁtness landscapes based on
surrogate models. Performance Explorer has three
critical functions: (1) It provides an (approximated)
overview of the entire ﬁtness landscape, (2) allows
the interactive and targeted enhancement of the underlying surrogate model, and (3) provides multiple
representations of a parametric design candidate-as
a 3D model of its appearance, i.e., morphology, as a

dot on the Performance Map, and as a radial plot of
its parameter values-to promote understanding and
creativity (Yamamoto and Nakakoji 2005).
Performance Explorer is a plug-in for the parametric design software Grasshopper (ﬁgure 1a). To
use Performance Explorer, one ﬁrst runs Opossuma model-based optimization tool in Grasshopper-for
several function evaluations (i.e., simulations). During this optimization phase, Opossum samples the
design space and constructs increasingly accurate
surrogate models (Wortmann 2018).
The Performance Explorer window has four main
GUI (graphical user interface) elements: The performance map, the performance scale, the variable plot,
and the Simulate and Refresh buttons (ﬁgure 3).

Performance Map
The performance map (ﬁgure 3a) is a twodimensional, radial mapping (i.e., projection) of the
high-dimensional ﬁtness landscape, insofar as Opossum has explored it during the optimization phase.
Every dot represents a design candidate whose performance value Opossum has simulated. The remaining colored area represents design candidates whose
parameter values the performance map has interpolated via barycentric coordinates and whose performance values Opossum has approximated with a
surrogate model (Wortmann 2017).
The six radial axes indicate the radial mapping
and are labelled according to the names of the number sliders, i.e., the parameters, in Grasshopper (ﬁg-
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Figure 3
Performance
Explorer window.
(a) Performance
map with position
cross and variable
axes, (b)
performance scale,
(c) variable plot,
and (d) Simulate
and Refresh
buttons.

ure 1b). Designers interact with the performance
map via the white position cross. The position cross
indicates the position of the current Grasshopper
model (i.e., of the parameter values) in the ﬁtness
landscape (ﬁgure 3a). When Performance Explorer
starts, or the performance map is regenerated, Performance Explorer (re-)sets the position cross to the
best-known design candidate.
Designers can change the current parameter values by dragging the position cross across the ﬁtness
landscape, which resets the slider values in Grasshopper, and thus the parametric model. Since Performance Explorer derives these parameter values by
interpolating between simulated design candidates,

they change non-linearly, even when designers drag
the position cross along one of the coordinate axes.
Alternatively, designers move the position cross
by manipulating parameter values not on the performance map, but via the variable plot (ﬁgure 3c)
or with Grasshopper’s number sliders. This direct
manipulation allows more exact changes of individual parameter values. Changing a single parameter
moves the position cross along a single axis, which
helps to better understand the visualization.

Performance Scale
The performance scale (ﬁgure 3b) provides a legend
for the colors of the performance map. The white
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The variable plot (ﬁgure 3c) is a radial plot of the
current design candidate’s parameter values, colored
with the corresponding performance value. Since it
is hard to visually estimate parameter values from the
performance map, the variable plot supports designers’ intuitions with an alternative visualization of the
current design parameters and (approximated) performance value. The axes of the variable plot correspond to the ”main” axes of the performance map,
but with radial coordinates instead of a radial mapping (i.e., the intersections between the variable plot
and the axes represent individual parameter values).
Designers can reﬁne individual parameter values by
dragging corners of the variable plot.

performance values for promising design candidates.
When a designer presses the simulate button, the
performance bar jumps to the “correct” (i.e., simulated) value, with larger jumps indicating a less accurate approximation from the surrogate model. By repeatedly using this feature, designers can get a sense
of the underlying surrogate model’s accuracy. Based
on the author’s experience, these estimates are more
precise for design candidates that are predicted to
perform better, and less precise for design candidates
that are predicted to perform worse.
Importantly, triggering a simulation also implies
generating an additional sample for the surrogate
model. But performing a simulation does not immediately regenerate the performance map, since this
regeneration can take several seconds. Rather, the
recalculation of the surrogate model and regeneration of the performance map is triggered only when
designers press the Refresh button, after performing one or more simulations. Such a regeneration
can result in visible changes to the performance map,
which typically indicate areas of the ﬁtness landscape
where the surrogate model’s accuracy has improved.
Regeneration also resets the position cross to the
best-know (simulated) design candidate, which potentially has changed. The remainder of this paper
presents the methodology and results from a user
test of the eﬃcacy of the ideas behind and implementation of Performance Explorer.

Simulate and Refresh Buttons

USER TEST METHODOLOGY

“performance bar” and the number next to it represent the (simulated or approximated) performance
value corresponding to the current position of the
position cross.
In this way, Performance Explorer accompanies
designers’ parameter changes with real-time performance values. To achieve this real-time feedback,
Performance Explorer temporarily disables the performance simulation in Grasshopper-Grasshopper
otherwise responds to parameter changes with triggering new, potentially time-intensive simulationsand displays performance values that are known or
approximated from the surrogate model.

Variable Plot

The Simulate and Refresh buttons (ﬁgure 3d) implement two critical, novel features of Performance Explorer, whose combination allows designers to manually enhance surrogate models that underlie the
performance map.
Performance Explorer disables the performance
simulations of parametric models in Grasshopper to
allow real-time performance feedback, especially for
time-intensive simulations. Avoidance of simulations
means that, for design candidates that have not been
simulated previously, the performance values indicated by the performance map are only estimates.
Designers use the Simulate button to verify the

The user test investigated the hypothesis that, by
allowing designers to introduce qualitative criteria
into their search for quantitatively well-performing
design candidates, Performance Explorer supports
performance-informed DSE more than either manual
search or automated search (i.e., optimization).
Thirty subjects-students or researchers in architecture with at least some familiarity with
Grasshopper-participated in the user test. Participants used their personal laptops for the test.
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Design Task
The user test involved the following, performanceinformed DSE task:
For a given parametric model, ﬁnd a wellperforming design that is a promising starting point
for further architectural development.
This deﬁnition of the design task follows the insight by (Bradner et al. 2014) that, in ADO, optimization results are more often used as starting
points for further design development than as end results. The parametric model-deﬁned in Grasshopperrepresented a small pavilion and had six parameters
(three parameters for the height of the pavilion’s corners, one for its center height, one for the size of its
openings, and one for the depth of the overhangs
over the entrances) (ﬁgure 4).

The quantitative performance criterion was the pavilion’s maximum displacement under dead load. Participants were told to interpret displacement as a relative measure of structural performance and to ignore factors such as the pavilion’s thickness or material. Participants were reminded that their task was
not to ﬁnd the pavilion with the lowest maximum
displacement, but to ﬁnd a well-performing pavilion
that they considered a promising conceptual design
from an architectural point of view (based on individual design criteria, e.g., conceptual, formal, or programmatic ones). This “preferred design candidate”
could be best-performing, but not necessarily.

On an Intel i7 6700K CPU with 4.0 Ghz and eight
threads, performing the structural simulation takes
about 300 milliseconds. This time is short enough for
suﬃcient DSE within ten minutes, but long enough
to make the real-time feedback aﬀorded by Performance Explorer meaningful, especially on the participants’ (slower) laptops.

Performance-informed DSE Methods
The participants performed the performanceinformed DSE task with three distinct methods, for
ten minutes each:
1. The Manual method involves manipulating
the parameter values of the parametric model
directly and simulating the resulting design
candidates.
2. The Automated method involves optimizing
the parametric model with an optimization
tool (Opossum)-with the number of function evaluations and runs decided by the
participants-and choosing a well-performing
candidate from a table of results. This method
allows “ﬁne-tuning” of design candidates by
adjusting parameter values directly.
3. The Interactive method involves ﬁrst running optimization to generate a surrogate
model, and then-using Performance Explorersearching a visualization of the surrogate
model (i.e., of the approximated ﬁtness landscape) for well-performing design candidates
Compared to “pure” optimization that wants to ﬁnd
only a single, best-performing solution, the automated method introduces an element of choice by
oﬀering a table of results. This element of choice facilitates a more meaningful comparison of the three
methods in terms of performance-informed DSE,
since optimization tools that return only one bestperforming design candidate facilitate understanding and exploratory divergent thinking only to a
small degree. All methods were demonstrated to the
participants before the user test.
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Figure 4
Example design
candidate’s
morphologies from
the design task’s
parametric model.
The numbers
indicate the
maximal structural
displacement in
centimeters and the
pink color the areas
of high
displacement. The
design candidate
on the top left is
close to the
best-known
solutions.

Experimental Design
Each participant performed the performanceinformed DSE task with each of the three methods
(manual, automated, and interactive). Participants
could use each method for at most ten minutes. This
experimental design introduced a potential bias, because participants progressively learned more about
the design task’s design space with each method. To
mitigate this bias, the order in which they used the
methods was randomized.

Data Collection
After using each method, participants indicated the
parameter and objectives values of their preferred
design candidate, their criteria for choosing it, and
their strategy for ﬁnding or selecting it. Participants
rated in how far the preferred design candidate was
a promising starting point for further development
and in how far they got a good overview over potential design candidates (i.e., the ﬁtness landscape).
Participants also had the opportunity to note any
other comments and/or features requests regarding
each method. After using all three methods, participants ranked them in terms of how much they supported them with the performance-informed DSE
task and in terms of how much they enjoyed using
them. They also had the opportunity to record any
ﬁnal comments.

RESULTS
Manual Method
With the manual method, participants gave a wide
range of motivations for choosing their preferred
design candidates, such as symmetry, shading, “expressing the idea of ﬂight,” “the potential for interesting programs to occur,” “inviting and noticeable entrances,” and ease of construction.
One can identify three DSE strategies employed
by the participants: (1) Random manual exploration,
i.e., manipulating the parameter values unsystematically, (2) strategic manual exploration, i.e., manipulating the parameter values systematically by setting
them in a certain order or by trying to achieve a cer-

tain shape, and (3) analytic manual exploration, i.e.,
trying to understand the impact of the parameters on
the design and its displacement.
Responses indicating random exploration included phrases such as “play around [with] the parameters” or “moving the sliders until I ﬁnd a nice design.” Responses indicating strategic exploration included phrases such as “decide the three heights ﬁrst
and then the center height” or “I immediately looked
at stepping the heights.” Responses indicating analytic exploration included phrases such as “I tried
to ﬁgure out the relationship between center height
and deformation” or “I ... tested the impact [parameter changes] made on the overall deﬂection.”
Two participants noted that, with the manual
method, they had “more freedom” than with the
others, but another noted that “I didn’t know [how]
to improve the ... displacement, without changing my shape.” (Performance Explorer assist in such
situations by presenting an overview of the ﬁtness
landscape.) Five participants noted that the manual
method was more time-consuming than the other
methods. One explained that “many interesting
shapes can be achieved ..., but I would not have noticed or found them (unless I spend 1,000 hours).”

Automated Method
With the automated method, participants again gave
a wide range of motivations for choosing their preferred design candidates, albeit with a stronger focus on structural performance. One participant mentioned that (s)he felt “compelled to compromise my
massing shape for its performance.”
Most participants sought a compromise between structural performance and other criteria (e.g.,
aesthetics, experience, shading, etc.). A typical response from this group was “Aesthetically [the design] looks quite balanced and it has a good optimization value.”
22 participants ran the optimization and then selected a design from the table of results. A typical
response from this group was “I ran the [optimization] for a while, then I checked all the possible solu-
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tions, and I picked the one following my design criteria among the ones with the best displacement values.” Only three participants from this group “ﬁnetuned” their selected design candidates by manually
adjusting parameter values. Two participants used
the best optimization result as a starting point for further manual exploration, and three simply accepted
the best optimization result. The remaining three
participants followed idiosyncratic strategies (such as
maximizing deﬂection or trying to stop the optimization when “the design looks interesting”).
Several participants indicated that the wellperforming designs in the results list were “very similar” or “do not change too much.” Accordingly, seven
participants requested improvements to the results
list, such as ﬁltering results according to similarity
(e.g., with a clustering method). In summary, the
automated method increases the need to balance
trade-oﬀs between the quantitative performance objective and additional, qualitative, criteria.

Interactive Method
With the interactive method, motivations for choosing the preferred design were similar to the automated method. Twenty participants sought a compromise between structural performance and other
criteria, seven participants selected a design for nonstructural, largely aesthetic reasons, and three considered structural performance only. But there is evidence that, compared to the automated method,
participants approached the trade-oﬀs between different criteria with more deliberation and freedom:
One participant mentioned that the “visualization oﬀers an opportunity to change parameters according to ... reason, not ... experiment,” and another
followed his original design concept, but with parameters that “were better controlled to better optimize
the maximal deﬂection.”
Several participants indicated that the interactive method was more permissive in terms of accepting suboptimal performance values. One mentioned
that the preferred design was “visually appealing, but
not very eﬃcient,” and another that “even if the ob-

jective is not very low, the shape of the model is
good-looking.” A larger group of participants was
very satisﬁed with the balance struck by the preferred
design, for example ﬁnding a shape “that has a nice
structure and it also suits the design.” The following
response expressed the perhaps highest satisfaction:
This design has the most desired shape with the
lowest displacement value. When utilizing [Performance Explorer], I was able to somewhat determine the
parameters that I want ... I was able to visualize which
parameters will provide me with the most stable design.
The interactive method received several very
positive comments, for example that it was enjoyable
to use, “provides more options of the design shape,”
“makes a lot of sense,” or that its visualization was
“helpful” or even “very very helpful” and allowed for
the “immediate pinpointing of ideal tests.”
In summary, the interactive method accommodates a wide range of performance-informed DSE
strategies. It allows designers to pursue strategies associated with the manual and automated methods
and enhances these strategies with real-time feedback and the understanding aﬀorded by the performance map (i.e., the visualization of an approximated
ﬁtness landscape). The following quantitative comparison supports this conclusion.

Quantitative Results
After using each method, participants rated in how
far their preferred design candidates were promising
starting points for further development and in how
far the methods provided an overview over the design space. Although some participants were very
satisﬁed with the design candidates they discovered
manually, the interactive method was the most eﬀective in terms of supporting the discovery of promising design candidates and providing an overview of
the design space. After completing the performanceinformed design task with the three methods, participants ranked the methods in terms of their helpfulness with the design task and in terms of their enjoyment in using them.
Diﬀerences between the three methods are
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Figure 5
Mean scores for the
three performanceinformed DSE
methods.

more pronounced in the a-posteriori comparison (left
in ﬁgure 7) than in the individual evaluations (right in
ﬁgure 7). This larger diﬀerence is probably due to the
participants’ development of a better understanding
of potential design candidates (i.e., the design space)
and the strengths and limitations of the three methods, as well as the requirement to rank the methods (i.e., participants had to pick a best and a worst
method). The interactive method emerges as (1) the
most supportive and (2) enjoyable method that results in (3) the most promising starting points for further development and (4) aﬀords the most comprehensive overviews over design spaces.

jective. Future studies might gather richer data,
for example by recording participants’ explorations,
and/or by verbally interviewing them.
The ﬁnal limitation concerns the performanceinformed DSE task itself. Compared to the simulations and parametric models used in architectural
practice (Hudson 2010), the design task was simpliﬁed dramatically. This simpliﬁcation was necessary
to reduce the user tests‘ requirements for software,
expertise, and-most critically-simulation time. Nevertheless, the participants’ responses demonstrate
that the simpliﬁed design task retained suﬃcient
complexity to allow meaningful explorations.

LIMITATIONS

DISCUSSION

The user test had three major limitations: (1) The selection of participants, (2) the method of data collection, and (3) the simpliﬁed DSE task.
All participants were from academia, and thirteen were undergraduates. This selection allowed a
larger sample size but might limit the relevance of the
user test for professional practice. On the other hand,
many participants had at least some experience with
professional practice.
Another limitation was the method of data collection: Participants’ written responses sometimes
were unclear or left out important aspects. Although
this limitation was partially compensated by thecompared to similar studies (e.g., Shireen et al. 2017)larger number of participants, the interpretation of
the participants’ written responses is somewhat sub-

Some participants felt “freer” with the manual
method, but most participants nevertheless preferred the automated and interactive methods.
Some participants mentioned that the latter methods allowed the examination of more design candidates. For more realistic problems with longer simulation times, this advantage would become more
pronounced, especially with the interactive method.
Only a small number of participants accepted
the “best” design candidates from optimization.
Although the experimental design likely encouraged this outcome, it nevertheless conﬁrms designtheoretical ideas that posit optimization as a medium
for reﬂection (e.g., Bradner et al. 2014; Johnson 2017).
The comments on the automated method highlight
the need to present optimization results in terms of
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meaningful diﬀerences between design candidates.
Designers applied various (implicit and explicit,
quantitative and qualitative) criteria and prefer selection from a range of alternatives over a single, “optimal” solution. Beyond selection, some designers prefer to understand the relationships between design
parameters, the morphologies of design candidates,
and their performance. In other words, some designers prefer to gain insight into the “black boxes” deﬁned by parametric models and performance simulations. Although Performance Explorer’s interactive
visualization of ﬁtness landscapes and multiple representations do not guarantee understanding, they
certainly support its acquisition.

CONCLUSION
The user test presented in this paper clariﬁes that the
better integration of optimization into architectural
design process requires performance-informed DSE
tools with enhanced visualization and interactivity.
Performance Explorer undoubtedly can be improved
further, but nevertheless represents a valuable proofof-concept with novel and innovative features. The
user test not only validated this approach, but also
yielded valuable insights into performance-informed
design processes, which can serve as a framework for
future research in this direction.
Accordingly, future work includes improving Performance Explorer based on the participants’ feedback and extending it for multiple performance objectives, as well as conducting a more extensive
user test. Such a test would employ interviews and
screengrabs to further deepen the theoretical framework of performance-informed DSE in terms of selection, reﬁnement, and understanding.
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This paper reviews current Internet of Things frameworks integrating embedded
and distributed sensing and actuation in the context of research prototyping and
the do-it-yourself movement. It focuses on the open-source and open-access
technologies that can be applied into wiring smart cities, smart buildings, and
smart building components. The paper contextualizes this discussion through the
examples of the ESP8266 microcontroller (also known as NodeMCU) and
Raspberry Pi single-board computer as well as web services such as Node-RED
and If This Then That (IFTTT). The value of these platforms lies in the
quasi-compatibility with other systems, scalability, and direct applicability to
building technology prototyping. As such, they provide a natural and effective
development path for a prototype to a full integration implementation.
Keywords: Smart Assemblies, Smart Buildings, Internet of Things, Raspberry Pi,
Node-RED, MQTT

INTRODUCTION
With the shift in the approach toward building automation systems (BASs) from wired and centralized with proprietary controls to wireless, distributed,
and user-driven, there is an opportunity to develop
lightweight and low-cost solutions that can work independently or in conjunction with various commercial smart house systems. This new approach to
smart building systems, shaped by the maker and
hacker movement, has opened house automation
technologies to a broader group of developers and
consumers. It also provided a fertile ground for the
advancement of building technology research by facilitating the development of the fully functional prototypes and test beds.
This paper oﬀers a comprehensive review of the
Internet of Things (IoT) technologies with a special fo-

cus on open-source and open-access tool sets with
technologically low entry points. To achieve this,
the paper surveys current literature and state-of-theart technologies to identify the essential contributors
to IoT and smart building platforms. It also points
to critical design considerations, including applicable technologies, quality of services, and developer
perspectives. As part of the review, the paper discusses conceptual and technological implementation of distributed sensor networks, particularly considering power needs, wireless coverage and security, and management systems such as the NodeRED dashboard, an event-processing engine and an
open-source visual editor for wiring the IoT developed by IBM (Chien and Wang 2012; Chien 2013;
Guillemin and Morel 2001; Siemens [1]). Finally, this
paper points to possible paths for the development
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of research prototypes for smart architectural environments.

FURTHER CONTEXTUALIZATION
This paper uses speciﬁc technology implementations
to discuss and illustrate possibilities and expectations
from the future smart buildings and construction assemblies. It is intended as ‘under the hood’ look at
technologies that power a number of smart interactions and building component research projects,
and are generally considered as primary IoT prototyping tool sets. An open source framework and relatively low technological expertise entry point make
these tools highly eﬀective in architectural research
and prototype development.

This can be seen in a number of academic research
projects with an active student engagement (Figure 1), such as adaptive facades (Zarzycki 2016) or
the Sensing Wall (Zarzycki 2017) developed a sensing building skin for real-time building performance
monitoring. The sensing wall relied on an array of
thermistors (heat sensors) and used wireless communication protocols to transfer and real-time visualize data. Hardware-wise, it employs ESP8266
chip-architecture with HTTP requests and MySQL
database. Mom’s Tray: real-time dietary monitoring
system (Jung et al. 2017) user interaction and experience research project builds up on a similar IoT framework and expends it with a smart phone app (Figure 2). It uses online database to monitor user culinary selections and provides real-time feedback relating to these choices. On the hardware side, it utilizes force sensing resistors and RFID shields/tags to
measure and keep track of dishes (Figures 3 and 4).
These examples relate and are directly applicable to
the plug-and-play (PnP) building assembly concept
(Zarzycki 2016) and are analogous to technologies
used to power adaptive façade prototypes discussed
in the same paper.

Figure 1
Prototyping
adaptive facades
with IoT
technologies.

OTHER AREAS OF EARLY ADOPTION
The focus of smart technologies is not only an increased building performance but also to have a better ﬁt for the users. Smart and adaptable environments tend to promote more heterogeneous occupant groups by lowering or eliminating physical accessibility barriers and promoting independent living. Users with limited mobility or those requiring
assistance in controlling environment around them
are some of the group that could greatly beneﬁt
from smart and autonomous environment. For example, ambient assisted living (AAL) relies on smart
technologies that support seniors in living independently. They can monitor seniors’ activities to provide early response to bodily activities and data. They
can also facilitate interactions within built environment, extend sensory perceptions, and simplify performance of daily tasks.
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Figure 2
Mom’s Tray: smart
dietary monitoring
device (prototype
1.0).

Figure 3
Mom’s Tray, sensors
(RFID shield/tag
and force sensing
resistor) providing
measurable inputs
to smart tray
system.

lar, programming abstractions.
• Interaction denotes the object’s ability to converse with the user in terms of input, output,
control, and feedback (Kortuem et al. 2010, p.
31).
The awareness of a smart system is usually achieved
through a conditional sequence of a cause (sensing), evaluation (logical processing), and eﬀect (actuation) diagrammed in Figure 5 Top. This functionality can be encapsulated within a single smart object
or across multiple systems and devices, as discussed
later in the context of Node-RED and If This Then
That (IFTTT) services. The interaction within a smart
system can be similarly achieved through the sense,
evaluate, and actuate sequence. However, it also signiﬁcantly relies on the interpretive understanding of
the context and users, and as such it requires an interconnectivity with broader smart systems and data
sets (Figure 5 bottom).
Another eﬀective smart device typology proposed by Das and Cook (2005) can also be applied
to smart buildings and construction assemblies. Das
and Cook identify ﬁve hierarchical layers that involve
increasing levels of the smart object’s intelligence:

Figure 4
Early prototype
(1.0) of the smart
tray with wired
ESP8266
microcontrollers
and sensors.

SMART BUILDING AND SMART DEVICE
CHARACTERISTICS
While the concepts of IoT and smart buildings continue to be framed and developed, with new technology constantly emerging, there are several taxonomic approaches that could be useful in discussing
smart building and smart device frameworks, particularly in the context of future solutions. Smart objects (buildings, building components, and devices)
commonly exhibit the following three typologies or
dimensions:
• Awareness is a smart object’s ability to understand (sense, interpret, and react to) events
and human activities occurring in the physical
world.
• Representation refers to a smart object’s application and programming model-in particu-

1. Remote Control of Devices: the ability to control devices remotely or automatically.
2. Device Communication: the ability of devices
to communicate with each other, share data,
and retrieve information from outside sources
over the Internet or wireless communication
infrastructure.
3. Sensory Information Acquisition/Dissemination: the ability of sensors to share information and make low-level decisions.
4. Enhanced Services by Intelligent Devices: includes context and location awareness.
5. Predictive and Decision-Making Capabilities:
full automation and adaptation that rely on
the machine learning, or acquiring information that allows the software to improve its
performance.
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The beneﬁt of this classiﬁcation lies not only in the
ability to assert a particular level of “smartness” to
a device but also can be used to project intermediate future developments. Most current smart devices available on the market occupy characteristics
between 1 and 4, with only a few demonstrating the
predictive and decision-making capabilities (point
5), such as the Nest thermostat (machine learning,
supervised learning) or Google Vision AIY kit (neural networks), discussed later. Similarly, as with Kortuem et al. typologies, any of these categories could
be achieved by an individual smart object or collectively by a group of interacting objects, by sharing and processing data. This points to the synergistic relationships smart objects can form and
the importance of cloud and web services (NodeRED, IFTTT) that integrate smart and enabled devices. The limitation of this taxonomy, perhaps connected to the current state of technology, lies in a signiﬁcant “smartness” gap between functionalities deﬁned in points 1 through 4 and point 5: predictive
and decision-making capabilities. There is a need for
deﬁning additional granularity in these categories,
which would identify discipline-speciﬁc characteristics, particularly in the context of smart building and
construction assemblies. For example, a concept of
context and location awareness could be extended
into plug-and-play (PnP) devices and building components. The PnP functionalities would help to interface with other smart objects/buildings without the
need for signiﬁcant user involvement or understanding of technology. Smart components could beneﬁt from auto-conﬁguration and auto-update technologies, framework for which is discussed in the Remote Programming section of this paper. The feature would not only allow for security and functional
updates but also enable customization of generic,
mass-produced smart components. A window, or
any other building assembly component, would be
able to recognize its place within a larger structure
(localize itself ) both physically and functionally. Additionally, smart building assemblies would be able
to feed data to the BAS or building management sys-

tem (BMS) and, if desired, directly to manufacturers, contractors, and architects (Peña et al. 2017).
Data shared with BAS/BMS or interested third parties
could be further combined with machine learning
(point 5 of Das and Cook’s classiﬁcation) for predictive decision making regarding building occupancy
and usage patterns.

SMART DEVICE COMMUNICATION PROTOCOL
Device communication is a critical feature of smart
technologies. IoT implementations rely on distributed networks of sensors and actuators, usually
with a large number of interconnected components
and scarce network resources. Maintaining such a
broad network of devices that interact in real time
requires sophisticated, reliable, and lightweight protocols. For device communication, two specialized
protocols are being used for IoT applications: Message Queue Telemetry Transport (MQTT) [2] and Constrained Application Protocol (CoAP). Both protocols
are simple and lightweight, and both take advantage
of scarce network resources.
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Figure 5
Smart/automated
system diagram.
Top drawing shows
an isolated
autonomous
system of sensing,
processing/evaluation, and actuation.
The bottom image
shows a connection
of the system to
outside resources
(cloud) for the
database access
and broader
interconnectivity.

MQTT, in lay terms, resembles Twitter. It has a publish/subscribe messaging transport utilizing clientbroker relationship structure. Individual clients can
be both a publisher and a subscriber, providing or
acting upon provided sensor data. They can publish on one topic but subscribe to another. Messages
can be ﬁltered by topics and their syntax structure,
including wildcard characters. The broker is counterpart to a MQTT client and is responsible for receiving all messages, processing them, deciding which
client may be interested in them, and then sending
messages to subscribed clients. MQTT is suitable for
wireless networks that experience varying levels of
latency due to occasional low-bandwidth or unreliable connections.
The MQTT framework introduces a number of
important communication concepts that are directly
applicable to smart buildings. For example, the Quality of Service (QoS) sets the reliability of message delivery, such as (1) deliver once and validate, (2) deliver
at least once-multiple attempts without conﬁrmation, and (3) deliver not more than once even without
system conﬁrmation. Another important concept of
the MQTT communication protocol is so-called last
will-a system awareness of procedures to be undertaken when parts of the building assembly become
unresponsive. These are direct implications of network vulnerabilities associated with a large number
of embedded devices communicating with high latency and low payloads. An integration of embedded sensors and actuators within building assemblies will result in large embedded networks with
various needs for communication reliability. Smart
building designers will need to develop priorities for
various types of building (component) operations, including understanding what are the desired “oﬀ” and
“on” states that protect people and buildings. They
also need to understand what the “system down”
strategies are. These strategies could rely on hybrid
models of centralized-decentralized networks.
Similar to HTTP, CoAP is a document transfer protocol. Unlike HTTP, CoAP is intended for resourceconstrained devices. It follows a client/server model.

Clients make requests to servers, and servers send
back responses. Clients can make GET, PUT, POST
and DELETE requests. CoAP supports two levels of
QoS. Requests and response messages can be considered conﬁrmable or nonconﬁrmable. Conﬁrmable
messages must be acknowledged by the receiver.

MQTT and CoAP
Both protocols-MQTT and CoAP-are open standards
and can be easily implemented with microcontrollers
(Arduino, ESP8266), and mini-computers (Raspberry
Pi), and further integrated with Node-RED services.
They provide real-time actuation as well as mechanisms for asynchronous communication. While both
are useful as IoT protocols, they also have signiﬁcant
diﬀerences. MQTT allows for a many-to-many communication protocol by sharing messages between
multiple clients using a central broker. It separates
data producer and consumer by allowing clients to
publish and having the broker route messages. While
MQTT has some support for message persistence
(storage), it works best for real-time communications.
On the other hand, CoAP is primarily a one-to-one
protocol for transferring data between the server and
a client.

INTERFACING WITH INTERNET OF THINGS
If This Then That
If This Then That (IFTTT) is a web-based automation service to create a sequence of simple conditional statements, called applets (formerly known
as recipes). Applets are triggered by a direct input
from other services, such as Node-RED, Gmail, Twitter, Dropbox, SMS, or compatible physical devices,
and in turn can also trigger other similar events. For
example, an applet may automatically save Gmail
attachments to a Dropbox folder or tweet the content of a text message. IFTTT can not only automate
web tasks, such as sharing content on multiple social network sites, but also control a wide range of
smart home devices, such as switching on and oﬀ
lights with associated compliant electronic devices.
A number of smart product companies have devel-
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oped components that can be integrated into applets. Eﬀectively, IFFFT functions as a massive clearinghouse for connecting to various web services and
compatible hardware through access to their application programming interfaces (APIs). IFTTT’s hardware compatibility includes devices such as Belkin
WeMo, Philips Hue LED lightbulb, Nest family products (camera, thermostat, and smoke detector), August Smart Lock Pro, Google Home voice controller,
and Honeywell thermostat. With such a broad range
of smart home device types, one could easily interconnect thermostat temperature and lighting level
settings with door locks and motion sensors. This
points to the primary value of this platform service,
which helps to generate innovative and often unexpected interactions among the existing web services.
These are services that most people already use daily,
but not necessary in connection with one another.
This easy-to-use, tinker-friendly environment capitalizes on a broader user creativity and can also be used
for quick smart interactions and smart building prototyping.

Node-RED
Node-RED is an event-processing engine and an
open-source visual editor (Figure 7) for wiring the
IoT developed by IBM. It integrates online services,
APIs, and hardware devices in ways easy to interface by lowering technical experience requirements
and allowing developers to focus on creating applications rather than on coding. It allows for various
forms of IoT system management without having an
in-depth understanding of underlying technologies.
While Node-RED serves a similar function to IFTTT, it
is a superset of the latter. As a visual programming
editor, it uses drag-and-drop “nodes” that represent
components of a larger system, such as wireless devices, software platforms, and web services that are
to be connected. It also oﬀers various functionalities
ranging from simple passing of data payloads or a
simple debug to more involved MQTT client handling
or posting HTTP GET requests. Like many other visual editors, it does not take away the need for scripting, but it signiﬁcantly reduces its use and lowers
the need for an in-depth understanding of programming intricacies. This means that it requires an understanding of basic programming logic and HTTP
requests, with any custom programming needing to
be scripted using JavaScript (JS) language within customizable nodes.

Figure 6
IFTTT ecosystem of
web services and
enabled devices.
Figure 7
Node-RED web
dashboard
connecting to
online services such
as Twitter and
MQTT.

Figure 6 shows a diagram of some of the possible
connections that can be made with IFTTT. Since the
core platform connects with multiple other web services and smart products through APIs, it allows for
data transfer between them with custom conditional
IF statements.

Both services, Node-RED and IFTTT, represent slightly
diﬀerent approaches to IoT integration. While IFTTT
does not require any programming knowledge and
users can interact purely through a visual interface,
Node-RED does involve some level of JS program-
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ming or at least understanding of programming logic
and conventions. Both platforms utilize a dashboardlike overlay and connect to already existing components and products (Raspberry Pi, smart thermostat,
or smartphone) as well as web services without an indepth understanding of protocols. They also simplify
tasks of interfacing between multiple outside technologies by providing readymade components and
API tools. While Node-RED supersets IFTTT capabilities, both approaches eﬀectively ﬁt their respective
niches and user groups with IFTTT providing a low
technological expertise entry point for those interested in integrating web and house automation technologies.
Figure 8
ESP8266
microcontroller by
Espressif has
become a platform
of choice for IoT
prototyping.

Figure 9
Raspberry Pi 3, a
mini computers
implemented as a
local server and
MQTT broker for
IoT/smart building
system.

mini-computers (e.g., Raspberry Pi) that serve as network brokers facilitating communication, data transfers, and information processing (Figure 9). Smaller
single-purpose devices can be embedded not only
into larger smart objects or appliances but also into
smart construction assemblies and components.
They can be used for the high-resolution distributed
sensing and actuation applications. On the software
control side, they connect to services, such as NodeRED.
The Node-RED implementation uses a web
browser, which is usually hosted on a server such
as a Raspberry Pi module (also an MQTT broker).
Raspbian, a Linux-based operating system for Raspberry Pi, comes already with the preloaded NodeRED platform, which can be easily expanded to host
MQTT and other services. On the client hardware
side, common IoT prototyping implementations use
an Arduino-like ESP8266 microcontroller (also known
as NodeMCU) connected through WiFi to the Raspberry Pi server/broker (Figure 10).
The popularity of the ESP8266 microcontroller
(developed by Espressif Systems) comes from its
compatibility with Arduino’s integrated development environment (IDE), low cost, compactness, and
good network connection reliability. The ability to
program ESP8266 with Arduino IDE serves as an important migration path for Arduino users and already
existing programming applications.

REMOTE PROGRAMMING

IoT Implementations
Commonly used IoT research prototypes utilize
small dedicated single-purpose microcontrollers
(e.g., ESP8266) for handling discrete sensing or actuation activities (Figure 8) and larger server-like

Over-the-air (OTA) programming of smart devices
and building components is an important recent feature of IoT. OTA technology allows for updating computer code stored on the microcontroller chip. This
feature is very important, since it allows reprograming and reconﬁguring of smart devices without physically connecting to them or accessing internal electronic components. Since the reprogramming and
updates are handled via Wi-Fi, they can also be done
remotely. There are a number of OTA implementation protocols for microcontroller, including for
ESP8266 chipset. The concept of OTA was further
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developed for ESP8266 microcontroller by Andreas
Spiess and Onno Dirkzwager, who developed an online app repository (IoTAppStory [3]) for IoT devices
that is analogous to smartphone app stores (Figure
11).

into a microcontroller and at the same time customizing it with user wireless credentials speciﬁc to the local network on which the device/microcontroller is
operating on these credentials can be stored within
an app store or within the microcontroller (device) itself, in the EEPROM functionality of static chip memory that is maintained after reboots. The app store
also keeps track of the updates and whether a given
device needs to be updated with a newer software
version based on the individual MAC address identiﬁer.

EXTENDING THE INTERFACE

APP STORES FOR SMART BUILDINGS
An emerging trend in smart devices and buildings
applies the concept of the mobile app store to
smart components-a building and device app. While
the physical shape and properties of smart assemblies may not easily change, their software conﬁgurations and components-this means functionalities
and behavior-could be updated. IoT devices can even
update themselves to the newest software version
without a user’s intervention, in a similar way as mobile devices-phones and tables-routinely do. This is
achieved through existing OTA protocols discussed
earlier.
Instead of loading a program (sketch) from IDE
(such as Arduino), a microcontroller connects to a
web server to receive updates. It can be conﬁgured
for checking for updates each time it restarts, at particular times, or when prompted by an external signal, such as a button. While this is not a new feature of
everyday computer systems, the ability to implement
automatic updates and remote programming with
lightweight microcontrollers and IoT devices signiﬁcantly broadens the types and range of applications.
The app store allows for downloading the IoT app

Voice control and image recognition (computer vision) are important elements of the smart building
interface. They utilize natural forms of communication and allow for passive activation to trigger actions
without added eﬀort. They signiﬁcantly enhance
user interactions (UIs) and user experience (UX) as
well as provide a sophisticated level of artiﬁcial intelligence (AI) functionalities.

Alexa + Google Home
Amazon’s and Google’s voice controllers are mainstream products meant for general use. They are
designed not only for information retrieval but also
to control smart devices. Node-RED and particularly
IFTTT provide a good support for Amazon’s Echo/Dot and Google Home. They allow for full integration
with Node-RED and IFTTT protocols and their respective ecosystems.

Emerging Do-It-Yourself Artiﬁcial Intelligence Platforms
Do-it-yourself artiﬁcial intelligence (AIY) tools and
hardware developed by Google (Google Voice and
Google Visions AYI kits) can be integrated with the
Raspberry Pi environment. The use of the Raspberry
Pi platform with Python programming allows for easy
interconnectivity and scalability of these projects.
Cast as part of the maker and hacker movement, they
are speciﬁcally designed for prototyping and experimentation as well as adaptability and connectivity
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Figure 10
Raspberry Pi as a
server for
Node-RED and
MQTT broker;
ESP8266
microcontroller
functions as MQTT
client and core CPU
unit for smart
devices.
Node-RED’s web
dashboard displays
IoT ﬂows and allows
for direct control of
MQTT clients.

Figure 11
Smart devices can
utilize remote web
services such as the
IoT AppStore for
software updates or
reconﬁguration.

Figure 12
Google Voice AIY
kit, based on
Raspberry Pi
hardware and
Google Voice
Assistant
technology allows
for voice controls of
smart devices and
other enabled
electronics.

with other systems. They also can be used as lowthreshold research-enabling technologies.
AIY projects allow for the integration of sophisticated AI systems with broad types of open-source
applications and projects. They are “hackable” technologies well suited for tinkering and also for research prototyping by lowering technological barriers for smart device and interaction developments.
Considering the relatively low level of technical and
programming knowledge required for these projects,
they can be easily integrated in small-team academic
research and teaching. AIY projects can be particularly eﬀective for smart building prototyping, since
they provide sophisticated visual recognition and human voice command capabilities. They take advantage of natural user interaction and are well suited for
development of enhanced UIs.
The Google Voice AIY kit (Figure 12) records the
voice, analyzes, and acts/responds accordingly. It
can not only answer questions and mine data but
also recognize commands and actuate physical devices. Connectivity via software and hardware environments allows for control of virtual and physical devices. Raspberry Pi implementation allows
for direct controls of on-board digital general inputoutput pins (GPIOs), not unlike with less powerful
Arduino microcontrollers. This provides yet another
way to connect and control smart device prototypes.
The Google Vision AIY kit uses neural network
learning models for image recognition and provides

probabilistic outputs based on what the camera sees.
It can be used for facial recognition and facial tracking, important features of smart environments. While
it is still in early stages of implementation, with only a
few neural network modules, it shows great promise
for IoT developments.

PLATFORM SYNERGIES AND OPPORTUNITIES
The development of new smart building and device solutions is ultimately driven by users and their
needs. Platforms that allow for a rapid and reiterative prototyping with relatively low technologyexperience requirements provide an eﬀective entry
point for smart technology conceptualization and
implementation. This is evident in discussed platforms. One approach uses microcontroller-guided
components with dedicated functionalities, each
serving a distinct purpose such as sensing, actuating,
or data processing. This ability to update microcon-

DESIGN CONCEPTS & STRATEGIES | Explorations - Volume 1 - eCAADe 36 | 639

troller software provides an additional development
model for IoT solutions. The management and controls can be accessed remotely from any web-capable
device. In case of Node-RED, it allows for administration of the entire network (MQTT clients) without
the need to reprogram individual controllers wired
to sensors and actuators. This functionality can be
further extended and enhances by developing reprogrammable and highly ﬂexible building components
enabled by OTA capabilities of microcontrollers such
as ESP8266. The smart building IoT app approach
shows promise by providing development versatility, lowering the technology adoption threshold, and
gaining ﬂexibility on the end user side. It also allows
mass-produced building products to become masscustomizable with or without the end user involvement.

CONCLUSIONS
There is an increased number of smart building products, particularly in the realm of building systems,
utilities, and controls, designed speciﬁcally for end
users. In many ways, buildings become smarter not
because they were initially designed this way (some
currently are) but because users expect these new
technologies to be part of their lives and retroﬁt
buildings (their homes) with these new functionalities. Users, familiar and proﬁcient with smart devices and web services, set similar expectations toward built environment. However, the extent users
and consumers can impact the built environment is
limited. There is a need for architects and contractors to provide a lead in researching and developing
smart building technologies. Platforms and services
discussed in this paper provide an eﬀective development environment and migration path for architects
and building technologists to engage smart building
and create new smart building applications. Referenced projects demonstrate the potential of smart
building and smart assembly solutions and beneﬁts
of discusses IoT platforms and services.
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In leading architectural offices where digital technologies have become de facto
part and parcel of the architectural design process, it has become pointless to talk
about ``architectural design'' and ``digital technology'' as separate phenomena.
In fact, those offices showcase advances in their designs through combined
developments in process, tools, teams, materials, and research. Far from being a
passive addition to conventional processes, digital technologies transform the
whole spectrum of architectural endeavour. Architects and offices in the front of
these development showcase a particular competence set that is distinct from
others, which we propose to call ``digital leadership.'' We define ``digital
leadership'' as the ``integration of distributed knowledge from social
sciences/humanities and digital technologies through the integrative artistic
power of Architectural Design applied to the built environment as a real-world
research and design laboratory.'' Although there have been many digital pioneers
since the early 1960'ies, we can now see digital leadership as a more mainstream
movement. However, there is no unified framework or theoretical understanding
of digital leadership. In this paper we report on work carried out on four
universities which has the aim to build such a framework.
Keywords: Digital leadership, Architectural design process, Collaborative
environments, Digital ecologies, Human resources

INTRODUCTION
Digital technologies came into being seven decades
ago. Alan Turing (1936) and John van Neumann
(1945) laid the foundations for computers. It took
less than 20 years before ﬁrst digital technologies were adopted in engineering and architecture.
Ivan Sutherland’s groundbreaking (1963) PhD thesis
Sketchpad laid the foundations for the graphic user

interface and many other basic technologies of CAD
systems. DAC-1, for the car industry, was developed
in 1964 by General Motors and IBM. In architecture,
Urban5, developed by Nicholas Negroponte in 1967,
was one of the ﬁrst architectural CAD systems. Architects were among early adopters and pioneers in digital technologies, for example Christopher Alexander (1964), Charles Eastman (1970), Philip Steadman
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(1983), Omer Akin (1986), and John Frazer (1995).
Digital technologies have increased exponentially in volume, variety, and tools in almost all
spheres of human activity. In architecture we can
note for example animation, simulation, virtual reality, laser scanning, Building Information Model,
robotics, rapid prototyping, and so on. At the same
time architectural oﬃces such as Foster + Partners,
UN Studio, MVRDV, Zaha Hadid Architects, and Gehry
Partners have taken the lead in the application of advanced digital technologies in their projects (see for
example van Berkel and Bos 2016). These oﬃces and
architects have taught and inspired a new generation of younger architects that apply digital technologies on an everyday basis, for example Bjarke Ingels
Group, Synthesis Design + Architecture, Span, Kokkugia, to name a few (see for example Del Campo 2016).
Additionally, new generations of researchers and educators investigate digital technologies tightly connected with architectural development at both academic and commercial institutes, for instance ICD
Stuttgart, CITA Copenhagen, Self-Assembly Lab Massachusetts, Woods Bagot, Arup, and HOK (see for example Menges, Sheil, Glynn and Skavara 2017).
Digital tools are now embedded within all aspects of our global professional culture. Speciﬁcally
these continuously changing tools are positively revolutionizing the nature of the architectural creative
industries. Most reports on digital practise describe
developments through the technological lens. However, there is an overt lack of knowledge-integration
between the interconnected disciplines where the
digital revolution is taking place. The theme of
this paper is “digital leadership,” which we concisely
deﬁne as the “integration of distributed knowledge
from social sciences/humanities and digital technologies through the integrative artistic power of Architectural Design applied to the built environment as a realworld research and design laboratory.” Digital leadership is informed by many disciplines, with as binding
force architectural creativity enabled through digital
and socio-spatial literacy. Key to digital leadership
is that digital technologies have moved from back-

ground support to frontstage presence (Adams et
al. 2011; Buhse 2012). Additionally, digital leadership evolves not from a pure software-programming
point of view (technology pushed) but from an active integration in the architectural design process
and having an equal status. Thus, digital leadership evolves from technology, academia, practice in
equal proportion, and tying together with the many
stakeholders in society. It is in fact the integration at
the architectural level that makes digital leadership
a prominent phenomenon. Since the early work of
many digital pioneers mentioned earlier, we can now
see digital leadership as a more mainstream movement. In this paper we report on work carried out on
four universities with the aim to build such a framework.
The ideas embedded in this research project do
not derive solely from the domain of CAAD. It is our
aim to create an international, inter-sectoral and interdisciplinary community on this topic integrating
two European research traditions: the ﬁrst derived
from the technological research in CAD (represented
by eCAADe and its PhD workshops) and the second
linking the artistic/professional approaches (represented by CA²RE , the Community for Artistic and
Architectural (doctoral) Research in association with
ARENA - Architectural Research Network, EAAE - European Association for Architectural Education and
ELIA - The European League of Institutes of the Arts).

COMPETENCES AND EXPERTISE FOR DIGITAL LEADERSHIP
All developments in digital technologies mentioned
above, converge to a point where technology, architecture, process, and people come together in
a novel way of designing and managing the architectural design process (Dóci et al 2015). In earlier
work (Zupancic et al 2017) we identiﬁed six competences critical for digital leadership: “technological
ecologies”; “creativity, knowledge processes and experimentation”; “design and research”; “human resources and leadership”; “collaborative and explorative environments”; and “impact of digital leader-
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ship.” We found that “creativity” and “design and
research” were actually manifestations of the architectural design process, and that “human resources”
and “impact” basically dealt with the social-human
aspects. Thus we condensed the six competences
to four competence areas: (1) human resources and
leadership; (2) architectural design process; (3) digital
ecologies; and (4) collaborative environments.
1. Human resources and leadership deals with
the dynamic interrelations of people in the architectural design process and their public behaviour. It relates human resources (“social
and cultural capital”), innovative and transformative leadership and design/research process. It investigates leadership models based
on facilitating skills of group integration and
individual autonomies in architectural design.
2. Architectural design process deals with the
creative pathway through which knowledge
is borne. This continuously emergent knowledge becomes a harbinger of experimental
developments and critical practices deﬁning
new and creative products. Brought forth by
the tide of digital design tools, manifold possibilities and opportunities have come into being, yet they are still not fully realized within
the architectural profession and associated
disciplines. Digital leaders need to be able
to incorporate the possibilities and opportunities oﬀered by powerful digital tools and
media to enhance the underlying fundamental aims, developments and knowledge processes of architectural design and research.
3. Digital ecologies see technology not as subordinate or servicing activity to traditional
design. Digital ecologies acknowledge all
the technologies available to architects, the
reciprocal relationship between these technologies and the architectural design process, and the transformation of architectural
knowledge and craftsmanship through this
process.
4. Collaborative environments deal with the

context of technology-rich environments for
communication in the design process. To design, build and maintain the built environment, integrated processes and methods are
essential. Cross-disciplinary teamwork enables one to take full advantage of digitalization in architectural design through knowledge integration. The great potentiality of
digital processes and solutions relies on increasing well-being and quality of life as well
as creating user-friendly adaptive solutions.
Collaboration extends in the broadest sense,
not only within the team, but also concerning the built and the social (socio-cultural) dimensions; thus it includes the dialogue with
spaces/places as well.
As can be inferred from these four competence areas, it is critically important to understand that digital
leadership is not based on “more technological competence in X.” It really is about the integrative value
through the architectural design process (2 above),
understanding social dynamics (1 above), operating
in rich digital environments (3 above), and responsive
to sensitive spatial conditions (4 above).

RESEARCH FRAMEWORK OF DIGITAL
LEADERSHIP
In the past two years, our team from four universities (University of Ljubljana, University of Oulu,
Katholieke Universiteit Leuven, and Czech Technical University in Prague) has developed the research
framework for investigating digital leadership. We
put strong emphasis on both academic work and
practice-based research. We are aware that a lot of
implicit knowledge and skill is being deployed at architectural ﬁrms, engineering ﬁrms, and governmental bodies. Therefore, investigating digital leadership
should also take place in the ﬁeld in practice (Verbeke
2017, pp. 265-333; Zupančič and Pedersen 2017, pp.
9-14). In our research we integrate artistic experimentation and technological investigations, through
the development of hybrid methods that integrate
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traditional design research paths and more qualitative holistic research. We develop explicit, tacit and
relational knowledge modes-for design and through
design. Thus, we include research by design, creative
practice research and borrow speciﬁc research methods such as action research and grounded theory development.
The four areas identiﬁed above (human resources
and leadership; architectural design process; digital
ecologies; and collaborative environment) are not only
competences of digital leaders, but form at the same
time the main expertise areas for scientiﬁc research
on digital leadership. Since the critical capacity of a
digital leader is the integration of skills and knowledge from all four areas, research is always carried
out in a combination of at least two competence areas, and fed from both academic-based and practicebased perspective from all the four areas (see Figure
1).
In the research, we address the integration of
distributed knowledge from social sciences/humanities and digital technology through the integrative
artistic power of architectural design. Thus, although
speciﬁc knowledge and skills for digital leadership
are always fed from specialised areas, it is the integrative and holistic approach that enables the parts
take on the quality of leadership. To test and verify our assumptions, we take both real world and
more speculative situations into consideration. We
develop place-based solutions through comparative
culturally rooted studies and experiments.
We form research teams based on the combination of two expertise/competence areas, which is investigated from both practice-side as academic viewpoint. This leads to six principle pairs of themes,
which, combined with a principled emphasis on one
expertise, leads to a total of twelve research tracks on
digital leadership. For every track, we build upon the
following methodology:
• Integration of design and research methods,
digital technologies, and management theory through deﬁned or even shared methodological framework.

• Reﬁning research goals and questions, hypothesis, and research methods.
• Fieldwork in creative practice (including interventions in academic studies): observations and experiencing architectural practice, through means of (deep) interviews,
questionnaires, evaluative probes and experiments through qualitative methods such as
(applied) ethnography.
• Data analysis: coding, extraction of categories
through quantitative methods.
• Critical reﬂection and discussion: establishment of theories and methodological frameworks, contextualization and/or validation.
An important part of our methodological foundation is taken from grounded theory. Grounded theory is linked to sociology and research within the social sciences. Coined by Barney Glaser and Anselm
Strauss in their book publication of The Discovery of
Grounded Theory of 1967, they did not believe that
all research could start from a pre-existing theory. In
contrast of the existing research that is dominated
by existing theories, they argued that is was more
interesting to start from collected data and the research questions themselves. Progressing from data
to theory was a better guarantee to develop new theories that were more ‘grounded’ within the context
of the research. Of course in the following decades
until today many diﬀerent ways were formulated,
methodological discussions held how grounded theory would work, and what the precise imposition was
of the used categories of meaning upon the data
by the researcher and the linked deduction. Also
questions on the impact of individual experience
rose. Many researchers elaborated on how to use
grounded theory-methodology(1). Interesting for
this research however, is the work of professor Kathy
Charmaz (2006) in her book Constructing Grounded
Theory were she states that the theory out of data is
not emerging but constructed. She states that using grounded theory one traces out processes but
also the way how to handle them. Observations in
practice through ﬁeldwork and data mining (coding,
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Figure 1
Research is always
as a combination of
any two
competence areas.

extraction of categories) through practices (and not
only through theory) will create new methods to extract and develop knowledge residing in creative industries and will consolidate new knowledge base for
strategic digital leadership. Integrated understanding, methods and theory can be developed through
collaborative environments for creative industries in
architecture.
The work presented above gives a partial outline
of the research framework for digital leadership. The
work is not ﬁnal for sure, but gives the team members concrete starting points to investigate in more
speciﬁc research project the various aspects of digital leadership. This phase still has to start, so now
is too early to report on this. Nevertheless, we feel

the framework is robust and solid enough to we can
communicate the framework itself as a ﬁrst result of
theoretical investigation.
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Architectural designers are currently depending on a multitude of elaborate
computational tools in order to explore, manipulate and visualize the geometric
form of their building projects. However, if architecture can be perceived as the
manipulation of geometric form in direct relation to human activities and events
that take place inside it, then it is evident that such design parameters are not
sufficiently represented in the currently available modeling software. Would it be
possible to introduce the human activity element in the aforementioned
computational tools in a way that informs the design process and improves the
final building product? This paper attempts to answer this question by
introducing a new experimental design tool that enables the creation of
parametric human activity envelopes within three-dimensional digital models.
The novel approach is that this tool enables the parametric interaction of these
components with the actual building geometry and generates novel visual and
data representations of the 3D model. The goal is to improve the decision-making
process of architects as well as their clients by enabling them to evaluate and
iterate their designs based not only on the building's form but also on the human
spatial events that take place inside it. A prototype implementation demonstrates
the tool's practical application through three design examples.
INTRODUCTION
Supported by widespread technological progress,
computational design tools have been gradually becoming commonplace among architectural studios
and design practitioners. These tools have managed to analyze and visualize algorithmic interpretations of important design parameters (geometric
form, materiality, illumination, structural rigidity etc.)
in an eﬃcient and productive manner. As a result, extremely accurate digital geometric models are being
utilized as the centerpieces of every design stage of

building development.
Nevertheless, as a human cognitive process that
targets the improvement of physical space, architectural design is inherently dependent on how the
users of the space are moving, interacting and perceiving the designed space. This human presence
and interaction is implied throughout the development of any architectural project, albeit in a simplistic
and abstract manner: the design brief usually designates how each space will be used and corresponding functional text tags are depicted in 2D drawings
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and in room matrix schedules. However, within the
3D modeling software, where the actual design decisions usually take place, any indication of the human
presence is absent. The goal of the proposed tool is
to take advantage of the increased computational resources that are currently available and to oﬀer an enhanced and ﬂexible 3D representation of human activity data that could be integrated into popular modeling software. By adding another layer of information into the digital 3D environment and parametrically linking it with existing geometric elements, the
assumption is that the designer’s point of view will
be augmented and that novel ways of visualizing and
understanding the building geometry will emerge.

COMPUTATIONAL PRECEDENTS
The ﬁrst instance of computational design tools that
were loosely related with human activity and spatial
events can be traced to practical implementations of
the theoretical ideas of Christopher Alexander (1964)
and Bill Hillier (1989). Alexander’s eﬀorts had limited success due to insuﬃcient technical resources
while Bill Hillier’s team was more successful in creating computer applications (Axman, Spatialist) based
on the space syntax theory. These tools have been
quite popular among urban planners and designers
as they provide data analysis and simulation of road
or path networks. On the contrary, their usability in
architecture is limited because they only analyze potential movements and not clusters of human activity in individual interior spaces. The same is true for
various other applications (Legion SpaceWorks) that
promise reliable simulation of human movements in
urban contexts or in emergency evacuation scenarios (Figure 1).
More recently, the theme of algorithmically generating spatial conﬁgurations based on social and
environmental references can be found in the work
of Madkour, Neumann and Erhan (2009). Their research focuses on the parametric design of the layout
of a housing tower that can be adjusted by humanrelated criteria such as privacy, sociability, multifunctionality and max occupancy. Although this ap-
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proach cleverly attempts to introduce human-based
data into the 3D parametric design workﬂow, the actual implementation is limited and fails to capture the
actual complexity and richness of the human activities and events that take place in architectural spaces.
Apart from academic computational research,
during the last decade there has been a noticeable interest in commercially available tools that address the theme of human activity within the context of architectural visualizations. There are several tools (Populate, an(i)ma, RailClone) that are focused on the distribution of animated avatars within
a render-ready three-dimensional model. Although
these tools are undeniably useful, they are treating
human avatars as simple geometric decorative accessories that are independent from the building components and that are inserted after the design process is concluded.
Figure 1
Snapshot of the
application Legion
Spaceworks

THE NEW TOOL
This paper introduces a new type of digital tool
that augments the existing three-dimensional digital
modeling software by implementing a mechanism
for manipulating and visualizing the human activity
and events that might take place inside the designed
spaces. The objective is to enable the designer to
create computational models where the human presence interacts with the geometric formal elements
during the architectural design process.
To facilitate its process, the software introduces
a new parametric component that can be described
as a transparent, volumetric human activity enve-

Figure 2
Part of the user
interface of the
plugin within 3DS
Max (left) and Event
Platforms after the
creation of the
various events
(right).

lope. This component is called Event Platform and
its goal is to encapsulate, in an algorithmic manner,
the wide range of representations that correspond
to how the end users will interact with their contextual surroundings: They can be used as simple, abstract volumes with functional designations based
on the project brief but also as clusters of human
events with animated avatars that interact with their
surroundings. It should be noted that the Event Platforms are separated entities from the actual physical elements of the building. The objective is that,
through the proper utilization and manipulation of
these elements, the architect would be able to create a separate “human-activity” layer that could be
overlaid on and parametrically interconnected with
the geometric elements of the model.
The proposed tool operates in two ways: as a
modeling tool and as a visualization mechanism.

MODELING
During the modeling phase the user can create Event
Platforms and control them through a diverse set
of parameters that are organized into three distinct

groups: size, events and connections (Figure 2).
Apart from controlling the dimensions of each Event
Platform (width, length, area, etc.) through the size
parameter group, the events parameter group gives
the designer the option to assign various event scenarios to each platform. By utilizing established techniques from other digital ﬁelds (character animation),
the proposed tool enables the designer to create simple avatar sequences with minimal hassle through
the assistance of pre-established motion capture libraries (Figure 2).
The third parameter group (connections) regulates how the Event Platforms connect with each
other and with the actual geometric elements of the
3D model. By assigning connections between certain
platforms, the designer can establish how the human users can move between the platforms. Therefore, the passageways from each space to the neighboring ones can be positioned in a parametric manner. At the same time, the architect can adjust the
intended opacity of individual borders of each platform to control the optical relationships among the
diﬀerent Event Platforms as well as their visual con-
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nections with the environmental context (Figure 3).
Finally, the designer can assign parametric geometric panels (Figure 4) to speciﬁc borders of the
Event Platforms. The concept is that the embedded
physical characteristics of the panels (type and distribution of openings, materiality, topology of their
surfaces, etc.) are informed by the opacity of the borders and the positioning of the platform-to-platform
connections to algorithmically produce the ﬁnal geometry. In a sense, the geometric form of the building can conform and wrap around its human activity
underlay (Figure 5).
Apart from assisting the architect during the conventional manual modeling phase of the project,
the Event Platforms are also capable of automatically producing alternative potential spatial conﬁgurations of the designed outcome. Since each component has embedded knowledge of its preferred
physical and visual connections, the software can algorithmically create large numbers of iterations and
consequently evaluate them based on the designer’s
preferences. In the end, the designer is presented
with a small number of solutions that best comply
with the desired connections. This computational
feature takes advantage of the parametric nature of
the platforms and slightly shifts the creative process
from manual to semi-automatic (Figure 6).

Figure 3
A conﬁguration of
Event Platforms
with physical and
visual connections
between them.

Figure 4
Four types of
parametric panels
for a certain project.

VISUALIZATION
In order to adequately encapsulate the complexity of
events and human activities in space, the proposed
tool utilizes the positioning of the avatars of the Event
Platforms and creates various digital cameras around
them by adhering to established cinematic conventions. After creating a large number of cameras, a representative sample of the best shots is algorithmically
compiled into an animation matrix that shows up to
25 diﬀerent frames (Figure 7). This human activity animation matrix constitutes a new visualization mechanism that oﬀers a fresh representational perspective
during the design process.
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In addition to the animation feedback, the Event
Platforms are capable of analyzing the frames of all
the point-of-view cameras and extracting useful data

Figure 5
Three diﬀerent
conﬁgurations of
Event Platforms
with the
corresponding
panels that are
linked based on
their physical
connections and
visual opacities.
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Figure 6
Automatic
generation of 9
alternative
conﬁgurations
based on the Event
Platforms desired
connections.

Figure 7
An animation
matrix consisting of
nine cameras
depicting various
events inside and
outside of the
designed building.
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out of them. Apart from the visual imagery that
they provide, the viewpoints of the avatars can provide additional information that could be translated
into useful diagrams (Figure 8). The digital tool can
currently monitor data about the contextual environment (how much environment is visible to each
avatar), other avatars (how many of the other avatars
are visible to each avatar) and average spaciousness
(the average distance of the ﬁrst obstacle in front of
every avatar).
Figure 8
A typical data
diagram.

a small residence, an oﬃce building and a mixed-use
complex. These examples diﬀered in scale and complexity and focused on evaluating and critiquing the
usefulness of the tool workﬂow under a diverse range
of test-cases (Figure 9).
In each case the design brief was translated into
Event Platforms which were further enhanced by the
insertion of animated avatars that represent human
activities. Consequently, these platforms were parametrically connected with each other based on their
desired relationships and manually placed within the
building site in order to achieve a ﬁrst initial conﬁguration. The tool was then utilized in order to automatically generate two additional conﬁgurations of
the Event Platforms. Subsequently, all three conﬁgurations of each design example were assigned various parametric geometric panels in order to produce
the ﬁnished building models.
At that point, each model was evaluated based
on tool-generated animation matrixes and data diagrams and was optimized accordingly. This feedback loop was repeated until the resulting model was
deemed satisfactory.

CONCLUSION
Figure 9
An oﬃce building
(left), a bank
headquarters
complex (right) and
the small residence
depicted in Figure 4
were the three
experimental
design examples.

EXPERIMENTATION AND EVALUATION
In order to illustrate the use and beneﬁt of this
proposed software, a prototype 3DS Max plug-in
has been implemented and has been put into use
through three diverse experimental design projects:

The design experimentation has demonstrated that
the proposed plugin could have a quite positive impact during the architectural decision-making process. By operating both at the more abstract scale
of functional areas and at the more experiential scale
of moving avatars, the Event Platforms manage to integrate human activity data into the 3D geometric
model. This additional information layer can prove
beneﬁcial both for modeling and for visualizing architectural projects.
As a modeling aid, the plug-in is able to quickly
generate diﬀerent adaptive façade options, based
on the Event Platform conﬁgurations. At the same
time, the tool has the ability to automatically generate alternative spatial conﬁgurations of the Event
Platforms based on the parameters that the user provided. Most importantly, the software encourages
the designer to establish bidirectional connections
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between the Event Platforms and the parameters of
the physical elements. This results in an enhanced
digital building model that enables a much more
comprehensive understanding of its spatial relationships while constantly maintaining interactive ﬂexibility.
At the visualization level, the avatar-based cinematic animation matrix and the data diagrams
demonstrate novel representational features that are
missing from existing visualization techniques. The
experiential quality of the multiple cinematic camera views as well as the quantitative data diagrams
of the avatars’ positioning and point-of-view are not
only contributing to the augmented understanding
of the human-enhanced model but are also suitable
for the eﬀortless generation of presentation material
for each project. Therefore, although this tool is originally intended to be used during design development, an architect may opt to use it strictly as a visualization tool after the design is concluded.
The future development of the tool targets three
areas of improvement. The automatic generation of
alternative spatial conﬁgurations can be optimized
by inserting customized parameters that can better
guide the process based on the designer’s aspirations. Another point of emphasis is the integration of
VR export capabilities for the human activity animation matrix. Finally, the data categories that are depicted in the diagrams can be expanded to include
more complex information about the human activities that take place within the platforms.
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This paper presents HIVE, a new open source design toolbox, which focuses on
teaching concepts of Energy and Climate Systems integration in buildings. .The
aim is to empower architecture students to integrate aspects of energy efficiency
during the architectural design process. The tool employs a simplified input
format designed for ease of use and provides almost instantaneous, direct
feedback to support students of all experience levels in the early, conceptual
building design stages, where numerous iterations need to be conducted
efficiently within a short period of time.The project aims to create a robust
toolbox that will become an innovative reference in architecture and engineering
- lectures, design studios, and project-based learning - through its capacity to
quickly, and effectively, translate building energy systems concepts into graphic
formats central to building design teaching and practice. The fast feedback that
the users receive to their design parameters changes will enable an effective and
quick build-up of tacit knowledge about building energy systems, complementary
to the explicit, theoretical knowledge that is usually taught in courses, thus
creating a more complete learning experience.
Keywords: Building Simulation, Low-energy architecture, Integrated
curriculum, PV Assessment, Simplified GUI, Architecture Education

INTRODUCTION
In current architectural education, there is a rising
awareness that a key component to reducing global
greenhouse gas emissions is a deeper understanding of how climate and building systems for heating, cooling, and ventilation can be better integrated

into building design. However, regrettably, it is visible in many architectural design courses and studios
in universities worldwide, that climate systems, energy performance, and sustainability in building design are mostly afterthoughts. Although this topic is
taught in theory-based lectures and exercises, there
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is a lack of transfer knowledge transfer into architectural and engineering design studios and practice.
One of the reasons is the heavy theory behind such
topics, another is the lack of time architecture students dedicate to learn and apply their learning in
design projects, which in turn results in lack of knowledge and experience of the students. This highlights
the need for a simple and fast method to understand,
use, and visualize the physical eﬀects of active and
passive systems in buildings.

ENERGY SIMULATION TOOLS
Although Building Performance Simulation (BPS)
tools oﬀer an important part of the solution to the
above highlighted problem, they often prove to be
challenging in the early design stages, since evaluating energy and climate systems performance in
buildings requires an understanding of the buildings’
energy demand, as well as data on the systems supplying the necessary electricity, heat, water and air.
Additionally, another challenge of using current BPS
tools in early conceptual work is the often large computational time based on large amounts of data [1,
2]. Moreover, many BPS tools have a steep learning curve, producing outputs that are challenging
to interpret, and require knowledge of topics beyond the scope of what is taught in many architectural programs; thermodynamics for example. Not
least, integrated approaches to assessing Energy and
Climate Systems performance in building analyses
are rare, since BPS tools are typically specialized and
rather isolated, focusing for example only on Technical Building Systems, Structural Analysis, Life Cycle Assessment (LCA) or Economic Assessment. This
specialization-focused approach and the lack of integration make it challenging for architecture and engineering students to include BPS tools in their early
design decisions, where it would beneﬁt them most.
Energy simulation engines, such as EnergyPlus
[3] or TRNSYS [4], have assisted designers in the development of energy eﬃcient buildings. These have
been further amended with user friendly interfaces,
such as DesignBuilder [5] or Sefaira [6], both are stan-
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dalone software running on EnergyPlus, or TRNlizard
[7], Ladybug (LB) and Honeybee (HB) [8], plugins for
the Grasshopper parametric environment [9]. These
interfaces allow architects and engineers to use simulation tools during the development of their projects
in order to assess the energy performance of a proposed building design. However, for architecture
students, BPS tools are less tangible, as they diﬀer to
a high extent from the typical tools used in the architectural domain. While interfaces such as DesignBuilding, TRNLizard, LadyBug and HoneyBee are easy
to manipulate, signiﬁcant time is invested in conducting a single correct simulation, leaving insuﬃcient time to evaluate and interpret the results. Sefaira solves this issue by limiting the number of inputs, however it is not available as a free version, and
the calculations behind the model are less transparent. This means that the user will have to trust the
software output and reﬂect less on their validity. DesignBuilder is an easy interface to work with, however, the immense number of inputs and their effects on the outputs result require signiﬁcant time investment in trying to make the simulation run correctly, leaving minimum time to analyse and understand the outcome of the simulations. The creators of
LB and HB simpliﬁed their components, created appealing and clear visualization techniques, and designed the tool to allow for a high level of ﬂexibility
and modularity in connecting diﬀerent components.
However, with 149 components in LB and 220 components in HB, which are continuously de-bugged
and updated, requiring the user to spend much time
to study the various components and remain up to
date with the latest releases. Moreover, the ﬂexibility of being able to adjust the code is not necessarily an advantage, as many architecture students do
not have programming experience. Finally, to run
thermal simulations, the user will need to connect
both Ladybug and Honeybee Plugins, which results
in an even higher level of complexity in the simulation model setting.
There is a clear need to develop a building performance simulation toolbox targeted at students, with

the aim of creating an intuitive and practice-based
learning experience. This approach will aid students
in elevating the overall quality of their building design proposals, enrich their learning experience, and
prepare them for the challenges of professional practice. There is also a lack of parametric tools based on
simpliﬁed calculation models, with an intuitive interface that would help architecture students to learn
about performance assessment methods of the built
environment and allow them to easily integrate energy performance simulations as part of their design
process.
The rest of the paper is organised as follows. The
next chapter introduces the HIVE toolkit detailing the
developments in the interface, the back-end models
that drive the tool, details of a case study at a course
at the ETH Zurich, and ﬁnally the last chapter concludes the paper.

THE HIVE TOOLBOX
This paper presents HIVE [10], a new open source
toolkit for simple building simulations. It oﬀers a
fast, intuitive, Rhino/Grasshopper-integrated parametric simulation framework, ideal for teaching energy and systems integration concepts in architecture. The fundamental purpose of HIVE is to support students in developing a deeper understanding of how various conﬁgurations of technical building systems, i.e. heating, cooling and ventilation systems, impact both the performance and visual expression of building designs. A key feature of the tool
is the “learning by doing” process ﬂow which enables
beginners to conduct simple energetic evaluations,
and visualize the results with minimal knowledge of
building energy modelling.
A core aspect of the HIVE toolkit is that it facilitates the tacit acquisition of energy and climate systems concepts and their transfer into application for
architecture and engineering students. Additionally,
it prepares students to utilize more complex design
and simulation tools, if they desire. Except the design
studios, the knowledge transfer in architecture and
engineering courses is mostly explicit, meaning that

students have to acquire large quantities of theoretical knowledge and connect it to their prior knowledge base. Most of the times, the insuﬃcient exercises and their lack of direct connection to realistic
scenarios only result in a “pseudo-knowledge” that
gets forgotten after the end-semester exams, instead
of becoming part of the student’s permanent professional repertoire [11].
The core principle of HIVE is to support - novice,
intermediate, and advanced - student learning on
topics of energy and climate systems integration in
buildings (Figure 1), while simultaneously advancing
pedagogical approaches in the ﬁelds of architecture
and engineering not only at ETH Zurich, but also at
teaching institutions worldwide. Therefore, the tool
features three main levels of complexity, the ﬁrst with
most of the inputs set to default values from standards and common values, while requiring the user
(i.e. students) will be required only to connect the
minimum number of inputs to run a successful simulation. The type of inputs students need to provide
depends on the lesson taught in class. The below
example shows one case, where an architecture student with little knowledge on the topic of building
physics is conducting a thermal simulation of an ofﬁce unit. In the ﬁrst level of complexity, the student
is only required to connect the geometrical components of the analysed case study (i.e. external walls,
windows, shading elements, thermal bridge linear
thermal transmittance, and thermal capacitance per
ﬂoor area). In this case, the lesson taught to students corresponds to the physical inputs (i.e. thermal
bridges and thermal capacitance). The students then
run a series of simulations while varying these values
to assess their impact on the heating and cooling demand.

Front-End Overview
The current HIVE toolbox allows users to conduct
dynamic thermal simulations for a single thermal
zone, calculate solar gains and shading impact on the
façade, as well as electricity generation from renewable solar energy sources (Figure 2).
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Figure 1
Example showing
the three levels of
complexity
integrated in HIVE
toolbox.

Figure 2
Current HIVE
components
workﬂow

Figure 3
Screenshots from
the 3D Parametric
Voxel component
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Figure 4
Process of Building
generation from a
2D plane.

The following components list illustrate in what is included:
• Simpliﬁed real-time geometry parametrization:
• A 3-D parametric unit, where students can
easily add and manipulate building components (e.g. windows, shading systems) and
extract their geometrical properties to simulate. This component helps students with no
experience in using these parametric tools to
be able to conduct simple and quick analyses,
and get familiar with building energy simulations (Figure 3).
• A plan (2D) to building (3D) real-time geometry editor: Uses the same process students
use in computer aided architectural design
(CAAD) to draw buildings/spaces. The building model is parametrized through both 2-D
drawings and numerical inputs (Figure 4).
• Building demand simulation (two methods):
• Heating and Cooling Degree Days (HDD &
CDD) demand model: Simpliﬁed assessment
of the annual/monthly heating and cooling
demands using HDD and CDD.

• Resistance-Capacitance model (R-C): A simpliﬁed, dynamic building energy simulation
module based on ISO 13790 standard, which
oﬀers fast and accurate dynamic/hourly demand results for early stage design projects.
Details on the calculation model are found in
the following section.
• Building heating, cooling and electrical ﬁnal energy estimation:
• The building energy demand output of the RC model will be used to calculate more precisely the actual ﬁnal energy requirements of
the building based on the energy generation
and emission systems.
• Building Integrated Photovoltaic (BIPV),
Solar Thermal (ST), and Hybrid Photovoltaic and Thermal (PVT) simulation:
• This simulation module should oﬀer fast estimates of the PV and/or solar thermal potential
for a building, taking into account the diﬀerent factors that aﬀect PV eﬃciency (shading,
system losses etc.).
• Simpliﬁed structural analysis: The module
should oﬀer an easy way to design the required structure for supporting PV/ST/PVT
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•
•

•

•

modules and estimate their dimensions. This
information could be used further for life cycle
assessments.
Data input and output visualization options:
Includes educational material on the systems
used in the analysis and their impact on design guidelines.
The inputs chosen (i.e. Photovoltaic module
type), their general characteristics and physical properties are visualized in an intuitive,
simple and didactic manner.
The output of the geometry and the performance assessments of the building are presented to the user through clear and meaningful visuals, and serve as feedback for improving the design. These include 3D visualizations and renderings, energy demand and
production graphs, visualization of optimal
PV/ST/PVT distribution etc. (Figure 5)

Back-End Mathematical Models
The development of a fast, intuitive, user-friendly
front-end interface required the customisation, simpliﬁcation, and acceleration of existing mathematical models. The following subsections will detail key
models that were developed.
Radiation Model. Solar radiation modelling on a
building surface is dependent on three key factors:
The sun position relative to the building surface, context geometry and the radiation intensity. The sun
position is calculated through a variation of the Astronomical Almanac’s Algorithm for Solar Position calculation [12]. Because building radiation analysis does
not require millisecond accuracies of the solar position we can use simpliﬁcations in the calculation of
the declination angle [13] and the hour angle [14].
This results in a faster approximation of the solar angle, which is suﬃciently accurate for the hourly simulations that are conducted. Radiation and illuminance intensities are then extracted directly from an
Figure 5
Example of how
course material is
incorporated in one
of the tool
templates.
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energy plus weather ﬁle.
Shading analysis is conducted based on the Clipper library that can subtract the shaded area of the
shading system from the window surface [14, 15].
The angle of the building surface and shading surfaces are extracted directly from the physical geometry in the Rhino environment. Through the knowledge of the global solar radiation, building surface
angle, and the solar angle, the radiation normal to
any building surface can be calculated.
Figure 6
Comparing the
incident Solar
irradiation on a
South-facing
window between
Ladybug and Hive,
for diﬀerent levels
of shading and
across diﬀerent
time periods

Radiation model comparison with Ladybug
The direct and diﬀuse components were analysed separately and compared to simulations from
Ladybug. Diﬀerent values for window tilt, orientation
as well as diﬀerent shading geometries were tested
(Figure 6, Figure 7). The model used in HIVE tends to
overestimate the diﬀuse component relative to Ladybug, the diﬀerence is highest for unshaded windows.
At an hourly level, the diﬀerence between the two
results was up to 45%. The gap decreased to below
10% for all but the last shading ratio.
In terms of speed, for the same window it would
take Ladybug between eight to twelve minutes to
simulate solar irradiation for a month (744 hours),
while the same calculation takes around 300ms in
HIVE. To conduct a fair speed test, the analysis grid in
Ladybug would need to be set to a size that produces
results that are similar in accuracy to those produced
by HIVE. Although such a test has not yet been conducted, HIVE’s ability to calculate annual hourly simulations in under 2 seconds makes it very useful for
rapid energy simulation studies.

Figure 7
Testing the eﬀect of
window tilt for a
South-facing
window. The angles
tested were 0
(vertical), 30 (facing
the sky) and -15
(facing the ground).
Hive and Ladybug
result.
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Figure 8
5R1C Model of the a
single zone space

Lighting model. The luminance passing through the
windows in the radiation model is averaged across
the entire ﬂoor area as a single zone using the total
ﬂux method [16]. Artiﬁcial lighting control is based
on the desired internal luminosity deﬁned by the
user. The user also selects the lighting technology
used from a drop down menu, which determines the
overall lighting demand of the building.
R-C Model for building energy demand assessment. The building energy demand is calculated
using a physics based resistance capacitance (RC) model, which simulates the thermodynamic behaviour of the building. It is based on an electrical analogy corresponding to the equivalent thermal
physics. The model consists of one internal capacitance and ﬁve resistors and is based on the ISO 13790
standard [17]. A full description and source code of
the model can be found here [18, 19].
The energy calculations consist of a set of diﬀerential equations, which solve a physics-based thermodynamic system analogous to an electrical circuit
(resistor-capacitance model). The single-zone, ﬁrstorder model, shown in Figure 8, consists of one internal capacitance and ﬁve resistors and is based on the
ISO 13790 standard.
The values of the ﬁve resistors and capacitance are automatically generated through based on
the user’s deﬁnition of the building weight (light,
medium and heavy), and the u-value of each opaque
and glazed surface. Weather data necessary for the
simulation is extracted from an EnergyPlus weather
ﬁle (epw).
The model solves for indoor temperature, and
thermal demand. Thermal energy demand can be
converted into electricity demand through an average coeﬃcient of performance, which is speciﬁed by
the user.
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Photovoltaic design and calculation. A drop down
menu allows the user to select a photovoltaic (PV)
type, which is also accompanied by an image of the
panel and a reference project, which uses the selected type of PV technology. The energy harvesting
potential is determined using the radiation data previously described, which is multiplied with the eﬃciency of the selected PV technology, the loss factors
and its area.
A panelling component will allow the user to
study which combination of panel size, rotation and
oﬀsets can yield the best possible PV harvesting conﬁguration. This can be further coupled with an optimization component (such as Galapagos), enabling
the user to ﬁnd the optimum PV panelling and apply
that directly in the design or use it as a benchmark for
manually conﬁgured PV designs.
Results Visualisation. Hourly results of the heating,
cooling, and lighting demand of the building are visualised and compared against the PV production
potential. This feedback enables the user to attain
a good ﬁrst impression of the initial building performance. The simple and fast algorithms enable the
user to modify building variables and visualise the
outputs in real time.

CASE STUDIES
For proof of concept, an early demonstration version
of HIVE was tested and evaluated in 2017 in two architectural courses at the ETH Zurich, addressed to both
masters and bachelor students. The ﬁrst course, in
the format of a design studio, analysed a residential
multi-family house in Zurich, with the aim of covering
most or all of the annual energy demand using photovoltaic electricity. The second course, directed in
the format of lecture series with the theme of climate
responsive design, focused on passive and active solar design for a single thermal zone unit in multi-story
residential and oﬃce buildings.
The new tool prototype was compared with previous years where Ladybug and Honeybee tools were
used, in terms of the time students spent learning the
tool, the time staﬀ had to invest for tool tutorials and
feedback on how to use it, number of bugs and the
time needed to ﬁx them, and quality of the students’
output and their level of understanding of the tool
outputs/results.
At the end of the semester, the teaching staﬀ
reported that time spent to teach the tool and give
feedback reduced by approximately 50% relative to
the time they dedicated in previous years. This is due
to the fact that the students had less problems using
the interface, thus less questions regarding the operation of the tool, as well as less bugs. Moreover,
an anonymous survey for a class sample of 12 students was conducted, together with a set of random
feedback discussion sessions showed that the students’ tended to spend most of their time questioning the simulations outcome, the relation between
the change in the inputs and resulting output, and
their reﬂection on the related theoretical course material improved signiﬁcantly.

OUTLOOK
In terms of tool functionality extension the underdevelopment modules feature the following:
• Geothermal boreholes sizing and placement:
• This component will simulate the interaction

•
•

•
•

•
•

•

between the building’s energy systems and
an energy source (ground / groundwater),
and help dimension the boreholes and borehole ﬁelds, and estimate their long-term behaviour.
Life Cycle Assessment (LCA):
A module, which oﬀers insight on the embodied energy of building components and
systems. First, it will be based on Swiss
databases, but the future goal is to make it
easily adaptable to other contexts as well.
Also, this component should feature diﬀerent
LCA concepts, such as embodied land use and
return on carbon metrics.
Simpliﬁed economic assessment:
The economic assessment module should
compile a rough cost estimate of the building components and energy use as well as the
possible cost reductions due to renewable energy generation.
Systems:
Based on the demand data calculated by the
RC-model, this component will size the systems and simulate their dynamic behaviour.
Included systems: ventilation (both natural
and mechanical), heating and cooling generation and emission systems.

CONCLUSION
In this paper, we present HIVE, an educational and
early stage design tool for the prediction of building
energy performance. The tool was developed as an
aid for teaching architecture students, and combines
simpliﬁed radiation models, physics-based building
energy models, and simple photovoltaic calculations.
The tool works in the Grasshopper environment and
uses a task-oriented approach to conducting building simulations. This means students spend less time
in the model compilation phase and more time on
analysing the output and reducing the CO2 emissions footprint in successive design iterations. The
paper includes two case studies of using the tools in
both bachelor and architecture courses.
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The tool is however not limited to teaching and can
be used by building planners to attain a quick energetic evaluation in the early design stage. This means
that energy performance of a building can already
be a design parameter in the early conceptual design
phase.
One important limitation is the multiple simpliﬁcations made. It is therefore important that the tool is
only used for introductory educational programs and
early stage design. For ﬁnal design evaluations, more
advanced tools such as EnergyPlus or TRNSYS should
be implemented.
Ultimately, this paper introduces and shows how
complex thermodynamic models can be simpliﬁed
in a “learning by doing” interface for students and
building planners to conduct preliminary studies of
building energy performance.
The ﬁnal goal of the HIVE project is to become the leading toolkit for architecture and building engineering students, educators, and practitioners from around the world who would like to integrate energy and climate systems analyses into the
early-stage decision-making process of their building design projects. The HIVE project will provide a
much-needed tool to support the next generation
of architects and engineers in planning and realizing zero-emission, plus-energy buildings, neighbourhoods and cities to adapt to the impacts of climate
change and support the transition of our energy systems.
The fast feedback approach promoted by HIVE
is not only viable in teaching, but also in practice, as
it can also positively aﬀect the design process in the
early stages, when the possibility of inﬂuencing decisions is the greatest. Such a platform would also accelerate the decision making process, oﬀer the stakeholder a much stronger decision base in the early
project phases and create a stronger link between designers and stakeholders, thus transforming the regular project update meetings in collaborative design
sessions.
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The paper proposes a computational tool for simulating the users` urban
cognitive systems, or more specifically the long-term memory associated with the
knowledge of urbanism and its related urban visual features. The tool builds on
our comprehensive theory of Urbanism, which presents a monolithic, structured,
comprehensive, professional conception of Urbanism based on which any
relativistic users' urban conceptions could be predicted as a restructuring of the
professional conception. These versatile relativistic conceptions would emerge
based on a nurturing environment, which is a conception of the
empirical/anthropological collected data of the intended users` reflections against
their preferred constructed urban environments. Once the users' conceptions of
Urbanism are formulated, which is the first phase of the simulation, the users`
impressions against any examined urban constructs are attainable, which is the
second phase of the simulation. The two phases, the framework, would be
monolithically represented by a proposed novel cellular graph. The proposed
computational tool is thought of as a robust technique for the computational
incorporation of the users' urban identity, and some of its constituents could be
considered as a needed common platform of communication for a successful
Human-Computer interaction in the field of urban analysis/design.
Keywords: a comprehensive model of Urbanism, a default professional
conception of Urbanism, the relativistic users' conceptions of Urbanism ,
recognized extracted urban features , the users' urban identity, A comprehensive
theory for space syntax:
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INTRODUCTION:
We, as users, recognize any urban construct by mapping its/their signiﬁcant physical features to labels of
the world of meanings and abstractions. Such mapping is an individualistic translative process of the
meanings conveyed from the urban constructs to our
cognitive systems. Therefore, to predict the users‘ impressions against any urban construct; we need ﬁrstly
to have a sophisticated simulated model of the individualistic conceptions of the intended users, then
based on that individualistic model, we need secondly to ﬁgure out their impressions, known otherwise as recognition, against the examined urban construct/s. These two steps, users’ conceptions and impressions, are the fundamentals of the paper’s proposed framework, and they could be illustrated as the
following:
1. The intended users’ conception of urban constructs would be simulated by chaotically
evolving their conceptions inside a nurturing
environment, where it would evolve from a
primitive to a complex conception. The users‘
conception is a mapping between physical urban features and the corresponding labels of
the world of meanings and abstractions, or
between abstractions amongst themselves.
Such conception reﬂects the intended users’
individualistic views of urban constructs; the
users‘ conception would be represented by
a novel cellular graph. The nurturing urban
environment is modeled based on empirical,
and possibly anthropological, analyses (Figure 1); and they represent the users’ preferred and attached urban environments. The
model of the nurturing environment would
be fractured into smallest pieces of conceptions, based on which, a versatile population of the intended users‘ conceptions would
chaotically evolve. “We shape our environment so it would then shape us” is the slogan
for deﬁning the users’ conceptions.
2. Once the population of the users’ conceptions of urbanism is modeled, deriving their
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individualistic impressions against any examined urban construct/s is possible. The examined urban constructs, which are modeled
as Building Information Modeling (BIM) elements, would be decomposed into possible
physical features. This feature extraction process should yield a hierarchy of signiﬁcance
of these features elected by the corresponding users’ conceptions. That simulated hierarchy of signiﬁcant features would be compared
with the users’ simulated conceptions to predict the magnitude of meanings related to
these features, and this concludes the process
of attaining the personalized users’ semantics
against the examined urban constructs.
Figure 1
the paper’s
proposed
framework. The
user’s conception of
Urbanism (2) would
evolve based on a
nurturing urban
environment (1),
then such evolved
conception could
be used against any
examined urban
scene (3) to predict
their simulated
impressions (4).
The users’ conceptions and impressions would be represented by a novel categorical cellular graph, which
is a novel machine-learning graph. The users’ conceptions and impressions are mere variations of a
speciﬁcally devised universe of urban constructs (the
universe of discourse). The aforementioned procedure would be conducted by simulating the competence between ”Us” and ”Others”, which is an intuitive fuzzy odd of ”Us”; the diﬀerences between
these binary forces would be minimized by an optimizing hybrid evolutionary swarm-based algorithm.

Figure 2
the paper’s
proposed
computational tool
in relation to the
Framework’s
elements. The
inputs, the internal
process (and their
corresponding
computational
modules), and the
users’ impressions
(the output) are as
indicated.

Figure 3
the universe of
discourse that
professionally
represents
Urbanism to the
worlds
inside/outside
Urbanism. The
absolute default
conception is a
cellular graph of the
universe.

This asymmetric binary dissection of the mind’s world
into ”Us” and ”Others” is mandatory for the discovery
of the self, as ”Us” cannot exist apart from ”Others”
and vice versa. The paper would introduce the framework and the representation needed for the deﬁnition
of a computational tool that maps the users’ impressions against any examined urban construct (Figure
2) with greater emphasis on the evolution of the intended users’ conceptions.

The Elements of the Simulation:
The emergence of computation has tremendously
empowered our abilities in parametrically discovering the inﬁnite design space. Nevertheless, such design space needs to be coupled with the users’ relative world of meanings and abstractions to be considered as an architectural construct of urbanity. The
paper proposes a novel framework for mapping the
intended users’ urban cognition that builds on the
following:
1. The universe of discourse: having an ontological model of Urbanism is a prerequisite for
modeling the users’ conceptions/impressions
of urban constructs. We devised a triadic
comprehensive model of Urbanism speciﬁcally for such a task (Ezzat, 2018a; Ezzat,
2018c). That model reduces urbanism into
three unique perspectives labeled Rational,
Visual, and Emotional, by which, we may sufﬁciently and coherently perceive the plethora
of urban constructs’ characteristics (Figure
3). That comprehensive model was not only
meant to coherently embody the variations of
urban constructs’ traits but also to represent
a default absolute conception of Urbanism
form the eyes of the professionals. That default conception is a cellular graph that fuzzily
relates the physical urban features of urban
constructs to the corresponding labels of the
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world of meanings and abstractions that encapsulates the urban theorists’ conception of
Urbanism. The individualistic users’ conceptions are mere relativistic deviants of that
absolute default conception. This deviance
would be accurately predicted by consuming
both of ”Us” in contradiction to ”Others” predictions (Ezzat, 2018b), such binary simulation would be modeled by the Intuitive Fuzzy
elemental membership theory (the more general form of the Fuzzy Sets) (Atanassov, 2012).
2. The cellular graph representation: architecture
is mainly about meanings. Meaning is attainable by the fundamental notion of diﬀerentiation, and without diﬀerentiation, meaning
would cease to exist. That is why contemporary theories of cognition reduce the interrelated cognition’s subdomains into the single concept of diﬀerentiation (Kun & Brenner,
2015), and they portray cognition as a mere
action of categorization that depends on the
analogical reasoning (TURNER, 1988). The cellular graph is the memorization of similarity
(Figure 4). All the cognitive conceptions are
represented by the categorical machine learning cellular graph.
3. The users’ conception: the users’ conceptions
are cellular graphs that are deviants from the
default conception of the universe of discourse.
4. The users’ impressions: the users‘ impressions
against any urban construct are cellular graph
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conceptions that are deﬁned by hierarchically
decomposing the examined construct into
features and then predicting their equivalent
meanings. This is done based on the simulated users’ conceptions.

THE CELLULAR GRAPH REPRESENTATION:
The cellular graph contains a collection of interconnected cells linked to physical features. Each cell represents a meaning or an abstraction, which fuzzily
links to/contains other meanings, physical features,
or both. The fuzziness of that containment depends
on the relevance of these elements to the cell’s meaning, and that entails that the cell is the basic unit
of categorizing the similar and of conveying meanings. For such meaning to exist, the cell maintains
the essence of the diﬀerence by a lattice graph, this
implies that the cell’s lattice is the genesis of categorization. There are several criteria related to that interconnected cellular representation of meanings:
1. The physical features reside at the bottom
layer of the graph, above which lays the cells.
2. The graph is navigable from the bottom-up,
from the features to the cellular meanings, or
from the cells amongst each other. Such navigation could be trained by coupling the cellular graph with other graphs.
3. The cell’s meaning deﬁnes the fuzzy degree
of belonging of its elements (physical or abstract). Although the cell’s lattice maintains
the essence of the cell’s meaning. Adding el-

Figure 4
the proposed
cellular graph that
conceptualizes any
physical features of
Urbanism. A top
view (1) and an
elevational view (2)
of the cellular
graph’s role of
mapping the
physical features to
their corresponding
extensible
conceptions.

Figure 5
the competence
between “Us” and
“Others” over
diﬀerent
conceptions (1).
Such bilateral
competence is
mainly between the
inputs of the
nurturing
environment
against the default
conception to
resolve the
unknowns of the
nurturing
environment (2).

ements to the cell redeﬁne the cells’ meaning
as much as the elements themselves get deﬁned. This suggests that the cell’s meaning
is equally attained by both of the cell’s lattice
and the other interconnected cells.
The cellular graph is a proposed machine learning
graph for deﬁning the conceptions and the impressions. It resembles the Neural networks, except that
the neurons are cells with the reasoning analogical
lattices. The details of the cell’s lattices would be investigated in more details in the paper. The lattices
and the cells’ membership are all fuzzy (the membership maps to the codomain of [0,1]); and that would
naturally cross the boundaries between the qualitative and the quantitative worlds.

PHASE (1), DEFINING THE USERS’ URBAN
CONCEPTION:
This phase’s main concern is to deﬁne the intended
users‘ versatile population of conceptions. The populations’ conceptions would dynamically emerge inside the nurturing urban environment. The emergence of the population’s conceptual dynamics
could be modeled by:
1. We would Model the nurturing environment’s

conception depending on empirical or anthropological analyses.
2. Fracturing the conceptual graph of the nurturing environment into smaller conceptions.
3. The sensitivity for the initializing conditions
is needed to guarantee the versatility of
the population’s conceptions. Modeling the
conceptual dynamics as a generations-based
chaotic system would assure such versatility
(Li, 2006). The environment fractures would
be supplemented diﬀerently by doses, over
frames of time, for each of the populations’ individualistic conception.
The paper proposes a hybrid swarm intelligent algorithm to settle the conﬂicts/competence between
“Us” and “Others” (Figure 5) (Brabazon, O’Neill, & McGarraghy, 2015).

PHASE (2), PREDICTING THE USERS’ URBAN IMPRESSIONS:
Depending on the modeled conceptions of the intended users, the impressions could be derived by the
following algorithms (Figure 6):
1. The examined urban constructs’ hierarchical
features would be extracted and their signiﬁ-
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cance would be modeled by possibly a binary
tree.
2. The signiﬁcant features would be compared
with the conceptions for retrieving the corresponding pool of fuzzy meanings.
The complexity of this phase is mainly due to the fact
that these two items are mutually dependent; they
are not meant to execute sequentially. Based on that,
the concepts of the cellular graph have to be characterized by certain criteria by which an ordering relation between the concepts could exist. Designating possible criteria for such ordering relations between the concepts, which would be derived based
on the relevance of the activated contexts, is crucial
for achieving reliable results in this phase.
In a brief description of the framework/representation, the evolution of the users‘ conceptions resembles somehow training the Neural-Networks, and
predicting their impressions resembles somehow the
Neural-Networks’ functional approximation or clustering prediction.

A CASE STUDY:
The comprehensive model of Urbanism (Ezzat,
2018a; Ezzat, 2018c) would be represented as a cellular graph conception. Such cellular graph conception
is the professional default conception of Urbanism.
The whole proposed framework relies on that pro-
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fessional default conception. The framework incepts
by the nurturing environment and based on which
the population of the users’ conceptions of Urbanism
would be formulated. The nurturing environment is
merely an initializer of the users’ conceptions. Such
nurturing environment is a compiled conception of
the collected environmental/social analyses of the
users. These analyses should cover certain areas of
interest, but naturally not the whole domain of urbanism. Consequently, the deﬁnition of the nurturing environment requires to reliably extend that thin
conception of the collected data as much as possible
to cover other notions beyond the collected empirical data. The reﬂections and the conveyed messages
from the hosting nurturing environment would derive the evolution of the users’ comprehensive conceptions of Urbanism.
The nurturing environment, the consequent
user’s conceptions of Urbanism, and the ﬁnal procedure for predicting the users’ urban impressions
against any urban scene are the paper’s proposed
framework. Nonetheless, the paper’s proposed cellular graph representation would superiorly support
and facilitate the framework. That superior support
would be discussed in more detail in the forthcoming
section “the dilemma of representation”. The cellular
graph is envisioned as a graph of connected desperate lattices, as an enhanced version of the conceptual
graphs, such as the semantic web (Chein & Mugnier,
2009). A lattice is a partially ordered relation over a
non-empty set. It is a weaker version of the ordered
numbers, as the ordering is partial and not linearly
completely ordered. The dispersed lattices are either
based on the general lattices (Grätzer, 1978) or on the
more specialized application of the formal concepts
(Ganter & Obiedkov, 2016). lattices have proved its
viability and adaptability for all of the knowledge
representation needs (Kaburlasos, 2006). Theses dispersed lattices would be connected by edges, similar to node-edge graphs. The Main diﬀerence here
is that these edges may hold bundles of information
that link and extend any meanings of any concept
to the others. In other words, these diﬀerent links

Figure 6
the interrelated
processes of
concepts’ retrieval
and ordering for
concluding the
users’ ﬁnal
impressions against
any urban
constructs.

would be vectors that have the source, the target,
a label of the relation, and a fuzzy value of that relation. Consequently, any link could be represented
as an array of the four-tuple vectors or as a matrix of
four columns. During the coming sections, we would
sense the power of the proposed cellular graph and
the framework for evolving the users’ urban conception rehearsed over the notion of “Harmony”.

“Harmony” as a case study:
We would now apply the proposed framework and
the cellular graph representation for simulating the
users’ conceptions of ”Harmony” as a notion of Urbanism. The comprehensive model of Urbanism is
a semantic genome map of Urbanism that would be
translated into a cellular graph as the default conception of Urbanism. The comprehensive model of Urbanism states that ”Urbanism could be comprehensively understood by three perspectives labeled Visual, Rational, and Emotional”. In our comprehensive theory (Ezzat, 2018a; Ezzat, 2018c), it was investigated and proved that these three perspectives are
suﬃcient for understanding Urbanism and that they
are contrasting to each other. According to the theory, for having a comprehensive understanding of
any urban notion, there must be three various paralleled descriptive images of the Visual, Rational, and
Emotional perspectives. Furthermore, each one of
the three discovered descriptive images need themselves to be simultaneously discovered by the three
perspectives in a fractal process that may actually end
when a satisfactorily understanding of the urban notion is reached (Figure 7-1).
Moreover, the comprehensive theory (Ezzat,
2018a; Ezzat, 2018c) assures that this fractal discovery process can be conducted intuitively based on
the contrasting property of the three perspectives
and also on basic inspiring urban notions of “Place”
and “Design” that were investigated as a part of the
theory. In brevity, a professional absolute version
of any urban notion, and consequently of Urbanism, is discoverable by a fractal intuitive mechanism.
Such mechanism is guaranteed to formulate a coher-

ent and consistent absolute version of Urbanism that
theoretically represents an experts‘ version that may
coherently span generality and speciﬁcity. If we to
apply such mechanism on the urban notion of “Harmony”, we may end up with a comprehensive understanding similar to that of Figure 7. The graph illustrated in Figure 7-1 is a semantic non-directional
graph that has non-labeled edges. The main consequent task is to transform that semantic graph into
a cellular graph that represents the default professional conception of the notion of “Harmony”. An
empirical data collection process would be compiled
into a conception of the notion of “Harmony” that
may reﬂect the users. Such a compiled conception
could be expanded using inductive/abductive reasoning implications to formulate the nurturing conception version of “Harmony”. Once we have the
default conception of the notion of “Harmony” and
the nurturing environment’s conception of the same
notion ready, the binary contesting between them
would be simulated for predicting, more likely Interpolating/extrapolating, the users’ conceptions of the
notion of “Harmony”.
The bilateral contest for formulating the relativistic users’ conceptions of Urbanism:. This Us/Others
binary contest is the paper’s methodology for implementing the framework. It is a proposed general
machine learning algorithm that could be ﬁne-tuned
using standard parameters. Such parameterization
would enhance the accuracy of the trained users’
conceptions of Urbanism, and hence the overall quality of the modeled cellular graph. As it was stated earlier, using the intuitive fuzzy logic (Atanassov, 2012)
for decreasing, or pattern-ﬁnding, the gap between
”Us” and ”Others”. Such an optimization, or otherwise
classiﬁcation, process may require soft computing algorithms (Brabazon, et al., 2015). Anyway, the computational representation and the mechanics for resolving this bilateral contest may be done by the following:
• The cellular graph’s cell, either general lattices
of partial order relation ≤_ρ (Grätzer, 1978) or
as a formal concept lattice (Ganter & Obied-
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kov, 2016), are fuzzy lattices that would be
represented by tables that either respectively
have its columns and rows as the set’s elements related to each other or as objects/attributes of the fuzzy formal concepts.
• Now that we have a tabulated fuzzy numerical
representation of the lattices, the process of
simulating and balancing between “Us” and
“Others” is computationally viable. During
the paper, we may propose a metaphor of
force ﬁeld balancing. We introduced a general
theory for ﬁnding lightest manmade structures using Voronoi and Delaunay earlier (Ezzat, 2017), and we may claim its viability for
resolving the contest. Such claim may be
founded on the Voronoi diagram’s best quality for functional approximation and for the
impeded optimality in its functional representation.
• The selectivity of lattices, over other alternatives, as the main source of knowledge representation, may be simply due to their impeded order maintenance. Such impeded
ordering is indispensable during the simulation process and is thought to be the best
source for maintaining the essence of the represented knowledge computationally and semantically.

Training the cellular graph:
The proposed structural metaphor (Ezzat, 2017) as a
method for resolving the contest between the nurturing environment (Us) and the default conception
(Others) would be parametrically formulated. Modi-
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fying its parameters should ultimately yield a better
cellular graph model of the users’ conceptions. The
rationale of the previously presumed chunking of the
nurturing environment’s concepts during this simulation process is mainly resorted to enhancing the
training process’s performance and quality.

DISCUSSION:
The nurturing environment and the corresponding
evolving users‘ conceptions are metaphorical to the
encoded semantic memory of the urban experiences
the intended users may have had during their lifetime
in their hosting urban constructs. The proposed computational tool is thought of as a robust technique for
the computational incorporation of the users’ urban
identity. It is a direct consequence of the theorization
of the default professional conception of Urbanism,
and its components could be considered as a fundamental step towards an optimum Human-Computer
interaction in the ﬁeld of Urbanism.
The domain of knowledge of Urbanism is a coalition between the three parties of the Experts (the
professional, absolute version of Urbanism), the users
(the relative version of Urbanism), and the decision
makers (Designers, stakeholders, etc.). The proposed
computational tool is meant to discover the users’
relativistic versions of Urbanism based on the professional absolute version of Urbanism. in the following sections, a deeper explanation of the cellular
graph would be presented, the proper complementary methodology for collecting the empirical data
would be discussed, and the expected role the computational tool may play in relation with the empirically tested syntax spaces.

Figure 7
the ”Harmony”
conception as a
case study. (1) the
default conception
of the notion of
harmony as fractally
discovered by the
three perspectives
and illustrated as a
semantic graph. (2)
the translated
cellular graph
representation of
the harmony
conception and the
collected empirical
data as the
nurturing
environment
competing for the
formation of the
ﬁnal urban users’
conception of
harmony. the
process of
impression retrieval
is also illustrated.

The dilemma of representation:
Finding a proper representation of knowledge is considered by the paper as a main goal due to the
need for ﬁnding a knowledge representation that not
only suﬃcient for the versatile needs of representation, but also that is highly susceptible to HumanComputer interaction needs. In other words, the
proposed knowledge representation should maintain a coherent semantic representation during processing from any of the two parties of Humans or
Computers. Meaning that it is the ﬁdelity between
the semantic representation and the backing computational representation that matters. The prominent three knowledge representations may include
the symbolic, sub-symbolic, and graphical knowledge representations (Lieto, et al., 2017). The cellular graph is a graphical knowledge representation,
which is known for its capability as a mental mapper. The sub-symbolic neural networks are known
as a successful black box general functional approximators, but at the same time, that lack the explanation and interpretation of their black boxed internal.
We may argue that the cellular graph may have the
functional approximation found in neural networks,
but it is also coupled with the proper conceptual or
order-based explanations. Finally, the symbolic, formal logic compositional representation has been analyzed in detail (Lieto, et al., 2017) and is proved to be
representable by the conceptual spaces introduced
by Gärdenfors (2000). The conceptual spaces of Gärdenfors are metric spaces that tend to represent the
entities‘ attributes in hyperspaces and the classiﬁcation of which is done by measuring the distances between them and deﬁning the classiﬁed zones each
vector may belong to using Voronoi. The proposed
method of simulating the evolutional balancing contest of the users’ conceptions employed our general theory for ﬁnding optimal structures based on
Voronoi diagrams (Ezzat, 2017), and that may expose
that internal evolutional processing to the logic compositional engine for further Human interaction.

Collecting the proper data for the nurturing
environment:
The introduced paper’s methodology for predicting
the users‘ conceptions of Urbanism is general and
independent from the innate intrinsic nature of the
professional default conception of Urbanism. Although the proposed methodology is thought to
be fast and its parametrizing potentials would raise
its chances of the accurate prediction of the users’
conceptions, the methodology’s detachment from
what maybe inﬂuential aspects of the comprehensive model is a drawback. In other words, the proposed methodology of implementing the framework
is a general machine learning algorithm that should
get empowered and enriched by a serious analysis of
the professional conception of Urbanism.
Consequently, certain notions of Urbanism could
be of higher importance of analysis over the rest, and
these notions should have the priority for data collection and simulation. Additionally, the sole dependence on traditional empirical analyses should be enriched be coupling it with virtual reality (VR) for data
collection.

The computational tool and space syntax:
The space syntax theory has an empirically supported contribution in relating spatial conﬁgurations
with psychological phenomena to aﬀect the overall behavioral and emotional qualities of the constructed urban environment. A comprehensive theory of environmental psychology explored and prescribed the limitations of the contribution of space
syntax (Montello, 2007). We may argue that the proposed computational tool may play a crucial and indispensable role in the establishment of a comprehensive reliable analytical framework between human psychology and the built environments. Such
contribution would be in close dialog with the tools
and the assumptions of space syntax.

CONCLUSION:
Optimizing the Engineering facets of urban constructs paralleled with a serious consideration of the
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individualistic humanistic cognitive systems is a critical demand for architectural/urban designs. The
scope of the paper lays in the realm of predicting the
users‘ urban cognitive systems based on minimal empirical urban analysis of any sampled group. Such
exploration of the virtually inﬁnite relativistic users’
conceptions of Urbanism is established on a professional monolithic conception of Urbanism (Ezzat,
2018a; Ezzat, 2018c). and on the minimal collection
of data. The participatory design, community engagement, could be dramatically enriched by a working version of the paper’s proposed tool. Nonetheless, the following could be considered for future potentials of the tool:
• The other sensory systems; e.g. lighting qualities, texture, and color; are all comprehensible similar to the paper’s introduced features’ extraction in relevance to the users’ encoded semantic conceptions of Urbanism using the same visual impressions techniques
introduced in the paper. The challenging task
could be then the prediction of the users’ impressions based on these versatile features
collectively.
• The analysis could extend to be temporalbased. In other words, the analysis would
relate to the users’ overall experience rather
than a single frame of time, a single viewing
point of the examined scene.
• The walkability based on the potentials of the
aesthetic references, which plays a crucial factor in wondering or pleasure walking, could
be integrated into a realistic multi-purpose
walkability analysis. A broader social behavior in correlation with the users‘ urban impressions could also be investigated and mapped
using the black-boxed neural networks’ classiﬁers.

REFERENCES
Atanassov, Krassimir T. 2012, On Intuitionistic Fuzzy Sets
Theory, Springer-Verlag
Brabazon, Anthony, O, Michael and McGarraghy, Seán
2015, Natural Computing Algorithms, Springer

676 | eCAADe 36 - DESIGN TOOLS DEVELOPMENT - Volume 1

Chein, Michel and Mugnier, Marie-Laure 2009, Graphbased Knowledge Representation: Computational
Foundations of Conceptual Graphs, Springer-Verlag
Ezzat, Mohammed 2017 ’Implementing the General Theory for Finding the Lightest Manmade Structures Using Voronoi and Delaunay’, eCAADe 2017, Rome
Ezzat, Mohammed 2018a ’A Comprehensive Proposition of Urbanism: With Potential Applications on
users’ urban cognitive-mapping and users’ generated urban designs’, Smart Innovation, System
and Technologies [2190-3018] SPRINGER, in the International Symposium NEW METROPOLITAN PERSPECTIVES (ISTH2020), Regio Calabria, Italy, pp. 433-443
Ezzat, Mohammed 2018b ’The neutrality between “Us”
and “Others”, a Framework for sustainable social/cultural urban development: A tool of analysis and a
goal for urban intervention’, Smart Innovation, System and Technologies [2190-3018] SPRINGER, in the
International Symposium NEW METROPOLITAN PERSPECTIVES (ISTH2020), Regio Calabria, Italy, pp. 462470
Ezzat, Mohammed 2018c, ’A Triadic Model for a Comprehensive Understanding of Urbanism: With Its Potential Utilization on Analysing the Individualistic Urban Users’ Cognitive Systems’, LaborEst, 16(ISSN Online 2421-3187), pp. 25-31
Ganter, Bernhard and Obiedkov, Sergei 2016, Conceptual
Exploration, Springer-Verlag
Grätzer, George 1978, General Lattice Theory, Springer
Gärdenfors, P. 2000, Conceptual spaces, MIT
Kaburlasos, Vassilis G. 2006, Towards a Uniﬁed Modeling
and Knowledge Representation based on Lattice Theory, Springer-Verlag
Kun, Wu and Brenner, Joseph E. 2015, ’An Informational
Ontology and Epistemology of Cognition’, Foundations of Science, 20, p. 249–279
Li, Zhong 2006, Fuzzy Chaotic Systems: Modeling, Control,
and Applications, Springer-Verlag
Lieto, Antonio, Chella, Antonio and Frixione, Marcello
2017, ’Conceptual Spaces for Cognitive Architectures: A lingua franca for diﬀerent levels of representation’, Biologically Inspired Cognitive Architectures, 19, pp. 1-9
Montello, Daniel R. 2007 ’THE CONTRIBUTION OF SPACE
SYNTAX TO A COMPREHENSIVE THEORY OF ENVIRONMENTAL PSYCHOLOGY’, Proceedings of the 6th
International Space Syntax Symposium, İstanbul
Turner, Mark 1988, ’Categories and Analogies’, in Helman, David H. (eds) 1988, ANALOGICAL REASONING,
Springer

Computational Color Design Process Towards Aesthetic
Community Revitalization
Hannah Ju1 , Hyunsoo Lee2
1,2
Yonsei University
1
hannahredju@gmail.com 2 hyunsl@yonsei.ac.kr
This study describes the digital color design process using emotional words. The
design process proposed in this paper consists of three steps: color scheme
selection, color arrangement, and design evaluation. The application of the color
design process is to design the landscape of the village. It is much more
complicated to assign colors to already existing buildings in a village than to a
single building. The originality of this study is that the design process suggests a
solution to solve this complex color design problem using numerical evaluation of
the generated design. A case study was developed to show the potential of the
proposed digital color design process. Through the case study, the utility and
potential of the digital design process were demonstrated.
Keywords: Design process, Color scheme, Color composition, Color
arrangement, Landscape, Color design

INTRODUCTION
Nowadays as ﬁsher village in Korea has been declined continuously, and young generation has gone
away from a village. In this current situation, Korean
government recently has enacted a landscape law in
2013 to establish a landscape plan for the cities and
villages where a population exceeding 100,000 (Lee,
2016).
Finding identity of cities or villages is one of the
applicable methods to regenerate the places. These
days, the locality and placeness of cities or villages are
quite vague. The cities or villages need to improve
its inherent characteristics to bring vitality to people
by identifying its locality and placeless. Even though
local governments, therefore, have promoted the
preservation, management, and landscape planning
of their local landscape, most identities of the cities
and villages are still vague and practically unable to

meet the criteria for application and management of
design guidelines.
This paper claims that designing color is one of
the methods to vitalize cities or villages (Chiesura, A.,
2004). Colorscape is a feature of an area of the place,
its color scheme, and how they integrate with nature
and human-made features. Therefore, as the landscape keeps a wide spectrum of meaning from a general perspective to a distinct geographical deﬁnition
(Makhzoumi J. & Pungetti G., 1999), colorscape also
includes wide range of perspectives: the ecosystem
services of urban areas, public psychological health
(Wolch et al., 2014), and physical activities of urban population, particularly the elders (Wang, 2014).
Moreover, colorscape is a decisive factor that aﬀects
human to recognize environment (Zheng, 2006).
As mentioned above, although color reﬂects the
quality of humans‘ lives taking an urban colorscape
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and images, it has controvertible issues because of
its relatively perceived subjective characteristics and
its complexity to regulate a method to design (Birren,
F. 1978 & Mahnke, F. H. 1996). Most of the colors in
cities or villages do not exist isolated and combine
more than two colors. Moreover, they are described
by a set of three attributes: hue, value (brightness),
and saturation (chroma) establishing relationships
with each other. Taking all of them into account, it
is hard to design colors to meet people’s preferences.
For this reason, currently colors of the cities and villages are very inconsistent and grey which diminishes the image of the places and reduces the liveliness of it. This does not only lower the vitality of
the cities but also aﬀects the quality of humans’ lives.
Furthermore, the complex color design would rather
stress people out.
Against this background, this paper aims to develop a color design process for designers to design
colors and stimulate cities or villages by the colors.
The preference for color is very subjective and socalled well-designed color refer to designs with high
preference (Lilia R., 2015), therefore, it is hard to design colors. However, color is an important element
that allows people to determine their impressions
when they perceive cities or villages as a visual element (Olguntürk, N., & Demirkan, H., 2011). At the
present time when various computer programs have
been developed, devising a method, a data-based
color design process by ﬂow work, will be helpful for
designers to design colors of cities or villages.

EMOTION-BASED COLOR DESIGN
One of the most diﬃcult tasks in color design is how
to choose the appropriate color among the many colors that already exist in the world. Using color palette
is one method to solve these problems for designers
and architects (McLachlan, F. 2012). A color palette,
a collection of colors, refers to the full range of colors
that can be used in architectural and landscape color
design. In other words, the color palette is a set of
colors that are used most often among the many colors so that designers can quickly determine the col-
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ors during the design process.
For example, Eisenman presented a color palette
consisting of 755 colors. This color palette will surely
help designers choose colors. However, because the
number of colors contained in the color palette is
many, designers may still have diﬃculty in selecting
colors. However, in order to solve the diﬃculty for designers to choose colors, the number of colors in the
color palette cannot be reduced. This is because if the
number of colors is reduced in the color palette, designers will have a narrower range of colors to choose
from and it may not allow designers even to have the
colors they want. In traditional color design methods,
how to create a palette with the appropriate number of colors has always been an issue in color design ﬁeld. However, a method using digital color will
provide a clue to solve this problem, because digital
color can be quickly retrieved from a computer. Yet,
even if it is possible to express a lot of colors using
digital color, it still needs one’s own color palette depending on the ﬁeld. The color palette used in fashion and the color palette used in architecture should
be diﬀerent. In the color design pursuing beauty, the
more important issue than the color palette seems to
be the problem of how to make the color scheme by
combining the colors included in the color palette.
A color scheme is a combination of colors created by the principle of color harmony. Harmony is
a combination of individuals with the aesthetic consideration. Color harmony represents a satisfying
balance or unity of colors. Combinations of colors
that exist in harmony are pleasing human through
the eyes. The human brain distinguishes the visual
interest and the sense of order created by the harmony and forms a dynamic equilibrium. The principle of color harmony generally accepted by colorists
is monochromatic harmony, analogous harmonies,
complementary harmonies, a split-complementary
color scheme, and a triad color scheme. Monochromatic harmony uses various values (tints, tones, and
shades) within the same color family. Analogous
harmonies are based on three or more colors that
sit side-by-side on the color wheel. Complementary

Figure 1
An example of the
color scheme
generated
computer program

Figure 2
Examples of color
schemes

colors (or Direct Complementary) are those that appear opposite each other on the color wheel. A splitcomplementary color scheme results from one color
paired with two colors on either side of the original color’s direct complement creating a scheme containing three colors. Triad color schemes are three
colors equally spaced from one another, creating an
equilateral triangle on the color wheel.
The above-mentioned color harmony certainly
plays an important role in creating scenery that gives
aesthetic pleasure for people (Birren, F. 1978). It is
also conceptually clear. However, it is not easy to proceed with an actual color design process since it is difﬁcult to ﬁnd a color scheme that fully reﬂects the principle of color harmony. This paper claims that one of
the solutions to this problem is a digital color design
approach.
According to the principle of color harmony, the
color code can be found by a variety of digital design methods that produce a color scheme. Figure
1 shows an example of a program that generates a
color scheme (Tiger Color). The name of the program is the Colorimpact. As shown in Figure 1, a
color scheme can be created by clicking a point on
the color wheel on the left side and dragging it to
the dot on the color wheel on the center. When the
color scheme is created, the principle of color harmonization is considered. Another way to create a color
scheme is creating a color palette from existing images and then drag the colors to the color palette.
Conventional images can be various images such as
buildings, natural scenery, and people surrounding
the buildings. An image can be used that contains
the desired design style. This method is suitable for
creating landscapes that harmonize the colors with
surroundings.
Using this design method, it is possible to ﬁnd
various color schemes. However, the color scheme
derived by this method should not contain only the
visual harmony of colors. In addition to this, it should
contain emotional meaning to provide people with
aesthetic pleasure (Manav, B. 2017). In this sense, this
study argues that color design approach using emo-

tional words should be accepted to design concept.
Figure 2 is an example of color schemes associated
with emotional words used in the case studies (Eisenman L. 2000 & Itten, J. 2001). These color schemes
were proposed by Eisenman. The numbers shown at
the bottom of Figure 2 are Pantone color codes. The
Pantone color codes need to be converted to RGB
color model using the ‘Find a Pantone Color’ program
on the oﬃcial website of Pantone. This is because
Pantone color code can be expressed in color by the
value of RGB.
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In addition, color schemes are not developed using
the computer program described above in this paper
because it is diﬃcult to create a color scheme associated with emotional words. Instead of that, therefore,
color schemes already made were used. This paper
focuses on developing a color design process rather
than developing color schemes.

AESTHETIC VILLAGE FOR REVITALIZATION
TOWARDS COLORSCAPE
The design concept is very important in any design
project. However, a design concept has a broader
meaning because it includes everything related to
solving a design problem. Therefore, it is necessary to narrow down the meaning of the design concept. However, this study dealt with the concept of
color design expressed by emotional words related to
beauty. The color design concept can be expressed
as a group of architects such as modernism or postmodernism and described in terms of styles such as
Parisian style, Roman style, New York style and Seoul
style (Anter, K. F. & Billger, M. 2010). It can also be explained by the concept of emotional words such as
romantic, classical, or unique. There can be various
ways for design concepts. In this study, the design
with color schemes using emotional words was explored. The color design using emotional words is a
design approach that can create the characteristics of
the villages and consequently the identity of the village (Linton, H. 1999).
For example, beautiful landscapes can be created eﬀectively using color schemes. Moreover, the
beautiful scenery created should ensure the unity of
color. The unity of color, such as the unity of value,
the unity of chroma, and the unity of tone, creates a
pleasant landscape. The unity of tone in landscape
design is more important than anything else for aesthetic scenery. Once the design concept is established, the designer must ﬁnd the color scheme associated with the design concept. Once the color code
is set up, the next step is to apply a color scheme to
each building. Generally, in order to make the color
design to the villages, it is eﬃcient to apply the color
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schemes to each zone after dividing the villages into
several color zones rather than coloring all the buildings with diﬀerent colors. A color zone means an area
using a color scheme of the same design concept.
This study deals with a color scheme consisting
of three colors. These three colors are the dominant
color, complementary color, and accent color. How
to determine these three colors in the landscape of
the village is an important research issue. This is because the landscape image of the village is inﬂuenced
by the ratio of them. For example, 70% of the dominant color, 20% of the complementary color, and
10% of the accent color are able to be applied, or
they can change the ratio to 60% of dominant color,
35% of complementary color and 5% of accent color.
Using the digital color design, it is possible to create color schemes to automatically adjust this ratio.
Therefore, by exploring color design with inﬁnite alternatives, the possibility of ﬁnding a good design is
increased.

COLOR DESIGN PROCESS
The disadvantage of traditional color design is that
only a few people with design talent are likely to draw
good designs. Another problem with this method is
that most of the work is done by hand, so only a few
design alternatives are considered and the ﬁnal design is decided. In order to improve the quality of
color design, it is necessary to search for many designs and then to decide the quality of the design
that is searched. It is also necessary to utilize a systematic design process that is easy to use and incorporates the principles of color harmony (Pile, J. F.
1997 & Poore, J. 1994). It is obvious that color is a powerful design element for attracting people. Although
the color is an important design element that aﬀects
people’s emotions, few architects deal with color in
detail.
Why do so many architects hesitate to use color?
Perhaps it is because of the intensive focus on formcentered design education and lack of education on
color design. In addition, color cannot be objectiﬁed
because it is perceived subjectively by individuals.

Figure 3
Color design
process

Thinking that there is no correct answer to good color
design is one of the reasons to avoid color design.
However, designing colors can be trained, and using appropriate color design methodologies can produce good results. From this point of view, this study
describes the color design process using emotional
words. As shown in Figure 3, the computational color
design process consists of three steps: color scheme
selection, color arrangement, and color evaluation.
The ﬁrst step, color scheme selection in the design process, is the stage to select the appropriate

color schemes in the stored color scheme database.
The choice of color scheme is found by the search
term of emotional words. The second step, color arrangement (Serra, J. et al., 2012; Serra, J. 2013; Unver, R. & Ozturk, L. D. 2002), is to apply the selected
color schemes to the buildings in each zone. It is
very important at this stage to decide on which color
zones and which buildings to apply the selected color
scheme (Swirnoﬀ, L. 2003). The third step, color evaluation, pursues an objective and numerical analysis
of color quality. This step is to ﬁnd the average value
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Figure 4
The village to apply
the color design
process

of value, chroma on the scenery of the village created
through the design process. In this step, the diﬀerence values of value, chroma, and tone between the
color zones are calculated. Through these analysis results, the designer can ﬁnally decide the design that
is suitable for the intention of the design.

CASE STUDY
Target Village
Figure 4 is a three-dimensional model to demonstrate the proposed computer color design process
in this study. As shown in Figure 4, the target villages
consist of the residential zone, commercial zone, and
public zone. The residential zone has zone codes of
H1, H2, H3, H4, the commercial zone has zone code
of C1, and the public zone has zone code of P1. The
four residential zones have design concepts of spring,
summer, autumn, and winter, and the corresponding emotional words of the concept are romantic,
cool, luscious, serene, respectively. The commercial
zone and the public zone do not have a seasonal design concept but have only emotional words: capricious, unique, and classic. The village consists of a
total of 1,448 buildings, and assigning the colors of
these buildings is a design problem. Therefore, it is
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assumed that buildings included in the same zone
code have the same emotional word.

Color design process
Figure 5 shows the example of the color design process that the H1 zone code of the residential zone is
selected. It speciﬁes the building color of the building number 232-619 contained in H1. How to select
one color scheme at a time and then designate it to
apply to several buildings can be a research issue, but
in this study, it is assumed that one color scheme is
selected and ten building colors are selected. Thereafter, it is assumed that the ratio of the dominant
color, complementary color, and accent color composing the coloring code in the ratio of 7: 2: 1. This ratio can be changed by using parametric design. However, in this paper, these colors were applied in the
ratio of 7: 2: 1. As shown in Table 1, the emotion
code of the H1 zone is Serene. Therefore, one Serene
color schemes need to be determined among various color schemes in Serene. If there are several color
schemes corresponding to Serene, the color scheme
will be determined randomly.
In step one, color schemes were set. In step two,
seven buildings were assigned the dominant color,
two buildings had a complementary color, and one

Table 1
Zone and
emotional theme of
village to apply

Figure 5
An example of color
design process

building had accent color. In a similar way, by repeating the design process of the computer design
the colors of all the zones were assigned. Finally,
design alternatives by repeating the design process
were produced. In step three, design evaluation proceeded. Table 2 shows averages values of value,
chroma, and tone in each zone for three alternatives.
These values cannot be obtained with the R, G, B
color models. When converting the R, G, and B models to the Munsell model, the average values of value,
chroma can be calculated. In this paper, Munsell Conversion Software 2018 was used to convert R, G, B into

Munsell model.
Unlike value and chroma, tone cannot be expressed numerically. However, in this paper, the
value of tone was expressed by a sum of the values
of chroma and value. The values of tone itself were
not meaningful because it was aimed at obtaining
the diﬀerence values of tone rather than trying to
obtain the values of tone itself. It is not possible to
accurately deﬁne the sum of value and chroma as
a tone, but it is possible to obtain the diﬀerence in
tone. Table 3 shows the diﬀerences values of value
and chroma and diﬀerence values between zones us-
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Table 2
Mean values of
value, chroma, and
tone in the design

Figure 6
Munsell Conversion
Software 2018

ing the results in Table 2. Alternative 1 is a high-value
color design, and alternative 3 is a low-chroma color
design.

DISCUSSION
This study is worthy of the study because it suggests a
method to do color design even if designers have no
sense of color or talent. Another value is that it cre-
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ates a myriad of design alternatives in a short period
of time, stimulating the imagination of the designer
and increasing the chances of deciding the quality of
the design in various ways. The contribution of this
paper is to present a color-based design strategy that
does not require much more costly than other methods to activate a declining village.
Since the design result generated by this study is

Table 3
Diﬀerences of
values, chroma, and
tone between
zones

based on the color scheme with the harmonization
of the colors, the color design with the beauty can be
made. For the further research, if the color scheme is
built in the database and various emotional vocabularies are added, the possibility of using the proposed design process will be higher. There is also
a need to develop a way to create optimized solutions using genetic algorithms to create good design
alternatives. It is also necessary to develop a more
diverse and creative approach to color design using
Knight’s(1994) concept of color grammar rather than
merely relying on color schemes. The ﬁnal conclusion of this study is that the computer color design
process can enhance the quality of color design and
provide a tool for anyone to create a good color design.
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This paper will discuss data visualisation in structural engineering for comparing
design alternatives. By having the structural information of all different design
proposals at hand, the designer is able to make informed design decisions. The
authors developed a tool for creating interactive graphs while designing
structures in a parametric design environment. In this work a case study of
different structural design alternatives of a stadium roof is presented. Based on
this design case, some graphs and the new informed design approach will be
explained. Also the implementation of the tool within a parametric design
environment with its advantages and issues is discussed.
Keywords: Data visualisation, Computer-aided design, Decision making,
Structural design

INTRODUCTION
Decisions made during the conceptual design phase
must be made in an intelligent way and based on
knowledge available at that time of the design process, since these early design decisions highly aﬀect
the ﬁnal design (Turrin 2014, Mueller 2014). The available project speciﬁc knowledge is however typically
limited during the conceptual design phase. A distinction can be made between numeric and nonnumeric data or knowledge. Numeric data, for example the result of a preliminary structural analysis,
enables the structural designer to make decisions in
a reasoned and well-deﬁned way. Besides that, the
designer can make decisions based on non-numeric
knowledge as well, resulting from for instance expertise, personal or architectural preferences etc. It
speaks for itself that the ﬁnal design will be a compromise between both types of knowledge that inform
the designer towards a well-ﬁtting design solution.

During the whole design process, the designer is
constantly generating series of design alternatives at
diﬀerent times (Liu et al. 2003). These alternatives
are then compared in order to select the best solutions (Woodburry and Burrow, 2006). As pointed out
in previous research (Verbeeck et al. 2016, Mueller
2014), the gap between architectural considerations
and structural performance while designing might
often be hard to deal with. These diﬃculties are in
general the result of the diﬀerent design approaches
that architects and engineers use. Also the current
tools do not allow for a clear integration of architecture and structure (Loos 2016). There exist a clear
distinction between the limited necessary information for the conceptual architectural design and the
very speciﬁc information necessary for engineering
tools (Coenders 2014). The fact that there is no detailed information at the beginning of the design process, and the very non-linear explorative nature of
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design, might obstruct a good integration of architecture and structure. However, some tools are trying
to bridge the gap between architecture and structural engineering during the design procedure. In
the next subsection some computational tools, their
positive impact on an integrated design approach
and their shortcomings are discussed.

Informing design tools
Diﬀerent tools aiming at an integration of structural
considerations in the architectural conceptual design phase exists. Graphic statics for instance allows
for understanding a structure’s behaviour very intuitively. The internal axial forces of truss-systems can
be found graphically and the structural behaviour
can be interpreted quickly. Especially the interactive
use of graphic statics has great advantages. An example of such an implementation is the tool eQuilibrium (Block and Van Mele, 2012), that enables designers to interactively change the geometry of a truss
and its structural behaviour. The main drawback is
that graphic statics is mainly applicable to planar (2dimensional) truss-type structures. A similar quick
interpretation of structural behaviour for more complex structural systems is desirable.
Optimisation and form-ﬁnding algorithms provide a kind of informed design as well. They can
be used when highly eﬃcient structural geometries
are needed. Of course the inclusion of non-numeric
knowledge or considerations in algorithms is hard
to do (Mueller 2014). Furthermore, great attention
should be paid to the fact that algorithms could narrow down the exploration of the design space since
the structural topology is mainly deﬁned by the algorithm and these optimisation processes can be very
strict. Exploration and creativity is crucial while designing for revealing unexpected results. Gaining insight in all design alternatives for having an informed
and guidance-based design process is a valuable approach for a more integrated design (Mueller 2014).
Tools that very interactively provide insight in
the structural behaviour of a model are the real-time
ﬁnite element analyses in a parametric environment,
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like for instance Karamba3D. The structural model is
calculated immediately while exploring the parametrically deﬁned design space. The main advantage
of these kind of tools is that the structural results of
complex models can be obtained instantaneously.
However, these tools often only provide feedback on
one structural model, while comparing is very important when exploring the design space. The structural
results that can be obtained by these tools often suffer from a good representation of the calculated data
as well. In general the internal forces or displacements can be visualised per model, or in a tabular format of course (Joyce 2015).
The tools discussed above clearly provide ways
to get feedback on the structural performance while
designing. However we are convinced that some aspects are missing in today’s tools. First of all, we
should be able to examine a complex 3-dimensional
structural model in which diﬀerent cross-sections,
bending, internal hinges, all kinds of supports etc.
are included. This is in example not the case
for graphic statics, that focusses in general on 2dimensional truss systems in which all structural elements are axially loaded. Real-time structural analyses are of course a great help while designing, but
the diﬃculties with comparing diﬀerent structural
design alternatives cannot be solved in an elegant
way. The practice of comparing is notwithstanding
of utmost importance during the design process. Our
research investigates data visualisation as a new informed design approach. In the next subsection the
advantages of data visualisations are discussed.

Data visualisation
Information visualisation and visual data mining often helps to deal with a lot of information and data.
The advantage of visual data exploration is that the
user does the most important part: he is directly involved in the data mining and interpretation process
(Keim 2002). This makes data visualisation of course
very suited to represent all structural data obtained
by a ﬁnite element analysis of a structural model. The
authors are convinced that convenient visual repre-

Figure 1
A previous case
study on
bow-string bridges
for developing the
informed design
approach.

Figure 2
The generation of
the diﬀerent design
alternatives is based
on a nurbs surface.
A truss is created
with a horizontal
bottom chord and a
curved top chord.

sentations of all structural data can help structural
designers in both the understanding of structural design alternatives as well as in making comparisons
between diﬀerent alternatives. This understanding
and allowance for comparing leads to an informed
decision-making design process. The aim is not to
look for the structural optimum, but for solutions that
both ﬁt well in the architectural conceptual design
and in addition meet the structural requirements.
This way, the approach endorses the human design
process, based on reasoned decisions. Diﬀerent kind
of structures, such as bridges (Figure 1) and gridshells have been investigated in order to develop the
methodology (Verbeeck et al. 2016, Loos et al.).
Parametric modelling and the available computation power allow to quickly analyse a whole series
of design alternatives. The authors developed an informed design approach and tool to gather all the
structural data and to represent it in a dashboard of
graphs. As stated earlier, interactivity is very important in the design process. For both the graphic statics tool eQuilibrium and Karamba3D, the interactivity
is appraised as very beneﬁcial. In previous research
diﬀerent types of graphs have been developed in order to display the structural behaviour and performance. But in terms of interactivity, the generation
of graphs should be as automatic and interactive as
possible, fully embedded within the parametric design workﬂow. In the next section a worked out case
study is brieﬂy presented to show the advantages of
graphs for an informed design practice. Later on, the
tool itself will be discussed in a nutshell.

DATA VISUALISATION FOR STRUCTURAL
DESIGN
Illustrative example
By using parametric design tools, it becomes relatively easy to generate a whole bunch of design alternatives. Of course as a designer you want to assess these diﬀerent design alternatives based on multiple criteria and properties. As discussed previously,
very distinct characteristics are considered, such as
the architectural concept, aesthetics, structural performance, displacements etc. The diﬃculty for the
designer is then to gain insight in all these aspects
of all diﬀerent models. This can become very timeconsuming wen not using well-suited tools. In this
section an illustrative case study is given to show the
use of data visualisation for structural design.
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Figure 3
Various geometric
relations of the
trusses to each
other: intersecting
or not, diﬀerent
directions, shape of
the inner open area.

The design of a stadium roof, loosely based on
the Allianz Arena in Münich, is considered. The roof
structure consists of a cantilever truss grid and the
overall geometry is deﬁned by a surface (Figure 2)
that represents the facade of the stadium. Five different truss grids are then generated based on this
surface as illustrated in Figure 2. The inner part of
the cantilevered truss is divided into equal horizontal parts by vertical web elements. The number of divisions is equal to 6. The top chord follows the surface geometry. Between the vertical web elements,
bracing elements are placed. The part of the truss, attached to the building, is constructed by a radial fan
conﬁguration (Figure 2) of which the elements are in
compression.
Several conﬁgurations of these trusses in the horizontal plane are made (Figure 3). In model A, B, C,
the trusses are pointing inwards and do not intersect. This is in contrast to models D and E where
the trusses do intersect. The inner open area can be
curved (model C and E) or a simple rectangle with
rounded corners (model A, B and D). The direction
of the trusses can be obtained by evenly dividing the
perimeter of the inner open area (model B, C, D and
E), or it can be perpendicular to this perimeter (model
A). Equal tubular cross-sections are applied for all elements of the ﬁve models when executing ﬁnite element analyses.

the structural performance of a structure (Maxwell
1870, Michell 1904, Cox 1965). The total strain energy
is a value that is often referred to in terms of structural eﬃciency (Ji 2003). The strain energy is the energy stored in a structure due to deformations. These
deformations are the result of the loads that are applied. A structure with a low strain energy under a
given load case is considered as more eﬃcient, compared to structures with a higher strain energy under the same load case. The strain energy is directly
linked to the stiﬀness of the structure (Ji 2003). The
stiﬀer the structure, the more eﬃcient, according to
this principle.

Comparing structural performance

The graphs in (Figure 4), show the total strain energy of the diﬀerent structures under selfweight (left
graph) and under a distributed surface load (right

The designers’ task is now to compare these structural models. Diﬀerent concepts exist for evaluating
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Figure 4
Total strain energy
of the structures
under selfweight
(left) and a
distributed surface
load (right). The
contribution of the
diﬀerent identiﬁers
is indicated by
dividing the bars
into the respective
parts.

Figure 5
A plot of the total
strain energy and
the total element
length for each
model. A relative
ranking is indicated
by numbers
between 0 and 1.
This ranking is used
in Table 1.

Table 1
Ordered lists of the
total element
length and strain
energy for all ﬁve
models. The third
column is obtained
by taking the
average of both
previous columns.

graph). There is a clear distinction in the structural response of model C and D, exhibiting a diamond pattern, compared to the other models, where straight
trusses are used. It appears that the diamond pattern is ineﬃcient under selfweight, compared to the
other geometries. However under a distributed surface load, models C and D contain remarkably less
strain energy compared to models A, B and E.
This remarkable diﬀerence is of course due to the
diﬀerence in total element length. The sum of all element lengths is about 25 000m when a straight pattern is applied. When the diamond pattern is used,
the total element length is about 32 000m. The ‘eﬃciency’ under selfweight is thus obviously linked to
the total element lengths. But the reason why the
diamond shaped roofs perform better under a distributed surface load, might be because of the larger
selfweight as well. Since the total element length of
these models is higher, more structural mass can be
used for resisting the applied load. In other words,
the stiﬀness of the structure is increased, which explains the low strain energy. This shows that the
primary load case is evidently of great importance
for the assessment of structural performance. Doing these comparisons however, provide insights in
for instance the choice of the cladding. The type of
the cladding deﬁnes the primary load. When a very
lightweight cladding is chosen, the primary load will
be the selfweight of the steel roof structure itself.
While a uniformly distributed load can represent a
heavy cladding, attached to the roof structure. This
is an example of important measures that should be
taken into account from the very beginning.
Both the total length of the structural members,
as well as the strain energy should be considered
when evaluating the structural performance. The
graph shown in (Figure 5) shows both values on respectively the x and the y axis. This graph visualises
the pareto eﬃciency in which one looks for structures
with the least structural mass and the highest stiﬀness. Of course ﬁve diﬀerent alternatives are not able
to represent a pareto front, but the duality in assessing the eﬃciency of complex 3-dimensional struc-

tures becomes immediately clear. A similar approach
can be obtained by ranking the ﬁve models according to these two measurements, based on the distances between these values. These rankings can be
found in Table 1). The third column is the result of
taking the average of the two previous rankings.

Comparing structural behaviour
Comparing the overall structural performance at the
beginning of the design process is of course the very
ﬁrst step, but a proper insight in the structural behaviour is crucial for comparing the diﬀerent models. For that reason, it is useful to divide all structural
elements into diﬀerent groups. Figure 6 shows how
the diﬀerent element groups are deﬁned for model
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B. Similar grouping is done for the other models as
well. The names of the element groups will be called
“identiﬁers” from now on.

ﬁcient, but that the way in which they respond to the
load cases is very similar.
Most of the graphs that have been developed by
the authors for interpreting the structural behaviour
are focussing on the distribution of internal forces in
(a part of ) the structure. For instance the graph in
Figure 8 shows all axial member forces in the structure, vertically ordered by their value and horizontally
weighted by the length of the structural member. A
lot of information is contained in this graph: global
performance and obviously the distribution of internal forces.

Figure 6
Diﬀerent identiﬁers
as deﬁned in the
parametric models
that allow for an
easy of the
structural response
of the various parts.
Figure 7
A similar
distribution of
strain energies
appearing in the
diﬀerent identiﬁers
of all alternatives.

The authors have been investigating diﬀerent graph
types that represent and visual structural behaviour
(Verbeeck et al. 2016, Loos et al. 2016, Loos et al.
2017). The graph in Figure 7 is a similar plot as in
Figure 4. The partial sum of the strain energies of all
identiﬁers are plotted, but the values are now normalized to the total strain energy of the structure.
This plot gives more information whether a certain
identiﬁer is responsible for the higher or lower eﬃciency. The graph clearly shows that for all models of
the case study, the diﬀerent element groups are contributing in the same way to the total strain energy.
This means that a structure might be more or less ef-
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It can also be very helpful to know how the distribution of internal forces or strain energies is for an
identiﬁer and to know which ranges of values are
more present under a certain load case. The graphs
in Figure 9 and 10 show how often a certain value
of axial force appears in the respective identiﬁers top
chord and bottom chord. Horizontally, the values are
weighted by the individual element lengths. As we

Figure 8
From this graph it
becomes clear that
models A, B and E
behave in a similar
way and that the
behaviour of
models C and D is
very similar. The
load case applied is
the distributed
surface load. When
it comes to lower
internal forces,
models C and D
perform better.
However, the
amount of elements
and their lengths is
smaller for models
A, B and E.

can observe, models A, B and E have a much wider
spread compared to models C and D. In other words
models C and D have a lot of elements in which the
same axial forces appear, which might result in less
diﬀerent cross-sections. The graphs discussed in this
paper are only a few of the new graphs that are developed. The authors refer to their latest research for a
more thorough overview of the developed graphs or
more case studies on which the new design approach
is tested.
Figure 9
The distribution of
internal forces in
the top chord of the
truss grid. Whereas
models C and D
have a more
compact range of
internal forces,
models A, B and E
have a broad range
of the appearing
internal forces.

Figure 10
The distribution of
internal forces in
the bottom chord
of the truss grid. A
similar but mirrored
distribution as for
the top chord can
be observed.

Advantages of data visualisations for structural design
Based on this - and other - case studies (Loos et al.
2016, 2017, 2018) we developed diﬀerent kinds of
graphs that help to gain insight in the structural performance and behaviour of various structural alternatives. As showed by the examples, data visualisation
is able to represent numerical data in a very intuitive
way. Where understanding and comparing of the response of a structure on a load case might be diﬃcult
to do with the traditional tools, data visualisation is
very suited to do so.
When looking at structural performance, often
only one value is taken into account. Though it is
more appropriate to have a broader view than just
that single value. For that reason the authors are
working towards an approach that makes use of multiple graphs, assembled in a dashboard or indicator
panel. While having all the diﬀerent perspectives visually condensed in a few graphs, the understanding
and comparison-making of the structural design alternatives will become much quicker to do. The approach is not aiming at looking for the best structurally performing solution per se; it merely aims at
informing the designer and making him/her aware of
the consequences of the diﬀerent architectural and
structural design choices. This way the design proposals can be positioned in the design space, according the human decision-making process, and do not
rely on algorithms only.
The graphs are mostly based on structural mechanical concepts such as the Maxwell number,
strain energy, minimal load paths... This might
make the interpretation sometimes complicated.
Nonetheless the authors experienced that after some
practice the graphs become really meaningful tools
that can be understood immediately. Since the
most important concepts for assessing structural behaviour and performance are based on lowering internal forces/stresses, a more equal distribution of
forces/stresses and a minimal force path, all graphical representations the authors developed so far are
mainly focussing on these three topics (Loos et al.
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2018). This choice makes that designers are able to
do valid comparisons based on a lot of structural data
quickly and intuitively.

COMPUTATIONAL FRAMEWORK
Of course the use of graphs in essence only becomes
helpful in the design process when it is seamlessly integrated within the workﬂow of the (structural) designer. The lack of open software in which one is
easily able to grab structural and geometrical data
can be considered as a serious drawback for this kind
of new data-based technologies. But even when all
data is available, often as tabular data, it is very time
consuming to create graphs manually. Furthermore,
the well-known tools, like for instance MS Excel, are
able to create graphs, but not necessarily the graphs
that are useful or well-suited for representing structural data in a meaningful way.
The authors clearly felt the need to develop a
custom tool that could create graphs without any
need for custom scripting or data transferring while
comparing design alternatives. This way the use of
data visualisations can be tested and validated in
the real design practice. A tool for evaluating this
new informed design approach was developed and
all graphs presented in this paper are generated with
the developed tool. The next subsections brieﬂy explain how the tool is organised.

as well as to considerably extend its functionalities
by using additional assemblies in .NET. The structural
data needed for creating the graphs is obtained by
Karamba3D, a Grasshopper plugin for doing ﬁnite element calculations in the parametric design environment, that is then fetched by the custom graphing
tool. Karamba3D makes use of aforementioned identiﬁers for grouping the diﬀerent structural elements.
This makes the exploration of the structural data a lot
more adequate.
The intuitive user-interface of Grasshopper is applied to the logic of the graphing tool. The diﬀerent structural design alternatives (Karamba3D ﬁnite
element models) as well as the graphs can be generated from within the Grasshopper framework. The
tool consists of some generic graph components that
are able to plot custom data lists that are connected
to this component. Examples are scatterplots and bar
charts. These graphs will be plotted on the project
page (dashboard).

Parametric design interface
Since Grasshopper is increasingly used as a versatile parametric design software for an intuitive generation of design alternatives and an easy exploration of the design space, the authors developed the
graphing tool as a custom plugin for Grasshopper.
Grasshopper is an extension for the computer-aided
design application Rhino3D, built in the .NET framework. Designers can script geometrical designs parametrically by dragging and linking all kind of components onto the scripting canvas. This way of visual programming is very straightforward and intuitive. By choosing Grasshopper, it becomes possible to access all core modelling functions of Rhino3D
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Beside these generic graph components, some
graphs and their corresponding components are
speciﬁcally developed for a structurally informed design. These components facilitate comparing and
assessing structural behaviour, since they are based
on structural mechanical concepts. In example the
graphs of Figures 7, 8, 9 and 10 are graphs that can be
generated very easily without any custom scripting.
An example of such a Grasshopper component These
graphs use the structural data that is comprised in the
analysed Karamba3D models. These ﬁnite element

Figure 11
One of the many
Grasshopper
components that
are developed for
creating graphs in
the web browser.
Display settings,
load cases, the
choice between
internal forces or
strain energy, can
be easily set by this
component. The
data is gathered in
Grasshopper and
sent to the web
browser by a central
server.

Figure 12
A conceptual
screenshot of what
the dashboard
actually looks like.
All graphs, deﬁned
in Grasshopper, can
be added to the
online dashboard.
By hovering the
graphs, or parts of
the graphs, the
associated identiﬁer
is indicated in the
Rhino3D viewport
for a highly
user-interactive
design experience.

models are used as an input for the graph components. The advantage of using these model-based
graph components is that there is no single need for
custom data formatting or preparing the data for creating these graphs. An example of such a speciﬁc
chart is shown in Figure 11. Speciﬁc functions are developed for these components. A load case for instance can be selected easily by a dropdown menu
and one can easily select if the graph should plot deformation energies or internal forces.

responding data points in the graphs of the dashboard. This kind of interaction is of great importance
for a good informed decision-making process while
designing.

Web technology for rendering graphs
The rendering of the graphs is done in the web
browser by using modern web technology. HTML5,
CSS3 and Javascript is used to build the online framework. More speciﬁcally the Javascript library d3.js is
used for rendering the graphs as SVG (Scalable Vector Graphics) DOM elements. All structural data is
collected in Grasshopper and send to the client web
browser by a central server setup. So no additional
software is needed, since every modern web browser
will render the graphs that the designer assembled
in Grasshopper. The central server to which the
Grasshopper data is automatically sent is a NodeJs
server. NodeJs is an open-source Javascript run-time
environment able to execute Javascript code on the
server-side. This server then sends the structural
data to the right working session that is active in
the browser. Practically this means that a user who
logged in on the online framework will get only the
data that he/she has sent in Grasshopper.
With this set up, Grasshopper and the web
browser clients can send data to each other. This allows for user-interaction and a real-time experience.
Every change made in Grasshopper will result in an
update of the assembled dashboard of graphs in the
web browser. The fact that all graphical elements are
rendered as SVG DOM elements, means that they can
participate in user-interactive Javascript functions.
Elements in the graph can be hovered in order to
see to which identiﬁer it belongs by highlighting it in
Grasshopper. Also the other way around, one can select an identiﬁer in Grasshopper to highlight the cor-

CONCLUSION
This paper summarized the authors’ latest ﬁndings
on the use of data visualisations for an informed
structural design process. A general view on the approach is given and a brief explanation of the tool
that is developed. While using the tool, the authors
conclude that it takes some time before being able to
interpret the graphs. Nevertheless after some experience, the graphs become really helpful and meaningful as a tool for an informed design process. The focus
is laid on comparing diﬀerent design alternatives by
their structural behaviour and performance.
The implementation of the design approach in
the parametric environment of Grasshopper is evaluated as intuitive and easy-to-use since it follows
the well-known logic of linking components. Further improvements towards a seamless connection
between Grasshopper and the web browser will ensure an even greater instantaneous user-interaction.
The tool has currently only been used by students
and academic researchers. In the following phase,
professional structural designers will apply the tool in
their daily practice and investigate how and if it could
contribute to their daily challenges. Their feedback
will of course be used for the further development of
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the tool. The question for a more informed design
process, based on structural data, came from our contacts in the structural engineering practice. It will be
interesting to investigate to what extend the practicing structural designers can take advantage of this informed design methodology and the corresponding
tool.
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As its point of departure, this research contends that it must be possible to create
a parametric design tool capable of simulating rainwater detention ponds in a 3D
model, with a true size, based on relevant parameters. With a focus on site
design, a preliminary study shows that it is possible to create a parametric tool
capable of automatically calculating and visualising detention ponds. The
premise is that the detention ponds must have the required size to store rainwater
during heavy rainfall events to avoid flooding further down the hydraulic system.
By merging the flexible structure of parametric modeling with the quantitative
facts of stormwater management, the tool is able, in the early stages of the design
process, to provide the designer with vital information regarding the size of
detention ponds required to cope with different rainfall events.
Keywords: parametric urban design, design evaluation, climate responsive
design, site design

The aim of this paper is to present and discuss preliminary results from the development of a parametric
design tool capable of integrating rainwater detention ponds in site design, based on norms and standards from stormwater management. By merging architectural site design with the technical aspects of
stormwater management into one platform, the aim
of the research is to facilitate the designer’s need to
instantly evaluate design changes against the hard
criteria of rainwater detention. The tool in development focuses on the design and dimensioning of detention ponds on site. The main purpose of on-site
detention ponds is to slow down and retain rainwater runoﬀ, in order to avoid sewer system overﬂow.
When taking climate conditions into account,
it is often necessary to evaluate design proposals

against a number of hard criteria. This is the case for
stormwater management. Such hard criteria may be
expressed through mathematical functions, which
determine the quantitative performance of the design. In this cross-ﬁeld between design and calculation, the designer often ﬁnds herself evaluating design proposals against quantitative design criteria
which, in turn, depend upon speciﬁc design scenarios.
Traditionally, design happens in design tools,
handled by architects, while technical aspects are
evaluated in simulation tools, handled by engineers.
This separation creates a gap between the design
and the quantitative evaluation against hard criteria.
This gap represents an obstacle for the incorporation
and interplay between the two professions. It also
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represents a lag in the design process where moving
the design proposal forth and back between diﬀerent professionals and platforms for evaluation and
successive design is a time consuming endeavour. It
diminishes the designer’s scope for designing with
quantitative performance criteria rather than against
them.

VISUAL AND QUANTITATIVE EVALUATION
Due to the versatility of parametric design, it can be
put to many diﬀerent ends. At the urban design scale,
however, application has so far been limited, despite
its obvious potentials. As urban design is typically
one step away from its object (George, 1997), it tends
to focus on design principles rather than concrete
design of actual objects. The parametric design approach is therefore particularly relevant in urban design, because design principles can be easily translated into rules and parameters. Planning and building code may, in other words, be turned into to
computer code (Steinø & Petersen, 2017).
Despite its limited application, at least four diﬀerent approaches to parametric urban design may be
identiﬁed. By the ﬁrst approach, parametrics is used
to to provide information for design by relating analytical data parametrically to 3D models. By the
se-cond approach, parametrics is used as source of
artistic inspiration for novel design. By the third approach, particular needs are addressed analytically
through parametrics in the course of design. And by
the ﬁnal approach, parametrics is applied in the form
of rule-based design (Steinø et al., 2013).
In this research, we combine the two latter approaches. One the one hand, we aim at developing a
tool for parametric site design capable of simulating
a wide array of diﬀerent site layouts in combination
with diﬀerent building envelopes and, ultimately, different facade designs. On the other hand, we seek to
integrate quantitative information relevant to the design and location of water detention ponds, based on
established calculation rules for their required capacity.
This approach is not fully automated however, as
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too many relevant parameters are ill-deﬁned. Therefore, the quantitative calculation of detention ponds
is to be considered as a form of design aid, helping
the human designer to make more informed design
decisions while working with the tool. As Beirão et al.
(2011) argue, the experienced designer may be able
to properly judge the qualities of a design proposal
based on partial or incomplete information. But the
quality of that judgement can be improved if the system can provide additional information such as density indicators and performance indicators for the design (ibid.).
The ambition of this research is threefold. First,
to develop a tool capable of calculating the required
size of a detention pond with respect to the catchment area (lot size), the amount of rain (by so-called
return periods), and ground cover (buildings, sealed
and pervious areas). Second, to visualize the detention pond in a 3D design model. And third, to allow
the designer to quickly and easily shift the type and
location of the pond according to design criteria.
Based on conversations with urban design practitioners, we believe that such a tool would address
important needs for the integration of architectural
design with the technical task of dimensioning rainwater detention ponds typically handled by engineers. This, in turn, would facilitate integrated design solutions much needed in urban space design
in a time of increasingly extreme weather events.

METHODOLOGY
The parametric design tool described in this paper is
semi-automatic in that it assists the user in taking design decisions, rather than taking them for her. As
such, it is not an optimization tool as the user has to
make the ﬁnal design judgement not the computer.
An optimization tool for the problem at hand - simulate an ideal site design with an integrated detention pond - is not feasible for two reasons. First, optimum solutions to this problem are virtually impossible to formalize. Second, the solution space for a useful tool would be enormous and therefore unfeasible
(Scheurer, 2011).

There are basically two approaches to designing a semi-automatic parametric design tool to simulate the size, position and design of detention ponds
in site design. While in both approaches, the size
of the pond needs to be calculated, it may either
be a) generated automatically from user input or b)
be adapted by the user through alignment to a calculated value. While approach a) was initially attempted, it turned out to impose too many restrictions to the design scope of the tool to be useful in
order to avoid unresolvable loops in the script. Thus,
although less elegant but more useful, approach b)
was ultimately adopted.
The tool is developed in CityEngine which is a
shape grammar-based scripting and modeling environment, in which the computer runs through a list of
rules which generate a 3D model. The rules include
diﬀerent parameters which can be changed by adjusting sliders in the user interface. When a parameter is adjusted, the script is re-evaluated and the computer redraws the 3D geometry. Considering that the
development of a detention pond basically consists
of the ﬁve steps described below, these steps can be
coded into modular and reusable algorithms. These
algorithms can then be varied using the deﬁned parameters and thereby adjusted to the speciﬁc design
task.
The script is based on the established body of
norms and coeﬃcients in stormwater management,
and is based on Danish standards for rain intensity
(Bentzen, 2014) which are deﬁned as a probability
factor expressed as 1, 2, 5, 10 year events or more.
Some materials such as green roofs and surface covers provide a latency in rainwater runoﬀ. A set of
those have been integrated into the set of tool parameters, based on their evaporation and inﬁltration
speciﬁcations (Gou, 2017; Bentzen, 2014; Speak et al.,
2013). A select set of geometry in site design has
been quantiﬁed and its mathematical relations have
been deﬁned (see below). Once established, the relevant mathematical relations have been transformed
into code.
The code has been adapted with regard to ﬂex-

ibility in the distribution and dimensioning of building envelopes and detention ponds on a site, in order to allow for a wide range of design possibilities.
The resulting script has been evaluated and modiﬁed
through testing against diﬀerent design scenarios. In
addition, an important focus of the research has been
to develop a an intelligible and non-technical set of
parameters for the tool, in order to make it as userfriendly as possible.

INTEGRATED DESIGN
With the high ratio of sealed surfaces in built-up areas, rainwater has little chances of sinking into the
ground or run oﬀ through natural waterways. Therefore, measures must be taken to avoid ﬂooding in
urban areas. Traditionally, the solution has been to
pipe the rainwater away or to store it in tanks (Gibbons, 2017). However, an increased focus on managing surface water, which is the rainwater that falls
on any city’s surface (ibid.), has resulted in a number
of comparable initiatives such as the USA Green infrastructure (GI), Best management practice (BMP), and
the UK Sustainable Drainage system (SuDS) (Ashley,
2011). The shared characteristic for the initiatives is
that they focus on managing stormwater in alternative ways, compare to the traditional pipe solution.
Due to climate change, the hydrological cycle
has changed and more water comes more suddenly,
in the form of extreme rainfalls, river ﬂood ﬂows and
storm surges (gibbons, 2017). An increasing quantity
of water drainage from impervious surfaces in towns
and cities result in increased volumes of ﬂow, faster
arrival and higher peak ﬂows, causing both environmental and property damage and, more and more
frequently, loss of life (Chocat et al, 2007).
In the past, stormwater management has been
conducted primarily by engineers and hydrologist,
but within the last decades, focus has shifted towards
an integrated view of working with stormwater management. In order to deliver integrated sustainable
stormwater management, Potter et al. (2011) argue that a close and eﬀective collaboration between
“spatial planners” and engineers is of vital impor-
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tance. For this collaboration to function properly, it
is crucial that engineers are included - and interested
- from the early stages/start of the project development (ibid.). This view is supported by Cettner et
al. (2013) who in a series of interviews observed a
clear tendency that the involvement and inclusion of
stormwater specialists in the early stages of design
development is crucial to a successful implementation of alternatives to the traditional pipe system.
This new focus on alternative forms of stormwater management calls for a closer working relationship between spatial planners and engineers. This
collaboration is often complex as the engineers experience that stormwater management often has a low
priority among spatial planners, compare to other
planning issues (Potter et al, 2011). The incorporation of stormwater management early in the design
process, nonetheless, is crucial to the successful incorporation of stormwater management into the design (Cettner et al., 2013).
In order to avoid large mono-functional, technical infrastructures in urban space, stormwater management must be subject to integrated design.
Apart from meeting hydrological objectives, such as
ﬂow rate, volume, frequency, duration and quality,
stormwater management infrastructures should add
value to local communities and form useful and aesthetically pleasing landscapes (Echols, 2007).

150 acres (˜ 60 ha), it is acceptable to assume rain
to fall uniformly for runoﬀ volume predictions (Guo,
2017; Bentzen, 2014). In this case, the required storage volume of the pond is equal to the net-ﬂow to
the pond - the diﬀerence between the inﬂow and the
outﬂow, in other words - multiplied by the duration
of the rain: Vol = (Qin - Qout) * Tr (Bentzen, 2014). Vol
[L] is the required volume, Qin [l/s] is the inﬂow to the
pond, Qout [l/s] is the discharge of the pond, and Tr
[s] is the rain duration (Bentzen 2014).
The inﬂow of the pond is determined by the size
of the reduced catchment area (Fr) and the rain intensity (i). The reduced catchment area expresses
the percentage of a given catchment area which contributes water to the basin (Bentzen, 2014).
The rain intensity is based on rain statistics,
which are typically collected by national agencies.
Rain statistics are mostly expressed as IDF-curves
(Intensity-Duration-Frequency) and are gathered in
one equation i = c * trα. i is the rain intensity [l/s/ha],
tr is the rain duration [s], c and α are parameters relating to the chosen return period (table 1) (Bentzen,
2014).
Table 1
Danish values for C
and a and
limitations for rain
duration by return
period in years
(Bentzen, 2014).

MATHEMATICAL BASIS
In this research, an important element is the dimensioning of detention ponds, which are central to the
management of surface water (Guo, 2017). Detention ponds are used to store rainwater during and
after heavy rainfalls and to subsequently direct the
rainwater slowly into the sewage system or inﬁltrate
it into the soil (Bentzen, 2014). In principle, three
types of detention ponds exist. The ﬁrst type is the
Flood control detention basin (dry basin). The second is the Stormwater retention basin (wet basin).
And the third is the Inﬁltration basin and trench
(porous basin) (Guo, 2017).
When modeling small catchment areas less than
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The return period is the number of years in which a
rainfall of the largest given size is likely to occur once.
Return periods are typically given in 1, 2, 5, 10 and 20
years. Dimensioning a detention pond for a return
period of e.g. 10 years means that the pond must
have the required volume to withhold the water from
the largest rainfall event which is likely to occur once
during that period.
The outlet is the amount of water seeping out

Figure 1
Scientiﬁcally
deﬁned parameters
for the calculation
of the size of
detention ponds
(Bentzen, 2014).

from the detention pond over time, as the pond is
merely delaying the water, not keeping it. It is controlled by the designer and must typically comply either with a large hydrology plan for the whole region, or with regulations. The outlet is typically measured in l/s/ha, and can be assumed to be constant
(Bentzen, 2014)
Thus, the dimensioning of a detention pond can
be separated into ﬁve steps:

1. Determine the size of the catchment area for
the detention pond.
2. Determine the reduced catchment area. This
is an indication of the share of rainwater which
will reach the water system. The reduced
catchment area equals the total size of the
catchment area multiplied by the runoﬀ coefﬁcient, which is a number between 0 and 1.
The runoﬀ coeﬃcient is a result of three parameters; the degree of imperviousness, the
degree of connection, and the hydrological
reduction factor.
3. Calculate which timespan generates the
largest volume of rainwater. Short rainfalls
are often intensive. Long ones are often less
intensive. To calculate which type produces
the largest volume, it is necessary to have
access to either local or national rain intensities with corresponding national parameters
(Bentzen, 2014).
4. Calculate the required volume. This is done by
including the national parameters, the outlet
from the detention pond, the reduced catchment area and the calculated timespan.
5. Deciding the appearance and position of the
detention pond and visualize it. Placement of
the detention pond requires the basic understanding that rainwater will run downwards to
the lowest point in the catchment area. The
appearance of the detention pond is primarily up to the designer as long as the required
volume is achieved.

The diﬀerent inputs for the calculations have been
transferred into the parametric model by dividing
them into two categories; user inputs and geometrical inputs. The user inputs are inputs which are controlled by the user and include the return period, the
outlet and the type and placement of the pond. The
geometrical inputs are data, which are provided by
the model itself, such as the size of the reduced catchment area, the constants for the chosen return period
and the rain duration.

RESULTS
At the current stage, the tool is able to simulate and
visualize both building layouts and detention ponds
at diﬀerent levels of detail. Merging the technical aspect of calculating the required size for a detention
pond with the spatial visualization of the proposed
design allows the user to quickly integrate the design
and layout of detention ponds into site design. The
tool allows for the design and positioning of several
ponds, in order to oﬀer some design ﬂexibility and to
cater for a variety of terrain conditions.
The tool does not propose any optimal solution,
and does not automatically propose any optimiza-

DESIGN TOOLS DEVELOPMENT - Volume 1 - eCAADe 36 | 701

Figure 2
The CityEngine GUI.
The main parts are
1) the rule editor, 2)
the 3D viewport,
and 3) the inspector
panel.

tion of a design proposal. Instead, it provides instant visual and numeric feedback which can be used
in order to analyze the eﬀects of design changes on
the required size of the detention pond. Currently, a
rounded and a rectangular pond design may be chosen. The width and depth of the ponds may be set,
while the tool automatically calculates the length to
match the required volume.
In order to use the tool meaningfully, the user
must observe the fact that water ﬂows downwards
to the lowest point in the terrain and position the
pond(s) accordingly. The tool does not warn the user
of meaningless pond positions.
The three main parts of the CityEngine GUI (ﬁgure 2) are 1) the rule editor where the code is
written/displayed, 2) the 3D viewport showing the
model, and 3) the inspector panel where parameters
are set. In addition, there is a report tab which reports numeric data from the model. As there is no
need to interact with the code, this interface oﬀers
an intuitive and easy-to-use way to interact with the
tool, even for users without coding skills or technical
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knowledge of stormwater management.
In the Inspector, the parameters are grouped
into calculation parameters and design parameters
(Figure 3). The calculation parameters control the
size of the pond and comprise return period, outlet, green roofs, and building ground cover (footprints). As the latter results from design parameter
settings, it must be fed data from the report tab. As
the tool does not currently allow for detailed landscape design, percentages for diﬀerent ground covers (asphalt, grass, reinforced grass, tiles) may be set
for unbuilt spaces.
Appearance parameters control the design and
location of the pond(s) and comprise the parameters
pond type (wet/dry), pond design (rounded/rectangular), width, and depth. It also comprises the location parameters distance 1 and distance 2 to shift the
pond(s) horizontally on the site and rotation to rotate the pond. Further the tool also has parameters
for controlling site layout, building envelopes and facades (see Steinø, 2017), which are not presented in
the context of this paper.

Figure 3
Inspector panel
with control
handles controlling
calculation and
appearance
parameters.

Figure 4

DEMONSTRATION
In its current stage of development, the tool is capable of modeling a site design with building envelopes, ground cover textures, trees and detention ponds. At higher levels of detail, it is capable
of modeling volumetric details (setbacks, balconies,
roof shapes, etc.) and facade details (walls, openings,
parapets, ledges and lesenes) as well as building surface textures (all of which are not shown).
As is the case with CAD software, the model can
be visualized in diﬀerent projections and in perspective view from diﬀerent viewpoints in real time. This
allows for fast and detailed examination of the design, both in overview and close up. Parameters can
be adjusted while viewing the model in any projection and from any viewpoint, thus allowing to test the
eﬀect of diﬀerent scenarios both in detail (Figure 4-5)
and for the overall design (Figure 6-7).
The combination of street level and bird’s eye
views of the design proposal allows the designer to
analyze the eﬀects of diﬀerent detention pond designs in fair detail. As an in-depth understanding
of the technical and computational bases for dimensioning a detention pond is not required, the tool
allows architectural designers with no such knowledge to consider stormwater management at a qualiﬁed level in the early stages of design development.
It also provides a level of detail suitable to communicate design scenarios to non-design professionals
and laypersons.

DISCUSSION
Figure 5
Street level views of
site design
proposals with
rounded dry and
wet detention pond
designs.

In order to develop a parametric design tool which
provides a large freedom of design while at the
same time incorporating the necessary hard criteria, a cost/beneﬁt prioritization must be made. At
the current stage of development, the parametric design tool includes some parameters and allow a certain freedom in design. As outputs cannot at the
same time be inputs (as in the case of building footprints above) without applying optimization, which,
in turn, requires an optimum state to be deﬁnable
(and computer power to be suﬃcient), choices have
to be made.
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Figure 6
Bird’s eye views of
site design
proposals with
rectangular and
rounded detention
pond.

Figure 7
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While this research demonstrates proof of concept,
both detail and a shift in priority may be added. As
for detail, it would be desirable to allow for more versatile and detailed design than the choice between
rounded and rectangular ponds. It would also be
desirable to have a deﬁnition of ground cover types
which is more mathematically precise than estimating percentages. This is complicated however, due to
interdependencies which are diﬃcult to code without corrupting the data structure of the script.
As for shift in priority, changing building footprints from output to input would make the model
more elegant and fool proof, as no data from the report tab would have to be fed back as an input. But
this is tricky, as it limits the freedom of design with
regard to other relevant parameters. It might also
be worthwhile to explore the scope for integrating
topology analysis into the tool, in order to have it automatically suggest meaningful locations for detention ponds.
Finally, the tool has a general limitation in that it
bases calculations solely on the site (polygon shape)
in question. In real life, watersheds on adjacent areas
may cause rainwater to run oﬀ onto the site or vice
versa, potentially leading to diﬀerent volumes of water to be catered for. Natural topography (ridges, watersheds) is not the only determinant, as landscaping
(curbs, molds, etc.) would also determine the surface
ﬂow of rainwater. Nonetheless, integrating topology
analysis in combination with volume calculations for
adjacent areas might also improve the validity of the
tool.

CONCLUSION
With global warming, the increase in number and
frequency of extreme weather events requires urban designers to increasingly consider climate responsive design solutions such as rainwater detention ponds. This has traditionally been the domain of
stormwater management experts. Most existing design tools are separate from simulation tools. These
sets of tools also require specialized knowledge possessed by diﬀerent professionals. Therefore, design

proposal must be moved forth and back between different professionals and platforms. This is time consuming and diminishes the designer’s scope for designing with quantitative performance criteria rather
than against them.
A tool which would bridge the gap between
urban design and stormwater management would
not only facilitate a better integration of stormwater
management into urban space design. It would also
potentially improve the design quality of stormwater
management infrastructures in urban space.
In this paper, we have demonstrated that the
technical knowledge and mathematical basis for the
construction of such a tool is available and can be integrated into a parametric urban design tool capable
of visualizing the size, design and location of rainwater detention ponds in the context of site design with
buildings and opens spaces. This can be done at a
level of detail which is high enough to make informed
design decisions as well as to communicate design
scenarios to non-design professio-nals and laypersons.
While there is scope for reﬁnement and shifts
in priority, the most mathematically signiﬁcant parameters such as catchment area, ground cover type,
outlet into the sewer system and return period have
been integrated into the tool at the current stage
of development. Thus, proof of concept has been
demonstrated.
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This paper explores the possibilities of using low-tech electronic components in
the context of architectural model-making. It first presents a DIY toolkit to create
hard- and software for working models supporting architectural designs that
respond kinetically to changing light conditions. Second, a workshop format
consisting of five independent modules is proposed. Third, the results of a pilot
workshop are reported. The paper concludes with a discussion of the workshop
results and potential further work.
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BACKGROUND
Responsive kinetic architectures
The availability of digital methods in the design process has lead to the concept of performance-based
design: Shapes are designed parametrically and in an
iterative process, their form parameters are adjusted
to optimize selected performance criteria which are
evaluated through simulations. This way the design
can be adapted to given environmental conditions.
Responsive architectures are similarly adapted to
environmental conditions, but the adaptation happens in response to changing conditions after they
are initially built. These architectures require the integration of sensors to register the environmental
changes and (as far as shape changes are concerned),
moveable parts of the design, that is kinetic architecture elements.
Although in both cases, digital models and computer simulations substantially enable and support
the design process, physical models play an important role in the creation and evaluation of architectural designs in general and for responsive kinetic de-

signs in particular.

Physical models in architectural design
Due to the eﬀort involved when integrating electronics into architectural models, in practice this is mainly
done for larger interactive presentation models like
TRIAD’s “ALight” prototype (2014) which reacts to
gestures with illumination [2] or the interactive city
and factory models in the portfolio of Modelmakers
Ltd. [1].
In fact there are eﬀorts to include electronics into
architectural working models as well. Abdelmohsen
& Massoud (2015) use servo motors for kinetic architecture design, but simulate the sensor input. Sensors to record the environmental conditions are often used in more technical engineering prototypes,
e.g. for the development of thermal comfort devices
(Kimmling & Hoﬀmann 2017). Kensek (2014) establishes a bidirectional connection between a digital
and a physical model using both sensors and actuators.
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Maker culture and DIY
The above mentioned projects all resort to and build
upon developments in the maker culture, where DIY
culture has evolved to integrate hardware and software in artworks and hobbyist projects. Electronic
tools such as 3D printers and methods from robotics
such as the use of sensors and actors are no longer
only available to experts and specialist, but are accessible for laypersons as well.
While rapid prototyping has become wellintegrated into architectural education, there seems
to be a barrier to use electronics in architectural
model-making. It is considered either too technical
and diﬃcult to be integrated in working models or
too clumsy and aesthetically unpleasant to be used
for architectural models at all.
The high-tech low-tech group at MIT media lab
set out to open hardware making to a wider group
of users by developing easy to use electronic components which can be seamlessly integrated into nonelectronic artifacts. Mellis et al. (2013) describe a
set of methods that treat electronic components as
materials usable just like cardboard, glue and paper,
rather than as complicated specialized units that are
added as alienated elements to the rest of the artifact.
This approach is also more aﬀordable, since it uses
standard electronic components directly instead of
expensive toolkits.
The goal of the Follow-the-sun project is to explore these concepts for architectural model-making
of responsive kinetic systems.

ponents, otherwise contained in the Arduino board,
is used directly. The main components are two light
sensors, one servo motor, and a microcontroller to
mediate between the sensors and the actor:
• Photo resistors
• Micro Servo motor SG90
• Atmel ATtiny85
Both the motor and microcontroller were chosen for
their small size and low power consumption. The ATtiny 85 has just 8kB ﬂash memory, 512B RAM and
less PINs than an Arduino Uno or similar boards, but
these speciﬁcations are suﬃcient for simple control
programs.
Apart from the main components, there are
some smaller components needed to control power
supply and current ﬂow between sensors, motor and
microcontroller. These are listed below and shown in
Figure 1.
•
•
•
•
•
•
•

Capacitor 470 µF
Screw terminal for battery connection
Slide-style DIP Switch
8-pin DIP Socket for Attiny85
Resistors: 2x 1.8 kΩ, 1x 150 Ω
Signal LED, standard red
3-pin header
Figure 1
Parts of the DIY kit
to create the main
board

TECHNICAL SETUP OF THE WORKSHOP
Towards this end, a workshop was devised, that uses
standard electronic components to build working
models for kinetic architectural designs that react to
the changing daylight conditions.

Toolkit / Board
For the workshop, a set of electronic components
was composed and partly pre-assembled. Other
then for the projects cited earlier, no full-blown Arduino board is needed. Instead a minimal set of com-

708 | eCAADe 36 - DESIGN TOOLS DEVELOPMENT - Volume 1

These elements, together with the microcontroller,
are concentrated on a mainboard fabricated as a Paper PCB (printed circuit board) or just Paper board
according to the method developed by Wolfgang
Spahn for his artistic projects [3]. His method uses affordable electronic prototyping materials and allows

for a ﬂexible design of the board’s paper surface and
those for a seamless integration into an architectural
model. The circuit is printed on paper and mounted
to a prototyping stripboard with double-faced adhesive tape prior to the assembly of the components.
The purpose of this paper surface is two-fold: First, it
allows to design the board appearance ad libitum for
seamless integration into the model. Second, it provides guidance for the assembly of the parts on the
board, which is particularly beneﬁcial for students
with little or no experience in soldering and hardware
prototyping. Figure 2 shows the circuit und a minimalistic board layout.
Figure 2
Paper template for
assembly of the
board

how to connect the components (Figure 3). However
they have to ﬁgure out the ﬁnal layout, that is the exact position of the components and the arrangement
of the wiring themselves, ﬁnding a way to integrate
the circuitry into their kinetic models such that the
model is functional regarding the kinetics and electronics, but at the same time still conveys the spatial
qualities they have designed. A similar approach has
been taken in a previous wearable electronics workshop for school-girls (Tauscher 2017).
Electronic circuit layout is usually carried out on
a 2D surface, optionally in multiple isolated layers.
Even for 2D layouts the task can be demanding when
certain design constraints are applied such as speciﬁc alignment of the visible wiring paths. The wiring
can break trough a ﬂat element and continue on the
other side. Transferred to 3D this exercise gets an additional quality and might be of educational valua as
a spatial design task on its own.

Figure 3
Circuit integrating
the main
components

Circuit / Model integration
Adhesive copper band is used to integrate the main
components into the model, as proposed by Qi &
Buechley (2014). Copper band is a cheap material
with good processing properties, it can easily be cut
and folded as required, it can be removed and replaced and does integrate well into ﬂat surfaces. For
the parts with slightly higher currents, thin wire was
chosen for safety reasons.
Students are given a predeﬁned circuit showing

Software
Although no Arduino board is used in the project,
the microcontroller can be programmed with the Arduino IDE, which is available as a web or desktop application [4]. The Arduino IDE builds on artists‘ and
designers’ familiar tools and daily work routines by
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Figure 4
Kinetic elements
realized with
traditional working
model materials.

treating microcontroller programs metaphorically as
sketches and organizing them in a sketch book. The
core of each program is the main loop which reads
sensor values, does some calculations and writes actor settings. The following listing shows an example that reads two sensor values, constraints them
according to values from a previous calibration and
maps them to an actor setting in the range of 0 to
180. The purpose of this program is to align a servo
rotation setting to the direction of light as measured
with two sensors targeting into opposite directions
(e.g. east and west).
int westRaw = analogRead(westPin);
int eastRaw = analogRead(eastPin);
if(westRaw <westMin && eastRaw <eastMin)
,→ {
// shadow or night or south (do
,→ darkness checks)
} else {
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long westVal = constrain(westRaw ,
,→ westMin ,westMax);
long eastVal = constrain(eastRaw ,
,→ eastMin ,eastMax);
int servoWest = map(westVal , westMin
,→ , westMax , 90, 0);
int servoEast = map(eastVal , eastMin
,→ , eastMax , 90, 180);
servoPos = servoWest <90 ? servoWest
,→ : servoEast;
servo.write(servoPos);
}
delay (500);

Kinetic models
For the moveable parts of the design, standard prototyping material such as cardboard and wooden skewers are used (Figure 4). More sophisticated mechanical systems could be established with the help of

rapid prototyping methods such as laser cutting and
3D printing. This would, however, involve CAD tools
and distract from the physical model-making process. For this workshop, students are encouraged to
explore the possibilities of physical working models.
The attachment of the moveable parts to the
servo motor can happen in three fundamentally different ways, such that the motor rotation takes eﬀect
in one of the following ways:
1. Rotation of a screen around an axis in the
screen plane
2. Rotation around an axis normal to the screen’s
plane
3. Transformation into translation along vector
in screen plane, normal to plane or arbitrary
The possibilities 1. and 2. are shown in Figure 5.

Figure 5
Servo motor
alignment

ducted and focus can be set on diﬀerent aspects of
the whole process.

Module A: Hardware making
In this module, the board is assembled from the DYI
kit. No hardware-making experience is required, students get a quick introduction into through-hole soldering. The board surface can be printed on selected
material so as to integrate the board seamlessly into
a model. The replacement for this module is a preassembled board, which would most likely not have
the same material as the architectural model it is to
be integrated into.

Module B: Software programming
In this module, students learn how to program the
Atmel chip on the board using the Arduino platform.
No programming experience is required. The replacement for this module is a preprogrammed chip.
However, this obviously limits the design options
both in module C (kinetic design) and D (responsive
models).

Module C: Kinetic design

MODULAR WORKSHOP CONCEPT
The workshop consists of a set of ﬁve modules, which
can be combined freely:
•
•
•
•
•

A. hardware making
B. software programming
C. kinetic model-making
D. responsive models
E. circuit integration

Each of these modules, except Part E, can be left out.
If left out of the workshop, the respective parts are replaced by some prepared or mocking material, such
that the system as a whole works. This way, workshops of diﬀerent length and intensity can be con-

This module covers the actuator part of the systems,
that is the integration of the servo motor and its programmed actions into the model. Students develop
and prototype a design with moveable parts. They
ﬁgure out how to ﬂexibly mount the dynamic elements in their design and how to enable movement
and restrict the positions of these parts. The replacement for this module consists of a predeﬁned design,
which the students still need to be realize as a working model.

Module D: Responsive models
In this module, sensors are integrated into the design, so that it becomes actually responsive. The
main tasks here are 1) to ﬁgure out where to put
the sensors so that they record the desired environment state, 2) to create the stimulus with a spotlight
and 3) to verify the intended interaction between
the changing light conditions and the moving model
parts.
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Module E: Circuit integration
This module is about integration of the main components into the architectural model, such that they
interact well together: the programmed board from
modules A and B, the servo and moving parts of
module C, and the sensors of module D. Students
have to decide whether they hide and box the electronic components and the wiring, use them as natural parts of their working models, or let their designs
even be inspired or guided by the qualities of the
electronic components and materials, despite that
they are obviously out of scale.

PROTOTYPING AND RESULTS OF A PILOT
WORKSHOP
In spring 2017, a pilot of the workshop was conducted at Münster School of Architecture, Germany.
The two-hour workshop comprised modules C and E
and used pre-soldered mainboards (replacement for
A) with pre-programmed chips (replacement for B).
Sensor values for a typical daylight test cycle was emulated in software on the chip (replacement for D),
that is the motor performed a slow 180° turn.
The four groups of students participating in the
workshop created substantially diﬀerent designs and
each group managed to produce a working dynamic
prototype of their design.
The following designs where presented at the
end of the workshop:

Figure 6
Group 1: Vertical
blinds

Figure 7
Group 2: Perforated
layers

Figure 8
Group 3: Bending
screens

Group 1: Vertical blinds
Group 1 chose a standard vertical blind layout ﬁlling
a wall opening with connected blades for simultaneous rotation around the vertical axis of each blade.

Group 2: Perforated layers
Group 2 realized a black-box with daylight illumination from top. The daylight enters through two layers
perforated with the same conﬁguration of random
triangles. Depending on the rotation of the lower
layer the perforations in both layers overlap to varying amount resulting in more or less light to enter.
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Figure 9
Group 4: Bridge

Group 3: Bending screens
The design of group 3 consisted of ﬂexible screens
that where bent and released to open up and close
wall areas of a pavillon.

Group 4: Bridge
Group 4 came up with a bridge that would automatically close and open.

Discussion of the pilot workshop results
The diversity of the designs stems from the diﬀerent ways of how the 180° rotation took eﬀect in the
model: Group 1 and 4 used rotation around axis in
plane, group 2 used rotation around axis normal to
plane, groups 1 and 3 used transformation to translation.
Although sensors where not used and the actual
light eﬀects where not studied, it can be seen that all
resulting designs took changing light conditions into
account, except the one of group 4 which appears as
a purely kinetic experiment. For a full light study, the
models would have to be extended with sensors and
be exposed to a changing light source. The results
of group 1 and 3 could be easily used as they are for
further development, whereas the working-model of
group 2 would need a peephole to be able to look
inside the room to verify the light eﬀects.

CONCLUSION
This paper set out to explore the possibilities of lowtech electronic methods in the context of architectural model-making. First, I presented a DIY toolkit
to create hard- and software for working models supporting architectural designs that respond kinetically
to changing light conditions. Second, I proposed
a workshop format consisting of ﬁve independent
modules. Third, I showed the results of a pilot workshop.
The pilot workshop has shown that the technical
setup of the workshop is feasible to be used with architecture students and that students enjoy the creation of kinetic models. In future work, it would be
interesting to evaluate the integration in an archi-

tectural studio setting, e.g. by providing an initial
workshop at the beginning of the semester and additional modules on request as need arises in the design work. This way it could be studied how the eﬀect
of this choice of tools inﬂuences the resulting designs
and the design process.
The pilot has also shown that special care has to
be taken to make the replacements for omitted modules work as expected. Omitted modules also pose
the challenge of explaining the behaviour of the replacements as black boxes without revealing their inner workings. However in the pilot workshop, students seemed to be surprisingly able to grasp and
anticipate the behaviour of these black-box parts by
trial and error.
For future versions of the workshop, module D
must be included to explore the full beneﬁts of this
type of working model, evaluating not only the kinetic aspects, but also the eﬀects of the moving parts
under changing light conditions, hence the interaction of sensors and actors. Modules A and B are considered more optional, where the inclusion of module B would open up the design space of solutions
and the inclusion of module A would allow to focus on the materiality of the electronic components
and their close embedding in the process of modelmaking.
A natural progression of this work would be to
extend the solder-free circuit wiring from module
E to the hardware on the board created in module
A. The electronic circuitry now concentrated on the
board would then be spread across the model, and
the electronic components would further meld into
the working model, thus creating more opportunities
to experiment with electronics as model-making materials.
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The paper presents an ongoing research about the design and a possible use of a
responsive flexible mold. The mold is developed by integrating its precedents with
automation and Human-Computer Interaction (HCI). The objective of the design
is to provide an immersive design tool which has direct link to fabrication. It
allows intuitive interaction to its user in order to help with the design and
production of complex forms by supporting the designer's implicit skills with
computer. The paper presents the design by illustrating the use of the hardware
such as the actuators, the sensor and the projector; and by defining the workflow
within the software. The paper concludes with the description of a possible use
case in which the system is used to design and materialize an object in different
scales.
Keywords: Design tools development, Digital fabrication and robotics,
Human-computer interaction in design, Shape, form and geometry, Inventive
Making

INTRODUCTION
The aim of this paper is to present our ongoing research project which focuses on a Human-Computer
Interaction (HCI) add-on to a ﬂexible mold system towards developing an immersive design tool with direct link to fabrication. We have been working with
ﬂexible mold systems for research and teaching purposes since 2013. These practices have utilized a series of custom-designed and self-built ﬂexible molds
which are based on the concept of a ﬂexible surface
placed on a pin-table on which the heights of each
pin can be adjusted manually. Our experiences with
these tools, as well as the relevant studies by others, have shown that this concept is eﬃcient to be
used both as a fabrication tool for producing doublecurved panels (Eigenraam 2015) and as a set-up for

active learning of the fundamental notions of computer aided fabrication (Aşut and Meijer 2016).
Our goal in this project is to upgrade this concept with computer support within two associated
levels. The ﬁrst level is the automation of the system
which does not necessarily change the way it is principally used. It rather reduces the time needed to adjust the pins and increases the precision due to computer control instead of manual adjustments. On the
other hand, automation and computer control enables other versatile functionalities such as the possibility of an immersive tool with the help of HCI support, which addresses the second level of upgrade in
this project. With the HCI support, the mold can also
be used as an immersive tool with which the designer
can interact bodily in order to design and materialize
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complex forms in diﬀerent scales or in actual size. By
this means, the conception and the fabrication of the
design becomes integrated and reciprocal, allowing
the designer to use his/her intuitive skills while utilizing the computational media to the full extent for
better designs. A possible use case scenario for the
use of such an immersive tool is described in the following chapters.
In this paper, we present our design concept of
the aforementioned tool by describing the technical
upgrades within automation and HCI, and by illustrating a possible use case as a design instrument.

PROBLEM STATEMENT: IMMERSIVE INTERACTION FOR MAKING FREE-FORM OBJECTS
Piano (1969) claims that production by means of industrial instruments and processes is rather conditioned by the complexity and versatility of which the
machines are capable, and by the processes and material of production. Producing building elements
which consist of free-form surfaces is still a challenging task for technical and economic reasons. Particularly, when the design consists of several elements
each of which has a diﬀerent form, it is necessary
to produce a unique mold for each element. This
situation increases the building costs signiﬁcantly
by maximizing the cost required for producing the
molds. Also, using a unique mold for each panel results in high waste, which is an unsustainable operation. Moreover, subtractive manufacturing techniques, which are commonly used to produce molds
with complex forms, increase the waste even further.
Therefore, it is necessary to develop systems which
enable the fabrication of objects with complex forms
eﬃciently while reducing the waste and the building
costs. This project aims at tackling this problem by
proposing an inventive way of using the existing ﬂexible mold systems by improving them as immersive
design tools with direct link to fabrication.
Our proposal is based on the idea that designing free-form objects is a challenging task especially
when considering manufacturability. Computational

methods with the help of advanced software applications provide us with solutions for design development, optimization and simulation for complex
forms. They even allow us to integrate certain material aspects in order to predict the fabrication process
during design development. However, as claimed by
Aish (1979), it is often diﬃcult for the user of conventional graphic computer aided architectural design (CAAD) systems to conceptualize the building
being designed by only inspecting and manipulating drawings displayed on the screen. Accordingly,
it is necessary to integrate immersive HCI applications into CAAD systems in order to allow reciprocal,
direct and organic interactions between the physical and digital environments; or, in the words of Negroponte (1975), between the real and the model
worlds. In this sense, it is possible to consider the
fabrication machines also as instruments for design
thinking which can better integrate the material aspects into the processes of design development.
Schmidt (2000) deﬁnes the concept of Implicit
Human-Computer Interaction (iHCI) as an action performed by the user that is not primarily aimed to interact with a computerized system but which such
a system understands as input. This implicit dimension of HCI is key to develop better design tools which
enable intuitive interaction. And during the design
of three-dimensional objects, intuitiveness can be
achieved by immersive interaction. This requires the
use of design media which enable the designer to
develop, test and modify his/her ideas on a physical
three-dimensional interface through bodily movements instead of on-screen representations which
are merely two-dimensional. The responsive ﬂexible
mold system (re-ﬂex) which is presented in this paper is developed as a medium of HCI which allows intuitive interaction that allows the use of implicit and
bodily skills in the design and materialization of freeform objects.

RELATED RESEARCH ON FLEXIBLE MOLDS
Several concepts of reusable ﬂexible molds already
exist. One of the early examples was developed by
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Figure 1
The former
FlexiMold.

Piano (1969) when aiming to construct shell structures using a ﬂexible mold system. Designs of ﬂexible molds which are closely related to our project
are developed by Kosche (1999) and later by Rietbergen and Vollers (2008). Except these ones, there are
a number of related patents of which an extensive
overview is given by Schipper (2015), whose works
focus on the use of ﬂexible molds for producing concrete elements. A limited selection of other developments which worth mentioning but are too extensive
to elaborate on in this paper are the ones by Spuybroek (2004) and Oesterle et al. (2012).
There exist three similar ﬂexible molds which are
used for large scale production in industrial applications. The ﬁrst one is the one which is is developed
by Adapa (see Url[1]). Another similar system is used
by Curve Works (see Url[2]). Also, the concrete factory
mbX (see Url[3]) has developed its own system which
is used to produce the double curved roof panels of
Arnhem Central station.

THE DESIGN
The Former FlexiMold
The design of the former ﬂexible mold, which we
have been using for research and teaching and
named as FlexiMold, is based on the concept of a ﬂexible surface supported by adjustable pins in vertical
direction. The ﬂexible surface is made of high-density
polyethylene (HDPE). The HDPE plate is able to bend
and perform double-curved surfaces due to the pattern which is milled on the two opposite sides of the
plate. Therefore, the surface of the mold is both ﬂexible enough to perform complex curved forms and
rigid enough to cast the material on (see Figure 1).
The form of the ﬂexible surface is determined by
the position of the pins which are located on a regular grid. The height of each pin is adjusted manually by following an algorithm which is developed
in Grasshopper (see Url[4]). The algorithm analyses
the form of the designed surface and calculates the
height of each pin needed for adjusting the mold. After all of the pins are adjusted, the ﬂexible surface is
placed on top so that it is identical to the designed

surface and the mold is prepared to cast the material
on. This set of operations is repeated for each unique
surface design. A more detailed description of how it
is used was previously presented by Aşut and Meijer
(2016).

The Responsive Flexible Mold, which we name as reﬂex, is based on the same principals with two important upgrades. The ﬁrst upgrade is aimed at automating the pin adjustment step towards a faster
and more precise process. The second upgrade is
aimed at integrating the system with HCI support.

First Level of Upgrade: Automation
The automation of the mold is not the actual inventive aspect of this project. It is rather a technical
improvement which brings about higher speed and
precision for adjusting the mold. However, it enables
a more profound upgrade in the next level.
The automation of re-ﬂex is achieved by replacing the regular adjustable pins of the former FlexiMold with 12V DC linear actuators with built-in potentiometers. The ﬁrst query at this stage is to determine the number of actuators needed for an eﬃcient
system. A greater number would enable higher control on surface curvatures. However, the number is
limited to the number of available Input/Output (I/O)
pins on the microcontroller board which will communicate information between the digital model and
the mold. Also, increasing the number of the actuators will increase the cost of the system. Eventually, the design is developed by using 25 actuators
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which are positioned on a grid of 40*40 cm on a layout of 160*160 cm with an actual usable surface area
of 124*124 cm on XY plane (see Figure 2).

The actuators are controlled by an Arduino Mega (see
Url[8]), which is a microcontroller board with 54 digital I/O pins. Each actuator is connected to one output and one input pin. The output is used to position
the actuator at correct height. And the input is used
to read the current position of the actuator. Both the
input and the output are communicated through the
Arduino board between the actuator and the digital model in Grasshopper with the help of Fireﬂy (see
Url[6]) plug-in (see Figure 3).
The automation through actuators with direct
link to the digital model enables fast and precise positioning of the pins, therefore allows the accurate and
rapid forming of the ﬂexible surface without the need
for manual adjustments. By this means, the mold is
prepared for casting the material on with one click
right after the design is deﬁned in the digital environment. Furthermore, it is possible to keep the actuators operating while the design is being modiﬁed
by the designer in the digital environment. Thus,
it becomes possible for the designer to receive real
time feedback through the physical surface during
design development with the help of an automated
mold and to materialize the diﬀerent designs which
emerge during the process.

Second Level of Upgrade: HCI Support
The upgrade of the system with HCI support is based
on the idea that the mold can serve as an immersive
design tool which does not only output the design in
the physical environment but also receives physical
inputs from the designer and communicates them to
the digital model. By this means, it enables the designer to design a free-form surface in real 3D environment by using his/her bodily and intuitive skills
while simultaneously developing a digital model of
the design. Also, the digital model can be used to
further improve and optimize the design decisions
which can then be outputted on the physical mold.
Thus, design process becomes a reciprocal activity
that occurs between the physical and the digital media and the variations of the design can be materialized anytime during the process.
The HCI support is achieved by integrating the
system with a sensor device and a projector. The
sensor we use is the Leap Motion (see Url[7]), which
tracks hand and ﬁnger motions and gestures without
any physical touch. In our application it tracks the
hands of the designer while he/she shapes the ﬂexible surface by moving his/her hands and performing
certain gestures in real 3D space over the mold. The
sensor uses them as input to the parametric model
by communicating with it through the Fireﬂy plug-in
and the input is used to position the actuators in realtime (see Figure 4).
The function of the projector is to provide the
designer with real-time visual guidance on the ﬂexible surface. It projects several types of information related with the design which are integrated
into the computational model. By this means, the
model performs analyses on several design aspects
and projects the related information on the ﬂexible
surface. Therefore, it enables a real-time communication between the designer and the digital model
in real 3D space.

Visual Guidance
The visual guidance which is enabled by the projector is a part of the HCI support and it provides the de-
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Figure 2
The actuators and
the ﬂexible surface
of re-ﬂex.

Figure 3
Automation of the
actuators

Figure 4
HCI integration on
re-ﬂex.

FABRICATION | Design & Application - Volume 1 - eCAADe 36 | 721

signer with real-time information which he/she can
use to develop better designs. The information is
derived from the computational model and its content can vary according to design objectives. In our
application, the visual guidance communicates information on the structural performance in relation
with the form of the surface. As the design evolves,
certain geometric and structural conditions continuously change. The model keeps real-time track on
these aspects and communicates them to the designer through the projection. To this end, the computational model is integrated with analysis and optimization algorithms.
The structural performance analysis is performed
by Karamba (see Url[5]) plug-in in Grasshopper. It calculates the results of the user’s preferences of analy-

ses such as, in-plane or out-of-plane forces and visualizes the output using contour plots on the ﬂexible
surface through the projection. By this means, the
designer is able to receive real time feedback on the
structural performance on the design and thereby to
quickly gain insight on the consequences of his/her
design modiﬁcations or have feedback towards how
to improve the performance (see Figure 5). This feature is particularly interesting as it is able to provide
an opportunity to the designer towards investigating
a good balance between the formal exploration and
a reasonable structural behavior instead of a search
which is focused on the most optimal form.
The computational model is also integrated with
an optimization algorithm which is developed in
Kangaroo (see Url[9]) plug-in. Its objective is formFigure 5
Real-time feedback
on the structural
performance of the
design through the
visual guidance.
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Table 1
Pre-deﬁned
gestures.

Figure 6
The workﬂow.

ﬁnding towards the most optimal structural performance. It takes the current state of the form and optimizes it which results in a new form depending on
the pre-deﬁned loading and support conditions. The
new form is diﬀerent but geometrically similar to the
one which is formed by the designer on the mold and
it is visualized on the ﬂexible surface through the projection. So that it guides the designer towards the
optimum structural performance but the use of it is
optional and not deterministic. Alternatively, the designer has the option to transfer the optimized form
directly from the computational model to the mold.
This allows him/her to form the surface intuitively until a good balance between the form and the structural performance is achieved and then end up with
a ﬁnal product which is optimized by the computer.

change the scale. It is possible to introduce more
gestures if needed in the later phases of the project.
These gestures are presented in Table 1.

The Gestures
The designer interacts with the system through hand
movements and gestures. These gestures are deﬁned in Grasshopper by using the the data which
is derived from Fireﬂy that communicates with the
Leap Motion sensor. There are ten pre-deﬁned hand
gestures which are needed to perform the diﬀerent
functions integrated in the system. These gestures
are used mainly for geometric modiﬁcations and to

The Workﬂow
All of the hardware and the functions which are deﬁned in the previous chapters are integrated within
an algorithm which is developed in Grasshopper by
using diﬀerent plug-ins. The workﬂow (see Figure 6)
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starts with the hand gestures of the designer. They
are tracked by the Leap Motion sensor and transferred to the algorithm through Fireﬂy plug-in. The
transferred data is used to form the surface of the design in the digital model. Simultaneously, the model
actuates the mold by communicating with the linear
actuators through the Arduino microcontroller which
receives data from the Fireﬂy component. Eventually,
the ﬂexible surface of the mold is formed. Also, the
computational model receives data from the built-in
potentiometers inside the linear actuators so that it
can keep a track on the actual position of each linear
actuator. The structural performance of the formed
surface is analyzed by using Karamba plug-in and the
output is visualized on the mold through the projector. It is also optimized structurally by using Kangaroo plug-in and the output is visualized on the mold
through the projector as well. Also, there is an option to send information from the output of the optimization directly to the actuators in order to shape
the mold for the most optimal design.

THE USE CASE
The re-ﬂex is an instrument which can be used in different cases towards diﬀerent objectives which are
deﬁned by its user per se. The use case which is deﬁned here illustrates a use of it in which the user develops a design by working in diﬀerent scales. In this
case, the ﬂexible surface of the mold is considered
as both a medium which represents the design and
a device which is used to materialize it in diﬀerent
scales. The change between these two states is possible at any required phase during the design process
and it is determined and controlled by the designer.
Currently, we do not have a distinct decision on
the material of production which will be used in this
use case. The possible options include ﬁberglass,
concrete, clay, resins, plaster and paper pulp, which
are suitable to use as we know by experience. The
elaboration which is presented here excludes the aspect of production material and focuses on the form
development. The aspect of material and the issues
which are brought with it will be investigated at a

later phase.
The main challenge of this use case is to utilize
the mold for designing and fabricating objects not
only in actual size but also in diﬀerent scales. This is
achieved by using the ﬂexible surface as a medium
which is able to represent the design in diﬀerent
scales such as 1:1, 1:2, 1:5, 1:10: 1:20, 1:50 and 1:100.
By this means, the 1,44 � (120*120 cm) actual usable
area of the ﬂexible surface is able to represent a maximum of 14.400 � (120*120 m) depending on the used
scale. Therefore, the surface can be used to design
objects of diﬀerent sizes from a single facade panel
to an entire roof of a large building. Furthermore, it
can be used to materialize actual objects such as a
facade panel and the scaled models of larger buildings or building components. The most critical point
is that the alterations between the diﬀerent scales are
possible whenever it is needed during design development. So, the designer is able to work in diﬀerent
scales, from 1:1 to 1:100, to focus on the diﬀerent aspects of the design problem, just like in a typical CAD
application but in a physical, tangible and immersive
environment (see Figure 7).
The shift between scales is performed through
simple hand gestures which are pre-deﬁned; such as
the gesture 08 and 09 for zooming-in and zoomingout as seen in Table 1. Each time the designer performs one of these gestures, the model recognizes
it as input, calculates the position of each actuator
needed for reshaping the surface, and actuates them
to shape the surface simultaneously. For example,
the designer works in 1:50 scale, so the surface represents an actual area of 3.600 � (60*60 m). This area
refers to a shell which will be constructed by assembling panels each of which is 120 cm in width and
length. The paneling of the shell is being performed
by the model and the borders and id tags of the panels are projected onto the surface. So, the designer
is able to see how the shell is panelized and how
the panels are changing as he/she keeps modifying
the design. When he/she needs to see or modify the
design in larger scale, he/she performs the zoom-in
gesture on the speciﬁc panel that he/she wants to
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work on. Then, the actuators are re-positioned and
the surface is reshaped so that it represents an area
of 576 � (24*24 m) in 1:20 scale in which the speciﬁc panel is centered and projected onto the ﬂexible
surface with its neighboring panels inside the given
area. The designer is then able to work more precisely on this area. Likewise, he/she can gradually
zoom-in or zoom-out to shift between the scales in
order to gain more precise control on certain parts
of the shell or an overall perception of the whole design. He/she can move around the mold and perceive the design from diﬀerent perspectives and gain
a profound spatial understanding of the design object. He/she can touch the surface to not only see but
also feel the form and perceive the curvature continuities. So, he/she develops the complex form of the
design through bodily interactions in an immersive
environment by using his/her intuitive skills while
making use of the feedback which are received from
the computational operations. Furthermore, he/she
can materialize the design in diﬀerent scales at any

phase of the design development and can evaluate
his/her design decisions through a material interface
as well.

CONCLUSIONS
In this paper we have presented the concept design
of re-ﬂex, a responsive ﬂexible mold system which
is developed by upgrading the former ﬂexible mold
systems with HCI support. The project is ongoing and
we are currently building the mold to be used in experimental case studies. Even though there exist certain technical challenges in building the system, the
paper is able to provide a thorough overview on the
main principles in terms of both hardware and software aspects.
One of the problems to be solved while building
the mold is the connection details between the actuators and the ﬂexible surface. The connection needs
to be able to both push the surface upwards and pull
it downwards without losing precision on the curvatures. On the other hand it needs to be rigid enough

Figure 7
The change of scale
on re-ﬂex.
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to bear the load of the ﬂexible sheet and the material
of production while allowing movement in all three
rotation axes. We are developing this detail by using
built-in universal joints which are integrated into the
ﬂexible surface and are connected to the actuators.
Another important aspect is the material of production. As mentioned earlier, we have experience
in using a range of materials on the former ﬂexible molds. This aspect needs to be investigated further with the use case experiments in the following phases of the project. Furthermore, the design
and application of the connection details between
the produced curved panels is another aspect which
needs to be considered together with the material of
production.
The main objective of this project is to expand
the capabilities of the tools towards more complex
and versatile instruments so that they can better answer the particular needs of the designer per se. To
this end, this project presents the possibility of an
immersive design tool which has direct link to fabrication and allows intuitive interaction to its user. It
suggest a consideration of the fabrication machines
also as instruments for design thinking so that the integration of the material aspects into the design process becomes easier. It provides a framework for connecting the model and the real worlds so that the
designer can inspect and manipulate the design not
only on the screen but also in his/her physical immersive environment.
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The presented research develops methods for introducing fabrication constraints
into architectural design, a process often referred to as design rationalization. In
the first stage of the research, a computational method for evaluating the
fabrication potential of geometries was developed. The method predicts the
feasibility, material use and machining time of a geometry in relation to different
fabrication techniques. It uses geometric properties to mathematically estimate
these parameters without simulating the actual machining. The second stage of
the research describes processes for adapting architectural designs to their
fabrication technique. The evaluation method previously developed is used as a
fitness criterion for a computational optimization algorithm aimed at adapting
concrete façade elements to the fabrication constraints of their molds. A case
study demonstrates how the optimization process succeeded in improving the
feasibility of different geometries within a time-frame suitable to the architectural
design process, and without significant changes to the initial design.
Keywords: Optimization, Digital Fabrication, Rationalization, Computational
Design Process

INTRODUCTION
The practice of introducing fabrication constraints
into the design process of complex architectural geometry is referred to as rationalization. Rationalization has been widely used since architects started designing complex, double curved geometries around
the turn of the millennium (Fischer, 2012; Pottmann
et al., 2015). A recent review of rationalization methods in current architectural projects indicated that
the computational optimization of a geometry to
better suit a fabrication technique is a widely used rationalization method, especially for free form geometry (Austern et al., 2018). The use of optimization
for rationalizing geometry is described in the back-

ground section of this paper.
The general aim of this research is to explore
ways of adapting architectural form to fabrication
technique. In this paper, we demonstrate such an approach by rationalizing concrete façade elements according to the fabrication constraints of their molds.
Concrete is the most commonly used building material in contemporary construction and highly suited
to the creation of complex geometry due to its liquid
nature. However, molds for complex, double curved
panels are diﬃcult to fabricate and more expensive
than molds for any other type of façade panel (Eigensatz et al., 2010). The techniques for fabricating these
types of molds are covered in the background sec-
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tion. In our research, we focus on developing rationalization methods for the techniques most widely
used by the industry.
In the ﬁrst stage of this research, a computational
method for the rapid evaluation of fabrication parameters such as feasibility, material use, and machining time was developed. The method utilizes
diﬀerential geometry to rapidly approximate these
parameters without resorting to CAM simulations
which are expensive in terms of both operator and
computational time. A more detailed explanation of
the computational method appears in the ﬁrst part
of the methods section of this paper.
The current stage of this research utilizes the
analysis method as a ﬁtness criterion for optimization
algorithms aimed at adapting the shapes of facade
panels to speciﬁc fabrication techniques. A computational setup in the Grasshopper parametric environment accepts free-form surfaces and adjusts their
control points so that they are easier to fabricate. The
optimization process was tested using two diﬀerent
black-box solvers and managed to improve the feasibility of the panels in all the tests. The second part
of the methods section describes this setup in more
detail.
The results section of this paper begins with the
validation of the evaluation method, performed by
comparing its predictions to results obtained in more
traditional CAM processes. Later the results of the optimization trials are described and their potential use
in the architectural design process discussed.

BACKGROUND
Rationalization & Optimization
The practice of adapting architectural design to fabrication related constraints was ﬁrst referred to as design rationalization by Glymph (Lindsey 2001). He
described it as the taming of Frank Gehry’s “crazy”
geometry by means of introducing rules of constructability. Since then, rationalization was typically
categorized according to its timing in the design process. Pre-rationalizing a design by limiting it to a describable/constructible geometry was an eﬃcient so-

lution proposed by Whitehead (2005), but this practice tends to decrease the freedom of the design
process. Involving fabricators early in the design is
also considered a good way to introduce constraints
(Larsen and Schindler 2008). However, fabricators are
usually introduced only after the tender had been issued (Celento 2010), when changes to the design are
more diﬃcult to implement. Thus, researchers are
urged to search for methods which enable incorporation of fabrication information by the design agency
during the design process, without limiting the designer’s freedom (H. Pottmann 2010).
One of the ways to rationalize a free form design is by optimizing it using computational methods. In this type of rationalization process, the initial
design is arrived at without taking speciﬁc fabrication
constraints into consideration. Later, an optimization
algorithm is used to explore the design space and
change the geometry to better ﬁt a fabrication technique (Austern et al., 2018). An example of this type
of process is shown by Vaudeville et al. (2013), who
describe how the glazing of the Foundation Louis
Vuitton was optimized to suit the fabrication constraints of the rolling and bending techniques used
to form them. Similarly Schiftner et al. (2013) describe how the facade panels of the Eiﬀel pavilions
were optimized according to the glazing fabrication
constraints. Dritsas et al. (2013) show how the shape
of a pavilion made of CNC cut sheet materials was
optimized so that individual panels were nested with
minimal material waste.
These examples, and many others, use an initial
design as the base geometry for the algorithm and
computationally improve it towards a speciﬁc fabrication goal. This kind of design process conforms
with the established work ﬂow of the architectural
practice and can be found in seminal projects by architects such as Frank Gehry and Zaha Hadid. However, it has been claimed to be computationally expensive and hard to implement (Dritsas, 2012). The
current stage of this research is aimed at examining
the potential for using the evaluation method previously described in an optimization process. We
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aim to ﬁnd easily implemented computational procedures which are within the capabilities of today’s
computationally oriented practitioner.

Molds for concrete elements
The presented research focuses on rationalizing concrete façade panels concrete towards the fabrication constraints of their molds. Concrete, the most
common building material of our era, is exceptionally suited for producing free-form geometry due to
its liquid behavior. To realize the full range of geometries that can be produced from concrete, complex 3D molds are required. In the industry, these
molds are manufactured mainly from CNC cut, bent
plywood sheets or from Expanded Polystyrene (EPS)
milled or cut by hot-wire (Andersen et al., 2016).
Due to the large waste of materials and machine time incurred by these molds, many have attempted to devise alternative fabrication techniques.
Reusable, ﬂexible molds are a promising technology
reviewed in Hawkins et al. (2017). Despite the many

beneﬁts of this technology, the review claims that
geometric constraints, modelling issues and uncertainty regarding its beneﬁts still prevent the industry
from adopting it. A diﬀerent solution to the problem
is the use of 3D printing in concrete to do away with
the formwork completely (Khoshnevis, 2004; Lim et
al., 2012). The building industry has recently incorporated some 3D printing techniques which result
in simple 2D extrusions. However, techniques which
produce complex geometries such as the ones we
are describing have not been adopted so far, and are
still being developed by the academia (Duballet et
al., 2017). This research focuses on developing rationalization methods for fabrication techniques which
have already been adopted by the industry. In the future, it can be expanded to include methods for any
new techniques which gain widespread acceptance.

Figure 1
Diagram of the
suggested
evaluation method
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METHODS
Fabrication evaluation method
In this section, we present a computational method
for evaluating geometries in relation to diﬀerent fabrication techniques. By using mathematical abstractions, the method arrives at approximations regarding the feasibility, material use, and machine time required to fabricate a geometry much faster than traditional CAM simulations. The general structure of
the proposed method is illustrated in Figure 1.
1. NURBS geometry input (via Rhino / Grasshopper). The geometry as well as fabrication parameters such as design tolerance, available tools, material types, and dimensions are set in the GH interface,
as well as the analysis tolerance which is determined
by the distribution of the sampling points on the surface.
2. Dual analysis of the input geometry as a NURBS
surface and a half-edge mesh. The NURBS geometry is analyzed using IRIT - a freeform geometric modelling environment geared toward development and
research [2]. This provides us with a set of computationally eﬃcient diﬀerential curvature related values
for all our sampling points. The surface is also translated into a half-edge mesh representation (Campagna et al., 1998), which is interrogated to provide
information regarding the local conditions around
the sampling points.
3. Translation of the geometry into molds, according to the material and fabrication parameters. By
automating this process, the estimation of the machining process is made possible without the lengthy
translation into CAM software. These molds are used
as the basis for estimating the material use and machining time, as explained in the next item.
4. Estimation of feasibility and machining time
using mathematical approximations. Reliable estimations save signiﬁcant computational resources in
comparison to simulating machine behavior, the typical procedure in the CAM industry. This innovative
method enables the real time evaluation of fabrication parameters so that they can immediately inﬂu-

ence the design or be part of an optimization algorithm. The following is a brief explanation of this
method, which is further detailed in (Austern et al.,
in press)
Feasibility evaluation: The feasibility of molds
made from bent sheet material is evaluated using
the curvature radius and Gaussian values of the sampling points, which reﬂect the bending and deformation potential in relation to diﬀerent materials [1].
The feasibility of milled molds is evaluated using the
curvature radii to indicate potential problems in tool
access. half-edge mesh-based representations provide further information about local accessibility conditions including spindle and tooltip intersections.
Evaluating the feasibility of hot-wire cutting, concave
double curved points are disqualiﬁed as they will
never be accessible with a wire. Additionally, a line
is rotated around the remaining sampling points until access is discovered.
Machining estimations: To estimate machining time in sheet material cutting, the mold designed in the previous step is disassembled, unrolled
and nested using a rapid extreme point heuristic
(Chatzikonstantinou, 2017; Crainic et al., 2008). The
result is the distance which needs to be traversed by
the CNC milling bit - the path length. Before calculating the path length for volumetric milling, we need
to ﬁnd the minimal step distance between tool paths
for achieving the required ﬁnishing tolerance. In 3
Axis setups this is achieved by using the Iso-scallop
method suggested by (Han and Yang, 1999). In 5+
axis setups, we calculate the optimal step distance
for curvature matched machining, a highly eﬀective
method which uses tilted ﬂat end milling (Jensen,
1993). The formulas for calculating the step distance
were developed by the authors and area described
in (Austern et al., in press) After calculating the optimal step distance for every point on the surface the
total path length for the entire surface is inferred.
Formulas developed for use in the practical ﬁeld of
CNC machining [3] translate the path length into machining time by multiplying it by a feed rate which
takes into account materiality and available tooling.
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Figure 2
Analysis results
displayed
graphically and
numerically.

For approximating the hot-wire path length, we use
a rapid piecewise developable approximation of the
original geometry, which is based on (Elber and Fish,
1997) and implemented in IRIT. The resulting surfaces
are translated back into the RH/GH environment and
extended towards the material boundaries and their
length multiplied by the hot-wire speed.
5. Numerical and graphic display of the results.
The graphic display of the method illustrates the feasibility, machining time and material use for any of
the chosen fabrication techniques. An example of results of applying our method to a complex 3D surface
is presented in Figure 2. Unfeasible areas are shown
in red, while other colors denote feasible areas, according to the fabrication technique. Each graphic is
accompanied by 3 numeric scores representing feasibility, material use and machine time.

Optimization process
In this section we describe an optimization process
which utilizes our analysis method as a ﬁtness criterion. It is targeted at adapting façade panels to the
requirements of speciﬁc fabrication techniques such
as milling or hot wire cutting. The base geometry

for the optimization experiment is ﬁve 1.2mX1.0m
panels generated by randomly adjusting the control
points of a ﬂat surface. To demonstrate the fact that
the suggested method can be used by any kind of
optimization algorithm, we used two diﬀerent kinds
of general purpose, black box optimization solvers
to perform the computation: OPOSSUM, a model
based optimization plugin for grasshopper based on
the RBFOpt optimization library (Wortmann, 2017),
and GOAT, a local gradient based solver commercially developed by Rechenraum [4]. Both plugins
use the same framework employed by GALAPAGOS,
Grasshopper’s traditional evolutionary solver and are
thus easily implemented and fully interchangeable
with any other optimization method.
Each of the 5 panels was optimized for 2.5 axis
sheet material cutting, 3 axis milling and hotwire cutting, using the feasibility score as a ﬁtness function
for both solvers. We chose not to optimize for 5
axis milling as initial results were similar to those obtained in 3 axes. We subtracted the distance to original shape from the feasibility score provided by our
method to ensure minimal deviation. The distance
was calculated as the average distance between a
grid distributed on the original surface and the near-
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Figure 3
Optimization
results: original
shape (top), and
optimized results
(bottom), the
numbers in red
denote the relative
percentage from
the needed
improvement

est points on the optimization result, normalized by
dividing by the size of the original surface diagonal.
We set the target distance from the original shape as
1%, and smaller distances were not subtracted from
the ﬁtness score. To prevent signiﬁcant local divergences from the source surface, an additional penalty
was added for any point more distant than 5% of the
diagonal. Additionally, the border points were constrained on the X and Y axis to not disrupt future paneling. For bench-marking purposes, all the optimizations were limited to a 10-minute total duration and
1000 iterations. The results of these experiments are
discussed in the following result section.

RESULTS AND DISCUSSION
The analysis method described above was developed
into a parametric tool: a plugin for the widely used
Grasshopper associative modeling environment. The
tool provides designers with fabrication estimations

calculated almost in real time - less than a second for
a single surface sampled at 1500 points. The precision of the estimations was tested on diﬀerent fabrication scenarios and shows a notable similarity to
the actual performance of CNC machinery. 10 panels
with diﬀerent kinds of curvatures (ﬂat, single curved
and double curved) were tested by comparing the
predictions to the performance of real 3 axis fabrication setups in both sheet material and volumetric
milling. The tests showed average errors of less than
5% in all the measured criteria. However, these predictions are based on the assumption that the CNC
operator uses standard milling practices, such as the
ones described in the CNCCookbook feeds & speeds
wizard [3], and major deviations from these will have
considerable eﬀects on the results. Predictions for 5
Axis milling and robotic hot-wire cutting are still being tested in our labs.
The experiments which used the developed
method as a ﬁtness function for an optimization algo-
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Figure 4
Suggested changes
to the traditional
design process

rithm also showed promising results. In all the tested
geometries and fabrication techniques, the optimization managed to improve the feasibility of the shape
while keeping to 1% average distance from the original surface. We documented the improvement of
the feasibility score as well as the relative percentage
from the needed improvement, calculated by dividing the improvement achieved by the diﬀerence between the original feasibility score and the maximal
score of 1.
In average all the optimizations managed to improve the feasibility score by 0.08, which was 57%
of the average needed improvement. While the feasibly scores of all three fabrication techniques improved similarly, they displayed very diﬀerent behaviors in terms of the relative needed improvement:
In 3-axis milling the average improvement was 0.06,
which was 91% of the needed improvement - meaning that most geometries were optimized to a full 1.0
feasibility score. Sheet material cutting and bending,
improved by 0.08 on average, but the improvement
amounted to only 15% of the needed score. This is
probably due to the random, double curved nature
of the test surfaces which could not be fabricated using sheet materials without signiﬁcantly increasing
the allowed distance. Hot wire cutting improved by
0.09, which were 64% of the needed change. Figure 3
shows the same shape optimized three times for different fabrication goals, with the relative part of the
needed improvement marked in red.
It is interesting to note that OPOSSUM, the
model-based solver, outperformed the gradient
based approach of the GOAT solver by an average of
15% in all three fabrication techniques. This seems to
strengthen the claims made by Wortmann (2017) as
to its good potential for use in open ended architectural questions.

CONCLUSION
The numeric nature of digital fabrication techniques
has made it possible to embed fabrication awareness
into the computational design process. The method
described here is a ﬁrst step towards providing de-

signers with immediate information regarding the
feasibility, material use, and machine time required
to realize their designs, information previously provided by fabricators at a later stage. We believe that
introducing such fabrication-aware methods will allow designers to make better design choices during
the initial stages of the design process and improve
the overall quality of the realized project.

The rapid running time of the developed evaluation
method allowed us to use it as a ﬁtness criterion
for a fabrication aware optimization algorithm. We
demonstrated how our method can be successfully
used with general purpose optimization solvers to
adapt single surfaces to a speciﬁc fabrication technique. The increasing popularity of such “black box”
solvers in the academia and the practice indicate the
high applicability of such processes. The process described here can be used by designers at the design
development stage, after the fabrication technique
has been determined, but before a contractor is introduced. In the future, these processes can be extended to the scale of an entire façade consisting of
multiple panels, which will lead to signiﬁcant ﬁnancial beneﬁts as well as an improvement the overall
quality of the result. Having an accessible method
of adapting a geometry to a machining setup can increase the freedom of the designer, both in terms of
design freedom and in terms of reduced dependence
upon fabricators.
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Fabricating complex curvature in concrete panel typically required unique
one-off formwork which is usually computer numerically controlled (CNC)
milled, generating enormous waste as a by-product. What if, we can produce
complex curvature in concrete with minimal or no immediate construction waste?
This paper presents a novel machine designed by a team of architects and
engineer to eliminate waste in concrete casting. Using a hyperbolic paraboloid
geometric model, the machine produces variable shape using a single mould
design reducing waste and cost to the casting process. The paper discussed the
design framework of the system and its fabrication workflow. The outcome is
digitally scanned and verified to satisfy industry standard. The paper concludes
by reviewing the application of the system and highlighting the need for future
research into digital fabrication and design that is less wasteful and waste
conscious to better the process of constructing our built environment.
Keywords: Digital fabrication, Concrete casting, Adjustable mould

INTRODUCTION
Standard industry means of casting doubly curved
concrete panels requires extensive formwork commonly using Expanded Polystyrene Foam which is often discarded after use (Lavery 2010). This generates
an enormous amount of construction waste in the
process of casting complex doubly curved panels; it
also contributes directly to the cost of the panel, making forms with complex surface geometry costly to
manufacture and not feasible to produce.
This paper presents a novel fabrication method
using an adjustable mould frame for casting doubly curved concrete panels. The bespoke CNC machine called: Parametric Adjustable Mould (PAM)
consists of a single adjustable mould frame which
receives translated digital information from a pan-

elised surface using a custom script to actuate the
frame into desired positions for concrete casting. The
converted data of the virtual surface is made possible through the transformation of the doubly curved
ruled surface geometry. Once cured, the concrete
panel is removed from the mould with no immediate waste. The project eliminates the need for individually unique mould design in the manufacturing
of doubly curved panels, thereby reducing manufacturing waste and improving cost eﬃciency.
Later part of the paper discusses the potential
applications of the system in the construction industry. Current design allows the machine to fabricate
large format, non-structural doubly curved concrete
panels, with applications such as rain screen cladding
systems. The paper will discuss its potential and fu-
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ture research as structural system and its potential
impact to provide a sustainable means of constructing complex form and geometry.

BACKGROUND AND PRECEDENT
Variably adjustable moulds have been of research interest in recent years, and a few systems have been
put to the test in practice (Schipper 2015). The
current state of the art variable mould designs is
mostly based on the single-direction multi-point system, where a grid of actuated pins deﬁnes the surface curvature (Wang et al. 2012). Research by Lee
and Kim (2012) outlined several advantages of such
procedure, including speed of manufacture and low
production cost even for short runs, over traditional
techniques where an individual mould is fabricated
for each panel. Other states of the art techniques for
variable moulds include wax formwork with robotic
milling (Gardiner et al. 2014; Oesterle et al. 2012).
While this method minimised waste in casting concrete panel, it does require investment in robotic
arms as well as time to 3d print and mill the formwork. PAM contributes to this emerging ﬁeld of automated fabrication techniques and provides an alternative method to the fabrication of doubly curved
panel that requires less mechanical parts and more
eﬃcient transformation of formwork.

makes hyperbolic paraboloid load-resistant in two directions (Farshad 2013), but, more importantly, the
ruling of a straight line or edge can be articulated as
physical material, which is useful for the fabrication of
the mould. Despite the non-developable characteristic of this surface, it is possible to deﬁne this “warpedruled surface” geometry by the four corners of the
quadric surface. The characteristics of this secondorder geometry, as Burry (2011) described, can be
fragmented into individual components that when
combined can still form a seamless surface. The coordinates of the corners can be computed to accurate
motion enabling the mould design to be driven by
four corresponding actuators only.
The machine design utilised the above principals. In addition, the surface can be transformed
through a simple arc motion where the trajectory at
opposing corners of the quadrilateral edge is the intersection of two spheres with its centre on the remaining two corners (V0, V2) as illustrated in ﬁgure
1.
Figure 1
Descriptive
geometry model
showing the
translation of the
physical parametric
model into
trajectories of
motion.

Descriptive Geometry to CNC motion
Traditionally, a doubly curved surface is approximated through faceting or panelisation to form developable surfaces, either as triangular or planar
quadrilateral surfaces to ease the fabrication process. This research examines a novel fabrication procedure of non-developable doubly ruled surface to
preserve its curvature for manufacturing i.e., hyperbolic paraboloid surfaces, as the ruling consists of
non-torsal generators where the tangent plane at any
point on the surface is diﬀerent from other points on
the surface (Portmann et al., 2007).
A doubly ruled surface is achieved through a series of straight lines lying bi-directionally on the surfaces, referred to as rulings. This geometric property

DESIGN OF PAM
PAM is a variable shaped mould comprising of a
frame [1] and four numerically controlled actuators;
see ﬁgure 2. The mould frame consists of a tri-axial
joint [2] on each corner of the quadrilateral frame and
is inﬁlled with series of steel rods acting as ruling surface [3]. Two opposite sets of actuators deﬁne the
relationship of the four corners of the mould frame.
The ﬁrst set of opposing actuators is inclined on the
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Figure 2
Adjustable mould
frame of PAM

sub-frame of the machine [4]. The second set of actuators [5] is mounted on a leadscrew which is not constrained with a swivel joint [6] which allow motion in
the vertical direction; it inclines in the X-direction as a
result of the movement of the ﬁrst set of steppers; following the logic described in Figure 1. The machine
is operated using a computer and a microprocessor
wired to the actuators. For concrete casting, a bespoke RTV silicone mould [7] sits in the centre of the
frame [1]. The silicone mould is allowed to slide on
top of the ruling when the mould is moved into position.
PAM is a result of two iterations of machine prototype. The ﬁrst iteration is initially designed for thermoforming doubly curve PET panel. Figure 3, shows
the ﬁrst iteration of machine design. It consists of

four identical CNC armatures. Each armature consisted of two stepper motors, one driving the vertical and the other the horizontal movement to describe an arc motion. An Arduino Mega microcontroller board drove the stepper motors (eight in total)
with two quad-stepper motor driver boards.
The knowledge gained from the ﬁrst iteration is
critical to the success of the second prototype which
is a result of a series of improvement in the joint design of the mould frame. The imprecision in the mechanical system of the ﬁrst iteration clariﬁed the design goals and improvements to be made for the second iteration of the machine. The early iteration of
the machine utilised a ball bearing axial joint which
is over-constrained. The geometric transformation
of the equal-length quadric-ruled surface means that
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the position of the opposing joints is always given or
is a result of the movement of the other two opposing joints. This suggests that the machine can potentially be reduced to two opposing joints only, further reducing the eight stepper motors to four. The
over constrained edge frame causes the ball joint to
‘pop’ out of alignment. This results in poor accuracy
in the ﬁnal panel geometry; details of the veriﬁcation
procedure and results are discussed in section Veriﬁcation Procedure. The elastic rulings on the mould
frame do not produce suﬃcient tension to the ruling
on the surface, causing inaccuracy in the panel surface as well.

Geometric transformation
The following provides the necessary parameters
used to analyse the divided surface for fabrication.

The subdivided virtual panel remains a hyperbolic
paraboloid with quadrilateral boundaries of equal
length (thus their diagonals intersect at right angles
- aka rhombi). As described in Figure 1, the transformation of the surface means that the trajectory
at opposing corners of the quadrilateral edge is the
intersection of two spheres (radius = edge length),
where the centre is based on the remaining two corners. The hyperbolic paraboloid surface model has
three basic parameters. Firstly, an edge length (predetermined and constant). Secondly, a measure of
the transformation of geometry in the XY plane as
skew ratio (α), refer to ﬁgure 4. Thirdly, a change of
angle in degrees about the X-axis measures as β angle, illustrated in ﬁgure 5. The movement in the Y-axis
results in the change of angle about the X-axis; both
are measured from a ﬂat square geometry lying on
the XY plane. The resulting trajectory to describe any
variable-ruled surface is therefore a simple arc; this is
further simpliﬁed into linear motion through using a
custom designed tri-axial joint.
Provided all lengths of the quadrilateral edge are
equal. Non-equal edge length panels can be produced by trimming down equal edge length panels
as shown in ﬁgure 6. The above provides a tangible
means of translating the geometry into linear actuator actions to accurately position the frame for casting.
From a virtually deﬁned surface in Rhino 3D, the
designed surface is sub-divided into smaller quadric
surfaces to suit the physical limitation of the machine
as illustrated in ﬁgure 7. A custom script is used to
translate the virtual surface geometry to linear motion of stepper motors to deﬁne the four corners of
the hyperbolic paraboloid surfaces. A typical workﬂow is described in Figure 7. Firstly, [A] freeform
surface geometry is provided. The surface is broken
down into quadrilateral panel surface through spherical intersection to deﬁned V0, V1, V2, V3 [B]. The divided surface is oriented with the origin (O) at V0,
V2, midpoint and aligned with X-axis; aligning V1,
V3 vector with Y-axis [C]. A skew ratio and angle of
fold (Beta value) are calculated using a custom algo-
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Figure 3
Left, thermoformed
panel produced
using early iteration
of PAM. Right, Edge
frame with elastic
cable “ruling”.
Figure 4
Skew ratio diagram
and formula

Figure 5
Beta angle
expression

Figure 6
Trimmed panel
from an equal edge
length panels

Figure 7
Workﬂow from the
virtual surface to
physical prototype
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Figure 8
Fabrication
procedure of
doubly curved
panel using PAM.

rithm. The values map the panel vertices onto the adjustable mould frame using curvature matching correction function. The translated frame vertex positions the actuator motion and calculates the target
travel distance of the actuator [D]. The mould frame
is moved into the desired position.

Fabrication Workﬂow
The fabrication procedure using PAM is shown in ﬁgure 8. The mould frame is set at default position
(skew = 1, beta =0) [1]. Concrete is then mixed and
poured into the silicone mould [2]. The concrete is
manually levelled with a ﬂoat. The research team
used a GRC concrete mix with PVC ﬁbre to cast the
thin concrete shells, typically 10mm thick. Through
the geometric analysis of the virtual surface, the linear actuator motion of each subdivided panel is de-

ﬁned through the skew and beta value. A custom
Processing script maps the analysis into the linear
distance to actuate the linear actuators [3]. At 18
degrees ambient temperature, the mould frame is
moved into the desired position after 45min [4]. The
mould is covered with a plastic ﬁlm to allow the concrete mix to cure and to avoid excessive moisture loss.
Once cured, the concrete panel is de-moulded from
the silicone [5], and the process can be repeated with
no signiﬁcant fabrication waste.

Veriﬁcation Procedure
The resulting panels from PAM are digitally scanned
using an Artec Eva 3D scanner with 0.02mm accuracy.
The digitalised panel is overlaid on the original digital surface to check for accuracy at 1369 evenly distributed points across the surface. A custom script
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is written to measure the discrepancy between the
scanned and digital surfaces.
Three test panels from identical initial surface
panels are tested from early iteration of PAM. Figure 9 shows the resulting deviation of the scan from
the digital surface as best-case scenario. The crosssection deviation ranges from 1.4mm to 52.8mm;
across the entire surface the maximum deviation is
52.8mm and minimum deviation is 0.17mm. The
large deviation is the result of compounding errors
from the issues outlined in section 3.0.
Figure 9
Veriﬁcation of result
from ﬁrst iteration
of PAM

Figure 10
Veriﬁcation process
of scanned concrete
panel against
digital surface

From the current machine, three test panels with
diﬀerent beta angles were tested. Figure 10 shows
the resulting deviation of the scan from the digital
surface from test panel with Skew = 1, Beta = -15.
The cross-section deviation ranged from -3.36mm to
2.59mm; across the entire surface the maximum deviations were -3.56mm to 3.52mm. For a panel with
similar skew but with Beta = -20, we started to see a
bigger cross section deviation of -4.14mm to 4.73mm
and surface deviation of -4.59mm to 4.65mm. With
greater beta value, the cross-sectional proﬁle of the
panel increases which results in an above average deviation observed. This is a caused by the increased
spacing of the ruling as the Beta angle increases. To
reduce the deviation, the machine will need to have

a smaller spacing between the ruling rods.

INDUSTRY APPLICATION & FUTURE RESEARCH
We envisage the double-curved concrete panel manufactured using PAM to be predominantly used in the
construction industry, either as a structural or nonstructural system.

Non-structural system
As a rain screen, the panel will be installed as nonstructural panel that is hung from either a primary
structural frame or a wall. The panel provides the
opportunity for the roof to be extended into the
cladding without a break in material; this constructs
a seamless design between wall and roof that is traditionally broken by gutters or eaves. The design
demonstrates a possible construction detail whereby
a panel is connected at the corner and ﬁxed back to
the structural wall. Future research includes design
and fabrication of a 1:1 scale prototype.
The panel can also be used in a landscape scenario, where thicker panels as pavers can be used to
form an undulated landscape design. The system can
also be adapted for use as interior panelling to curved
walls and partition systems.

Structural system
The ability to change the edge length and thickness
of the panel will enable the panel to be load bearing. This potentially allows the application of the
panels to form shell-like structure. In practice, the
panels could be used as permanent concrete shutter to free-form geometric design, providing a costeﬀective method for constructing such building designs without excessive formwork.
As a case study, the Rolex Learning Centre in Lausanne by SANAA consists almost entirely of double
curvature surfaces for the ﬂoor structure, spanning
7500 sqm (Scheurer 2010; Block 2016). The building is constructed using 1500 individually fabricated
timber cassette formworks, which were removed as
waste after the construction of the ﬂoor structure. If
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the timber cassette is replaced with double curved
panels using PAM as a permanent formwork shuttle,
it will greatly reduce the waste produced during construction.

CONCLUSION AND OUTLOOK
The contribution to the knowledge in this research is
to demonstrate the potential to design and fabricate
bespoke CNC technology to achieve novel geometry
without diminishing the goal to minimise construction waste during the fabrication process; an area often ignored in the pursuit of complexity. Designed
and fabricated by a team of architects and engineer,
the cross-disciplinary nature of the project synthesis
the fabrication procedure, design workﬂow and the
mathematical model; resulting in an elegant solution
with less mechanical parts compared to current state
of the art multipoint adjustable mould systems. The
design and development of a tri-axial joint utilised
in the machine further simpliﬁed the actuator’s motion. PAM allows for a low cost set up for entry-level
production. As it stands, the cast panels are digitally
scanned and veriﬁed against the initial digital surface
with a maximum ±3.5mm deviation across panel surface.
This paper outlined a novel manufacturing procedure that digitally modiﬁed the form of concrete
through the design of a single adjustable mould
frame. This technology addresses the problem of
wasteful manufacturing procedures associated with
one-oﬀ mould design. Doubly curved panels produced from PAM currently can be used for nonstructural applications. With future research, it can be
used for structural applications, which will greatly increase the eﬃciency and feasibility of building complex architectural forms that deﬁne our future built
environment.
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This paper describes the methods and results of an experimental workshop held
at the Department of Architecture of PUC-Rio devoted to exploring design
alternatives and digital fabrication techniques to produce concrete façade
elements for the Consulate General of Portugal building in Rio de Janeiro,
Brazil. The workshop aimed the adoption of advanced computer-aided design
and production methods within a rare and innovative university-industry
collaboration context in Latin America. The paper aims to discuss contemporary
concrete casting methods and its applicability, as well as the achievements and
pitfalls of the adopted technique. The results are discussed under the light of
Antoine Picon's notion of contemporary ornament and Branko Kolarevic's
perspectives on digital imprecision.
Keywords: digital fabrication, free-form concrete block, design education,
interdisciplinary collaboration

INTRODUCTION
Digital fabrication is unquestionably the main force
behind architectural innovation in the past two
decades. It has been enabling architects and engineers not only to solving existing problems more
rapidly and eﬃciently but more than that to inspire
professionals to address new design issues. Every
day, new researchers on digital design and fabrication technologies are stimulating the development
of a broad range of interests and strategies in order
to materialize increasingly complex and customized
solutions in architecture (Duarte et al. 2004).
Tectonic and material aspects have been at the
center of most recent discussions, considering both

innovative and traditional building materials. Despite the growing interest in new materials, reinforced concrete still is the most widely used in construction today. Throughout its history, concrete has
been subjected to massive research addressed to investigate performance aspects as a construction material, aesthetic expression and tectonic potential in
architecture (Peters et al. 2017). In addition to its signiﬁcant impact on building culture worldwide in the
last hundred years, reinforced concrete is a frequent
structural material choice since almost any shape can
be achieved by pouring concrete into a formwork.
In contrast, the zenith of the concrete shell structure is long gone (Peters et al. 2017). The world-
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wide popularity of concrete guarantees a relatively
low cost of productions inputs. However, the historical decrease of concrete shells is usually imputed to
the high costs involved in producing complex, timeconsuming formwork (Peters et al. 2017).
The introduction of digital fabrication processes
into the vast realm of concrete construction opens
up a myriad of opportunities for built environment
renovation, but at the same time, presents particular
diﬃculties, since the interaction of digital technologies with analog manufacturing remains rather unexplored (Martins et al. 2014). Digitally generated
designs tend to have limited relation to the eﬃcient
modes of production typically used in contemporary
concrete construction. Addressing the need for innovation in the casting of concrete is an important measure (Kristen et al. 2013).
This paper describes the methods and results
of an experimental workshop held at the Department of Architecture of PUC-Rio devoted to exploring design alternatives and digital fabrication techniques to produce concrete facade elements for the
Consulate General of Portugal building in Rio de
Janeiro, Brazil. The workshop aimed the adoption
of advanced computer-aided design and production methods within a rare and innovative universityindustry collaboration context in Latin America, involved both Brazilian and Portuguese teachers, the
main architect of the building project, the contractor, and institutional authorities. The built façade is
shown in Figure 1.

THE TASK
The main task was to create a ‘cobogo’ brick for the
expansion building. ‘Cobogo’ is a perforated wall element created in Brazil in the 1920’s. The ‘cobogo’ acts
as a brick yet allowing air circulation and light penetration, performing an important environmental role
considering the tropical climate. It became very popular during Brazilian modernist movement, when architects created many diﬀerent ‘cobogo’ shapes and
designs, in distinct materials, such as ceramic, concrete and glass. Despite its traditional character, sev-

eral contemporary Brazilian architects use ‘cobogos‘
in their façade designs, for both functional and aesthetic reasons.
The workshop had two goals: to create an outstanding, unique ‘cobogo’ brick and to establish
the appropriate technique to fabricate the full-scale
piece, considering local conditions, materials, and
budget. The elected material was concrete for several reasons. Concrete is a very important material
for both Portuguese and Brazilian contemporary architectural culture. The expansion-building concept
was to create a solid yet discreet volume with a tectonic expression that would not interfere in the existing historical construction. A concrete ‘cobogo’
should perfectly integrate with the proposed architecture. Additionally, the plasticity of concrete would
allow students to experiment virtually any shape. The
pieces were to be placed at the main entrance; hence,
safety issues were mandatory.
From the architecture point of view, the main
challenge was to create a strong contemporary design that could evoke the Portuguese tradition. The
nature of the ‘cobogo‘ brick in the light of digital
design and fabrication techniques implied a parametric tessellation design concept, yet closer to Picon’s notion of contemporary ornament (Picon 2014),
in which structural and functional approaches also
communicate with an ornamental dimension. Patterns as renewed expressions of ornament are embedded in several examples of contemporary architecture, such as Zaha Hadid‘s King Abdullah Financial District and Sleuk Rith Institute. Assuming Picon‘s
viewpoint, the propositions had to tune in with this
particular feature of contemporary architectural production, i. e. “the capacity of what used to be considered as pure structure or pure functional to appear
ornamental” (Picon 2014).
From the production point of view, students
were asked to solve constructions issues derived
from the proposed shape, consequently to deal with
material aspects of concrete bricks’ production and
formwork pouring. At present, when new digital
techniques are constantly broadening the expres-
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sive and formal possibilities of curved shapes, brickwork is still constrained by formal limitations (Inbern
2014). The formwork types traditionally available
(timber and steel) introduce signiﬁcant geometrical
constraints to explore new formal possibilities. Such
restrictions explain the dominance of undiﬀerentiated repetition in most concrete constructions (Imbern 2014).
The participants were also confronted with the
productive method limitations at the construction
site. Thus, their investigation faced the challenges of
making a feasible innovative piece and engaging a
production system that could be easily implemented
with current hand-labor. In this sense, it was imperative that the desirable formal complexity would
be accomplished through a design procedure that
would be still feasible to fabricate under low-tech
conditions with minor modiﬁcations in the manufacturing method.

WORKSHOP BACKGROUND
The Portuguese chief architect, Pedro Campos Costa,
idealized the workshop, performed in close association with the Architecture Department of PUC-Rio.
Casais Brasil the construction company in charge of
the building renovation sponsored the workshop.
The studio was made possible through collaboration
between Architecture, Design and Engineering departments. The three departments made available
their labs, machines, and tools, including a table size
CNC milling, plastic 3D printers, a high deﬁnition
resin 3D printer, a large-scale CNC milling machine,
a laser cutter and traditional woodwork tools.
The workshop preparation began in April 2016.
The groundwork period was essential to evaluate
the production time needed, required materials and
planning class’s exercises. The original ‘cobogo’ designed by the architect was used for testing purposes. Several scaled formworks in 1:3 scale were
produced to testing concrete mixture and the surface ﬁnishing. The test period revealed that the main
challenge would undoubtedly be the full-scale formwork‘s manufacture.

Figure 1
Portugal General
Consulate in Rio de
Janeiro .
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The workshop ran in the last two weeks of August 2016. Close to 30 graduate and undergraduate students from diﬀerent ﬁelds and institutions attended the studio. The chief Portuguese architect
and instructors from distinct backgrounds, such as architectural history and theory, concrete engineering,
parametric modeling and digital fabrication, work together leading students into an experimental exploration of interdisciplinary design.

METHODS
As explained before, students were asked to test
new possibilities of designing and building complex forms with ceramic elements, solving the architectural, structural, and production issues involved.
Moreover, they were stimulated to explore advanced
geometric modeling, parametric design and rapid
prototyping in the generation of digital and physical
models. These models would later be used to deﬁne
digital fabrication strategies and to produce the information required for constructing the formworks.
The heterogeneous group of students from Design, Engineering and Architecture Departments, in
diﬀerent levels of graduation and almost none of
them with previous experience in advanced modeling, parametric design or digital fabrication, required
a well-structured teaching strategy. Since the majority of participants were architecture students, the
group was strategically divided in a way that every
team had one design student and one engineering
student. The interdisciplinary teaching approach and
the mix of students from diﬀerent ﬁelds was later
proved crucial to obtaining the outstanding results.
The teaching program for the intense workshop
was divided into four modules:
1. The architect opened the workshop with a
lecture about the assignment, regarding the
symbolic and traditional issues that the proposed ’cobogo‘ should relate to. The lecture
was followed by a discussion on Portuguese
contemporary architecture aspects and its relations to the global state of the art.
2. Students had three full days of Rhino and
Grasshopper classes focused on parametric

tessellation tutorials. Mediating light, air and
intimacy is a core function of ‘cobogo‘. To address these aspects, Grasshopper‘s plug-in Ladybug was used to test the performative behavior of the assembled pieces.
3. Concrete specialist engineering teachers instructed students about concrete properties,
structural requirements and casting methods.
They also assisted students during the conceptual design phase in order to orient formal
decisions mediated by performance aspects.
4. Students were instructed in digital fabrication processes available for production. The
notion that material behavior and formal intentions guide fabrication strategies was reinforced. Students learned how to convert
and prepare complex geometry in SprutCAM
Software. Distinct digital fabrication methods were used, thus CNC milling method prevailed.
In the ﬁrst week, participants developed design
concepts and several prototypes to test ideas. Students were encouraged to mix traditional analogic
techniques with parametric design and digital fabrication, including hand sculpting, paper folding, 3D
printing, laser cutting and CNC milling. as can be
seen in Figure 2. Many students used the physical
models to understand material behavior and tessellation logics. Figure 3 shows students testing tesselation compositions in both analogic and digital methods. The hands-on approach was essential for unskilled students to understand how parametric relationships could be elaborated. The design concept
phase was undertaken in short-term feedback cycles.
For each cycle, students delivered a full project development, including design results and fabrication
strategies. After each cycle, the problems were analyzed and new solutions were integrated into the following round.
The second week was devoted to reﬁne the designs based on critiques and to produce 1:3 scale
samples in plaster, using digitally fabricated formworks in EPS (Expanded Polystyrene Foam). Considering the limited amount of time available, the teach-
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ing method focused on imparting basic knowledge
of material properties. During this period, the main
strategy was to place the future digital development
of large-scale prototypes with real construction materials and constraints at the center. This approach
provided the means to rapidly evaluate the spatial
and architectural qualities of projects, fabrication requests, assembly possibilities and joining interface
with the existing building.
Figure 2
Team presentation.

Figure 3
Students testing
compositions.

Figure 4
Final presentation.

The adopted strategy deﬁned a direct relation be-

tween material behavior, form and construction
technology, “which has become increasingly relevant in the contemporary concept of digital materiality” (Gramazio and Kohler 2008). Figure 4 shows the
participants and the models produced in two weeks.

MOCK-UPS AND RESULTS
From September 2016 to February 2017, the team
produced eight full-scale formworks. The chief architect deﬁned the block size. Each brick had 48 x 48
centimeters front by 30 centimeters depth. Four out
of ﬁve proposed designs, plus the original piece designed by Campos Costa were fabricated. The formworks were ﬁlled with concrete at the construction
site. Figure 5 shows the concrete blocks out of the
formworks. Each formwork consisted of a 3D milled
polystyrene core, corresponding to pieces’ voids and
wood sheathing. EPS was a favorable choice since
it is inexpensive, light weighted and faster to mill.
The material also proved to be capable of resisting
the casting process forces and at the same time, sufﬁciently soft to be accurately milled into a complex
surface.
The machine available to perform the task was
a large format CNC router. This machine imposes a
series of restrictions on the manufacturing process.
Each design required a speciﬁc sectioning process to
eliminate negative angles. This strategy also avoided
double-faced milling processes with three-axis CNC
machines which are ineﬃcient and time-consuming.
In addition, the machining height was limited to only
8 cm on Z-axis. It means that the pieces had to be
submitted to a second sectioning process. To reach
the 30 centimeters block depth, each piece was split
in at least four parts. The most dramatic situation
was a 24 parts split to produce a single piece. Even
though the modeling and the CNC control tend to
be very precise, imposing several subdivisions to a
milling process may result in a very imprecise outcome due to microscale errors accumulation.
After completing the milling process, and assemble the parts together, it was necessary to regularize the surface to ensure a perfectly smooth ﬁnishing
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Figure 7
Final geometry.

and to seal the EPS completely against chemical attacks from concrete mixture reactions. Many hours
of manual labor were devoted to completely regularize EPS surfaces. The EPS surface was ﬁrst completely
sealed with water-based resin to avoid absorbing the
plaster.

Figure 5
Concrete blocks at
the construction
site.

Then, it was required several layers of water-based
plaster followed by sanding to completely remove
both joining marks and milling pattern marks. After
completely dry, the surface received several coats of
water-based resin. The customized wood sheathing
completed the formwork fabrications, as can be seen
in Figure 6.
At the end of this phase, the architect decided for
one of the students’ design. The selected ’cobogo’
was inspired by the combination of two strong Portuguese symbols: the ”knot” from the ”Great Navigations” and the traditional art of weaving, originating the ”braided” pattern. The result is a composition of two distinct ’cobogo’ bricks that could be
combined in diﬀerent ways to generate thousands of
compositional possibilities. The tressed pattern was
named by the chief architect as ”Cobogó Trança” in
Portuguese or ”Braided Brick”, in a free translation.
Ironically, it was the only piece that had not been produced until then.
From February to May 2017, Portuguese and
Brazilian parties collaborated to develop a suitable
formwork design, while the Portuguese bunch executed the design adjustments. The original shape
gained uneven contours. Furthermore, some design
modiﬁcations to accomplish structural requirements
were in task, such as the introduction of lateral holes
to accommodate a post-tensioning system during assembly, shown in Figure 7.
The mock-ups’ formworks of the elected pieces
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Figure 6
Students
fabricating the
formworks at PUC‘s
lab.

Figure 8
Braid brick mock-up
formworks.

Figure 9
Vacuum-forming
process to extract
the formwork
resulted in rounded
edges.

were extremely challenging. Literature provides
many examples of concrete casting techniques using digital technologies (Peters et al. 2017; Martins
et al. 2014; Kristen et al. 2013). There are four main
concrete casting systems: rigid and ﬂexible formworks (Peters et al. 2017); dynamic formation (Kristen et al. 2013) and additive fabrication based, i. e.,
3D printing. The most innovative systems usually
rely on robotic fabrication or laser-based addictive
fabrication. All the methods described by these researchers successfully demonstrate new approaches
for the fabrication of double-curved concrete pieces,
which combine century-old fabrication techniques
with contemporary digital technologies (Kristen et.
al. 2013). However, the limitations in the achievable
curvature and resolution on each described research
prevented the adoption of such techniques considering the level of details and complexity of the braided
brick. In order to obtain the desirable smooth ﬁnishing surface, addictive 3D printings methods were also
discarded. Additionally, the available amount of time
for fabricating 120 pieces needed, plus the handwork
pouring method adopted at the construction site had
to be considered.
After some tests and debates, the team considered that the best procedure was to 3D mill the
pieces to perfection and then extract the formworks’
molds from them, instead of milling the formworks
themselves. In other words, unlike the traditional
formwork milling process, the geometry to be milled
was the piece itself, and not the corresponding void.
However, to compose the ﬁnal formwork, the cutting
plane surface had to be included in the milling geometry, as to maintain the joining reference. Thus,
the pieces were divided into two parts based on the
curvature. As a result, a visible joint line between
the two parts after concrete casting would result
in a curve. After completing the milling operation,
the formworks were then extracted with a vacuumforming process. The pieces were milled in green
MDF to withstand vacuum pressure. This material
is far more resistant than ordinary MDF and it has
proved to be an excellent milling material. Besides,

it is much faster to mill than wood and the ﬁnishing
result is excellent. Figure 8 shows one half milled in
green MDF and the correspondent plastic formwork
extracted by a vacuum-forming process.
One of the major problems of this method was
the curvature of the edges at the cutting plane. The
milling process always results in rounded edges, even
if very small milling cutter width is used. The concavity was increased by the vacuum-forming process due to the plastic width and the natural material reluctance in bending to the mold surface. The
rounded edges at the joining plan can be seen in Figure 9.
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Figure 10 shows the glass ﬁber formworks provided by an expert company. Despite the sharper
edges, a joining line could still be observed after the
assembly. A concrete ﬁnishing coat was precisely applied by hand in order to remove imperfections and
imprecisions emerged from the hybrid manufacturing process. The perfectly smooth resulting surface
is shown in Figure 11.

DISCUSSION AND CONCLUSIONS
Digital fabrication is one of the last expanded ﬁelds of
CAAD. The ﬁrst practices in digital fabrication in Latin
America had a “strong global accent” (Sperling et al.
2015), focused on tools and devices. Initiatives with a
“local accent” (Sperling et al. 2015) engaged with the
local speciﬁcities in technological, cultural and social
terms are very recent (Sperling et al. 2015). Hence,
digital fabrication practices in Architecture in Latin
America are incipient. Despite the growing number of digital fabrication labs in the world, only 5%
of them are located in Latin America (Sperling et al.
2015). The region still has to face major challenges
concerning economic investment in technology and
infrastructure improvements.

This brief contextualization highlights the importance of concrete examples, like this one, to stimulating digital practices in “countries at initial stages of architecture digitalization” (Sperling et al. 2015), where
discussions on digital tools are typically focused on
productive issues, and not on computational design thinking or digital fabrication (Borges 2016). It
also emphasizes the importance of fostering closer
ties between architectural practice, academia and industry in a collaborative perspective in such countries. The success of this collaborative experience
contributes to undermining local beliefs that the use
of such technologies is a distant reality in developing countries or that is impossible to produce digital
architecture with local meaning as a counterpoint to
the dominant vision of a European and North American on technology. Many beneﬁts come from the
multiplicity of angles, embedded with a close bond
with the local reality and tactical view of technology.
The future of digital fabrication in Latin America will
deﬁnitely deal with enormous challenges ahead. The
expansion of collaborative networks is essential to
overcome obstacles and shall pave fruitful paths to
explore.
Regardless of its regional importance, the fabrication process described in this paper enlightened a
few aspects of broader interests. During the research
for solutions, many examples of more advanced fabrication methods were considered. However, the peculiarities of the task at hand, both in terms of design and manufacturing conditions, made clear that
sometimes, the most progressive technique is not
the most suitable one. However, it does not diminish the relevance of the technological achievements
of this enterprise.
Another important aspect is the precision issues
regarding hybrid manufacturing processes, such as
described. AD High Deﬁnition published in 2014
was dedicated to endorsed a ”zero tolerance is design and production” in the digital age. We agree
with Kolarevic’s counterpoint (2014) that ”freeform
high-deﬁnition fabrication requires an equally highdeﬁnition design context. Designing in this space not
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Figure 10
Formwork used in
construction.

Figure 11
Cobogo Trança.

only requires new methods and tools; there is also a
need to relate back to function through human interaction.” The precise 3D milling process described
in this paper enclosed imprecisions to the formwork
which, in turn, were easily solved by hand. The type
of material also plays an important role when pursuing high precision fabrication methods. A certain
level of imprecision is inherent when hand-labor and
concrete are at the stage. As Kolarevic (2014) stated:
tight tolerances (which should not be mistaken for
no- or zero tolerances) are also tied to the kinds of
materials used in tectonic assemblies; some materials, such as metals and glass, can be CNC machined
with considerable precision (as opposed to concrete
casting).”
Although materiality and means of production
were a tangible concern, the deﬁning issue favorable to picking ’Cobogo Trança’ was undoubtedly

its design qualities. Budget, site construction methods and time available restrictions prevented students to explore a full parametric variation. Nevertheless, these constraints did not stop students’ ingenious to overcome these obstacles. Two static pieces
could create a complex movement. This contemporary architectural ornament was a successful product
of parametric tessellation with a local accent, resulting in a very complex smooth surface yet full of expressiveness and symbolism. Tradition and novelty,
rules and exception, precision and inaccuracy, digital
and manual were blended together into tactile and
aﬀective dimensions. Far beyond the mere aspect
of aesthetic delight, this mix stimulates the spontaneous faculties of the spectator in face of recognition
and surprise.
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In a context where architectural education is undergoing great transformations
due to the impact of digital technology, the authors present a design studio model
that rather than teaching how to operate the tool en vogue focuses on the
formulation of questions. Traditional pedagogic practices have privileged
answers in knowledge production, but an alternative is proposed. A methodology
was devised in which problem-finding is moved forward by an iterative process of
experimental making. This was tested in Winter 2017 with results showing a
diversity in questions raised, but also the premature discontinuation of several
paths of inquiry. Only one completed all 6 planned iterations and benefited from
the final, in which the building of a 1:1 prototype informed its research focus. The
conclusions highlight the contribution of this model in preparing future
practitioners with an attitude of inquiry and drive to experiment that will resist
obsoleteness from rapid technological developments.
Keywords: Architectural Education, Design Studio, Problem-Based Learning,
Material Systems, Digital Fabrication, Wood Construction

AN ATTITUDE OF INQUIRY
New modes of teaching architectural design studios
are emerging with the continued integration of digital technologies in the discipline (Oxman 2008, p.99).
Indeed, as Rivka and Robert Oxman point out “fabrication labs in education, which were rare even just a
few years ago, are today commonplace” (2010, p.23).
It is however paramount that architecture students
acquire a set of skills that can be applicable beyond
the current technical paradigm lest rapid developments render their knowledge irrelevant. This implies that rather than indoctrinating students with
the use of a speciﬁc tool or technique, our main responsibility as tutors should be in the cultivation of

an attitude of constant inquiry and driven to experiment. Such an approach is more adapted to the “essentially progressive” (Leatherbarrow 2012, p.6) nature of architecture and better suited to address what
Donald Schön denotes as the “messy problematic situations” (1983, p.47) prevalent in its exercise.
In this context, it is then the contention of this
paper that such a research-oriented attitude towards
architecture can be inspired by guiding students
through the process of formulating research relevant
questions. The claim is that even if scientiﬁc research
is not itself conducted in the scope of a design studio,
there is signiﬁcant educational value in learning to arrive to such questions. This hypothesis is founded on
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the idea that raising “questions, alternative perspectives and new possibilities have the same dignity as
underpinned veriﬁcations” (2010, p.225) as is solidly
defended by Catharina Dyrssen. In order to test then
what value there is in such an approach and if students can in fact arrive to research questions that are
relevant, original and informed the authors have devised and implemented a method which is presented
below, along with its results and assessment.

repeated a number of times” (2007, p.223). In this
case, the brief called on students to design a small
waterfront complex on a site in Maine, USA and led
them through the investigation of tensile membrane
structures. Thus, despite a process that breaks away
from the traditional one-way relationship between
conception and materialization and reﬂects a clear
research-based agenda, a question is still provided
and students are still expected to return a solution.

THE CLASSICAL AND THE RESEARCHBASED DESIGN STUDIOS

FROM PROBLEM-SOLVING TO PROBLEMFINDING

In a context where the existing models of architectural education are undergoing great transformations in a “process of adjustment to new cultural
and technological conditions of the digital age” (Oxman 2008, p.108), it matters to review how the design studio has been traditionally taught, how its
pedagogical framework has adapted to researchoriented study and how both of these contrast with
the methodology presented in this paper.
The main characteristic of the classical design
studio resides in a structure that follows a linear
progression from problem to solution. Indeed, in
its most conventional form it comprehends a sequence of stages that commences with “the analysis of a given site, deﬁnition of functional programs,
followed by conceptual design, the generation of architectural space, to visual representation” (Oxman
2008, p.111). In such a process, students start with
a problem, move through analysis and theory, apply theory back to empirical studies, and ﬁnally arrive
at concluding solutions (Dyrssen 2010). This model
mimics the workﬂow of the profession as it is traditionally practiced and tends to rely on well accepted
knowledge (Oxman 2008, p.110).
Another model of design studio that is better
suited to the pursuit of exploratory work follows a
nonlinear process looping between conception, simulation and materialization. An example of such is
the design studio for ﬁnal year architecture students
described by Earl Mark in which the “process of going
between physical prototype and digital model was

As shown above, both the classical and the researchbased models of design studio focus predominantly
on problem-solving and such can have its limitations. Indeed, solution-oriented projects tend to
make assumptions on the premises of the problem
that narrow and condition the spectrum of possible responses. As Dyrssen points out “despite seductive in the sense that they deliver seemingly ﬁnal conclusions, [solutions] may contain lots of normative traps - prescriptions on how things should
be, sometimes on quite loose grounds” (2010, p.225).
Thus, the authors join Oxman in positing that the
process of “[architectural] education need not necessarily be solution-oriented” (2008, p.111) and argue
that instead a problem-ﬁnding strategy can provide
an equally qualiﬁed ground for the development of
research-based skills.
It follows then that the design studio model presented in this paper does not start with the presentation of an architectural problem, but rather makes the
problem the very object of discovery. Such a method
can be considered to belong to the family of educational practices commonly labelled as “problembased learning” which place “the emphasis on the
formulation of a question rather than on the answer”
(Graaﬀ 2003, p.658) and in the vast majority of cases,
aﬀord students with “the opportunity to determine
their own problem” (Graaﬀ 2003, p.658). In comparison to the traditional models, it is proven that
these methods increase the level of motivation in the
students, their intellectual satisfaction, their engage-
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ment and capacity to cooperate (Graaﬀ 2003, p.659)
as well as the ability to think and act originally and
creatively (Ersoy 2014, p.3498). Such a methodology seems then of utmost importance to help prepare students for a world where machines already
outperform humans in solving many of the tasks and
in which setting the goals and envisioning the problems remains exclusively the human prerogative.

shift positions and priorities [while] the converging
mechanisms [...] gradually focus the situation” (2010,
p.232). Ultimately, this situation or question is the
project that is sought after by the students during
the design studio all the while avoiding “the pitfalls
of prematurely seeking ﬁnal answers.” (Dyrssen 2010,
p.229).

ITERATIONS 1 TO 6
ITERATIVE MAKING
To lead students to ask questions, the authors designed a methodology for studio teaching that is
based on an iterative process of experimental making. Indeed, making is an ideal instrument to get
the process of problem-ﬁnding moving forward as
it returns feedback that is not anticipated, which in
turn informs new perspectives and provokes questions. As Dyrssen describes it, such experiments can
“shake up ingrained patterns of thought and provide [...] discoveries of hidden possibilities” (Dyrssen
2010 p.229). Additionally, making facilitates the exercise of analysis and discussion by providing an object around which diﬀerent points of view can be
grounded. As Bob Sheil noted in his keynote address
at the “Practice in Research <> Research in Practice”
symposium on 27 July 2017 “a physical thing starts a
conversation in a diﬀerent way” [1]. Finally, making
also fuels progress by forcing decisions and the clariﬁcation of choices amongst sets of multiple alternatives. It is then through a process of iterative making
that students begin to understand more about the
problems they face and learn to arrive to increasingly
informed (and more relevant) research questions.
Each iteration in this process of problem-ﬁnding
consists then of making, analysing and questioning
tasks. It starts ﬁrst by presenting the students with
a disruptive challenge that foments lateral thinking
and creative responses and concludes with an analysis that consolidates a new perspective on the question. This process can best be described by Dyrssen
as “oscillating between disruptive and converging
mechanisms. The disruptive mechanisms dismantle, break up, provoke conditions, vary the material,

Following on the strategy outlined above, the authors planned a set of guidelines for the process of
problem-ﬁnding in the design studio. These guidelines consist of the objectives, disruptions and questions to be analysed in each iteration as well as the
duration and organizational mode for the student
work. It is important to note however, that the
scheme mapped below responded to the conditions
in which the testing of this model was undertaken.
That is to say that it should serve mostly as a demonstration of the process, but one which can naturally
be modiﬁed and adapted to other contexts. In the
speciﬁc case of this implementation, the constraints
included a programmatic brief provided by a consortium of associated partners as well as the building
materials and tools made available by them.

Iteration 1: Physical Model
Duration: 1 week. Organization: students work individually while in residence at Gunther Domenig´s
Steinhaus in Carinthia, Austria. The building provides an inspirational context to start the investigations. Objective: to make a physical model that establishes a point of departure towards the deﬁnition
of a research relevant architectural question. Disruptions: exploring possibilities of handling and combining diﬀerent materials through the employment
of analogue techniques. The use of analogue means
aims at getting quickly to results and loosening up
some of the control over the process so as to aﬀord
happy accidents. This educational method rooted in
the physical testing and simulation of material behaviours follows in the tradition of the pedagogy of
Moholy-Nagy at the Bauhaus where students found
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“new ways of handling materials [...] through actual
experience of its properties, its possibilities in plastic
handling, in tectonic creation, in work with tools and
machines...” (1938, p.5). Analysis: what are the unexpected results that the model can reveal or hidden
dimensions highlighted in its creation?

Iteration 2: Material System
Duration: 2 weeks. Organization: students work individually. Objective: to make a system that codiﬁes a research question on a material and procedural
logic. This should be titled so as to clarify the question at stake. As Dyrssen remarks, ﬁctions have the
power of modelling tools in “changing the obvious
to create or evoke new meanings” (2010, p,232). Disruptions: changing the medium of the system into
wood and adopting a more controlled technique for
production, namely digital fabrication. Analysis: how
can this system be applied to an architectural scale?

Iteration 3: Architectural Application
Duration: 1 week. Organization: students work in
groups of 2 or 3. Objective: to make an initial design
that contextualizes the research question in the architectural domain. Disruptions: merging the work
from the diﬀerent students that make up the new
team and deploying the system at an architectural
scale to respond to a brief set by the partners. This
determines that the structure should act as an information stand to be installed in diﬀerent locations in
Murau, Austria and contribute to rebrand the region
as a touristic destination. The designs should create a
unique visitor experience and oﬀer a space of about
15 sqm. that is dry and sheltered from weather and
which accommodates seating as well as the display
of information. Analysis: how can the architectural
design perform structurally?

Iteration 4: Structural Analysis
Duration: 1 week. Organization: students work in
groups of 2 or 3. Objective: to make a structural simulation that informs the research question on architectural feasibility. Disruptions: responding to the physical forces of the natural world. Analysis: how can the

architectural design deliver on the objectives of the
brief?

Iteration 5: Design Proposal
Duration: 3 weeks. Organization: students work in
groups of 2 or 3. Objective: to make a ﬁnal proposal
that can validate the research question with the client
and end-user. Disruptions: using industrial machinery to produce a prototype at scale 1:2 as well as
accommodating client and user-feedback. Analysis:
how can the architectural design be built?

Iteration 6: Prototype
Duration: 4 weeks. Organization: students work in
groups of 5 or 6. Objective: to make a prototype
at scale 1:1 that informs the research question with
the experience of construction. Disruptions: building
on-site with all the challenges that it entails including detail design, material and tool supply and digital and manual fabrication. Analysis: how can the architectural design become pre-fabricated and masscustomized?
Despite having designed a methodology consisting of the 6 iterations described above, this model
of studio teaching can be expanded beyond this
number of iterations if conditions allow it and as long
as the process respects the principle of cyclic making, analysing and questioning. In fact, the hypothesis is that the more iterations a question has to go
through, the more precise and informed it will be and
the greater its revealing potential. Nonetheless, the
process can also be interrupted at any earlier stage
without jeopardy to the pedagogic model given that
from the very beginning, every iteration is directed
towards continuing a path of inquiry and formulating a research question.

PATHS OF INQUIRY
The design studio model presented in the previous
chapters was tested by the authors in Winter 2017
at the Institute of Architecture and Media, TU Graz
with Master´s level architecture students. From this,
a variety of results were obtained in terms of attain-

756 | eCAADe 36 - FABRICATION | Design & Application - Volume 1

ment of objectives, eﬀect of disruptions and progress
through iterations. In fact, some of the paths of inquiry initiated were not pursued beyond a certain iteration and only one completed them all. In order
to show this range of work, the following illustrative
sample has been selected.

“Freeze it”
Iteration 1: Physical Model. An assemblage of
hinged cardboard frames that allows for rotation (see
ﬁgure 1) evolved into casting plaster in a formwork
subject to the same movement. Research Questions:
what formal conditions can be produced by applying
movement to the drying of plaster?

“Mend it”
Iteration 1: Physical Model. A collection of steambent wood sticks that have fractured under pressure evolved into predetermining breaking points in
wood elements and casting resin to ﬁx their cracks
(see ﬁgure 1). Research Questions: what type of

joints can be achieved by mending partially fractured
wood elements?

“Burn it”
Iteration 1: Physical Model. A composition of interlocked cardboard boards onto which wood sticks
are glued evolved into burning cavities in Styrofoam
blocks (see ﬁgure 1) and interfacing them with casted
plaster. Research Questions: what kind of joints can
result from chemically sculpting the contact surface
of 2 materials?
Iteration 2: Material System. Exploring a change
in material and technique by replacing foam with
wood, plaster with Plexiglas and the chemical process of corrosion with CNC milling. Research Questions: how can the system serve as a watertight membrane? Is it discretized in panels? Is the system propitiative to a logic of aggregation? What are the limits
in size and scale of the units?

Figure 1
Six paths of inquiry;
from top left to
bottom right
(“Freeze it”, “Mend
it”, “Knock it”, “Burn
it”, “Embrace it”,
“Split it”).
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“Knock it”
Iteration 1: Physical Model. A terraced topography
casted in plaster with a formwork of Styrofoam cubes
packed with varying density. Research Questions:
what surface qualities can be achieved by casting material and knocking it partially away?
Iteration 2: Material System. Exploring a change in
material and technique by replacing casting in plaster with saw cuts in wood (see ﬁgure 1) and knocking with a hammer. Research Questions: how can the
system serve to sculpt three dimensional geometries
for columns or beams?

“Embrace it”
Iteration 1: Physical Model. A block of plaster inlaid with pockets in the cast where irregular wood
branches are inset. Research Questions: how can an
irregularly shaped component interface with a standardized block?
Iteration 2: Material System. Exploring a change in
material and technique by replacing plaster with processed wood and using photogrammetry to scan 3D
geometry and CNC milling to carve the interface (see
ﬁgure 1). Research Questions: how can unprocessed
branches serve to connect and brace beams of processed wood? How can the system be stacked vertically to produce a wall? How can the system be deployed to produce a slab?
Iteration 3: Architectural Application. A wall of
stacked elements following the irregular shape of the
unprocessed wood. Research Questions: what diﬀerent functions can be served by the processed and unprocessed wood? How can the balance of processed
and unprocessed components serve the structural
stability?

“Split it”
Iteration 1: Physical Model. A structure of wood
sticks spanned by tracing paper embedded in a
plaster-made base evolved into splitting blocks of
plaster with the insertion of sheets of tracing paper.
Research Questions: what qualities can be produced
by exposing the interior surfaces of a split material?

Iteration 2: Material System. Exploring a change
in material and technique by replacing plaster with
wood and introducing a range of semi-controlled
splitting techniques (see ﬁgure 1). Research Questions: can the system function as a column or as a
truss? How can the split elements connect to others? Can the halves of the split beam connect back
together?
Iteration 3: Architectural Application. A row of Vshaped columns spanned by textile panes. Research
Questions: how does the splitting of the wood aﬀect
its structural performance?
Iteration 4: Structural Analysis. Simulating the effect of splitting the beam in its load bearing capacity. Research Questions: how can the splitting of the
beam be controlled and the results predetermined?
Iteration 5: Design Proposal. Building a 1:2 mockup made of beams machined with pre-cuts and joints
to control their splitting and connection of parts. Research Questions: can beams of an architectural scale
be split using the same technique?

“Twist it”
Iteration 1: Physical Model. Two monolithic blocks
of plaster connected by a bridge over a narrow gap
evolved into casting with an elastic fabric formwork
(see ﬁgure 2). Research Questions: how can the
bridge between the two components be deformed
through rotation?
Iteration 2: Material System. Exploring a change in
material and technique by replacing the plaster with
wood beams and slitting them to allow their rotation
(see ﬁgure 2). Research Questions: how can this system of twisting elements be transferred to an architectural scale? What is the ratio of wasted material in
making the beam able to twist? What is the impact
of the proportion between width and length in the
capacity of the beam to twist?
Iteration 3: Architectural Application. A facade
consisting of twisted lamellas spanning between two
horizontal slabs (see ﬁgure 2). Research Questions:
can thin lamellas act as load bearing components? Is
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Figure 2
All six iterations of
“Twist it” starting
from upper left
corner (iteration 1)
to bottom right
corner (iteration 6).

there a need for an auxiliary structure?
Iteration 4: Structural Analysis. Simulating the deformation of lamellas under compression forces applied to their ends (see ﬁgure 2). Research Questions: what architectural conditions and aesthetic effect can be achieved by the gradual variation of the
rotation and position of the lamellas?
Iteration 5: Design Proposal. Building a 1:2 mockup consisting of two slabs with pre-cut grooves that
allowed for testing the twist and conﬁguration of
lamellas spanning between them (see ﬁgure 2). Research Questions: what components are prefabricated? Which are subject to manual and digital production processes? How can it be produced?
Iteration 6: Prototype. A pavilion delimited by walls
of lamellas spanning between slabs of milled cross
laminated timber (see ﬁgure 2). Research Questions:
how can the twist of thin wood elements improve

their structural performance? How can wood lamellas and their aggregation strategies be used for the
multi-objective optimization of spatial organization,
program, material use, structural performance and
aesthetic eﬀect?

THE PROTOTYPE
The building of a prototype in 1:1 constituted the ﬁnal iteration of the process of cyclic making in the design studio. This was undertaken to advance the formulation of an architectural question pertaining to
one of the paths of inquiry and to this end the whole
class joined eﬀorts. Indeed, the test of constructing
in full scale raised many challenges and required the
students to work on a number of new tasks. These
included the detail design of the project, the optimization of its structural solution using Karamba, the
preparation of an interface between Rhino and the
machine program Cambium that was to generate the
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digital fabrication procedures, the operation of the 6axis Hundegger robot, the manual use of analogue
tools and ﬁnally the construction of the prototype itself on the grounds of TU Graz (see ﬁgure 3).

This was made possible by the asymmetric position
and orientation of the slots carved out from the slabs
in between which the lamellas were ﬁtted. Besides
the aesthetic eﬀect, it was this twist of the lamellas
that created the necessary stiﬀness and load bearing
capacity for the structure (see ﬁgure 4). Ultimately,
the prototype demonstrated a static behaviour and
architectural intelligence which raised new research
questions that would commend for a continued investigation if there were to be consequent iterations
in this path of inquiry.

DIVERSE, BUT DISCONTINUED PATHS

The prototype followed on the path of enquiry
named “Twist it” and was able to reveal the capacity for the modulation of a free-form space through
the arraying of vertical lamellas. These lamellas were
spaced apart to confer its interior with a degree of
visual permeability while still grouped in bundles
were conﬁgured into walls and left most of the ﬂoor
area open and unconstrained to a deterministic circulation strategy. Furthermore, these lamellas responded to a synchronized variation of shifts and
twists, which when viewed all together, read as a
play of movement and continuous transformation.

The results that emerged from the testing of this
model of studio teaching show the diversity of questions and range of approaches initiated by students
as well as the number of which got discontinued
at an early stage of the process of problem-ﬁnding.
Indeed, this reﬂects the level of diﬃculty that students faced to accommodate disruptions within the
constraints of the logic and history of their path of
inquiry. Firstly, there were paths that stopped immediately after iteration 1 for failure to transfer the
medium of the model to wood and the process of
fabrication from analogue to digital. Such was the
case of “Freeze it” or “Mend it” for instance. Secondly,
there were paths that stopped after iteration 2 for failure to jump from the abstract domain of the material system to the realm of architectural conditions of
scale and program. Such was the case of “Burn it”
or “Knock it” for instance. Thirdly, there were paths
that stopped after iteration 3 for failure to respond
to the physical forces of the natural world. Such was
the case of “Embrace it” for instance. Fourthly, there
were paths that stopped after iteration 5 for failure to
control the process of fabrication. Such was the case
of “Split it” for instance. Finally, there was one path
that managed to cope with all the disruptions and
complete all iterations, each of which building upon
the previous. Ultimately though, given the hardships,
students were often tempted to skip an iteration,
start from a clean slate on a new question or simply
leave their path of investigation and join another.
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Figure 3
Exterior perspective
of the 1:1 protoype
located at the Alte
Technik campus of
the University of
Technology Graz.

Figure 4
Detail perspective
of the twisted load
bearing lamellas
anchored in a
sloted base plate.

CONCLUSIONS
Some of the results obtained from the test of this
methodology were not anticipated in its design and
may recommend the adoption of changes in future
implementations of this design studio model. On
one hand, it was unexpected that students would
struggle so much to deal with the disruptions in-

troduced in their investigations. Naturally, many of
the experiments ended up failing and it was not always clear where the work was leading, but it seems
now essential to develop strategies that tutors could
adopt to support students when they grow discouraged. These can include for instance praising explicitly what appear to be defeats and highlighting
the importance of challenges to the reﬁnement of
their questions. On the other hand, the fact that the
majority of students left their path of inquiry meant
that as a side-eﬀect they tried diﬀerent investigations
and were able to explore multiple interests and tasks
within the framework a single studio course. As it so
happened, a number of students who seemed less
engaged in some of the initial iterations, came to
life and excelled when the prototype had to be constructed on site. Thus, by failing to stick to the same
path, tutors were able to observe students take on
diﬀerent roles and gain a more comprehensive understanding of their multifaceted proﬁle.
Additionally, there were a number of premises
maintained in the design of the methodology for this
studio that the evaluation of the results conﬁrms.
Firstly, that the more iterations the research questions go through in this process of problem-ﬁnding,
the more precision and rigour they exhibit. Indeed,
the question that revealed the greatest clarity and research focus is precisely the one that was derived after completion of all 6 iterations, the only one to have
done so. Secondly, that the act of making is a motivational factor for the students and one that fosters
their engagement. This was especially clear when it
came to build the prototype. Further evidence is also
in the fact that about two thirds of the participant students have formed a collective to continue working
on “Twist it” beyond iteration 6. Finally, that students
improved their capacity to navigate in a context of
uncertainty intrinsic to explorative practices. Indeed,
the feedback received speaks of gained conﬁdence
and comfort in experimenting, especially so after all
the students actively took part in the ﬁnal iteration of
that one path and realized in ﬁrst person the progress
that can be achieved by following consistently and
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incrementally such a bottom-up process.
Given the above, the authors postulate that the
methodology presented can contribute to the mission of architectural education in preparing future
practitioners to “go into the unknown [and] forge a
new attitude for thought” (Corbusier 1930). In fact, in
a context where our discipline becomes increasingly
permeated by digital technology, it is ﬁtting to recall
Pablo Picasso´s notorious remark that “[computers]
are useless. They can only give you answers” (cited in
Fiﬁeld 1964). Ultimately, the capacity to inquiry beyond the current paradigms and envision alternative
worlds relies on a human mindset that needs to be
cultivated - hopefully that is proven to be so in the
case of this design studio model.
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The paper describes the application of a standardised teaching method of digital
fabrication in architecture. The introduction formulates a pedagogical problem
and addresses both methodological and praxiological aspects of the teaching
process based on design research. Next, the process is illustrated with a
description of three digital fabrication courses where the teaching method was
used. The initial implementation took place in 2016 at Faculty of Architecture at
Warsaw University of Technology. The author outlines the translation of
theoretical work frame into teaching method, presents the course outcomes and
provides a critical analysis of results. In 2017, a revised teaching method has
been used two times, again at Faculty of Architecture at WUT and at Monash Art
Design and Architecture. Both courses are described in a way analogous to the
initial exploration. In consequence, the results of the same course conducted in
different teaching, conditions are compared. In conclusion, the developed method
is evaluated in relation to teaching outcomes.
Keywords: digital fabrication, pedagogy, teaching, design-research

INTRODUCTION
Digital architecture is not only an element of scientiﬁc discourse anymore. Digital design and manufacturing are increasingly important parts of professional practice. This, in turn, created demand and a
market for digital architecture education. Today both
theoretical and practical aspects of CAD/CAM are a
common component of teaching curriculum in the
majority of architectural schools. Indeed over the last
decade, a number of schools around the world developed and now oﬀer programmes dedicated to digital
paradigm. One of the areas covered in these courses
is digital fabrication: an area that, in recent years, became a core discipline for architecture and brings a

promise of ﬁlling a gap between architectural idea
its realisation. The gap between digital and physical
which due to the undertaken projects scale remains
bigger than in other design for production related
ﬁelds (Slyk, 2012). As Oxman (2010) states ‘Fabrication is not a modelling technique, but a revolution in
the making of architecture’ which by ‘creating a direct digital link between what can be conceived and
what can be built through ﬁle-to-factory’ (Koleravic,
2003) allows to perceive CNC manufacturing as an actor informing the creative process, not mere a tool.
As such it requires teaching strategies that go beyond the competence in CAM. Over the years countless pavilions and experimental structures exploring
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aspects of digital fabrication have been designed and
built. However as some researchers noted (Hemsath,
2010; Eversmann, 2017) not much has been written
about pedagogical methods and outcomes of those
ventures. Moreover, it may be observed that often
teaching in the discussed area is driven by individuals, digital practitioners, pursuing their own research
and design ambitions rather than integrated pedagogical agenda (Oxman, 2008). Finally an analysis of
Architecture for Society of Knowledge own and various architecture programmes experiences in teaching digital fabrication allowed to observe that on a
regular basis only a fragmented knowledge and an
incomplete skill set, required for a speciﬁc task, is being delivered to students: leaving them with limited
theoretical and practical expertise to beneﬁt from in
their further studies and/or professional practice.

PEDAGOGICAL AGENDA AND METHOD
A task to solve the problem mentioned above was set
up as a part of the revision of Architecture for Society of Knowledge teaching curriculum for 2015/2016
academic year. In general, this task was to be
achieved by:

• ability to shape the concept of the prototype,
• ability of appropriate technique selection to
fabricate an object,
• awareness of the principles of digital fabrication devices operation, data formats and control protocols,
• ability to prepare proper prototype fabrication documentation,
• development of methods for assessing eﬀects
of work.
Following an ambition to develop structured and
replicable pedagogy, a design research method was
adapted for teaching process. The teaching scheme,
shown in ﬁgure 1, is based on three entities of design
research context (Edmonds, 1999); actors (students),
environment (architecture, digital fabrication) and
artefacts (design) while knowledge acquisition techniques are built upon overlapping reﬂective, implicative and aggregative relationships between them
(Horvath, 2007).

• covering a wide spectrum of topics, both theoretical and practical, related to digital fabrication in architecture (agenda),
• creating student-focused process of knowledge acquisition and transfer (method).
The ﬁrst of these was built upon the aforementioned
analysis of teaching curriculums and studies of topicspeciﬁc literature. The teaching objectives formulated in a process included;
• awareness of available digital fabrication
technologies and their integration methods,
• knowledge of recent trends in the ﬁeld of architecture and digital fabrication,
• awareness of digital fabrication techniques
development trends,
• classiﬁcation of digital fabrication techniques
according to the material’s method of treatment,

This three-element, three-relationship scheme is
used as a framework for developing adequate teaching methods. After formulating the aforementioned
pedagogical agenda each teaching outcome (skill,
knowledge, expertise etc.) is positioned within a relating entity; actors, environment or artefacts. Next
the relationships between these elements are established. This is done by answering if a particular element requires previous knowledge and/or if
it is required to gain a new one. In eﬀect reﬂective, implicative and aggregative relationships between all the desired teaching outcomes are deﬁned.
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Figure 1
Scheme of
relationships
between entities of
design-research
activities:
(R)eﬂective,
(I)mplicative,
(A)ggregative.
Based on
Comparison of
three
methodological
approaches of
design research
(Horvatth, 2007).

Finally these are translated into diﬀerent teaching
modes, catalysed by matching an area and a form
of the classes. Reﬂective modes are delivered in
form of seminars, tutorials and lectures. Implicative modes in form of workshops and colloquiums
and aggregative ones in form of laboratories and
design studios. The delivery of these various classtypes follows the same order reﬂective-implicativeaggregative. Within these class-types teaching areas
are being covered is environment-artefacts-actors order.

INITIAL COURSE IMPLEMENTATION

Figure 2
During one of the
exercises students
had to recognise
digital fabrication
processes involved
in design and
construction of
some architectural
precedences.

The described pedagogical method was used for the
ﬁrst time in Digital Fabrication course at Faculty of Architecture at Warsaw University of Technology during 2015/2016 summer semester. The student group
consisted of ten Architecture for Society of Knowledge master students, eighteen Information Architecture master students and ﬁve Erasmus exchange
program students. During the laboratory part of the
course, they created and worked in ten groups. The
classes were conducted once a week over course of
the whole semester, that is sixteen weeks. The majority of meetings were evenly distributed between the
seminar and laboratory blocks, seven classes each.
Two additional meetings were used for introduction
class and workshop session that took place between
the seminar and laboratory blocks.

Every student had to present a 10 minute long indepth case study for each of the above seminar
topics. The presentations were followed with a
quick question and answer session. Each class was
then concluded by a moderated discussion.The second part was designed to trigger implicative processes. A single workshop classes consisted of a
series of exercises. In the ﬁrst one, students were
given small sheets of paper with sentences describing tools, processes, materials etc. discussed during seminar part.Using the previously gained knowledge, students had to arrange these into materials/tools/methods matrix drawn on a pin-up wall (ﬁgure
3). In the second exercise participants were given another set, this time of blank sheets of paper. Students
had to take turns and pin-up comments on various
aspects of the matrix, creating SWOT analysis of discussed area. These two activities allowed to structure previously gained knowledge and verbalise of
these parts of it which remained tacit. In the next
exercise tutor, distributed among the students over
a hundred A5 photographs of digitally fabricated architecture precedents. These had to be recognised
from the existing matrix point of view and pinned in
a proper area of it (ﬁgure 2).

Course Overview
The ﬁrst seven weeks were devoted to construction
of reﬂective knowledge about digital fabrication environment. The seven meetings took form of seminars. The seminars were devoted to diﬀerent technical and material aspects of digital fabrication:

• modes of production - subtractive, formative
and additive,
• materiality and processing - wood, steel, masonry and others,
• form representation and tectonics.

In the ﬁnal exercise, students were introduced to
the classiﬁcation of digital fabrication techniques as
proposed by Iwamoto (2009); sectioning, teaselling,
folding, contouring and forming. Following short
discussion in sub-groups of four, students had to
assign previous precedences to one of these techniques. The session closed with an activity introducing aggregative process. Each student sub-group
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was given a visualisation of an abstract architectural
scale object and asked to sketch/propose how it
could be built using all ﬁve fabrication techniques,
deﬁning digital fabrication processes, materiality and
tectonics.

Finally, during the last seven weeks a design/laboratory working method was used. The previously
gained knowledge, hands-on experience with CNC
tools and iterative design process were connected
in aggregative teaching mode. The students, working in groups of four, had to enter recursive designresearch workﬂow. Groups were asked to design an
abstract 3D form ﬁtting into 50x50x50cm cube. This
step was followed by design of the whole digital fabrication process, including manufacturing of a prototype, of the designed object. During that part of
the course meetings took form of progress report followed by discussion on design, CAD and CAM environment and fabrication processes. This allowed
to prepare students for some diﬃculties they would
have to face and resolve in the next steps.

tal fabrication knowledge during the seminar and
workshops classes and verify it during the laboratories. Nevertheless, two main problematic areas were
recognised;

• individual teaching outcomes - where due to
a large number of students involved and differences in group designs, it became diﬃcult
to assess if knowledge was evenly distributed
among the students,
• record of knowledge and innovation - where
posters, digital models, and physical models were not enough to document nonstandard outcomes and knowledge acquired during the laboratory classes.

These issues were addressed during next Implementation of the scheme in 2016/2017 academic year.
Figure 4
Exhibition of the
prototypes
developed during
the 2015/2016
Digital Fabrication
course at WUT.

Outcomes

REVISED COURSE IMPLEMENTATION

The ﬁnal outcomes of the course took the form of two
artefacts;

In 2016/2017 academic year a revised version of the
Digital Fabrication teaching method has been used
twice. The ﬁrst implementation was at the Faculty
of Architecture at WUT. It was delivered over sixteen
weeks to eighteen students. Eight ASK master students and ten Information Architecture master students. The second ran at the Monash Art Design
and Architecture where the course was oﬀered as
an elective studies unit opened to master’s students
and ﬁnal year bachelor’s students. It was delivered to
twelve students over fourteen weeks.

• exhibition of twenty-seven digitally fabricated prototypes representing ten group designed objects (ﬁgure 4),
• thirty-three student-written short papers describing a critical overview of digital fabrication and their learning process.
From a pedagogical perspective, the proposed
method allowed to transfer and consolidate digi-

Figure 3
Final outcome of
workshop class. All
exercises
contributed to
creation of a
knowledge matrix.
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Figure 5
Group of MADA
students discussing
possible fabrication
strategies. In this
example a thins
shell casting and a
geometry
approximation with
ﬂat panel
tessellation.

Course Overview
The principles of the course have not been changed:
the general structure, teaching method and sequence of delivery were employed. Nevertheless in
order to address problem areas recognised after the
initial implementation few elements of the course
required rethinking. To solve the individual teaching outcomes issues two alterations were introduced.
First a minor one. The number of students taking part
in the course was reduced. More attention could be
devoted to individual student learning process and
outcomes evaluation of both individual and group
work. Moreover the seminar part was condensed to
just three meetings. Each of these being dedicated to
one, of the above mentioned speciﬁc aspects of digital fabrication, with every student presenting during each session. An intense learning environment,
which helped to keep the students involved. Finally
this minor change in the delivery schedule provided
additional time for laboratory classes. The workshop
class was conducted without alterations.
A major change was introduced the laboratory
part of the course. In the ﬁrst implementation a lot of
time was used for designing the 3D form itself. Naturally that limited the time for iterative development
and fabrication processes. Diﬀerent models posed
various levels of complexity and challenge in the context of digital fabrication. As such it was diﬃcult
to verify the teaching outcomes. To deal with such
issues in the revised course version, students were
given the same 3D model to work with. The model
was loosely based on the geometry of Cloud Gate
by Sir Anish Kapoor. This particular geometry was
chosen because it is constructed out of continuous
concave, convex and saddle surfaces. That poses an
interesting problem from the point of view of modelling, fabrication and assembly. In order to solve
the aforementioned issue of learning limited skill-set
each group had to go through the described process
two times (ﬁgure 5). Each time using diﬀerent design
strategy, fabrication method and materiality to operate with.

The second area of change is related to the record
of knowledge and innovation and careful control of
knowledge acquisition during the course. While using diﬀerent modes of delivery also diﬀerent types
of knowledge were created. This is represented in
the scheme where knowledge ﬂow, related to described in-class activities is mapped onto three entities of design-research (ﬁgure 6).
During the seminars the explicit knowledge took
form of a database of students presentations oﬀering in-depth overview of various technologies, materials and fabrication strategies. Moreover the author
supplemented the uploaded material with additional
comments, links and references clarifying some of
the issues discussed during a class. Students have access to this resource shall they need it as it is stored
on a Moodle site accompanying the course. At the
same time a tactic knowledge, an understanding of
digital fabrication environment has been achieved.
During the workshop part, this intuitive understanding was verbalised with the creation of the knowledge matrix. Again, the matrix was photographed
and uploaded to the Moodle site, students have access to it. Students gained an ability to see interconnectivity between various elements of digital fabrication processes and read these in architecture precedents. Their architectural vocabulary has developed,
tacit knowledge. In the ﬁnal design-laboratory part
students put all of explicit and tacit knowledge to
work in creative process. During aggregative activity a large amount of the knowledge is ad-hoc, consequences of creative explorations. Often it is being
lost in the recursive design cycle or remains a knowhow; practical tacit knowledge of an individual. In or-
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Figure 6
Schema of the
knowledge ﬂow
between of
pedagogical
agenda and
teaching methods
during the Digital
Fabrication course
delivered in
2017/2018
academic year.

der to avoid that each group submits a ﬁnal artefact.
A booklet oﬀering an in-detail description of whole
creative process, a research report. Each design iteration is described through discussed elements of digital fabrication, technical and material exploration,

etc. The booklets are uploaded on the Moodle site
and accessible to students: giving them opportunity
to learn from and reuse some of the developed solutions in their work or research.
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Outcomes
The outcomes of both the courses took the form of
three artefacts;
• Moodle database and knowledge matrix,
• exhibition of digitally fabricated prototypes,
nine at Faculty of Architecture at Warsaw University of Technology (ﬁgure 7) and six at
Monash Art Design and Architecture (ﬁgure
8),
• process report booklets, one for each prototype.

Figure 7
Nine prototypes
developed by WUT
students during the
Digital Fabrication
Course in
2016/2017
academic year.
Figure 8
Six prototypes,
fabricated by MADA
students, presented
during MADA
Graduate Exhibit in
November 2017.

At the same time all of the issues recognised during
the initial implementation of the teaching method
have ben solved. This was achieved mostly through
a rigorous collection and archiving of any knowledge artefact produced during the course. Naturally this prevented the knowledge and innovation
from being lost. On the other hand, from pedagogical point of view, this allowed to closely observe
and asses each student individual progress and deploy supplementary teaching tools where needed.
These would range from advising on further reading
and case study material, through additional tutorial
meetings on parametric design and CNC equipment
(as in MADA), up to oﬀering individual troubleshooting sessions.
It is important to note that both student groups
developed some unique solutions in areas of computer aided design and manufacturing. While it was
expected from the WUT students as they have to go
through Parametric Design and Advanced CAD Techniques courses before being oﬀered a Digital Fabrication course, it was surprising how well the MADA
students performed. Some of these students had no
previous experience within the digital paradigm. In
fact most of the mentioned unique solutions were
developed by the later. This might be related to the
fact that course at WUT ended in June 2017 while the
one at MADA started in July same year. This means
that some of the design, logics and strategies developed by MADA students were based on existing
knowledge, thus allowing to creatively reuse the pre-

vious designs or research and develop these further.
Further analysis oﬀers also an observation that most
of the WUT students explored in their work mostly
the CAD aspects, while MADA students explored materiality and fabrication processes (CAM) more. This
is related to the diﬀerent environments and actors of
the course: distinct teaching curriculums. The WUT
students have a strong expertise in digital design including parametric and algorithmic modelling, but
suﬀer from a limited access to CNC tools. Contrary
to that, the MADA students operate within a strong
tradition of physical model making and have an access to vast fabrication facilities, but lack training in
architectural and modelling software. Again this underlines the importance of recognising relationships
between entities of a teaching process.

CONCLUSIONS
The designed three-stage process of transferring and
creating knowledge based on the increasingly advanced design-research methods proved to oﬀer
very good teaching results. This has been conﬁrmed
with formal and measurable eﬀects, such as those
given by students models as well as process booklets,
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which mostly presented high levels of critical observation. The adaptation of the theoretical framework
as the teaching method allowed for innovative outcomes to be achieved in several categories. Parametric design and digital workﬂows, custom CNC methods and fabrication processes are the most visible
ones. From the didactic point of view all the above
elements allowed to equip students with knowledge
and skill-set described in the digital fabrication curriculum. Moreover, operating in design-research
context allowed to develop work of an unique character. Work which in many cases signiﬁcantly outgrown author’s expectation: especially in a context
of non-digital curriculum of Monash Art Design and
Architecture.
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This paper describes the theory and practical experiments on the development of
a system for the deployment of stereotomic voussoirs. The recent availability of
digital design and fabrication tools has enabled architects to embrace
stereotomic thinking, allowing for the efficient spanning of spaces with low
tensile capable materials such as stone. The proposed fabrication system is an
evolution of an on-going research which creates a direct link between the
geometrical and material needs of a stereotomic structure with materialization
tools that enable the swift creation of multiple customized blocks.
Keywords: stereotomy, voussoir, mould, robotic, mass customization, plaster

INTRODUCTION
Context
The possibilities oﬀered by digital fabrication have
refreshed the architecture vocabulary beyond industrially standardised construction elements, fostering
research and experimentation on novel and classic construction techniques. One such technique is
stereotomy, a classic architecture theme in which
carefully cut stone blocks are used to build arches
and vaults, so that the shape created by their adjacency stands in compression equilibrium. These kind
of structure present various beneﬁts, ranging from
ecological to intrinsic longevity (Rippmann, 2016).
Stone cutting in unique shapes brings an added cost
to a project, mainly distributed between its extraction, transportation, precision cutting and resulting
material waste. These steps often amount to heavy
expenditures, playing a decisive part in the decision
making process of a construction process. This research explores an alternative to cut stone, leading to
a cost-eﬀective and accessible way of implementing

stereotomic principles to construction.
In the pursuit of obtaining precise geometry construction blocks and avoiding cutting and its inherent
negative impacts, it is acknowledged that molded
materials present advantages such as its large availability, low energy usage and accessible usage. However, stereotomic design is closely related to one-oﬀ
customized elements, while molding typically resorts
to as few variations as possible so that the mold may
be used multiple times, generating return of the investment. In order to challenge this assumption, the
approach of a reusable, variable geometry mold has
been tackled before with concrete surface forming
in mind (Pedersen and Lenau, 2010; Schipper and
Janssen, 2011; Gramazio and Kohler, 2011), resulting
in methods unable to describe the volume of a voussoir, namely its contact faces.

Previous work
Taking cues from stereotomic experiments that cut
contact faces from slabs (Kaczynski , McGee and Pigram 2011; Azambuja Varela and Merritt 2016; Ripp-
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mann 2016), an original molding system, mainly preoccupied with the contact faces part of the voussoir,
was devised (Azambuja Varela and Sousa 2017). Using a ﬂexible rubber band wrapped around carefully
placed support shafts in place of the contact edges
(Fig. 1), each side describes a ruled surface, successfully creating the sides of a mold. The ease of placing
shafts in cylindrical holes in diﬀerent positions dictates the ﬂexibility of the system, allowing for eﬀective mass customization of cast stereotomic blocks.

tion of mortar between voussoirs, leading to added
labour, materials and changes in aesthetics causing a
general detraction of the whole system. Possible solutions to prevent the mold deformation would cater
with stronger bendable materials, like steel cables,
or sheetmetal, but materials ﬂexible enough to wrap
around the support shafts will always be prone to deformation at some point, avoiding the application of
the system for large scale voussoirs, for example.

PRACTICAL EXPERIMENT

Notwithstanding the successful assembly of a vault
and its stability, geometry accuracy did not completely reﬂect the model. A convex deformation in
the ﬂexible membrane becomes apparent due to the
horizontal thrust created by the weight of the cast
material. In order to avoid this eﬀect, hardening
the ﬂexible membrane by means of direct application of plaster in the membrane was experimented,
achieving satisfactory end results; however this process relies in a two phase casting preventing material
uniformity and process swiftness. Stereotomic design, by deﬁnition, is a mostly mortarless construction type. As its structural stability relies in the ability
of force transfer between blocks through their contact faces, this is only bound to happen if geometrical accuracy allows. This principle is key to understand the importance it must be given to the contact
face bulging of the previous iteration of this system.
Although a great amount of attention was given to
the speciﬁc elasticity of the rubber, and its extreme
stretching, it became clear that normal variations in
the center of the contact face would amount to 2%
of the largest face dimension. This geometry variation could be slightly circumvented with the applica-

In order to enhance the accuracy of this fabrication system, the relative ineﬃciency of using a pure
ﬂexible material must be overcome by means of an
auxiliary component that counteracts the outwards
bulging eﬀect or negates it completely.
The experiment to be carried is a direct upgrade
of the previous iteration, departing from the same
apparatus principles. As such, a base plate is to be
drilled creating holes to insert the supporting shafts
that will pivot a membrane all around. Instead of relying solely on the membrane stretching to resist normal thrusts, addition or changes in the envelope are
tested as follows.
The main reason for the bulging out eﬀect is a difference in pressure between the inner and outer side
of the membrane. This diﬀerence may be avoided
by having a second pourable material (aggregate) on
the outside of the membrane, hopefully bringing the
momentum to negligible levels. (Experiment 1 and 2
- E1, E2).
Another possible solution to reliably avoid any
outward movement of the membrane is to place rigid
elements so that this movement is negated. Following the possibilities forecast by the stretched membrane geometry, a ruled surface is recreated using
thin rods as generatrices. These rods should prevent
any bulging deformation of the enveloping membrane (E3, E4, E5 and E6).
A ﬁnal set of experiments uses rigid reinforcement elements as the envelope themselves, discarding a second material to be used as container surface
(such as rubber). This strategy introduces changes in
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Figure 1
Voussoir
terminology
(Azambuja Varela
and Sousa, 2016)

the geometric conﬁguration of the moulding surface,
rejecting the smooth curvature of a rubber band. On
the other hand, it reduces the number of diﬀerent
types of elements back to one, possibly simplifying
the whole process (E7 and E8).
Table 1
Summary of
materials used in
experiments E1
through E8.

material. This material has the advantage of being easily accessible and pressed at will to achieve
the ideal pressure on the outer side of the membrane. While casting the plaster inside the mould, no
deformation in the membrane of movement of the
earth was observed. The demoulding process started
by removing the bounding material, which was not
practical as the earth very easily spread away. After
removing the rubber band, it was also observed contamination between the earth and plaster (Fig. 2).
Although the main objective of controlling the outward bulging eﬀect was not fully achieved, a greater
degree of accuracy was obtained.

Figure 2
Earth as
reinforcement.
Contamination and
micro
deformations.
Figure 3
Gravel as
reinforcement.
Notice the inwards
bulge.

Experiments
E1, E2 - Aggregate as reinforcement. The principle
behind this experiment is the equilibrium of forces
acting in the membrane. The space inside of the
membrane is ﬁlled with the ﬁnal castable material
and the space outside of the membrane, limited by
a bounding box, is ﬁlled with a reinforcing material.
If the casting material was poured inside and
outside of the mould at the same time, reaching
the same level, the sum of the forces exerted in the
boundary membrane would be zero. The main reason for using the same casting material on both sides
of the membrane is the guarantee of same density
materials, resulting in the desirable null sum of forces.
This is obviously less than ideal because of the waste
of material, so a reusable material that could be easily
poured and recovered was considered.
A container bounding box was built around the
base plate which holds the shafts and wrapped membrane. Ideally the aggregate material would be
poured at the same time as the plaster but, for practical reasons, the aggregate was poured ﬁrst.
A ﬁrst experiment (E1) used earth as bounding

A second experiment (E2) tried to tackle the practical issues on the demoulding process of E1, as
well as prevent contamination. A 10mm gravel was
chosen for its easy manipulation and similar density
compared with wet plaster. Although the outwards
bulging was avoided, other deformations appeared,
namely an inwards bulge (Fig. 3). This was probably
caused by either or both of two conditions: the outer
material was not poured at the same time as the inner material, and the low ﬂuidity of the gravel particles restrained their movement and adaptation to the
sum of the parts of the system.
Although this set of experiments helped controlling the main unwanted outwards bulging eﬀect, visible micro deformations potentially jeopardize the accuracy needed for mortarless construction.
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E3, E4, E5, E6 - Rods as reinforcement. Following
the idea of placing a rigid element outside the membrane as to constrain its outward movement, a possible approach is to follow the geometrical principle of the rubber band ruled surface, and use thin
round rods parallel to the generatrices of the afore
mentioned surface. Each rod is circular in section so
that its surface contains a line tangent to a generatrix of the membrane ruled surface, creating multiple
continuous lines of support that follow geometrically
and accurately the initially proposed surface.

These rods are ﬁtted between two pairs of supporting shafts, and intertwined as in a log cabin, creating
a supporting back wall. Resting between this rod wall
and the casting material, a membrane would be responsible for the smoothing of the surface that pro-

duces the ﬁnishing in the cast voussoir. While the diameter of the rods is directly proportional to the gap
between rods, a small diameter would cause bending, leading to the choice of 6mm as a balance between the two. The length was calculated using the
longest voussoir face to be fabricated, so that the
same rigid elements may be used for various lengths,
ensuring a lasting reusable system.
The assembly system of overlapping rods is illustrated in Fig. 4. The complete casting system depends on the membrane to avoid spillage between
rods, forcefully set after the shafts had been inserted
in the base plate and before the rods are stacked together as in Fig. 5 . This experiment (E3) yielded results geometrically much more accurate than E1 and
E2; although some undulation is noticeable in the
spacing between the rods, the generatrices of the
ruled surface are rigorously respected in the plaster
surface. The result of the experiment was promising enough to change the mold geometry to one of
the voussoirs of the intended ﬁnal vault of this set
of experiments. This second experiment with rods
giving reinforcement to a rubber membrane (E4) was
very similar in results and, although the undulation
might be acceptable if understood as a design feature, this deformation is much more noticeable in the
stretched sections of the membrane and less in the
more relaxed ones. This heterogeneity is caused both
by the limited ﬂexibility of the material and because
of the diﬀerence of perimeter of the intrados and
extrados, causing diﬀerent stretching requirements.
Another negative aspect of E3 and E4 is the inward
bulge caused by the seam area of the overlapping
rubber that creates the collar membrane.
In an eﬀort to avoid the negative eﬀects of the ﬁnite stretchability of rubber, a diﬀerent approach was
tested in E5. Using a material not stretchable, but easily wrap-able would keep ﬁdelity to the straight lines
of the ruled surface while not creating compromises
in diﬀerent top and bottom perimeters. A plastic ﬁlm
was tested, wrapping around the shafts continuously
three times. After securing the system with the rods,
a thin skin which would not go beyond the rodded
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Figure 4
Rods reinforcement
placement scheme.

Figure 5
Rods reinforcement
mold assembly
procedure and E3
results.

space was created. The plaster block revealed a very
rough ﬁnish because of the diﬃculty of handling the
thin plastic ﬁlm. This diﬃculty of handling was challenged by replacing the plastic ﬁlm with a lycra collar (E6). This ﬁxed perimeter collar was ﬁt around
the shafts, easily expanding to ﬁt the proposed block
perimeter. The ﬁnished block presented a regular
ﬁnish, prominently similar across the surface except
for two issues: the bottom part of the contact surface presented much more protruding undulation
because of the larger weight in the bottom section
of the plaster cast, and the collar seam area caused
an inward bulge, similar to E3 and E4. A summary of
these three experiments is show in Fig. 6.
The consistent surface inaccuracies in the development of the contact surface of these blocks is due
to the ﬂexible nature of the membrane material, be it
rubber, ﬁlm or lycra. Having acknowledged this, the
ﬁnal set of experiments departed from using a membrane altogether.
E7, E8 - Rigid envelope. The E7 experiment tries to
understand the possibility of not using a membrane
in a variable geometry reusable mold. Following the
possibility of creating ruled surfaces with reusable
elements, the same metal rods were stacked without any space between them, creating independent
walls in a windmill conﬁguration. Holding the rods
in place demanded required additional vertical supports to create a proper slot. Pouring the liquid plaster in this all metallic mold produced almost no spills.
The geometrical accuracy of the rigid metallic 6mm
cylinders created a seal accurate enough to avoid the
usage of a membrane skin. Demoulding also did not
pose problems, as the rods are polished enough to
not create bonds between them and the plaster. The
ﬁnished block is exceptionally accurate, recreating
exactly the expected geometry, as can be seen in the
top of Fig. 7 . This result is only possible due to the
rigid nature of the mould surface, not allowing for
any deformation during the casting process. The resulting texture (peaks created by the ends or half circumferences juxtaposed) is strikingly expressive, but
not ideal for a mortarless construction as it does not

provide a perfect ﬁt. Although mortar could not also
solve this problem but also beneﬁt from it, the aim of
this work it to build a dry stereotomic structure.
In the pursuit of achieving a contact surface that
allows for an accurate ﬁt with no compromises, a
system composed of diﬀerent elements was devised
taking cues from the previous experiment. The E8 experiment would produce blocks with a smooth surface due to the smoothness of its mould. A 2mm
sheet metal was cut in 50mm wide strips and stacked
together in the fashion of the E7 rods. The available
material in the laboratory allowed for a block sealed
in three sides with a rod system and in one of the
sides with the tentative sheet metal system. The sealing was nor perfect as the sheets were cut using a
manual saw, and a slight outwards bulging appeared
due low rigidity of the thin sheet metal - Fig. 7. However, the ﬁnish was near perfect and suitable for the
ﬁtting of stereotomic blocks against each other, as an
eﬃcient ﬂow of forces would be transferred through
the totality of the contact surface.
The observations made to the ﬁnal block E8 give
clues to the creation of a system based in rigid metallic bars. This rigidity potentially negates the possibility of torsion and thus of using a skew ruled surface
in favour of a planar surface. Using planar surfaces as
contacts faces has been explored before (Rippmann
2016), reducing slightly the freedom of design of a
stereotomic structure. Depending on the structure,
the usage of a planarizing algorithm might introduce
oﬀsets in intrados and extrados surfaces as small as
1mm for a 400mm diameter block. The adoption of
such strategies allow for the adoption of planar bars
as reinforcements, which also allow for a planar shaft.
These strategies were tested in the ﬁnal prototype.

Prototype
Design. The ﬁnal prototype was designed according
to the fabrication method used in the experiment
E8. The main diﬀerence in the design relative to the
previous construction (Azambuja Varela and Sousa,
2017) is the shift of contact faces geometry from skew
ruled surfaces to planar surfaces. This change was ab-
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Figure 6
Experiments E4, E5
and E6. Notice the
consistent
inaccuracies
produced by the
surface material
and/or the gaps
between rods.

Figure 7
Experiments E7 and
E8. The bottom
experiment E8 is
relevant in what
respects to the right
side face of the
ﬁnished block, the
only one molded
with the smooth
metal sheet.
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Figure 8
Example of
simulation for
reinforced,
reusable,
reconﬁgurable
mold.

sorbed in the design algorithm with a sub-algorithm
that uses particle physics engine Kangaroo to force
contact faces to be planar, while maintaining the vertices position in the UVW space of the vault. These
goals strength is carefully tuned to achieve an equilibrium in which while contact faces are sub millimetrically planar, some intrados or extrados edges are
oﬀset in distances smaller than a millimeter; all this
is negligible regarding the construction dimensions.
The planar contact surface is recreated in the
mold by means of aluminium bars 5mm thick and
50mm tall. In order to ﬁll the triangular holes created
by the diﬀerence between contact edge angle and
aluminum bar right angle, these is a shift from steel
circular section shafts (20mm diameter, 314mm2), to
solid rectangular iron bars (5x20mm, 100mm2). This
optimization in mould lost area is one of the reasons
for using surface bars not extending to the full height
as these would require a larger support iron bar; on
the other hand it also promotes the ﬂexibility of the
system.
For accurately securing the bars in a speciﬁc
plane by simple locking at least three vertical supports are needed. In the form of 5x20mm iron bars,

these supports are to be positioned one inside each
corner, and one in the middle of the outer side - Fig.
8.
Fabrication. The digital fabrication needed for this
experiment consisted in milling the holes for inserting the support bars so that these would be placed
in XY in the base plate as well as respecting the designed polar angle which is key to the curvature of
the vaulted structure. An important aspect of this
molding technique is the reduction of waste material to the minimum, including that of the base plate.
For this to be as eﬀective as possible, the maximum
number of blocks should be cast in each base plate so
that the minimum amount of base boards is needed.
An algorithm to optimize the location of these holes
was built in the particle physics engine Kangaroo so
that each set of holes relating to each voussoir would
maintain its relative positions, and each hole would
have a repulsive force towards other holes; the evolution may be seen in Fig. 9. This particle physics
method revealed itself much more eﬃcient than the
previously tried genetic algorithm as the ﬁtness is not
only evaluated but a driving agent; the result was a
fabrication scheme 78 rectangular (5x20mm) holes

Figure 9
Self-organization of
voussoir sets of
holes so that
collisions are
avoided by means
of physics repulsion
simulation.
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in one 500x500mm base plate, eﬀectively allowing
for the usage of only one base plate for 9 voussoirs
- ranging from 4 to 5 sides each.

These were all drilled and labelled in one sole fabrication action - Fig. 10.
The fabrication steps for each voussoir go as follows:
1. Robotic milling of holes in the base plate (Fig.
10).
2. Cover the intrados area so that liquid plaster
will not ﬁll pre-drilled holes.
3. Insert vertical supports with the help of a
hammer (Fig. 11).
4. Insert side bars to enclose the mould space.
5. If needed, reinforce each three supports so
that they grip tightly the side bars.
6. Fill any gaps with wax and/or tape.
7. Prepare plaster mixture and pour in mould.
8. Allow for proper setting (30 minutes in case of
plaster in 23ºC).
9. Remove outer vertical supports with the help
of a wood fulcrum and lever, side bars, and interior supports (Fig. 11).
10. Remove cast block and allow for additional
setting (Fig. 11).

A 4mm mill was attached to the robotically controlled
spindle to precisely carve the 15mm deep holes.

Covering the base plate (step 2) was experimented
with diﬀerent strategies, ranging through plastic ﬁlm,
tape and self-adhesive vinyl, of which the latter presented the best results. The usage of a lever for removal of the vertical supports (step 9) is an important upgrade from the previous system as it allows
for easy and controllable removal of these metallic elements which are ﬁrmly hammered into place; this
is possible because the lever acts on a bolt inserted
in a drilled hole in the iron vertical support. The
demoulding process became much easier once the
metal elements started to be lubricated with low viscosity oil.
Another digital fabrication procedure dealt with
the centering production. Since this prototype can
be interpreted as three semi-arches meeting at one
common apex point, the centering strategy relied in
assembling each arch in its own centering element,
consisting of a pair of parallel proﬁles. These were
cut in the same material as the base plate by the 6-
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Figure 10
Robotically
controlled spindle
milling the holes.

Figure 11
Some of the steps
in assembling and
casting the mould.

Figure 12
The white centering
supports the
voussoirs while the
ﬁnal position is not
achieved.

axis robotic spindle, allowing for angled cuts which
met the intrados planes.
Assembly. Once the voussoirs were all solid and stable, the assembly was prepared. The decentering
would be achieved by lowering the centering and
allowing for the blocks to set against each other.
This lowering was eased by building the structure on
top of 30mm supports. The centering was put into
place with the help of a simple triangulation and the
blocks put into their ﬁnal place as in Fig. 12. Finally
the 30mm supports were carefully removed from under the centering allowing it to lower. The heavy
voussoirs automatically follow gravity and bound together against each other in air, creating a pure mortarless stereotomic structure.
Figure 13
Detail of planar
contact face
voussoirs in
mortarless
compression.

CONCLUSION
The base architecture design for the ﬁnal prototype
of this set of experiments is the same as the one used
in the ﬁrst iteration of variable moulds for cast voussoirs so that changes in the process and result could
be more easily be detected. The main change is the
elimination of deformation in the contact faces related to the membrane normal deformation. This upgrade is very importante as the ﬁnal accuracy of the
contact face is one of the most important guarantees
of correct load transfer between blocks - this was perfectly felt in the decentering as the blocks acted as
one due to their strong ﬂat connection. This level of
accuracy was only achieved by using rigid elements
to conﬁgure the moulding surface, albeit geometric
freedom of contact faces was downgraded to planar
faces. The circumvention of this issue may probably
be explored in a future experiment by using thinner,
more ﬂexible metallic side bars as long as outer vertical supports are positioned in such a way that outwards bulging is not allowed.
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This work develops, implement and test a method and model for the distribution
of material in relation to thermal performances through robot based extrusion of
concrete. The aim is to suggest a way for architecture to use advanced
fabrication techniques towards environmental passive strategies, which
potentially decrease a buildings operative energy budget, while creating
articulated thermal sensations for humans. Through computational, material and
design explorations, by prototypes and a final demonstrator, the work proposes
how thermal mass can be organized both in terms of its robot based successive
fabrication based layering and as an approach to generate an assembly of
thermal based building blocks into architectural structures.
Keywords: Robot based concrete extrusion, Thermal Architecture, Simulation,
Demonstrator

INTRODUCTION
This study is focused on environmental sustainable
architecture as related to the making of thermal conditions through architectural material means. More
explicitly, the studies investigate how material can
be distributed to create speciﬁed thermal conditions
experienced by the human. This has four aims, (i)
increase the positive impact of the perceived thermal environment, (ii) lower energy consumption in
buildings related to thermal operations, and (iii) to
do this through the available energy (exergy) in the
local environment. And, (iv) the studies illustrate
how recent integrated industry technologies can be
both adopted and adapted to this research intent.
The background for previous solutions, in respect to
(i), are the positioning of thermal mass in buildings
and the design principles to create temporal storage
and release of the solar energy. The performance

is well studied, but the thermal performance is less
known as a way to articulate architectural composition. Hence, beyond the physics of thermal mass to
decrease peaks of the daily indoor temperature variation lies the ambition to use thermal conditions as
way to articulate architecture, as can be seen from Roman baths (Moe, 2010) to contemporary spa’s, such
as Swiss architect Peter Zumthor’s project Therme
Vals (Foged, 2015). As temperature variations are
designed in response to human sensation, the need
to use extra-architectural aggregates as HVAC systems are intended reduced, thereby addressing (ii)
as a positive side eﬀect. This relates to (iii), as thermal mass, and the possible reduction of HVAC systems, are tied to the increased use of available energy (exergy) (Moe, 2013) through the strategic temporal and contextual integration of design variables
that compose the mass, its geometry, position and
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Figure 1
Experimental
Computational
Design Models

its internal properties. Prior studies have principally
focused on the size and position of mass in construction and studies on internal properties including use
of phase change materials (PCM) (Pomianowski et
al, 2013), but less on the combination of these aspects, and the further articulation of surface geometry and colour variation through design computation and advanced manufacturing processes. The
background for new solutions are the combination
of high precision thermal mass positioning, composite structures, including PCM, colouration of the exposed thermal mass and geometric surface articulation. Combined, these aspects require the use of
advanced design processes to organize and evaluate the mass properties in a speciﬁc condition and an
advanced design fabrication process to manufacture
the formal and material composition derived from
the thermal integrative design process. The study focuses on development of design models for this aim.
Hence, the present studies attempt to construct a
methodological and instrumental design model, ﬁgure 1, which integrates above aspects, allowing a design to create advanced thermal mass compositions
towards desired thermal conditions. This is done by
initiating material studies, testing concrete properties with variations of colour and PCM. Based on these
studies and combined with methods from the literature, the study builds a computational design model,
including energy/thermal modeling, contextual conditions and material and geometric variables, which
are tied directly to a fabrication model. The fabri-
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cation model is based on the positioning of thermal
mass based on a large industrial robot with a new developed extrusion end-eﬀector (which explicit operation is further described in separate publications as
this work lies outside the scope of this paper).The paper presents the idea, design system, design experiments and general performance variables included in
the developed computational design model. This extends to the computational methods integrated into
the design model and the results through a demonstrator when the design method is applied to a design exploration, where the aim is to explore, understand and illustrate the operation and design capacities.

METHODS AND MODELS
The study includes a series of methods to develop
and inform computational design models with both
empirical studies and numerical computational procedures.

Material studies
To examine the fabrication, colour and thermal properties of the concrete, the dry cement powder is
mixed with varying quantities of water, diﬀerent colors of concrete pigment and PCM. This is done to understand the viscosity characteristics of the ﬂuid material for use and testing with a robot based extrusion system, where continuous ﬂow control is important as to create multiple singular elements, emulat-

Figure 2
Test mixing of
material
components into
the ﬂuid composite
for extrusion
fabrication.

ing an industrial production. By a newly developed
end-eﬀector, ﬁgure 5, with double-pump and overﬂow system, more than hundred mixing/extrusion
experiments have been conducted to ﬁnd the ratio
between cement powder, colour pigments, PCM and
water. Furthermore, composites, including above ingredients, has been cast into blocks of 20x20x6 cm,
where three thermal sensors can be inserted for monitoring the thermal behaviour. The preliminary material studies are then advanced into development
and fabrication of elements (bricks), which serves as
a second series of material studies, additionally inﬂuenced by design studies through computational design models.

where the designer can input several material layers,
should the structure be composed of multiple depth
layers.

Computational Studies
Figure 3
Computational
Parametric Model
based on a
Generative
Algorithmic Model,
which compute a
form balancing
between receiving,
containing and
transferring energy.

The design study’s focus on thermal aspects and thermal simulations are thus integrated as assessment
modules of the design model. The computational
model is developed in Rhinoceros/Grasshopper by
McNeel Inc. The thermal simulation model uses the
Grasshopper module Ladybug, (Sadeghipour Roudsari M., Pak M., 2013) radiation analysis to compute the solar energy received by a given surface. From this, a custom programmed module by
the authors compute the external surface temperature buildup through a simpliﬁed thermodynamic
method (Foged, 2017), which is utilized to increase
design iteration speed over precision. The former
is important as the surface temperature is a central constituent of the perceived thermal sensation
(Fanger, 1973)(Höppe,1993)(Hoof, 2008) and the latter is important to increase design iterations. The resolution of the simulation can be customized so as
to be agile in relation to speciﬁc design application
and available computing power. The studies presented here used a simulation resolution of 2x2cm to
4x4cm. Following the computing of the external surface temperature, information is send to another custom programmed module by the authors computing the heat transfer through the surface/structure.
This module is based on the heat transfer formula, including mass, speciﬁc heat and temperature values,

The studies presented here includes layers of concrete, air and concrete. A third custom Grasshopper module was developed, including the data from
the material studies, which together compute the
speciﬁc thermal performances of the material orga-
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nization in terms of material properties and related
geometries. This is based on algorithmic method,
which subdivides the global form into bricks by assessing the subdivision dimensions, in respect to
robot fabrication constraints and manual assembly,
and thermal performance resolution, ﬁgure 4 and
5. The global form development is based on previous studies (Foged, 2013), where a generative algorithmic model computes a form based on balancing
between receiving, containing and transferring solar energy. The parametric study model of this work
is derived from these studies and simpliﬁed to reduce the parameter variable space, to increase solution processing speed when exploring the formal and
thermal performances of the global geometry, ﬁgure
3. The parametric model can be conﬁgured in its plan
section through a series of control points, and the resulting curve/surface can be locally modiﬁed to increase/decrease its length and orientations to inﬂuence local solar gain on the surfaces.
To allow for an understanding of the optical expression, thermal performances and fabrication controls, the study operates with three combined models, ﬁgure 4, where changes are informed across the
speciﬁed models for the designer to explore and integrate all aspects when studying form iterations.
The geometric translation from the global form
studies, described above, to a robot fabrication and
additive assembly procedure is explored through the
development of a design interface, where subdivision of the global form is driven by brick size, brick
weight and thermal performance concerns. Concretely, a brick can only span a speciﬁed length and
include a determined number of extrusion layers.
These values can be set by the designer, and are in
this study based on physical testing of how well the
brick maintains its form during production and how
heavy the brick will be to allow manual placement by
a mason. This is combined with maintaining the thermal metrics, so that colour (material) is assigned in
relation to strategies of absorbing solar energy or reﬂecting it, resulting in a computed negotiation that
suggest both the colouration (dark grey, green and
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light grey) of the structure and the fabrication ﬁles of
all the speciﬁc bricks based on this procedure.
Figure 4
Combined
computational
design models,
including a visual
design model
(centre), a
simulation model
(right) and a
fabrication model
(left).

Figure 5
Dynamic design
material
distribution
interface. Each
curve represents a
horizontal section
through the global
form, and the solar
energy for a
speciﬁed period
falling on this part
of the form. The
threshold lines,
which are open to
input from the
designer, then
determines at what
energy level what
colour/material
should be placed
where.

Figure 6
Global and local
form, and colour
variations based on
manual and
automised search
processes for
geometric, material
and fabrication
performances.

Eﬀectively, the methods generate the formal expression of the entire assembly. The procedure is open
to dynamic redeﬁnition of the thresholds by the designer, which inﬂuence what colour material that is
selected in respect to the solar energy received on
the local surface area analysed, ﬁgure 5.

tural inhomogeneity is created and the bricks create
a white surface layer partially covering the colour of
the extruded bricks, negating the thermal eﬀect of
the colour, intended to absorb or reﬂect solar energy,
ﬁgure 7.

DESIGN EXPERIMENTATION
Following the material studies and the development
of the computational design models, a series of prototypes and a demonstrator are constructed to test
the instrumentality of the approach for the articulation of thermal based concrete extrusion processes.
The design experiments are based on the methods
described above, and focuses on understanding and
developing both the design systems and the fabrication system. The context for the applied study (computational design model) is the Utzon Center courtyard, Aalborg, where the geometry is located in the
southeast corner of the enclosed space, thereby reducing the amount of direct solar gain, compared to
being in an ‘open ﬁeld’. From here, the overall geometry (measuring approximately 1 meter in diameter and 4 meters in height), local surface undulations
and colouration can be manually modiﬁed to follow
subjective design intent, or, a series of search goals
can be described to articulate the structure towards
e.g. maximizing the solar gain on the structure, while
maintaining an equal use of colours/materials. The
latter approach is taken in this study, from which a
global form, local surface undulations, colour application and subdivision into robot-based fabrication
of bricks and resultant assembly is emerging, ﬁgure
6.
In parallel to the computational design studies,
material extrusion tests are conducted to develop a
robot making process, calibrating the concrete mixture to maintain ﬂuidity during making, and hardening immediately after extrusion to allow stacking of layers. This process also includes the wrapping of concrete elements in plastic after production, thereby controlling the moisture content during the hardening process. If this is not done, struc-

RESULTS
The studies describe and demonstrate a method and
a series of computational techniques for assessing
thermal performances of robot-based extrusion construction processes. This is done during the design
process, where the structure has single or multiple
material layers and compositions. It can be suggested that this allow new conceptualization of how
this emergent ﬁeld of robot based extrusion pro-
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cesses can target structures that modulate and improve energy and thermal performance. The computational model/method developed furthermore allow for a variety of design inputs with each their parameter set, from colouration, material density, spatial composition of extruded layers, PCM mixture and
element assembly organisation. As each real world
context is thermally unique and respond to unique
thermal design intentions, the speciﬁc thermal performance achievable of the proposed methods/models is dependent on design intent and context. For
this reason, it is not possible to describe a general optimized condition based on the method/model presented, but rather the results of the study are the
method and model of addressing and designing with
robot based extrusion constructions related to questions of thermal performances. This, in turn, provides
approaches in responding to the four aims listed in
the introduction.

DISCUSSION
The computational design model developed, intended for advanced thermal compositions in earlydesign explorations, does perform in its primary task
of informing a generative design process or/and informing a designer. It is focused on contributing to
the growing focus and studies on robot-based extrusion processes in architecture. However, as with most
thermal simulation models, accounting for dynamictime-variant conditions, the model requires minutes
per design iteration, rather than seconds, on a standard equipped working machine. This may not be an
issue if the design space is relatively limited, but as
many explorative design models included thousands
of combinations, exhaustive search procedures will
take a signiﬁcant amount of time. We believe this
study opens a path of investigations, where robot
based extrusion constructions focuses on the making
of composite structures, where relatively high resolution of material distribution is favourable. In approaching yet higher resolutions than on brick scales,
multiple extrusion heads could be mounted, extruding and mixing material into composites directly
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as part of the making production process. Lastly,
through the proposed approach and methods, we
see the possibility to tie together architectural tectonic articulation, with energy and thermal performances, which provides new design strategies for
aesthetic oriented environmental passive architectures.
Figure 7
Material
experiments with
concrete extrusion,
mixing and colour
calibration. These
studies are
conducted with
simple casting test
and applied
extrusion tests
where the
end-eﬀector is
developed in
parallel to the
search for working
material mixing
ratios.

Figure 8
Additive fabrication
and assembly of
robot extruded
concrete bricks
based on thermal
performances. The
demonstrator
consists of 40 brick
layers, with each
brick made from 10
extrusion layers,
reaching a height of
approximately 4
meters.
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This paper focuses on an ongoing investigation exploring fabrication procedures
and methodologies for robotically supported 3D printing utilising cob and other
clay-based sustainable building materials, and is part of an ongoing
collaboration between Cardiff University and the University of Plymouth. The
methodology is that of a prototype development process within the framework of a
feasibility studies call supported by the ``Connected Everything: Industrial
Systems in the Digital Age'' EPSRC (Engineering and Physical Sciences Research
Council) network. This project expects to not only reveal technological and
design opportunities for 3D printed cob structures, but more broadly to engage
with vernacular practice through digital means. As a result, this paper expects to
contribute to the discipline by providing a framework engaging with digital
practice as a way to bridge the knowledge gap between digitally-driven and
vernacular modes of knowledge production, dissemination and representation.
Keywords: cob construction, robotics, 3D printing, vernacular architecture

INTRODUCTION
Cob is a category of unbaked earthen construction
consisting of a mix of subsoil containing clay, water,
ﬁbrous organic material (e.g. straw), and (sometimes)
lime or manure. It is typically utilised to build small
and medium-sized buildings (Figure 1) in successive
layers. Ancient cob constructions are documented
around the world (e.g. North and South America,

New Zealand and Middle East, among others), and recent examples can be found in England and France,
among other contexts. A variety of cob constructive
expressions and techniques is present across diverse
locations because of its material properties (e.g. mix
ratios) varying throughout diﬀerent geological, climate and local workforce conditions. Cob construction, then, despite a seemingly simple recipe, op-
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erates under established and localised frameworks
of practice based on hand-making, hand-assembling
and material intelligence.

gistic implications of testing context- and craft-aware
technologies in buildings.
This paper outlines an approach to digital modelling and manufacturing as not only methodological and technological pathways towards development of industrial solutions, but also as vehicles to
bridge the gap between local, craft-based knowledge and technological principles and applications
in both the Manufacturing and the Architecture, Engineering and Construction (AEC) industries. With
a focus on early stages of this feasibility study, this
paper outlines material properties as well as a series
of initial methodological steps including systems integration for the development of extrusion mechanisms for cob. Material studies and mix ratios have
been explored through a series of workshops with
Architecture students in the context of two “Digital
COBstruction” vertical studios at the Welsh School of
Architecture in Cardiﬀ University.

THE VERNACULAR AS A FRAMEWORK FOR
DIGITAL PRACTICE

In this project, we attempt to source operational
knowledge from this vernacular practice in order
to develop a feasibility study exploring fabrication
procedures and methodologies for robotically supported 3D printing utilising cob and other clay-based
sustainable building materials. Typically, operational
knowledge (”know-how”) for cob construction has
been developed outside the boundaries of academic,
technological and professional disciplinary frameworks, and here this study identiﬁes a research need
and an opportunity. While the automation of building processes has successfully engaged with the production of building elements and components, it is
currently facing development and application challenges for on-site, context-aware construction due to
shortages in digital/technological skills and the lo-
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Vernacular material systems are often seen as primitive, historical or unsophisticated. Research suggests
as a possible cause the fact that vernacular constructions and methods have arisen as a result of emergent, localised and rural traditions developed outside
the boundaries of established academic and professional bodies (Brown and Maudlin, 2012). The ”vernacular”, then, is framed within situated modes of
knowledge representation (if any), production and
dissemination which do not follow standard disciplinary conventions and often ﬁnds distinctive manifestations in the built environment. While cob and
earthen architecture examples can be found in developed countries, the use of soil for construction
is often associated to contexts at the periphery of
mainstream architectural discourses: ethnic groups’
domestic spaces, reconstruction eﬀorts in disadvantaged locations, or community driven projects built
to access basic needs such as living quarters or
schools. Despite centuries of know-how development, however, the appropriation of the “traditional”

Figure 1
Cob building in
Totnes, United
Kingdom.

or the “vernacular” is documented and theorised
more broadly during the XX century - particularly
by architectural historians concerned with matters
of function and aesthetics (Pevsner, 1943). Later
on, catchphrases such as “architecture without architects” have been associated to buildings, as well
as their social, cultural and inhabitation characteristics, produced outside the boundaries of the profession, a “non-pedigreed” (Rudofsky, 1964) mode
of production of the built environment that highly
contrasts with the contemporary, technologically informed and research-driven nature of digital design
and fabrication ﬁelds of inquiry.
Such temporal quality (i.e. the vernacular as
“the traditional”) can be found in literature related
to digital design and fabrication referencing some
form of historical construction method. For example,
the digitally fabricated lamella structure reported by
Tamke et al. (2010) is produced by utilising traditional timber joinery techniques - the lamella itself is
a structural system dating back to 1908. The more
recent work by Gonzalez et al. (2017) parametrizes
and prototypes an inventory of timber joinery systems currently at risk of disappearing in the UNESCOprotected city of Valparaiso due to natural disasters
and shortage of skilled workforce. Examples of massing construction systems are less frequent; the stone
construction language developed by the Inca culture
in South America is the foundation for the robotic
production of stone masonry walls reported by Clifford and McGee (2015).
In contrast with these cases, this project does
not consider cob construction as a practice eminently “traditional” associated to an historical context. Brown and Maudlin (2012) describe the extensions of vernacular architecture to include the “everyday”, a range of contemporary buildings outside
the “self-authorized discourse and practice of the
architectural mainstream” (p. 342). In that sense,
this study considers cob as a contemporary material, a trajectory of embodied knowledge and material intelligence worthy of technological interrogation, digital innovation and source of emergen-

t/hybrid modes of architectural design and construction. This approach to the “vernacular”, then, does
not expect to override existing methods of cob construction (a view often championed by the “jobs automation” narrative), but instead to facilitate sociotechnological innovation upon existing knowledge
and its associated modes of production, representation and dissemination - this clariﬁcation is worth
noting in the context of current industrial strides
towards technologically informed material systems
and potential impacts on design and construction
workforce. By interrogating the vernacular through
digital means, the approach developed in this project
expects to develop a framework for digital architectural research and development stemming from a
critically informed view of the vernacular, acknowledging its material intelligence, socio-cultural dimensions and embodied knowledge.

3D PRINTING OF COB STRUCTURES
The aim of this study, as previously stated, is to investigate fabrication procedures and methodologies
for robotically supported 3D printing utilising cob
and other clay-based sustainable building materials. To achieve this goal, the objectives for this work
are planned as an incremental systems development
methodology expected to result in not only written
material but additionally a series of outputs such as
artefacts, devices, products, and digital/visual media.
These objectives are:
1. To outline a current state of the art (technological framework), particularly that of specialist and situated operational knowledge
(craft) associated with cob construction and
its availability for innovation through digital
practice.
2. To conduct initial feasibility tests through
scale modelling with a robotic arm and prototype clay extrusion systems.
3. To determine challenges and technology development requirements (e.g. extrusion and
material feeding systems) as well as associated operational knowledge (e.g. cob con-
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struction practice, building elements and consumables, and material availability) for a realscale feasibility test.
4. To conduct a full-scale feasibility test for the
robotic manufacturing of a cob building element (wall) and test associated building
systems (e.g. fenestrations and foundation
requirements) and material properties (e.g.
building performance, material mix ratios and
architectural design opportunities).
Notably, this feasibility study is the only design-led
project in the “Industrial Systems in the Digital Age”
line of funding from EPSRC. As a response to such
cross-disciplinary nature, an advisory board will provide feedback and suggestions in relation to speciﬁc
lines of inquiry and disciplines including Construction and Project Management, Material Science, Industrial Design, Craft, Mechanical Engineering and
Building Performance. Additionally, this line of funding supports speciﬁc stages of technology development [7] and targets lower technology readiness levels (TRL, on a scale 1-9 ranging from basic & applied
research up to technology commercialisation):
1. TRL 1: Preliminary idea with a well characterised theoretical case.
2. TRL 2: Principles are demonstrated through
experimentation.
3. TRL 3: Early proof of concept demonstrated
in the lab.
As a result this study is still on early stages yet is highly
exploratory and speculative, with the intention to
gain further insights into the fundamental principles
of cob and its material qualities.
The following sections particularly address the
ﬁrst 2 objectives of this study and more notably focus on the process of determining material properties and mix ratios, testing and initial iterations of
robotically supported cob 3D printing.

Methodology
Two early stage experiments have been conducted
in order to determine extrusion limitations and op-
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portunities, utilising two diﬀerent extrusion mechanisms. Some key factors being considered include
the density, viscosity and mix ratios of the cob mixture, as well as its capacity to respond to varied physical and mechanical conditions during the printing
process (e.g. printing speed, drying speed, corners
and speciﬁc geometric features, among others). A
series of tests and samples have been conducted
with the collaboration of BA Architecture students as
part of the “Digital Cobstruction” vertical studio at
the Welsh School of Architecture, Cardiﬀ University.
During an intensive 2 week calendar, students have
been able to experiment and test a series of diﬀerent printing conﬁgurations and geometries, enabling
the determination of key operational knowledge associated to cob construction. A sample of students
work can be seen in the video link provided in [5].
Relevantly and acknowledging the complex nature
of the material mix (including lumps and other nonuniform features), hand-construction, correction of
the 3D printed models, or synchronic human-robot
collaboration is often required to achieve adequate
printing results.
The series of small-scale prototypes of 3D printed
cob have been printed as components of potentially
larger assemblies (blocks) considering diﬀerent design and performance (thermal and structural) properties. The main technique of 3D printing is based
on the notion of contour crafting, which was originally developed at the University of Southern California [7]. The prototyping and printing process is divided into two stages according to the applied material extrusion mechanism. The ﬁrst test utilised an air
pressure assisted extrusion, and the second utilised a
linear actuator ram extruder developed by Deltabots.

Material characterisation
The proportions of the mix are rarely speciﬁed in the
literature. According to Lewandowska (2017), a typical cob mix composition consists of 28-32% aggregates, 35-40% straw, 20-30% water and 7-8% clay
(by volume). However, as cob is typically mixed in
a nearly dry state, those proportions do not ﬁt the

purpose of 3D printing as a more ﬂuid mix is required. An increase of water content can, however,
aﬀect negatively other material properties including shrinkage, drying time and mechanical/structural
stability during the 3D printing process, limiting the
layering height and overall quality of a printed prototype. Based on number of earlier tests, new proportions of cob mix have been determined for 3D
printing purposes. Due to the unsuitability of the locally sourced subsoil, the new mixture had to supplemented by ﬁne silica sand, china clay and TWVA (AK)
ball clay. The new cob mix proportions are 30% subsoil and 15% silica sand, 15% straw, 18% water, 22%
clay (with 1:1 ratio of china and ball clay).
Figure 2
Air pressure
assisted tool for cob
3D printing.

This suggested mix is likely to evolve in response to
varying material and architectural properties, such
as thermal performance or mechanical integrity of
larger material blocks. A fundamental diﬀerence between cob construction and its 3D printed counterpart is the shift between a massing system and a ﬁl-

ament system. While the former enables a substantial thermal inertia and structural stability as a result
of its weight, the latter enables the opportunity to
consider gaps and cavities (to be measured in consideration to the resulting thermal properties) and a
lightweight material system. This emergent digitallyenabled material language is expected to have an impact on the tectonic/architectural expressiveness of
3D printed cob.

Robotic equipment
1. Robot: The Architectural Robotics Lab at the
Welsh School of Architecture includes a 6-axes
KUKA KR60 HA robotic arm (60 kg payload,
2033 mm reach, KRC2 controller). The end effector is a bespoke system for clay extrusion as
detailed below.
2. Software: The geometries of prototypes
have been modelled in Rhinoceros [4] via
Grasshopper [3] (KUKA prc [2]) or 3dsMax [1].
Each model has been designed on the basis of
unidirectional tool paths.
3. Air pressure assisted extrusion: First set of
prototypes has been 3D printed using a clay
tube connected to an air compressor, in which
the pressure was manually controlled. The
tube containing the material has a diameter
of 110 mm and was capped with a 3D printed
removable PLA nozzle with an extrusion diameter of 30 mm. The printing process initially utilised a ﬂat capped nozzle which accumulated straw at the moment of extrusion.
That led to the design of a conical shaped
nozzle with a cylindrical tip (Figure 2), which
gave smoother extrusion and better control
of the cob deposition. However, the use
of air pressure has revealed a series of challenges in terms of controlling the speed, quality and consistency of extrusion. The increasing air gaps in the cob result in severe stability issues, not allowing the creation of multilayered models. Real-time human assistance
is constantly required in order to adjust the
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speed and the deposition, while supporting
the printed path in upper layers.
4. Linear actuator ram extruder: The second
set of prototypes utilised a stand alone linear actuator ram with a 4000 ml tube (Figure 3) procured from Deltabots. The new system, while does not allow yet a continuous
stream of cob mixture (and initially intended
for clay extrusion, a much more uniform material), considers a stepper motor with a regulator driver providing real-time control over
the extrusion speed and consistency when
compared to an air pressure system. The
steady torque of the stepper motor allowed
the use of smaller nozzle with diameters down
to 20mm with no signiﬁcant breakdowns in
the process.

Prototypes and path design
The prototyping process included experimentation
of the two extrusion systems, including clay and cob
mixtures. Changing extrusion system from air pressure to mechanical extrusion has immediately shown
an outstanding diﬀerence in quality, accuracy and
consistency of printing process and outcome (Figure
4). Some of the geometric constraints for toolpath
design have been outlined as:
• The layer heights have been set to 15 mm.
• The diameter of the nozzle in all experiments
was varying from 20 to 30 mm, yet, due to the
ﬂuid nature of the material, it was expected
that a 35-40 mm thick cob path would be created.
• Initially all toolpaths have been created following a standard 3-axis contour crafting approach (X, Y, Z). Using a mechanical extrusion
system, however, has resulted in a higher level
of conﬁdence in creating more complex tool
paths. Further exploration towards increasing the freedom of movement level have been
tested. A new prototype was designed to create a path along the outer surface of a braced
barrel vault (Figure 5). A polystyrene model of
the vault was crafted as formwork for the cob
model. The polystyrene model was removed
after three days and the cob geometry was
able to self-support its own weight.
• Printing speeds has been set at 5 mm/sec for
cob, and 15 mm/sec for clay.

PRELIMINARY OBSERVATIONS
The early experiments of cob 3D printing have
demonstrated that the robotically assisted printing
of cob structures is feasible, yet the complex nature
of the material requires an intensive stage of testing,
trial and error and systematic approaches to the determination of key factors such as mix ratios. Challenges so far can be categorised as follows:
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Figure 3
Standalone linear
actuator ram.

Figure 4
Prototype cob
models with
diﬀerent mix ratios
and extrusion
settings, from initial
tests with air
compression
assisted extrusion
(left) and linear
actuator ram
extrusion (right)
• Material extrusion system: One of the most
challenging aspects in these experiments is
the material feeding and extrusion system.
Despite the satisfactory performance of the
current extrusion mechanism in terms of
printing quality, it is still has a lengthy process
that would be problematic on a larger scale of
construction, and does not include yet a continuous material feeding system. This is due to
the size of the clay container, nozzle diameter
and the maximum torque of the stepper motor. The currently used size is a 4000 ml clay
container, which roughly accommodates 4.5
kg of cob, with a nozzle extrusion diameter of
25mm. This combination of sizes only allows
a cob unit of 200×200×60 mm to be printed
at once without reloading the tube. On the
other hand, the process of mixing the cob
and reloading the tube is rather slow, even for
small scale prototypes. Therefore, the project
team has been working on upscaling the extrusion system to achieve better performance
for larger scale cob structures, potentially utilising a pugmill-like mechanism for material
feeding. Further improvement to the extrusion process is also being considered, such as
implementing an automated nozzle shutter
or testing alternative ﬁbrous materials.
• Material mix: The current material composite has shown satisfactory performance in

terms of consistency and continuity of extrusion. Furthermore, it has shown structural
strength in creating a relatively tall models
and complex tool paths. However, the current material composite is considered dense
for 3D printing, which challenges the extrusion system and the overall ﬂow and speed of
the printing process. An upcoming area of experimentation is then to test diﬀerent mix ratios attempting to ﬁnd a balance between a
higher viscosity and yet, appropriate mechanical and structural material properties.
• Geometry and formal studies: There has
been a signiﬁcant improvement in the complexity and accuracy of potential geometry
production when comparing the early experiment using the air compression extrusion to the current system of mechanical extrusion. Yet, further improvements need to
be achieved when creating a tool path that
goes beyond the conventional printing within
three axes of freedom of movement, specially
without using a form work to support the cob
structures during the printing process. Moreover, formal opportunities have arisen as a result of treating cob as a ﬁlament-based system instead of a mass-based structural system. This is likely to result in a series of tectonic explorations aiming at determining new
formal and architectural expressions for 3D
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printed cob. For this purpose, a smaller KUKA
KR5 sixx R850 robotic arm and a modiﬁed
WASP clay extrusion system have been procured as part of this project in order to conduct scale tests and prototypes at MAKELab in
the University of Plymouth.
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DISCUSSION
The project “Computing craft” spans across 18
months of development and this paper constitutes
an early milestone, with material produced within
the ﬁrst 4 months of preliminary studies. At the moment of this publication, the research team is working in collaboration with Mechanical Engineering in
order to optimise extrusion mechanisms and test the
overall feasibility of cob as 3D printed matter. Overall, this paper introduces some key methodological
(e.g. prototype development), technological (e.g. extrusion systems) and operational (e.g. material mix
ratios) aspects of the study, and outlines the complexities and challenges associated to printing with
a complex material such as cob. Despite a largely
technology-mediated study, an emergent line of inquiry is the investigation of the messiness and crossdisciplinary nature of the process as instigators of rigorous creative practice and serendipity.
It is expected that the knowledge acquired
through this project will be applicable to the 3D
printing of other non-uniform clay-based materials.
This is a key expectation given the localised and speciﬁc material properties for cob construction in different contexts and sites, yet the applicability of the
project results is still to be outlined once more precision is achieved in terms of material properties and
constructive challenges. Further experimentation
through scale modelling will help to determine limitations and technology development requirements,
such as extrusion and material feeding systems, as
well as the required operational knowledge for a
real-scale feasibility test.The full-scale feasibility test
would encompass the testing of associated building
systems (e.g. fenestrations and foundation requirements do not necessarily comprising cob) and material properties (e.g. building performance, material
mix ratios and architectural design opportunities).
The above will be of relevance to the production of
earthen built environments at the periphery of the architectural mainstream (e.g. remote locations, postdisaster recovery).
While the applicability of this project is yet to be

Figure 5
Cob printing test
using a supporting
formwork.

outlined, the following beneﬁts are expected as a result of this study:
• Beneﬁts for the digital manufacturing sector: This project will contribute to a better
operational knowledge associated with the
3D printing of non-uniform, clay-based materials. While this study does not expect to
fully resolve this complex challenge, a broader
understanding of soil-based material extrusion will beneﬁt ongoing industrial strides
towards the automation of massing material systems, without the sustainability challenges currently associated to concrete 3D
printing. On a secondary beneﬁt, this study
will contribute towards the digital manufacturing of low-cost, locally sourced constructive systems.
• Beneﬁts for the Architecture, Engineering
and Construction (AEC) sector: The value
chain of digitally-augmented craft has been
tested in small scale applications such as
product and industrial design, yet its impactful beneﬁts to the design and construction industry is a less explored area of development.
Previous research demonstrates that robotic
technology is able to bridge gaps within the
design-to-construction process by directly associating the design process with material
and manufacturing constraints. As such, it is
claimed that in addition to a modernisation
of the industry, this project supports ongoing research framing digital manufacturing as
a resource to address novel modes of architectural production through integrating computational logics and construction vernacular
practice.
• Beneﬁts for the partner institutions: This
project follows a common line of collaboration between the University of Plymouth and
Cardiﬀ University. The Architectural Robotics
Lab at the Welsh School of Architecture has
previously researched and tested the applicability of robotic manufacturing through-

out diverse areas of construction such as material systems (e.g. high-rise construction,
concrete sheets, early tests on cob construction), and design tools and methods (e.g.
non-manifold topologies, generative design
strategies, parametric design strategies). This
project is expected to build upon these lines
of work and particularly accelerate the impact
of related research in the ﬁeld of construction
robotics. In addition, Plymouth University is
situated in an area with the highest amount
of cob construction and knowledge in England, and has previously hosted a Centre for
Earthen Architecture and the ﬁrst MA Conservation in the United Kingdom. Locally, it is expected that this project will provide a foundation for a broader impact outside the boundaries of academic practice, towards professional, research and voluntary groups currently focused on cob construction (e.g. Devon Earth Building Association, among others).
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With fast growing population rates and the further desertification of the global
climate, desert regions, covering one fifth of the world's surface, provide an
opportunity for future habitats. However, their extreme climatic conditions and
remoteness pose a planning challenge, currently addressed with prefabrication
and layered design; wasteful and costly solutions. This article proposes a
bespoke design, fabrication and assembly process: performed in-situ with using
local resources and novel automation. The research addresses challenges in
on-site robotic forming and assembly of mono-material discrete elements, made
in waterless concrete of sand-Sulphur composite. The formed components are
examined in formwork-free assembly of wall and arch, with Pick & Place
tool-path. The component's design incorporates topological and osteomorphic
interlocking, facilitating structural integrity, as well as self-shading and passive
cooling, to fit with local climate. This work culminates in a design proposal for
constructing desert habitats, climatically adapted for Zagora oasis in the
Moroccan Sahara: a remote site of hyper-arid climate.
Keywords: Material System, Vernacular Architecture, Digital Morphogenesis,
Topological Interlocking, Robotic Fabrication, Robotic Assembly

INTRODUCTION
Mono-Material Design
Modern-day building-industry makes use of layered, multi-material design in achieving structural integrity and climatic-adaptation. Resourcing, fabrication and transportation to site (Lucon, 2014) are
major sources of world-pollution, damaging soil, water and air (United Nations Environment Programme,
2017). Addressing these issues, the use of monomaterial is proposed: commonly seen in biological
systems and vernacular architecture, it can potentially reduce constructions costs and pollution; espe-

cially with using local resources. Single-material biological systems gain endurance and durability with
eﬃcient use of organic matter and energy expenditure, by relaying mainly on matter’s geometrical arrangement (Hensel, 2010). The study of eﬃcient natural forms for the implementation in the ﬁeld of architecture, is seen in the works of Frei Otto. Its’ synthesis with multiple parameters, through digital design, is known as Digital Morphogenesis (Hensel, M.,
Achim Menges, A., Weinstock, M., 2012); aimed at increased designs performance and adaptation to environmental and structural factors (Hensel, M., Menges,
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A., Weinstock, M, 2013). Mono-material design is a
characteristic of arid-region vernacular architecture,
as found in the Sahara region, due to scarcity of
resources available (Minke, 2013). Fabrication performed on-site with using local soils is rapid, economical and eﬃcient; with soil-aggregates performing both as structurally-sound and insulation materials.

Digital Morphogenesis in Sand-Based Material System
System’s structural integrity and thermal comfort
emerge as a result of geometrical arrangements
in multi-scale. The formed discrete elements are
assembled into pure-compression surfaces: walls,
vaults and domes; coinciding with composite’s
compressive-strength (Minke, 2013). Their Joining,
without adhesives or locks, is enabled with Topological Interlocking: kinematic constrains achieved with
elaborate geometric-design of the connecting faces
(Weizmann, M., Amir, O., Grobman, J.Y, 2015). Advntages of such systems include reduced sensitivity to
crack-failure, element-failure or even elements missing; vibrations and displacement resistance (Estrin,
Y., Dyskin, A.V., Kanel-Belov, A.J , 2001). Thermal comfort is attained through passive cooling, self-shading
and thermal mass (Hakim, 2007). Cooling towers,
courtyards promote indoor ventilation with minimal
fenestration (Fathy, 1986), (Khoukhi, M., Fezzioui, N,
2012), (Mohamed, 2010). Shading strategies include
facade-texture and self-shading in surface and section level, reducing heat intake (Fathy, 1986). Increased heat absorption and its slow release is a
factor of section thickness and material-properties
(Meir, I. E., Road, S. C, 2002).Synthesis of parameters
relating to material, form, fabrication and assembly
for increased eﬃciency and performance is a feature
of both biological and man-made designs (Minke,
2013, pp. 11-15) (Kershaw, P.G., Scott, P. A., Welch,
H. E, December 1996); guiding the modus operandi
of this of research. Material parameters are coupled
with environmental performance and robotic kinematic and load-bearing abilities. They are tested for
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their potential in in-situ architectural-scale fabrication.

BACKGROUND
Material System
The proposed mono-material system uses aggregate
found on site, Sahara sand of sieve size 0.05 [FM]
(Anthony, J.W, Bideux, R. A., Bladh, K.W., Nichols,
M.C, 2003) (Duran, 2000), as volumizer. The small,
rounded, even-sized grains are bound with worldavailable Sulphur (Anthony, J.W„ Bideux, R. A., Bladh,
K.W., Nichols, M.C, 2015), a bi-product of local gas
reﬁneries, found in surplus in North-Africa . Sulphur was chosen as binding agent due to its lowcost, strength in binding aggregates of varies size
and compositions (Darnell, 1992) ; (Samarai, M. A.,
Laquerbe, M., Al-Haditi, A. , 1985); without water
(Toutanji, H.A., Grugel, N. A, 2009); (Wan, L., Roman
Wendner, R., Cusatis, G., 2016) recycling Sulphur dioxide for construction purposes has positive environmental eﬀect (Scott, K., Taama, W., Cheng, H., 1999);
(Viltard, 1996). Previous research in sand-Sulphur
composite shows its advantages over Portland cement concrete (Yuan, 1993): In resistance to basic
and acidic environment; higher tensile, compressive
and ﬂexural strengths (Tawﬁq, 1982), (Samarai, M. A.,
Laquerbe, M., Al-Haditi, A. , 1985); high fatigue resistance and hydrophobicity; recyclable potential. in
rapid curing, reaching top-mechanical properties in
3 days (Lee, S.H., Hong, K.N., Park, J.K., Kond, J., 2014).
Sand-Sulphur availability and rapid curing is viewed
of potential for construction (Rybczynski, W., Wajid,
A. Ortega, A., 1974) (Samarai, M. A., Laquerbe, M., AlHaditi, A. , 1985), (Tawﬁq, 1982). Previous studies explored composite’s performance in small-quantities
and in-vitro conditions. It is yet to be tested in fabrication and assembly of architectural scale, with onsite prospects.

Sand-Based Forming
Sand-based forming is a low-cost technique used
in shaping hot liquids, with clay and metal-made
patterns (Groover, 1996, 2015). The method drastically reduces forming-related waste, as both soil

and metal patterns allow multiple uses (Thiel, 2017).
It is advantageous in quick-damping and forming
of large quantities allowing uniform solidiﬁcation.
Sand-base forming utilizes clay similar to alluvial deposits found on-site (Skiba, 2008).

elements of low-grade material in the assembly of
architectural-scale double-curved surface (Block, P.,
Van Mele, T., Rippmann, M., 2015), yet its assembly
performed manually and relied on elaborate formwork.

Robotic Fabrication

AMBITION

Studies in robotic fabrication mark its performance
as a prominent tool of the future work-site; with
increased process control, speed, precision of execution and load-bearing capacities (KUKA Roboter
GmbH, 2018) (Bonwetsch, F. Gramazio, M. Kohler,
2012). Automation enables continuous work in environments of extreme climate (KUKA Roboter GmbH,
2018) as well as an increase in workers’ safety (Bonwetsch, F. Gramazio, M. Kohler, 2012). On-site automated fabrication with using robotic-arms has been
studied for its potential as a multi-robotic kinematicsystem in the work-site (Bonwetsch, F. Gramazio, M.
Kohler, 2012) , (Keating, S.J., Leland, J.C., Levi C., Oxman, N., 2017) and in combined fabrication with several agents (Parascho, S., Gandia, A., Mirjan, A., Gramazio, F., Kohler, M., 2017).
On-site robotic assembly has evolved from
vertical-stacking of even-sized small-scale component (Helm, 2014) into small-scale component with
geometric joints (Retsin. G., Jiménez García, M., Soler,
V., 2017), assembly of complex surfaces (Ariza, I.,
Gazit, M., 2015) and assembly with using minimal
support (Deuss, M. Panozzo, M., Whiting, E., Liu, Y.,
Block, P., Sorkine-Hornung, O., Pauly, M., 2014).
While the aforementioned examples pushed further climate-resilient design, locally resourced forming and robotic-assembly separately, a synthesis with
the aim of architectural-scale fabrication performed
on-site, remains challenging. As most assembly
projects are performed in either small-scale models or with using representative-materials, parameters and constraints relating to material, fabrication tools and methods, tool-path design, gripping
instruments and assembly accuracy remain unanswered. Block Research Group at ETH Zurich has developed design and fabrication sequence for discrete

Design and fabrication of Sand-Sulphur discrete
components of architectural scale; allowing selfshading, passive cooling and interlocking. Robotic
Pick & Place assembly, forming wall and arch, without formwork.

METHODOLOGY
To develop a climate-aware system of architectural
scale, suited with in-situ fabrication and robotic kinematic abilities, a series of physical and digital tests
were designed.

1. On-Site Forming
1.1 Material composition. Taking cue from previous
research in sand-Sulphur composite, performed invitro in small quantities, the composite was tested in
fabrication of architectural-scale components. Playsand, simulant for Sahara-sand of equivalent grainsize, was mixed with binder, 99% pure powder-form
Sulphur. To delay Sulphur’s rapid phase change
(King, 2005-2018) , increase composite’s workability in a wider range of temperatures and prolonging settling-time, several modiﬁers were added to
the composite. The following composition was
used in casting 1:4 scale components, of 30x30x30
[cm]: PlaySand (volumizer)- 3 [kg] = 62.5%; Sulphur (binding agent)- 1 [Kg] = 20.8%; Talc (silicate
of magnesium)- 400 [g] = 8.3%; Calcium Sulphate
(Gypsum)- 400 [g] = 8.3%; Silicone oil- 40 [ml].
1.2 Material Fabrication. Preparation, mixing and
casting took place in an open terrace in 25-27°[c],
simulating in-situ conditions. The ingredients were
heated and mixed on an electrical stove, in an open
pan. Sand was added ﬁrst: pre-heated for 165°[c]
for 10 minutes. While maintaining constant mixing,
the following additives were added: TALC, Calcium-
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Figure 1
Sand-based
forming of
sand-Sulphur
composite into 1:4
scale blocks.
Method adapted
from trditional
metal-casting.
Pictures taken from
AA SChool Northen
Terrace

Sulfate, Silicone-oil. The mix was heated for another
10 minutes, then Pan’s temperature was lowered to
120°c. Sulphur is added last, to avoid evaporation
and mixed for 3 minutes.
1.3 Composite Forming. Casting and forming were
tested in fabricating 1:4 scale components (Fig. 1) of
interlocking and self-shading design. The clay-sand
mixture used for patterning, contains 4-11% clay,
serving as binder. The mix is moistened for strength
and plasticity, shaped with CNC machined patterns,
and torched; to maintain its form and refrain from
the composite sipping through soil-cavities. To form
joinery design and façade details, patterns are used
twice: for bottom detail (shaping sand-clay cavity)
and top detail (shaping the heated composite). Patterns were covered in aluminum foil, for increased
resolutions of detail execution; as well as to avert
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damage to the patterns or ﬁre.
1.4 Results. Casting preparation and manual execution of a single component required 60 minutes,
with much time spent in mixing. Material-mixing
in an open-pan promotes evaporation and Sulphurﬁres, compromising composite’s binding. Additives improved composite’s workability; its liquidbehavior allows for easy-forming. Material’s sensitivity to temperature-changes and increased performance in homogenous mixing justiﬁes fabrication in
controlled environment, achieved with automation;
also vital in reducing fabrication-time.

2. Thermal mass
Speciﬁc heat-capacity of both composite main components, sand and Sulphur, is relatively high. Sulphur: 700 [J/KgoC]; Sand, Quartz: 830 [J/KgoC].

Figure 2
Left: solar analysis
in Ladybug plugin
for Grasshopper3D,
informing roof
openings and
curvature. Middle:
building proposal .
Right: catenary
curve section;
building-details;
buildingcomponents design
of self-shading,
passive cooling and
topological
interlocking.
Or: Sulphur: 0.17 [cal/gramoC]; sand: [0.19 cal/gramoC] (www.nuclear-power.net, 2018). Thermalconductivity test was performed using 4 casted samples, electric stove and 2 electronic thermometers.
The stove was heated until maintained a steady temperature of 100°[c]. The casted components, ﬁtting
in size with stove shape and of 1 [cm] thickness,
were placed on the stove and measured for temperature change. Heating duration, from the moment
the samples were set on the stove and until reached
a temperature of 100°[c], informed calculation performed in Strand7.
2.2 Results. Transmittance value was found to have
[K] value of 0.3 [Kwh/mˆ2]. Composite’s high-rate of
speciﬁc heat-capacity and low heat-transfer are beneﬁcial for insulation. Accumulated radiation is stored
and slowly released over time, coinciding with diurnal temperature-change on site. Results inﬂuenced
wall-section design of 30 [cm], for thermal mass.

3. Self Shading and Passive Cooling
Building envelope was designed in pure compression, ﬁtting with composites compressive-strength.
For increased self-shading, the envelope-surface is
mathematically deﬁned by two opposing catenary
curves of diﬀerent heights and two ﬂoor curves (Fig.

2: middle). Increased thermal mass achieved with
second layer of envelope. Solar Access Analysis
guided the forming curves height/span, as well as location of mass openings, for increased air circulation
(Fig. 2: left). Calculation of surface accumulated radiation in [Kwh2/mˆ2] performed with Grasshopper3D
plugin Ladybug. Thermal analysis used to guide locations of venting openings in mass.

4. Brick Morphology: Digital and Physical
Experiments.
A series of discrete elements was modelled in Rhino
3D modelling tool and Grasshopper3D plugin, to
comply with structural and environmental parameters: allowing passive cooling, self-shading; diﬀering in dimensions in accordance with forces experienced (Fig. 2: right). Following studies of geometrical joineries, two evolved versions were developed:
4.1 Linear Assembly. Wall components’ joining
faces are formed into male-female topological interlocking, of ruled surfaces (Fig. 3). Components
aggregation pattern follows traditional brick-laying
principal: each vertically laid brick requires the support of the two bricks underneath it (Fig. 3: middle). Joinery design combined with aggregation pattern form kinematic constraints in X, Y, Z axes. Forces
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Figure 3
Design and
Fabrication of
sand-Sulphur
wall-components.
Left: topological
interlocking formed
with CNC milled
patterns. Middle:
joinery detail and
aggregation
pattern. Right:
Autodesk Fusion
360 pressure
analysis.

acting on the assembled wall are spread non-linearly
along the mass, reducing failure chances. Considering composite properties and the average (1:4) brick
size of 30 x 30 x 30 [cm], stress concentration values
were calculated under static load and self-weight using Autodesk 360 Fusion, a structural analysis application for mechanical design. A mechanical load of
2000 (lbf ) in diﬀerent directions. For increased casting detail resolution, as well as to avoid breakage,
joinery details was deﬁned with curved lines (Fig. 3:
right).
4.2 Arched Assembly. Arch-components were readdressed to prove potential of automated construction, solely relying on component-geometry. Here,
arch’s catenary curve is favorable in averting components from collapsing during assembly. The arch
is discretized into non-uniform elements, increasing
in size towards its base; resisting torsion through
self-weight. Arch’s key-stone is enlarged, “swallowing” its proximate components that may experience
collapse, due to acute angle. Osteomorphic joinery
was introduced to comply placing angles and robotic
kinematic limitation. For speeded process, arch discretization was limited to 15 components: saving
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time in code-writing cycles.

5. Robotic Assembly
Assembly incorporates robotic location and movement, components dimensions and assembly logic
(F. Gramazio, M. Kohler and J. Willmann, 2014). Eﬃcient performance is deﬁned as one of minimal errors
in gripping and placing, collapse resistance during
assembly and reduced cycle times. Gripper’s frictionbased, open-close design is so to ﬁt with varied components geometry (Fig. 4: right). Components are
gripped from their top face, on its narrow side. A
feeder was designed to maintain all assembled components in same gripping location and angle (Fig. 4:
left). Toolpath was simulated with Robots plug-in for
Grasshopper3D, to avoid collisions.
5.1 Tool-path Design. Robotic tool-path integrates
the geometrical aspects of the component, the assembled structure and safety requirements. Each
tool-path consists of 6 points of reference: picking
point from which all components are gripped; rotation point, to ﬁt wuth target-position; target point
within the structure; and 3 safety points. Assembly
is performed with using KUKA KR 60.

Figure 4
Robotic assembly.
Left: arch Pick &
Place tool-path.
Middle: design of
catenary arch with
osteomorphic
interlocking. Right:
3D printed,
friction-based
gripper

Figure 5
Sanding tool-path:
a complementary
processeing of
fomed
components, for a
high-resolution
execution of joinery
detail.

5.2 Results. Wall assembly was tested in 1:4 scale
model, cast in sand-Sulphur concrete. Linear aggregation involves assembly of same-size components
in X,Y,Z axes and therefore required minimal adjusments of code gripping positions. Interlocking design and aggregation pattern (Fig. 3) proved beneﬁcial in attaining kinematic constraints, once a component was placed. It posed minimal restriction in accurate placing. Arch assembly was tested in 1:2 scale
model, CNC milled in foam for speeded fabrication
and comparison. 4 arch models were tested in assembly.

processing, of automated sanding, is proposed for
on-site quality control. Sanding aimed at highresolution execution of forming details was designed
and tested (Fig. 6) The tool-path was written and simulated with using Robots plug-in for Grasshopper3D.
Its execution performed with KUKA KR60 robotic arm,
mounted with Diamond-Cut Allow drill. A sanding table, CNC cut in 6 [mm] MDF, locks the sanded component in place.

ARCHITECTURAL APPLICATION
Design Proposal
A small dwelling unit, ﬁtting ﬁve people. Dwelling
unit’s geometry correlates with structural and environmental paramaters, as well as formwork-free assembly requirements.Catenary-curved based design
leads increased self-shading, for reduced solar gain.
Additional rooﬁng layer is proposed for increased insulation. Dwelling units are assembled in close proximy, for increased mutual shading; reducing solar
gains eﬀect on built environment.

Fabrication process
Automated large-scale fabrication of sand-based
forming is proposed (Fig. 5). An additional material-

Fabrication and assembly processes explored are
proposed as construction solution ﬁtting for remote,
hot-arid regions. Zagora Oasis in the Western Sahara
is characterized with hyper arid climate , and water
shortage (World Meteorological Organization, 2018).
Day to night temperatures vary greatly, with diurnal
temperature drop of 15-20°[c] (Laity, 2008). The cho-
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Figure 6
Proposal of on-site
factory for
sand-based forming

sen site is situated in a depression close to a river
route, ﬂooded in winter , while hot and arid during
the rest of the year (World Meteorological Organization, 2018). Local need in aﬀordable architecture is
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evident as few sources of income are at the local’s disposal (Dixon, J., Gulliver, A., Gibbon, D., 2001) (Ratha,
2006).

CONCLUSION AND OUTLOOK
This paper proposed a mono-material design of discrete elements with topological interlocking, fabricated and assembled in on-site conditions, with
robotic fabrication. In-depth physical analyses concluded that such a system is indeed viable. Making use of marginal, local resources is beneﬁcial
in reduced construction’s cost and emission caused
by transportation. Reduced amount of Sulphur in
composite positively eﬀects odor omission, a matter can be further studied for habitat applications.
Process-aware design was achieved through physical models and robotic assembly experiments. Readdressing arch discretization and ﬁtting its components with robotic limitation for assembly, combined
with assembly sequence, has the potential in robotic
assembly of double-curved surfaces without formwork. To further increase thermal mass with eﬃcient
use of composite, future research in employing hollow component-section with topological interlocking faces, produced in pattern-forming is proposed.
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Modelling A Complex Fabrication System
New design tools for doubly curved metal surfaces fabricated using the
English Wheel
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Standard industrialization and numeration models fail to translate the richness
and complexity of traditional crafts into the making of the architectural elements,
which excludes them from the industry. This paper introduces a new way of
modelling a complex craft fabrication method, namely the English Wheel, that is
based on the creation of a cyber-physical system. The cyber-physical system
connects a robotic arm and an artificial neural network. The robot arm controls
the movement of a metal sheet through the English wheel to achieve desired
geometries according to toolpaths and predicted deformations specified by the
neural network. The method is demonstrated through the making of 1:1 design
probes of doubly curved metal surfaces.
Keywords: Digital craft, metal forming, doubly curved surfaces, robotic
fabrication, neural networks, cyber-physical system

INTRODUCTION
The building industry, since the Renaissance, has
been based on the notion of control through drawing. Architectural design is seen as a strictly intellectual activity, detached from the manual aspects of
making and building (Hill 2005). Design concepts are
expressed through drawings, from initial sketches to
standardized blueprints. The nature of information
carried by these drawings has drastically changed in
the last decades with the democratization of CAD/CAM, expanding drawing notations into holistic BIM
models, or even near-zero-tolerance models. This
revolution in the digital fabrication by the advent of
Industry 4.0 has been essential in making manufacturing more eﬃcient, however it has not questioned
the act of design; it has not reconciled the archi-

tect back with making. In fact, the current design
paradigm is a 2-step linear process: Design through
drawing, then pushing of numerical data into manufacturing. This design workﬂow is segmented across
the industry between architects and fabrication specialists (Callicott 2005). More often than not, the design space is dictated by the machine dexterity and
morpho space of the manufacturing technique, and
geometries that are hard to discretize are swapped
for simpler ones. In short, we cannot build what cannot be previously speciﬁcally drawn (Carpo 2011).
This paper suggests that this linear design-toproduction ﬁle-to-factory organization of the contemporary architectural process represents a missed
opportunity in terms of design possibilities: we are
leaving behind ‘crafty’ fabrication processes that are
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Figure 1
Homo faber (left)
versus Robot Faber
(right) shaping a
metal sheet using
the English Wheel

resisting numeration because of their complex nature, and in doing so also leave behind productive methods of creating certain shapes and forms.
The design workﬂow described in this paper exploits
both artiﬁcial intelligence and robotic fabrication.
The fabrication model is continuously evolving, and
is able to account for, and learn from emergences
during the manufacturing process (Sharif and Gentry
2015). It aims at exploiting the advantages of both
crafts and robotic processes by implementing a cyber
physical system, in an aim to bring back the millennial
act of design-through-making, from Homo Faber to
Robot Faber (Figure 1).

THE ENGLISH WHEEL
This research focuses on the English Wheel as an example of a traditional craft that is particularly relevant to the production of architectural elements.
Known as a tool mastered by skilled panel beaters to
make doubly curved car fenders out of metal sheets,
it is composed of two wheels, an upper ﬂat wheel,
and a crowned bottom wheel that sits on top of a
threaded rod used to control the distance between
the two wheel, and thus the pressure of the forming.
By rolling a sheet of metal between the two wheels,
back and forth in a zig-zag fashion (we will refer to
this as tracking pattern), the material is stretched and
thus forced out of plane, producing a doubly curved
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surface. Multiple passes, and denser tracking patterns, increase the amplitude of the curvatures produced. Cross wheeling produces a more even curvature in both directions, and it is also possible to ﬂip
the piece to produce hyperbolic surfaces. The wheel
also comes with a set of 5 crowned wheels with diﬀerent curvatures, and thus diﬀerent contact areas that
work the sheet. The limit with the English Wheel as
we know it is that its mastering requires years of skill
honing, and even then, a craftsman always needs to
have a pre-deﬁned mould against which to test the
piece while making it: not two pieces made on the
English Wheel will ever be identical, and they do take
an extensive amount of labour and skill to be made.
This is where envisioning a Robotic English
Wheel process might be of use: A robot is capable
of repetitive execution of the same piece, but is also
able to produce a large number of bespoke pieces
with no additional overhead. It is capable of applying more pressure than a human thus producing the
piece in less passes, and time. This increased pressure of forming leaves behind a tracking pattern trail
unique to Robotic English Wheeling, and that has the
potential of becoming an additional aesthetic element of design and surface expression of the doubly
curved sheet, alongside its geometry (ﬁgure 2).
By discovering and modelling the relationship
between tracking pattern and curvature, the Robotic

Figure 2
Tracking pattern
marks imprinted on
the surfaces of
wheeled aluminum
panels, oﬀering a
unique aesthetic
expression

English Wheel can unlock new possibilities for doubly curved surfaces in architecture, in a ﬂexible and
sustainable way. In general, doubly curved surfaces
are the least desired in architectural façade construction, because of the diﬃculty and cost involved in
the making of large number of custom panels. They
are either approximated to ﬂat tassels, or discretized
into developable singly curved panels. In very few
cases are few panels left doubly curved. They can
be custom produced, without mould, either by techniques like on-site cold bending such as Gehry Partners‘ Experience Music Project in Seattle, which is less
costly but yields poor precision (tolerances estimated
to be larger than 2mm), or prefabricated using multipoint stretch forming such as Zaha Hadid Architects’
Dongdaemun Design Plaza, a method that requires
expensive and custom machinery (an adaptable die
forming mould), the average cost of a panel in that
project being 260$, claimed lower than the 30007000$ range per square meter that other forming
methods would cost (Lee and Kim 2012). The usage
of the Robotic English Wheel immediately expands
the design possibilities of freeform doubly curved
surfaces in architecture, without mould or extravagant machinery.

CYBER-PHYSICAL CONCEPTUAL FRAME
In the status quo, architects are concerned with structure and behaviour models of their artefacts after fabrication and assembly, leaving the industrialized production process to other experts. A design-throughmaking approach promotes the understanding of
the relationship between the material and its behaviour during the fabrication process as a design
possibility (Nicholas and Tamke 2012). This is the
key to establishing design control over geometries
made with the English Wheel. Early experiments with
Robotic English Wheeling at Zahner created tracking
patterns for the robot to follow based on the Gaussian curvature analysis of a given shape, however
modelling shapes attainable with the English wheel
using particle spring system proved to be of insuﬃcient precision [1] .
Using empirical measurements of our ﬁrst inhouse forming experiments, it was discovered that
the forming entails both an elastic and a plastic deformation, and that the accumulation of passes on different directions is non-linear. Thus the relationship
between the tracking pattern and resulting geometry heavily relied on the metal sheet material properties. This information is hard to calibrate on Kanga-
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Figure 3
English Wheel
cyber-physical
setup

roo for Grasshopper, and using a specialized FEA software represented a discontinuity in the design process, since it would require to leave the Rhino environment. Therefore, in order to model this complex
fabrication method, a new approach that would account for, and learn from, the complexities and emergences that happen during the fabrication process
needed to be developed. By re-creating the craftsman’s cognitive system of design-through-making
and constant dialogue between brain, body, tool and
artefact, this research builds a continuously evolving
fabrication model through teaching the Robot the
craft of the English Wheel using Artiﬁcial Intelligence.
The method borrows from the principles of Cybernetics established by Weiner (1948): A network
linking the analogue to the digital, where physical
processes aﬀect computations, allowing for control
through feedback, and continuous information exchange. We call this a Cyber-physical Robot Faber.
The robot is seen not only as a manufacturing tool,
but as a ﬁrst-person design agent aware of the material impacts and causal eﬀects of fabrication actions,
in the same way as a craftsman would be; through
interaction, constructive memory and situatedness
(Gero 2017). Diﬀerently from Brugnaro et. Al. (2016),
the suggested approach goes beyond designing a
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closed mathematical system able to solve the physical problem at every iterations. It proposes designing an ever growing brain that acquires knowledge
at every iteration, and that could develop a digital intuition as to Robotic English Wheeling.

METHOD
The Cyber-physical setup in place, as shown in Figure
3, is composed of a Dinosaurier English Wheel placed
in front of an ABB IRB1600 robot arm, with a Kinect
scanner ensuring the link between analogue and digital. It has been developed over multiple stages elaborated below.

Fabrication physical setup
The ﬁrst stage consisted of tuning the fabrication parameters of the robotic system. A custom-made end
eﬀector composed of a 10cm x 5cm L-proﬁle metal
plate with a clamp was attached to the 6-axis Robot
arm to enable it to hold the sheets. The robot pushes
the sheet on the English Wheel placed before it. Understanding machine dexterity parameters was crucial to the developing of a successful motion framework. Initial experiments consisted of applying a planar tracking pattern to a 25x25cm sheet of 1.5mm
thick aluminium. The English Wheel was placed fac-

ing 0° of axis 1, so to limit motion to the shoulder (axis
2) and elbow (axis 3) for providing the main push,
and a rotation of the forearm (axis 4) while keeping a
steady wrist. At a very small pressure, axis 4 reached
limits of torque. The solution was to introduce a minimal slope into the pattern. This created space for
the joint to dissipate the torque as it turns to start
the next segment of the pattern. The forming of the
sheets then became successful.

Feedback loop setup
The second stage consisted of implementing a feedback loop between the physical prototypes and their
digital representation. This is necessary to enable
the robot to do multiple passes over the same piece,
since after the ﬁrst pass is done at high pressure, the
sheet is no longer ﬂat and the motion toolpath has
to be adapted in order to avoid physical damage. After forming the robot moves the sheet into scanning
position, where the Kinect transfers the point cloud
to the computer. The sheet geometry is thus iteratively updated in the design environment and the
toolpath for the next pass is precisely generated, allowing the robot motion to follow the new geometry
of the sheet (Figure 4). The usage of infrared scanning capacity of the Kinect is crucial to the success
of the feedback loop, since it avoids the creation of
occlusions and noise due to light reﬂections over the
aluminium surface.
Figure 4
Adapted second
pass tool path

Neural network computational setup
The third stage consisted of building an Artiﬁcial Neural Network that speciﬁes the forming instructions
necessary to create a physical curved panel geometry. Using a selection of the produced pieces, a workﬂow was implemented to translate the geometries
into false colour images representing the extents of
variation of the panel in x y and z. That was fed as
input to the network. The training output was a series of binary images representing the tracking pattern of every piece. Since the dataset was composed
of relatively few pieces, it was augmented to 320 tensors by rotating every piece 90,180 and 270 degrees,
as well as dividing the panels into smaller pieces. A
Fully Convolutional Network architecture, that is usually used in semantic image segmentation (Long et.
Al 2015), was used to give a dense pixel per pixel
prediction of the tracking pattern given a certain geometry. The network has a convolutional autoencoder hourglass architecture: 3 downsampling convolutional layers, followed by 3 upsampling convolutional layers, and a ﬁnal layer encoding the output
images. The training was done on PyCharm using
Keras with Tensorﬂow backend.

RESULTS
Design probes
The ﬁrst set of design probes (Figure 5 left) consisted
of 25x25cm squares. Their main goal was to isolate
the fabrication parameters of the English Wheel in order to gain an initial understanding of the process.
The results show that varying the frequency of the
tracking pattern zigzag (from 5mm to 35mm spacing)
is indirectly proportional to the curvature produced.
Additionally, also the location and orientation of the
tracking pattern aﬀects the curvature. Leaving a gap
away from the border is key to obtaining a positive
gaussian curvature, while a non machined area surrounded by machined areas creates a hyperbolic surface. The curvature is produced in an orientation perpendicular to the machining polyline.
The second set of design probes (Figure 5 center)
consisted of 25x25cm squares as well as . Their goal
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Figure 5
(left to right) 1st
2nd and 3rd sets of
design probes
made in 1.5mm
Aluminum sheets,
illustrating diﬀerent
curvatures that can
be achieved and
the tracking
patterns they are
associated with

was to prove the success of the feedback loop and
to explore multiple pass forming. The results show
that multiple passes of the same tracking pattern ampliﬁed the curvature. Cross wheeling a second pattern in the same orientation creates a more regular
synclastic curvature. Flipping the orientation of the
piece in the second pass and wheeling a second pattern yielded the most interesting hyperbolic results.
The third set of design probes (Figure 5 right)
broke free from the regular square onto larger less
regular polygons. Their goal was to explore diﬀerent
combinations and overlaying of patterns in diﬀerent
orientations and exploring the design space of geometric compositions that the English Wheel could
produce.

Computational Workﬂow
The network was successful in translating geometry
to tracking pattern. The predictions over the training dataset output had a precision rate of 94% and a
precision rate of 75% over the test dataset (Figure 6).
This slight decrease in performance between the two
is a mark of slight overﬁtting due to the limited diver-
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sity of training samples. However, considering that
the toolpath has to be post-processed in grasshopper
in order to ensure fabrication feasibility and collision
avoidance of the robot using the wheel, this is acceptable in our case. Moreover, this problem will be
avoided in the future by using a more diverse learning dataset, as more panels are produced using this
method.

1:1 Assembly demonstrator
A noteworthy aspect of the design probes is their immediate geometric rigidization due to their shape.
Pieces formed with double curvature had a signiﬁcantly higher resistance to deﬂection, and therefore a
higher bending stiﬀness, than their ﬂat counterparts,
when submitted to a load applied perpendicular to
the surface (Figure 7). To demonstrate the associated structural opportunities, an assembly of 11 panels was made (130x40x90cm approx). Panels on the
same side of the skin were connected at points using lasercut polyester joints in order to transfer loads
between panels. The two sides of the skin were connected with 23 custom made aluminium threaded

Figure 6
Neural Network
predictions
(bottom) compared
to true values (top)

rods, that allowed for a varied structural depth in the
composition. The assembly (Figures 8,9) is successfully self-standing despite its slanting geometry and
very light weight (approx. 10kg).
Figure 7
Deﬂection under
10kg load of an
aluminum sheet ﬂat
(top) and doubly
curved after
forming (bottom)

CONCLUSIONS
The cyber-physical setup developed in this research
has demonstrated, through the production of design probes, the potentials of the English Wheel
coupled with advanced interdisciplinary computational methods, as an easy, fast and cheap method
of fabricating bespoke doubly curved metal surfaces. The method expands the repertoire of surfaces
achievable via eﬃcient manufacturing, and without
complex discretization pre-processing. The fabricated pieces also illustrate an aesthetic quality that is
unique to Robotic English Wheeling, that has the potential to become an element of design and composition, rather than just a fabrication mark only achievable through handcraft.
Further reﬁnement of the neural network is
needed for a better control of the relationship between designed geometry and machining toolpath.
For instance, a larger training dataset would contribute to a better neural network training process,

FABRICATION | Robotics - Volume 1 - eCAADe 36 | 817

Figure 8
11 panel assembly
demonstrator, front
and top view

818 | eCAADe 36 - FABRICATION | Robotics - Volume 1

Figure 9
11 panel assembly
demonstrator,
close-up details
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and thus better results. Further potential also lies
in integrating the structural performance of certain
geometries at the neural network stage in order to
achieve better performance-based design. This introduces a novel way of thinking of sheet metal
in architecture not just as a mere cladding, but as
lightweight, and thin self-supported structures, that
consider both structural and programmatic performances.
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Gridshell is a unique category of shell structures, which, by departing from a
double-curved resistant form, concentrates the forces in its lattice members.
Majority of the gridshell structures use quadrangular or triangular grid patterns
because they can easily mesh and it is less complicated to resolve its details. This
research project provides a unique robotically fabricated joinery system for
free-form gridshells. The research project attempts to increase the versatility in
terms of design and feasibility in terms of construction for future gridshell
structures. It tries to merge the extremely efficient historical design principles
with the new age design and construction methods. The lattice grid for the
Robo-Web gridshell takes inspiration from the ribs of the English fan vaulted
cathedrals. Based on the experiences gained through the research project the
research concludes with a critical discussion of the practical applications and
future scope of the free-form lattice grid and robotically fabricated joinery system.
Keywords: Gridshell, Robotics, Free-form, Fan-vaults

INTRODUCTION
Since ages shells have always been functional in the
design of monumental buildings. Some of the many
variations in the design and construction methods
for shells includes the classic examples of stereotomy
stone vaults, Guastavino’s tile vaulting techniques,
thin reinforced concrete shells by master builders like
Heinz Isler, Félix Candela and Eduardo Torroja. In
1923 for the ﬁrst time Vladimir Sukhov designed a
diagrid structure in Moscow which is a steel hyperboloid gridshell. Gridshell is a special type of shell
structure where the shell surface is comprised of a diagrid formed by linear elements. In case of the gridshell the lattice members are stabilized against in-

plane shear forces using diﬀerent techniques which
includes, cable-cross bracing, diagonal shear ties,
membrane covers, stiﬀener panels etc. Integration of
all these components makes gridshell a consciously
engineered structure where the diagrid functions as
a shell surface (Andriaenssens et al., 2014). The completion of wooden gridshell Multihalle Mannheim by
Frei Otto in 1974 contributed signiﬁcantly in further
developments of this category of structures (Otto
et al., 1974). It inspired a new generation of architects and engineers to further dwell into gridshells.
Several gridshell prototypes and projects have been
constructed till date which tries to explore and give
a new dimension to this category of shell. But al-
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Figure 1
Robo-Web gridshell

most all of them follow a uniform and symmetric lattice grid. The member conﬁguration for gridshell
allows it to follow a more free-form lattice pattern
which could further enhance the ability of gridshell
to achieve more organic, eﬃcient and aesthetically
pleasing forms. There are many research and several
built work examples which focus on the grid lattice
pattern and try to escalate the amount of freedom in
the gridshell design. Research work by Deregibus et
al. (2008) provides a mathematical solution for grid
pattern where members follow the path of geodesic
curves on a free-form surface. A gridshell with a freeform lattice is designed for the Ongreening Pavilion
(Harding et al., 2014). The numerically derived form
for the gridshell is again realized using the concept
of geodesic curves. The geodesic members which
could be unrolled into a straight line are made using
CNC fabrication. Finite element analysis is used to derive grid topology (Nicholas et. al., 2013) as a possible
solution to generate a free-form gridshell design. The
most critical part in realization of a gridshell is its construction method. The eﬃcient force system of gridshells impose a unique challenge in its construction
and because of which they are less frequently constructed. Due to its bending active nature, the struc-
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ture is constantly in action of tremendous bending
stress during the construction process and a smart
construction method is needed for the realization of
the desired form. All the above examples use computational design and digital fabrication tools to create
discrete designs which substantially increase the design freedom and also provides a more eﬃcient and
a much better construction method.

DESIGN AND MODELING
The Robo-Web gridshell project attempts to increase
the design freedom for future gridshell projects by
providing unique joinery solution for more complex
and free-form lattice patterns (As shown in Figure
1). It involves the use of computational design to
increase the design freedom for the lattice pattern
and digital fabrication to produce its components. It
is not seldom that the research in architecture and
structural design is not inspired by the achievements
by our ancestral master builders. A plethora of learning is left in historical monuments and they are to
date considered as an epitome of eﬃciency. Recent research on ultra-thin and extensively optimum
slab systems by Rippmann et al. (2018) and Liew
et al. (2017) are signiﬁcantly inspired from English

Figure 2
Gridshell design
details

Figure 3
Axial Force:
Robo-Web grid,
Triangular grid,
Quadrangular grid,
Kagome grid
fan vaulted cathedrals. The research presented in
this paper tries to extract historical design principles
and integrate it with modern design and fabrication
techniques. According to Howard (1911), the vaults
whose ribs have the same radius of curvature and are
spaced at equal angles are considered as fan vaults.

The free-form grid topology for the Robo-Web gridshell takes inspiration from the ribs of the English fan
vaulted cathedrals. It does not precisely follow the
above deﬁnition but it strategically tries to incorporate the optimum design qualities of the rib-vaulted
cathedrals into the new context of gridshell struc-
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Figure 4
Robotic fabrication
for ﬁsh-mouth
joints and
foundation setup

tures. The grid topology for the gridshell is designed
in Rhinoceros. The catenary surface for the gridshell
is form found in Kangaroo physics engine. Later the
grid topology is projected on the form-found surface
in order to get the skeleton for the Robo-Web gridshell (As shown in Figure 2). Flexible PVC pipes which
are easily bendable are used to realize the design. Because of the high design freedom for lattice grid, the
gridshell requires a distinct connection system which
keeps all the members intact and helps the lattice to
behave as an eﬃcient shell surface. The members
of the gridshell are connected to each other using a
ﬁsh moth joint. The same PVC pipes which are used
for lattice members are used to fabricate ﬁsh mouth
joints. All t0he gridshell components are derived using generative design deﬁnitions in Grasshopper and
modeled in Rhinoceros. In order to make the design
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and assembly process more systematic and less random, the members of the gridshells are divided into
4 layers (As shown Figure 2).

STRUCTURAL ANALYSIS
The dimensional parameters for members are decided based upon the structural analysis done in
Karamba. After carefully studying the output results
over a list of criteria, necessary changes are made in
the design and the entire process is followed again,
in a trial and error manner, until an optimum lattice pattern is achieved. Generally, gridshell structures use triangular or quadrangular lattice because
they are easy to mesh on any surface moreover because of symmetry it is less complex to resolve the details and execute the construction process. Recently

some intriguing explorations have been done in various built works using kagome grid patterns by Architect Shigeru Ban. A comparative study is done
in between quadrangular and kagome gridshell by
Mesnil et al. (2017). To carefully evaluate the structural consequences emerging from the higher design freedom of Robo-Web lattice pattern, conventional grid patterns, (e.g. triangular, quadrangular
and Kagome) are selected to develop a series of comparative studies focused in the performance and the
balance between strength and aesthetics. This multiple criteria-based comparison helps to carefully analyze and evolve the new grid-based upon its pros and
cons. The results of the structural analysis (Refer Figure 3) show that the Robo-web grid is not as eﬃcient
as other conventional grid types but it is certainly
comparable and can be further improved through
more intense research of grid topology.

ROBOTIC FABRICATION
The extremely free-form nature of the lattice grid
resulted in a highly customized connection system.
It was diﬃcult to manually make all the joineries.
Therefore, the ﬁsh mouth joints which followed a
generative design approach for modeling were fabricated with the help of KUKA robot. The fabrication of the joints was simulated using KUKAprc plugin in Grasshopper. After intense prototyping process and various trial and errors, a setup was prepared to fabricate all the joints using KUKA robot. The
setup consists of a styrofoam layer with the proﬁle
of all the PVC pipes in it. This allows the PVC pipes
to precisely ﬁt on the robotic fabrication table. Later
the PVC pipes were further restrained using wooden
pieces which prevented the pipes from popping out
during fabrication due to vibration of the drill bit (As
shown in Figure 4). The foundation system for the
gridshell prototype consists of MDF (Medium Density
Fiberboard) planks which had the proﬁles cut for the
lattice members. The cuts in the MDF planks were
milled as per the curvature of the lattice members (As
shown in Figure 4).

ASSEMBLY
The assembly for the gridshell starts with setting up
the foundation system on site with proper levels and
alignment. The pipes are one by one inserted in the
MDF planks as per their assigned position. A stopper system is designed and incorporated at the ends
of the lattice members (As shown in Figure 4). The
stopper systems prevent the PVC pipes from popping
out due to the active bending nature of the gridshell.
The pipes are one by one bent and connected to each
other with the robotically fabricated ﬁsh mouth joints
in the sequence of the layers (As shown in Figure 5).
The pipes and the joints are ﬁrmly ﬁxed to each other
using HDPE strands. A thin membrane is placed on
top of the PVC pipe, to create friction between the
HDPE strands and PVC pipes and thus prevent slipping.
During the assembly of the gridshell, 2 critical
observations were made.
• The digitally fabricated joints were not very
stable and did not work as a smooth guide to
connect the members and get the lattice pattern. This was mainly due to the small diameter of the PVC pipes.
• The PVC pipe members were extremely ﬂexible and therefore they helped in achieving the
desired lattice grid despite the ineﬃciency of
the joints.

CONCLUSION AND FUTURE SCOPE
Based upon the behavior of the building material and
the structural system several conclusions were made.
The structural system of the gridshell was extremely
stable and therefore a gridshell which precisely follows the geometrical deﬁnition of a fan vault should
be designed and assembled to check the exact applicability and eﬃciency of the design principle. The
robotically fabricated connection system would work
more accurately with members of bigger diameter.
This would provide a larger contact surface area between the ﬁsh mouth joint and members thus increasing the frictional contact resistance and facilitating a better connection system. Bamboo could be
an interesting sustainable solution to replace the PVC

FABRICATION | Robotics - Volume 1 - eCAADe 36 | 825

Figure 5
Step by step
gridshell assembly

pipes as a building material, especially in tropical areas where it is abundantly and cheaply available. The
high tensile strength of bamboo and its availability in
various cross-sections could help in solving the 2 critical observations made during the assembly process.
But it would be challenging to robotically fabricate
bamboo joints because of its variable cross-section
diameter and thus a strategically thought fabrication
setup needs to be developed. Overall the research
project provides a unique robotically fabricated joinery system which tries to increase the design freedom for free-form gridshell structures. It looks forward to integrating the historical design concepts
with present-day computational design and robotic
fabrication tools.
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This paper examines how mediated translations that embrace indeterminacy from design to fabrication - can enhance material and tactile explorations. It
investigates a dialogue between a digital environment that supports the design
process, and fabrication processes that combine tools that are both precise (the
robot) and indeterminate (casting/forming devices) in their essential functions.
We present a research inquiry into this issue by providing a reflective account of a
robotics-aided framework for the fabrication of inexact geometries using
reconfigurable pin tools (RPT). These tools, with their inherent indeterminacy
and variability, were used as a base mold for casting blocks in concrete and
plaster. The central thesis of this paper is that a non-linear fabrication process one imbued with variability rather than deterministically controlled for formulaic
production/outcome - becomes a potent generator of novel forms. By focusing on
process, rather than on the product of design, designers can subvert the
geometrical control inherent in a digital-material output, thus favoring discovery
over order and material sensitivity over determinacy - essential qualities in
progressive architecture practice.
Keywords: Reconfigurable pin tool, Robotics, Indeterminacy , Material
exploration

INTRODUCTION
The research presented here is motivated by the belief that it is critical for architectural designers and
researchers to responsibly develop methodologies
and systems for fabricating innovative construction
methods that are attuned to, and informed by, material sensibilities. In the current context of technological developments, where digital designs are moreeasily materialized by digi-mechanical (hands-free)

means, an important question to ask is, how to design mediated translations - from design to fabrication - that include, enhance, and continue traditions
of material and tactile explorations that have been so
essential to the human endeavor that is architecture?
Our research inquiry into this essential question one that prioritizes a tradition of material sensibilities
- evolved around a digital design-fabrication framework designed to produce inexact geometries. This
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progression explored the use of reconﬁgurable pin
tooling - with its inherent indeterminacy and variability - incorporated into a digital-design and roboticsaided manufacturing framework; a process of making purposefully orchestrated to subvert geometrical
control of the material output. This framework proposed an indirect translation between the digital and
the physical environment, one that becomes further
enriched by a mediation composed of high-precision
computational tools and the uncertainties of material processes. In this sense, the pin tools developed
through this research serves as a ﬂexible and adaptable means for exploring and enhancing the indirect
translation mentioned above.
This study also argues that, by designing a ﬂexible robotic fabrication system which enables an indirect translation from the digital to the physical,
the manufacturing process becomes enriched by
tactile and material explorations beyond the inputoutput predictability of standard digital fabrication.
In this sense, we welcome indeterminacy as a designmaking strategy; one that is informed by material discoveries, accidents, mistakes, and curiosities. In a
manner more similar to intuitive hand-crafting, the
unpredictability inherent in this fabrication framework can inform and enhance the process of creating
digitally crafted building components - designs that
might begin as one thing viewed on a monitor but
result in something quite new and diﬀerent in their
materialization.

BACKGROUND
Indeterminacy vs. control in digital architecture
In a recent essay, Carpo (2012) argues that digital designers have embraced indeterminacy in designs as long as it is derived from what the author
deﬁnes as Digital Darwinism: an emergent system
that self-select the best-performing solutions. Carpo
questions this approach, by stating “We might choose
to favor the emergence of the strongest form, but the
strongest form may not be the form we need” (Carpo
2012:105). Proceeding with this observation, in this
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paper, we argue in favor of another type of indeterminacy in digital design and fabrication - one that
emerges from the playful mediations between the
high-precision, predictability, and repetition of digital means; and the unpredictable, heterogeneous
and anisotropic nature of physical materials.
Norell et al. (2014) argue that one way to introduce indeterminacy and material exploration in architectural production is to design fabrication frameworks that knowingly subvert geometric control. If
design becomes a prescription for a material process,
rather than the determination of an exact geometrical description of an output, the authors claim, one
is able to introduce noise and reintroduce material
sensitivity into virtual/digital design processes. This
paper will use the deﬁnition of noise suggested by
Norell et al. (2014) to refer to a distortion from the
exact translation from the representation of a model
to the materialization of the designs.
The strategy of designing material processes
rather than deﬁning the ﬁnal design has arguably
been used by many designers and builders. One example of this can be seen in the work of the Gabinete de Arquitectura -a Paraguayan architecture practice lead by Solano Benitez and Gloria Cabral - more
speciﬁcally, in the brick-less wall designed for the
MUVA exhibition (2014). The studio built a wall using
concrete and unﬁred bricks, and four days later, the
bricks were washed away leaving only the thick concrete joints (Tomas Franco, 2016). The roughness of
the smeared mortar and the aesthetics of the ﬁnal geometry could not be exactly predicted beforehand:
instead, the architecture is resultant from the material process.
A prioritization of the material process - as design, rather than the deterministic design of the outputs is, arguably, less common in digital design and
fabrication. This condition might be a default - one
inherited from the accuracy associated with digital
machinery, such as robotic arms and CNC machines,
that execute programs based on coordinate systems
with little margin for errors. Currently, there is a
growing body of literature that recognizes the ben-

eﬁts of developing adaptive fabrication frameworks
when using highly automated tools such as industrial robots. Projects of robotic fabrication in architecture have lately sought an adaptive fabrication
approach to mediate the translation between a desired digital result and the actual material conditions
(Schwartz et al., 2014). Researchers have also proposed feedback mechanisms to replace ﬁxed instruction with context-sensible rules (Amtsberg & Raspall,
2015). While these approaches negotiate material
uncertainties by creating systems that respond to the
environment, the framework presented in this study
aims to embrace the uncertainties rather than leveraging them.
A signiﬁcant analysis and discussion on the
subject of material indeterminacies in automation
frameworks is presented in the work of Dickey
(2017a). The author argues for a soft computation
approach in design through making, where combining material uncertainties and digital machinery allows designers to see opportunities on elements of
chance, embracing indeterminacy in the fabrication
process. The explorations presented by the author
challenge the notion of technology as a generator
of consistent results, celebrating material indeterminacies instead, as design opportunities. The author
argues that this approach could lead to a better integration of material properties in digital automated
protocols, and to discovering possibilities presented
by innovative materials (Dickey, 2017b).
Similarly, researchers have proposed moving beyond the search for seamless translation between the
digital and the physical, favoring exploration over efﬁciency (Cardoso Llach, Bidgoli, & Darbari, 2017). The
argument presented in this case is that the seams
and byproducts of the interaction between the digital and the physical environment -the noise- can undoubtedly add material sensitivity to the design process. Recognizing this mediation between the digital
model, the fabrication strategies (automated and/or
analogue) and the physical conditions will also engage the material outputs in shaping a new digital
aesthetic, one that is the result of a dialogue with the

material used.
Overall, these studies highlight the desire for the
development of digital frameworks that mediate between the precise and deterministic nature of automated fabrication protocols and the material indeterminacies of the physical world, while simultaneously allowing for explorations that are sensible to
the form, texture, and relief of form. This paper provides a reﬂective account of a framework that purposefully introduces noise and chance into the manufacturing process, subverting geometric control by
focusing on the manufacturing process rather than
the outcome.

Reconﬁgurable pin tool
This paper documents and discusses a series of explorations using a reconﬁgurable pin tool (RPT) with
its variability and inherent unpredictability, employing an analogue-digital framework. A reconﬁgurable
tool, for manufacturing purposes, can be deﬁned as
a machine that can be readjusted to shape materials
(Munro & Walczyk, 2007). The pin tool used in this
research consists of a reconﬁgurable bed similar to
the 3D pin-art tool patented by Fleming in 1987. Research on reconﬁgurable pin tooling’s has received
a considerable amount of attention in the search for
a ﬂexible tool that allows for repeated/reusable fabrication of unique geometries. The term reconﬁgurable pin tooling in this study refers to a matrix
of pins that can be adjusted in the Z axis to adopt
variable shapes and forms. Transformable dry mold
(Fereos & Tsiliakos, 2014), ﬂexible actuated mold
(Oesterle, Vansteenkiste, & Mirjan, 2012), or variable
geometry molds (Pedersen & Lenau, 2010) are other
terms used to describe iterations of the same tool.
Reconﬁgurable pin tooling is used in this research as a fabrication method for casting free-form
surfaces using concrete and plaster. This fabrication method presents several beneﬁts over other approaches to mold-making, such as milling, 3d printing, vacuum-forming or hand-work. A signiﬁcant advantage is that the mold can be changed between
castings (Pedersen & Lenau, 2010), without the need
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Figure 1
Design-Fabrication
framework

of a ﬁxed or rigid mold. Most importantly, the same
tool can be used to cast variable geometry (Bell,
Barnes, Ede, & Read, 2014), reducing cost and waste
material in construction. Many of the current production forms employed to make complex-shaped
or free-form panel geometries rely on the practice of
milling formwork from less-than sustainable materials for each unique piece. Therefore, the reuse potential of the reconﬁgurable tool presents several significant advantages at multiple scales of impact.
It is beyond the scope of this study to create a
manufacturing system to produce accurate complexshaped blocks; other researchers have already been
addressing this type of questions. On the contrary,
our framework was designed to enhance material
explorations through the byproducts of the system.
This study utilizes the reconﬁgurable pin tool as a
means for exploring a ﬂexible and indirect system for
the materialization of unique shaped blocks, where
noise is purposefully introduced. What follows in the
next section is a discussion and documentation of the
explorations conducted.

DESIGNING THE FRAMEWORK
The project started with the design of the experimental framework as shown in Figure 1. The proposed sequence initiates with the design of complex surface, having a visual feedback of the overall targeted geometry. The visual feedback predicts
the resulting shape without considering the noise
and indeterminacy introduced into the system. Af-
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ter designing the shape, a grasshopper script generates a toolpath for the robot to reconﬁgure the
pin type tool. The toolpath is designed in a way
that each pin is depressed until the center of the
pin matches the target surface. The program for
the robot is generated using a plug-in called Robots
(https:github.com/visose/Robots/wiki), which generates the rapid code within the Grasshopper environment. The Grasshopper script also divides a larger
surface into smaller blocks and creates the toolpath
for each of the block units, as shown in ﬁgure 1.
The robot then proceeds to set the pins using a
simple tool that pushes the pins to the desired position. The program can be run a second time to check
the position of the pins, or to adjust the height of the
overall surface conﬁguration implicit in the pins, controlling the width of the blocks. The reconﬁgurable
pin tool is covered then with a box that provides the
borders for the mold. The next step within the framework is to place a textile membrane on top of the
pins, attached to the box. Several textile types where
tested, with diﬀerent degrees of stretch and texture.
The last step in the framework is to manually prepare
the mixture and cast concrete or plaster on top of the
pins, thus completing the manufacturing process.
Noise and indeterminacy was introduced into the
framework in several ways: with the variation in density of the pins of the RPT that created more or less
accurate geometries; with the use of diﬀerent types
of textiles as a base for casting; with the diﬀerent pin
”caps” tested; and with the combination of analogue

Figure 2
Three iterations of
the RPT. (L) 6-pin
grid using 7/8“ pins,
(C) 6-pin grid with
3D printed caps, (R)
9-pin grid using ½”
pins.

Figure 3
Reconﬁguration of
the 9x9 matrix pin
tool

and digital processes in the framework. All these variables mentioned above constructed the three diﬀerent iterations of the RPT. The distinct iterations where
tested exploring how the variables mentioned above
aﬀected the tangible result. All the iterations shared
the same overall dimensions of 16” x 16”, and the dimensions of the pins each went from 10 to 12” long.
The three variations of the reconﬁgurable tool
are seen in Figure 2. The ﬁrst iteration was comprised
of a 6 x 6 pin matrix, using wooden dowels as the
pins. The pins had a diameter of 7/8“, and a length
of 12”. The second iteration used the same pin matrix and the same set of dowels but used 3D printed
caps with a quadrangular base. The caps served the
purpose of softening the resulting geometry of the
tool. The last tool had a matrix of 9x9 pins, with a diameter of .6, using PVC piping tubes as pins. All the
iterations used rubber O-rings to keep in place each
pin. The O-rings were kept in place between two plywood boards. The tools developed were placed on
top of a metal structure that kept the pins at an adequate height considering both the movement of the
robotic arm and the workability for casting purposes.

RESULTS AND DISCUSSION
The three iterations of the pin-type tool described
above where designed and tested, using plaster and
concrete for casting block forms. The resulting output of the diﬀerent RPT prototypes presented variety
in terms of materiality, texture and geometry, facilitating a comparison among the generated shapes
and with the digital model. What follows is a record of
the design and testing of the proposed digital framework for the design and fabrication of inexact geometries. Documenting the material results, this sec-

tion oﬀers a reﬂective account of the geometries obtained in the material explorations conducted with
the framework.

The framework successfully combined automated fabrication strategies with analogue methods.
While the design of the geometries, the creation of
the toolpaths and the robotic reconﬁguration of the
pins was mostly done in an automated digital manner, the second half of the process was done manually casting the pieces into the mold. The analogue
part of the fabrication process also added noise into
the system, due to the fact that the preparation of the
mixture was never done exactly the same way, creating variations in color and texture among the pieces.
The use of the robotic arm, on the other hand, allowed for the easy reconﬁguration of the pin tools as
per the digital model. A simple 3D printed tool was
attached to the end-eﬀector of the robot, as shown
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Figure 4
Textures of the
resulting casts. (L)
cast from 6-pin grid
with 3D printed
caps, (C) plaster cast
from 6-pin grid
using 7/8“ pins, (R)
concrete cast from
6-pin grid using
7/8” pins.
in Figure 3, to push down the pins of the RPT. The resistance created by the O-rings was enough to keep
the pins in place while allowing to rearrange the pins
with the robotic arm easily.
The resolution of the pins accounts for a signiﬁcant variation in the overall result of the cast. The RPT
tool with a matrix of 9x9 pins (the densest matrix of
pins tested) more clearly represents the digital target
surface than the other iterations. Figure 3 shows the
9x9 pin tool reconﬁgured, the matrix implicitly showing the type of targeted surface. The tool iteration
of 6x6 pins presented the most unpredictable results
from the fabrication process, due to the low resolution and the use of a stretchy elastic membrane/textile on top.
The elastic membrane/textile substantially increases the level of unpredictability in the targeted
shape. By changing the type of textile used in the
process, one could obtain an entirely diﬀerent result,
even maintaining the other variables of material and
pin reconﬁguration. The use of the textile as an intermediate material, therefore, conditions and shapes
the translation from the digital environment to the
physical result.
Overall, the targeted shapes diﬀer substantially
with the casted result. The indirect translation between the digital environment and the physical output created by the low resolution of the proposed
pin tool softens the initial targeted digital geometries
into inexact shapes. The mediation between the digital and the physical output is also a result of the ma-

832 | eCAADe 36 - FABRICATION | Robotics - Volume 1

terial nature of the elastic membrane/textile used for
casting. An unexpected outcome of the manufacturing process was that the pins of the RPT leave a
mark on the casted piece, as shown in the ﬁgures of
the right in ﬁgure 4, which gives the pieces a character that could not be predicted in the digital environment. When observing the casted pieces, one
questions the ability to ultimately predict the resulting form on the digital environment.
The second iteration used 3d printed caps to
erase the pin marks obtained in the ﬁrst exploration,
and to restrict material deﬂection of the elastic membrane under the weight of the liquid concrete/plaster. The use of caps is adequate for achieving a
smoother surface, and overall a more predictable result. An interesting point in the reconﬁguration of
this second tool is that since the caps are close to
each other, the robot may “accidentally” depress the
surrounding pins while pushing one pin down. This
adds another layer of unpredictability to the fabrication process and can be further explored with the development of a pin type tool in which the movement
of one pin aﬀects the movement of the surrounding
ones. Figure 4 compares the textures of the resulting
blocks. On the left, the casted result of the tool using
the quadrangular plastic caps.
The study also explored the possibility of casting two pieces that would be a part of a larger building component, as shown in the proposed digital
framework illustrated in Figure 1. The continuity between the two pieces is not as evident as expected,

especially between the casted pieces with the lowresolution pin tool. Nevertheless, the exploration
shows the possibility of implicitly constructing larger
building components, with the same reconﬁgurable
pin tool. Figure 5 shows two casted blocks intended
as part of a larger surface geometry.
Figure 5
Continuous block
pieces

CONCLUSION
This designed analogue-digital framework successfully enhanced material exploration, prioritizing material sensibilities over order and determinacy in the
fabrication of inexact geometries. By focusing on
the design of the fabrication system, rather than
the outcome, the proposed workﬂow left space for
the introduction of chance, error, indeterminacy and
serendipitous discovery. The variability of the reconﬁgurable pin tool, the indirect translation of the digital model to the physical, and the combination of
manual methods and automated machinery derived
in a framework where the resulting geometry had
added material sensibility in the form of color, texture, and even shape.
The unpredictability of the material outcome
was a result of the “stretchiness” of the fabric, the
manual casting process, variations in pin resolution,
the use (or not) of pin caps, and the volume of material that went into the block (more concrete/plaster on the RPT = more noise, as it stretched the elas-

tic membrane and deﬂected pins). These strategies
deliberately subverted geometric control of the output by producing systematic errors in the translation
of the geometry form digital to physical. All these
variables and features of the fabrication process add
qualities to the ﬁnal product that were not present
in the digital model. These qualities, such as texture
or color, can only be obtained with material manipulation, and cannot (yet) be readily predicted with
computational tools. The purposeful introduction of
noise and chance into the system also rendered unexpected results: the robot that “makes mistakes” by
pushing down more than one pin at the time, adding
a random error to the system.
Finally, rather than obtaining precision or high
accuracy manufacturing, normally associated with
robotic fabrication, the proposed system enables
robotic mediations for unique material explorations.
The resulting blocks do not portray the typical aesthetics of a digitally fabricated element. In fact, this
paper argues for the emergence of a new aesthetic
of the digital, as a result of mediated frameworks
that favor material discovery over predictability. This
aesthetic image of the digital would also reﬂect a
material-machine dialogue, rather than a machine
over material condition, typical of purely digital fabrication prototyping machines.
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This research explores the design, fabrication and testing of acoustic panels in the
context of architectural acoustics. A method of fabricating curved acoustic panels
with locally diffusive geometry will be presented. A novel method of testing the
sound distribution of a panel in 3-dimensions will also be presented, which uses a
robotic arm to position a microphone along a hemispherical toolpath. My aim is
to present a theoretical process by which one could start to correlate geometry
and sound scattering in a multi-dimensional design space, and how this might fit
into the context of architectural project, as shown in Figure 1.
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INTRODUCTION
Contemporary concert halls employ custom acoustic
treatment which are mass-customised to respond to
diﬀering acoustic conditions across the auditorium,
whereas in the past standardised products would
have been used. These custom acoustic treatments
can display diﬀerentiated acoustic qualities including
absorption, scattering and diﬀusion; also known as
‘hybrid surfaces’ due to their ability to perform within
multiple acoustic criteria (Cox and D’Antonio 2016,
p. 313). The ability to create diﬀerentiated building
elements using digital fabrication makes it possible
to vary acoustic qualities throughout a space (Bonwetsch et al. 2008, p. 365). These treatments are
often integrated into the wall or ceiling, as opposed
to being distinct features, which allows the treatment to blend in with the architectural style. However, because the treatments are custom made for

the project they do not come with the testing data
that would come with a standardised product, which
means we cannot accurately simulate the acoustics
of a space in a digital model with these treatments
present.
These treatments are often made from a gypsum
composite and previous solutions to their fabrication
often involves the use of CNC milling to either mill
an EPS foam mould for GRG (glass reinforced gypsum), as in the case of Guangzhou Opera House (Exton 2011, p. 121) or to mill the gypsum ﬁbreboard
panel directly, as in the case of the Elbphilharmonie
Concert Hall (Koren and Müller 2017, p.127). As part
of this investigation, custom robot arm end-eﬀectors
have been created, including a hot wire cutter and
hot knife cutter. This paper will propose a method of
fabricating panels using a multi-axis robotic arm with
these tools to create EPS foam moulds for GRG.
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Figure 1
Theoretical process
of designing
custom acoustic
treatment in the
context of
architectural
project.

Current solutions for testing custom acoustic
treatment involves empirically testing prototypes
with specialised equipment or using software to digitally predict the performance of the panel prior to
fabrication. When testing these treatments empirically a reverberation or anechoic chamber with a
speciﬁc apparatus is required, depending on the aspect of performance being tested. However, access
to this type of space and equipment is not always
readily available. This paper proposes that if multiaxis robotic fabrication is to be used in the fabrication
process then why not take further advantage of this
tool and use it to position a microphone when test-
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ing the panel. This provides a more accessible way to
test panels post-fabrication and could help to create
a closer loop between the fabrication and testing of
acoustic panels. This test could be used to analyse if
a panel has an equal distribution of sound in all directions or that a panel might intentionally reﬂect sound
in one direction more than others. The data from
testing these panels can then be used correlate geometry with sound scattering properties (Reinhardt
et al. 2017, p. 156).
The investigation will present the combination
of a design, analysis and fabrication method, the results and discuss the potential of these methods.

METHODS
Tools for fabricating EPS moulds have been created
including a large hot wire cutter and small hot knife
to be used as robot arm end-eﬀectors, shown in Figure 2. A two-step method has been employed which
ﬁrstly uses a large hot wire cutter mounted to the
robot arm to create the curvature of the global surface, shown in Figure 3, which is intended to direct reﬂections and scatter sound due to convex curvature;
then using a hot knife to carve out the local surface
condition, which is intended to scatter sound further.
This fabrication method could allow us to create freeform moulds faster than CNC milling, due to the ability of these tools to cut a ﬁnished surface in one pass,
whereas a CNC may need multiple passes to achieve
a similar result (Cliﬀord et al. 2014, p. 8). The foam
used to create the moulds can even be fully recycled
if a thin latex sheet is used to protect the mould while
casting (Cliﬀord et al. 2014, p. 13).
Figure 2
Hot wire cutter and
hot knife robot arm
end-eﬀectors.

be used for acoustic simulation to deﬁne the quantity of sound that is scattered (Cox and D’Antonio
2016, p. 87). The diﬀusion coeﬃcient is calculated
using a goniometer which measures the direction of
reﬂections and it requires up to 37 microphones, arranged in either a semicircle or hemisphere depending on whether the test is 2D or 3D. If a panel scatters sound in multiple planes then a 3D setup must
be used (Ibid., p. 89).
A tool for attaching a microphone to the robot
arm has been fabricated. It is designed to have a minimal surface area so that it will not cause unwanted
reﬂections that disturb the measurement (Ibid., p.
93). This testing method is based on the 3D goniometer which outlined in the AES-4id-2001 and ISO
17497-2:2012 standards. The setup, shown in Figure 4, uses the guidelines for performing the test in a
non-anechoic room (Ibid., p. 91). The tool is used to
take measurements along a hemispherical toolpath
at 61 planes of measurement. Multiple microphones
are not required as a single microphone can be positioned by the robot and measurements can be taken
sequentially. A loudspeaker plays test tones and the
SPL (sound pressure level) of the reﬂection is measured at each plane. Using this data, a polar balloon is
constructed to represent a multi-dimensional understanding of sound reﬂections. A polar balloon is a 3D
version of the polar pattern which is a mode of representation to describe the radiation pattern of microphones, loudspeakers and acoustic panels.

Figure 3
Hot wire cutter
robot arm tool in
the CITA robot lab.

It is important to distinguish between diﬀusion and
scattering, diﬀusion is how uniformly distributed
sound is reﬂected; whereas scattering is the ratio
of sound reﬂected in a non-specular way. The diffusion coeﬃcient is used to deﬁne the quality of a
panel; however, the scattering coeﬃcient tends to
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Figure 4
Testing process
based on guidelines
for using the
goniometer in a
non-anechoic
room.

DESIGN EXPERIMENTATION
The design of the panels has been explored based
on the limitations of the tools. The hot wire cutter
can only create ruled surfaces and therefore cannot
oﬀer free-form surface creation comparable to CNC
milling. In order to create more complex geometries, a hot knife tool was created which features a
rigid piece of metal with high resistivity which can
be shaped with diﬀerent proﬁles. The method is
deﬁned by a directional sweep of a proﬁle through
foam and is distinct from CNC milling which is nondirectional due to its spinning drill-bit (Cliﬀord et al.
2014, p. 8). The large hot wire cutter tool is ﬁrst
used to ‘rough’ the foam block, removing the bulk
of the unused material and creating a negative of
the global surface which can be used in the moulding process subsequently. A hot knife tool is then
attached in order carve out locally diﬀusive surface
geometry. A curved proﬁle has been utilised at different sizes to create a grid of convex nodes, the
size of these nodes was varied on diﬀerent panels
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to see how this aﬀected scattering. After the EPS
foam moulds have been created they are cast with
a gypsum and glass ﬁber mixture. At scale the glass
ﬁbers give the panel a greater shear strength and allow much thinner depths of material.
The panels are measured using sine wave test
tones at 7 frequency bands from 125 Hz to 8 kHz.
The panel is irradiated with sound using a stationary loudspeaker which is designed with a ﬂat frequency response and has a frequency range of 54Hz 30kHz. When the sound stops the reﬂection from the
panel is recorded using an omni-directional acoustic testing microphone which is also designed with
a ﬂat frequency response and has a frequency range
of 15 Hz to 20 kHz. The planes of measurement
are constructed along a hemisphere centred on the
panel and the microphone is positioned normal to
the hemisphere to measure the directionality of the
reﬂection most accurately.

Figure 5
Convex node
panels, 20mm
radius (right),
50mm radius (left).

with the hot knife tool using a 20mm curved proﬁle and another with that has been carved with a
50mm proﬁle, the latter two are shown in Figure 5.
These samples were designed to represent a variety
of surface conditions that might be used as an acoustic treatment. The measurements shown in Figure
6 were taken while playing a 1kHz test tone, which
represents a key frequency for both vocal and musical acoustical conditions. The data is converted from
an impulse response to frequency response using a
Fourier transform, and the SPL is used in the representation of a polar cloud, as shown in Figure 7.

Figure 6
Results shown in 3D
polar cloud and 2D
polar pattern for
SPL level of
reﬂection of panels
at 1kHz.

• The panel with no local surface carving was
found to have the strongest reﬂections, especially on the incidence angle from the loudspeaker, which could be due to the lack of
locally diﬀusive geometry and could also be
caused by a focusing eﬀect from it’s global
curvature.
• The panel with 20mm radius convex nodes
featured weaker reﬂections than the previous
panel with a similar overall distribution, potentially due to their similar global curvature.
• The panel with 50mm radius convex nodes
was found to have the most evenly diﬀused
distribution, showing the least high SPL reﬂections compared with the other panels. The
more equal distribution could be explained by
the 50mm convex node radius, because it is
acknowledged that the scattering of higher
frequencies is inﬂuenced by the width of geometry (Koren and Müller 2017, p.126).

DISCUSSION

RESULTS
Three panels have been fabricated using the process outlined: a panel which is globally curved with
no local surface carving, one which has been carved

A method of fabricating acoustic panels and a novel
method of testing them has been shown. We are
currently in the process of identifying problems with
the testing method, such as the environmental noise
caused by performing the test in a robotic lab, specifically ventilation and mechanical sounds, and attempting to mitigate these issues.
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ditions, however, if they were optimized ﬁrst in the
digital model then their acoustic performance could
be much greater. This would also reduce the costs
associated with a trial and error approach. We hope
that further studies will be able to create stronger correlations between geometry and sound. By studying global surface direction and local surface geometry, more acoustic tendencies can be identiﬁed, then
larger scale prototypes can start to test diﬀerentiated
qualities across a surface. This study is the ﬁrst step
toward an empirical and localised understanding of
multi-dimensional sound scattering using a robotic
arm, with further development this could start to inform how large scale acoustic treatment is created in
a hybrid digital and analog design space enabled by
robotics.
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Multi-dimensional Medium-printing
Prototyping Robotic Thermal Devices for Sculpting Airﬂow
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This research investigates the design and prototyping of fabrication machines
that utilize multi-dimensional printing techniques to sculpt an invisible mediumairflow, inspired by its unique materiality, philosophical value, sensorial aspects,
and increasing considerations of atmosphere and climate in architectural
research and design. A series of robotic thermal devices were developed to
modulate animated geometry sequences through scripted movements, designated
coordinates, and temperature fluctuations. This paper elaborates in depth
multi-stage developments and experiments that integrate various systems,
fabrication processes, optical experiments and computational analysis. It situates
the experimental process of the medium-driven fabrication with possible
applications in architectural design as envisioning alternative environmental
systems utilizing thermal byproducts under aesthetic and experiential
considerations.
Keywords: Airflow, Robotics, Additive Manufacturing, Fabrication, Atmosphere

INTRODUCTION
Yves Klein stated in his lecture at Sorbonne in Paris
in 1959 that air- along with gas, ﬁre, sound, electricity, etc- should be considered as architectural material that has main functions “to protect against the
rain, the wind and atmospheric conditions in general
and to create thermal air conditioning” (Perrin 2004).
Airﬂow in nature, however, is a vibrant, chaotic, and
complex medium. It breaks and heals, taking on subtle forces and bringing huge impacts. As a material claimed by Klein in Air Architecture seven decades
ago, researches on this particular medium related to
its architectural applications have been made feasible through diverse approaches including computational ﬂuid dynamics (CFD) and mechanical sys-

tems. Nevertheless, these sophisticated tools and
machinery, although greatly contributing to energy
eﬃciency and thermal comfort in utilizing ﬂow, limit
creative design possibilities for the majority of designers. To breakdown the complexity of the existing systems and to allow airﬂow to be experimented
and understood similarly as other types of materials
in fabrication, would oﬀer more intuitive design opportunities and better integration of environmental
technologies.
This research looks at precedents in articulating forms of airﬂow, and explores an alternative approach to embrace its materiality and to expand possible design strategies. This has led to the creation
of a series of robotic thermal instruments. Referenc-
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Figure 1
Superimposed
forms of airﬂow
computationally
processed from
original Schlieren
images captured
during
experiements.

ing emerging methodologies in robotics and additive manufacturing, this research undertakes fundamental hypotheses: 1) the construction of a comprehensive taxonomy of geometry with ephemeral and
dynamic airﬂow through an inclusive control system
is possible; 2) similar as printing visible forms with
many standard materials used in additive manufacturing, there are ways to articulate basic formations
of airﬂow based on geometric primitives, from points
to lines or curves, then to surfaces and volumes, so on
so forth; and 3) highly sensitive to temperature and
pressure, the unique materiality of airﬂow, and the
toolpaths outputted from the designed machines,
are two determinants of the sculpted forms.
The outcome of this investigation could not yet
be fully predicted though computational models, nor
it allows precise reproduction. A basic framework has
been set up to control parameters of the machine
outputs. However, the background temperature, the
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subtle ﬂow occasionally happening around, the constraints of space and volume of air in the context, as
well as the length of the experiments, are a few factors that will inﬂuence the emergence of the ﬁnal geometry due to the convective behavior. These disruptions are intentionally welcomed in this project
as developing a simple, clear, yet ﬂexible system that
allows both 1) aesthetics of the imprecision that has
large impacts on the result due to the material behavior; and 2) future applications adapting to complexity
of thermal activities and site conditions.

BACKGROUND
Expanded Dimensions of Additive Manufacturing
Originally developed in the 1980s, additive
manufacturing- mostly known as 3D printing in the
past three decades- has been increasingly adapted
and advanced in a great number of disciplines and

industries. 4D printing and bioprinting, for example, derive from this technology, allowing material
evolvements- triggered by time, light, water, biological behavior, or other activation energy (Papadopoulou et al 2017)- to be essential processes of
achieving desired forms. In doing so, these methods expand dimensions of scripted tool-paths, providing tremendous potential for applications such
as autonomous assembly, shape morphing, selftransformation systems, and so on (Li et al 2017). Another focus has been material behavior in digital fabrication process. Olivier van Herpt’s Solid Vibrations,
as one of the examples, employs sound vibration to
create surface textures on the 3D printed ceramic artifacts (2015). Other examples include projects that
couple unpredictable matter as agency and robotic
sensing technology to develop generative fabrication process (Abrons et al 2014). These investigations
transition the fabrication of ﬁnal products in traditional additive manufacturing into the fabrication of
expansive conditions.
Taking airﬂow as material, the research presented in this paper ﬁnds its context within this domain where material transformation in the process
of fabrication is articulated in a controllable manner.
Here, the evolvement of the material is triggered by
temperature and motion as agent.

Material Properties and Form Generation
Almost nowhere absent, air is unlike majority of materials due to its principal features including the tendency to “mix, compound and diﬀuse” along with the
ubiquity (Connor 2010). It behaves in a ﬂuid manner,
which means particles naturally ﬂow from areas of
higher pressure to those where the pressure is lower.
In the atmosphere, air has a 0.0257 W / (mK) thermal
conductivity at 20o C, with a density of 1.205 kg / m3 ;
and a 0.0299 W / (mK) thermal conductivity at 80o C,
with a density of 1.000 kg / m3 . Just like the concept
of convection in ﬂuid mechanics, when the density
changes, pressure diﬀerence will occur, and ﬂow will
emerge.
Various typologies of airﬂow have been explored

in existing research and design projects. They often
follow principles of natural physics and use sophisticated machine assemblies to provide pressure difference by applying forces with an array of parameters. AIREAL: Interactive Tactile Experiences in Free Air
by Disney Research (Sodhi et al 2013), a device that
simulates haptic sensations on one’s skin, employes
a sequenced pressure mechanism with a ﬂexible nozzle injecting small air vortexes. Similarly, speciﬁc arrangements of multiple pressure sources allow simple control system to animate this amorphous material into complex yet scripted behavior, such as Tornado by Ned Kahn and Air Fountain by Daniel Wurtzel.

METHODS
Key Components of the Thermal Devices
This project tackles three major challenges: to create, to control, and to detect airﬂow. With this in
mind, making changes in temperature was selected
as a stimulus for altering density of air instead of applying external forces as inputs. This is due to two
main reasons: 1) it creates an upward linear current
in static conditions, using minimal necessary control while creating a great variety of outcomes; and
2) it could possibly be harvested from the built environment both through natural phenomena, and
through byproducts of man-made systems such as
electronics or building systems, which oﬀers potential for future applications.
As illustrated in Figure 2, the straight line of upﬂow current generated by a point of heat source in
space, transforms into curves and dash lines in motion, sculpted by forces from its surrounding environment; as other surfaces or elements intervene,
these curves would be pushed into surfaces and
volumes. Based on this basic understanding, four
robotic thermal devices have been developed implementing methods from 2D to 4D printing with airﬂow. Each iteration is electrically calibrated for the
sculpted invisible forms being sensed by Schlieren
Imaging apparatus- as performing initial documentation and evaluation of the outcome. Each instrument
consists of three main parts- heat generator made
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Figure 2
Hypothesis of
creating forms of
airﬂow from points
to lines and curves,
and to surfaces and
volumes.

from nichrome wire roughly 10-15 ohm each; a motion system with a single or a combination of actuators providing certain degrees of freedom; and ”fan
blades” bringing in external forces. They are compactly designed and assembled to ﬁt within the viewing area of a parabolic mirror 12.5” in diameter, allowing a great amount of visuals of airﬂow with recurring
patterns being captured and analyzed.
The machines are capable to control a set of variables including the amount of electrical current, resistance of the nichrome coils, as well as the duration
and interval of running the electricity through them.
Temperature ﬂuctuations are results of these manipulations coupling with scripted movements within
the designated coordinates of the devices.

Iterations
Each stage of developments explores from simple to
comprehensive ways of arranging as well as controlling the temperature and the motion system. Major iterations discussed in this paper include: the basic two- 2D printing with single axis motion system
and heat sources; the comprehensive one- 4D printing with three axis motion system and heat sources;
and the latest iteration- multi-frequency motion system with dual-temperature control.
Single Axis Motion System with Heat Elements.
During the ﬁrst stage establishing a framework for
testing, two prototypes were developed, and were
evaluated according to both the legibility and the variety of invisible forms captured in the Schlieren images. They provide single degree of freedom (1 DOF)
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through NEMA17 stepper motors rotating along the
central vertical axis. Here, the intention is to use the
simplest type of motion for getting clear behaviors of
various animated heat patterns.
Figure 3
(a) (b). The ﬁrst
single axis
prototype with
three heat coils; (c)
(d). The second
single axis
prototype with ﬁve
heat coils; (e) (f ).
The third three axis
prototype with two
heat coils;

Figure 4
Control diagram of
the multi-frequency
motion system with
heat and cold
components.

The ﬁrst prototype ecompasses three heat coils, mechanically assembled on a set of orthogonally intersected acrylic frame (Figure 3a). This frame connects
onto a 3D printed rotating plate that has ﬂexible options for holding it in a variety of angles, as well as distances from the central axis (Figure 3b). All the electronic control is done oﬀ board which limits the range
of motion due to the wire connections.
The second iteration uses on board customized
PCB boards to eliminate the restrictions of motion
comparing with the earlier one. Another investigation is an input factor made from 25 Dallas Onewire temperature sensors. The scripted movements
respond to the sensed temperature pattern, mapping the 2D heat map from the environment onto 3D
forms by outputting diﬀerent range of rotation from
the device.
The number of heat coils is increased to ﬁve.
These coils are mechanically assembled with screws
on a 3D printed surface sitting on a rotating plate that
houses all circuit boards to control the heat (Figure
3c). A CNC milled base is designed to hold the gradient heat sensor pad, as well as electronics that control the motor. Heat and motion in this prototype are
controlled separately. They both are driven by microcontroller ATMEGA328P, with an H-bridge breakout

board for the stepper motor, and a MOSFET breakout
board with ﬁve N-MOSFETs for programming all the
heat coils (Figure 3d).
Three Axis Motion System with Heat Elements.
Both of the previous two prototypes rotate along
horizontal planes, which result in limited visual effects due to the deﬁciency of depth detection of the
Schlieren Optics system. Therefore, to increase the
capacity of moving along the vertical plane, a threeactuator device that has three degrees of freedom (3
DOF) in a kinematic chain was developed (Figure 3f ).
Each degree of freedom is provided by a servo motor. It intends to accommodate the maximum capacity of motion trajectories for sculpting a wide range
of possible forms, and at the same time, to maintain
the smallest amount of space the device itself occupies. Housed within a 3D-printed mechanism, each
of the motors provides a 180 degree range of motion
relative to the rotation of the other two (Figure 4).
This prototype also has a simpliﬁed arrangement
of heat elements. Two heat coils located on each side
of a perforated double-curved surface, mechanically
connected to an acrylic press ﬁt structure frame using
copper rivets. One is close to the convex peak area of
the surface, while the other is protruding out further
on the other side. The major purpose of doing so is to
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analyze a clear set of ﬂow pattern generated from the
two individual heat sources in relationship to one another as well as to the surface during various moving
conditions.

and holds cold components above. The cold elements create down-ﬂow air currents. The overall dimension of the frame is constrained by the diameter
of the mirror in the Schlieren Optics setup, the size of
the mirror stand, as well as space needed to accommodate a full rotation of each module.
Motion system in this prototype is assembled
with three diﬀerent types of motors: stepper motors
located on the structural frame and connect to the
movable modules , servo motors on these modules
sweeping along the vertical plane, and tiny DC motors with high RMP attached to four-bar linkages. The
four-bar is designed so that the continuous rotation
could be transferred into a small range rotary motion at a high frequency, mimicking the aerodynamic
performance of insect wings. An “umbrella” shape
double-curved surface made out of thin polyester
ﬁlm is attached to each module, with one edge located right above the center of the heat coil.

Figure 6
Movable modules
of the
multi-frequency
motion system.

Heat and motion are controlled with the same microcontroller. A vinyl-cut circuit mounted on a piece of
acrylic, serves as a breakout board to control the heat
coils with two N-MOSFETs (Figure 3e).
Multi-frequency Motion System with Dual-temperature Control. The three axis device proves its capability of sculpting a diverse set of forms based on
geometric primitives with desired quality. However,
one could ﬁnd a much wider vocabulary of ﬂow in
the abstract visual patterns- lines consist of clusters of
points varying in density, or surfaces composed with
jiggling curves which dissipate swiftly. Fundamental features of the chaotic behavior of ﬂow mechanics, such as elliptic vortices, buoyant jet, wake turbulence, etc, are results of heterogeneous medium
ﬂowing with diﬀerent velocities. To further explore
the material evolvements during the fabrication process inspired by this natural phenomenon of ﬂow,
a multi-frequency motion system was developed
which utilized both heat and cold elements.
Two movable modules (Figure 6) with one heat
coil on each situate towards the bottom of a structural frame which provides continuous rotary motion
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Figure 5
Assembly diagram
of servo motors of
the 3 axis motion
system.

The components on the structural frame, including
the stepper motors and the cold elements, are controlled separately from those on movable modules,
such as heat coils, servo motors, and DC motors.
However, employing accelerometer and gyroscope
as input, the vertical and horizontal movements, as
well as the high frequency vibrations could all be
choreographed simultaneously during each move.
The on-board micro-controller controlling each movable module transmits gyroscope inputs, and outputs signals accordingly to the servo motor, DC motor, and the heat coil. Meanwhile, the electrical

cooler pads, heat sinks, and 5V computer fans assembled as cold sources, are all controlled by MOSFET circuits and are wired up onto a separate microcontroller housed at the bottom of the structural
frame, which also drives the stepper motors (Figure
5).

RESULTS
Figure 7
Testing the ﬁrst
single axis
prototype using
Schlieren Optics.

of variables clearly show in this post-analysis of collected data, suggesting the strong impact of material evolvement during the medium-driven fabrication process.

Test 1
The experiment on the ﬁrst single axis prototype was
conducted intuitively through an observation process. To get a legible reading of the forms produced
by heat while maintaining the subtlety of the smallest variations, the voltage applied to the heat coils
was set to 7V, lasting for 1 second with an interval of 6
seconds- these settings served as a reference for later
experiments conducted with diﬀerent prototypes.
Recurring patterns clearly appear in Schlieren
images- lines generated during the static modes;
curves and surfaces during the moving action.
Straight lines bend downwards during the 6-second
interval when the heat was turned oﬀ (Figure 8).

Test 2

Experiments were conducted on each prototype after it was constructed (Figure 7). The visual data captured by Schlieren Optics allow direct comprehension and qualitative evaluation of the sculpted invisible forms, leading towards ongoing revisions and reﬁnements of the design.
After the visual data was documented, each segment of movement was analyzed computationally
using the frame diﬀerencing technique of OpenCV,
to break down the geometric sequences into individual frames so as to draw comparisons along the
same motion trajectory with diﬀerent moving velocities, directions, and sequences. (Figure 1). Dramatic diﬀerence in results due to small adjustments

When testing the second single axis prototype, the
range of rotation of the stepper motor was programmed in relationship to the input from the
gradient-heat-sensor pad. Curves either arose parallel, or wove into 3D meshes depending on diﬀerent
movements (Figure 9).
The complexity of controlling ﬁve heat sources,
however, has made the process of parsing the sensed
forms very challenging. This is mainly because of
the location of heat coils, although at various height
and diﬀerent distance from the central axis, fails to
present clear diﬀerence as the curves of ﬂow emerging within a extremely short period of time once the
heat is turned on. As a result, the location of the coils
is less eﬀective than the speed and angles of each
move.
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pad used as a cold source, as well as the thermal complexity caused by its necessary accessories such as
the heat sink and the computer fan, the visualization
of cold air currents was presented with an unclear behavior. Therefore, during the actual test, liquid nitrogen was used as cold components instead. Hanging
from above, the down-ﬂow air currents at times collided with the up-ﬂow ones; while at other times affected the curvatures of the warm air from a distance
as a result of the changing location of heat coils. It set
oﬀ chain reactions of transformation, such as the arising of symmetrical vortices, the morphing between
lines and vaults, and the stretching from wide plumes
into thin curves. Rich dynamic patterns are triggered
by mild motion inputs, evolving autonomously into
formal narratives that span long duration (Figure 12).

NEXT STEPS

Test 3
By syncing the control of heat and motion, the three
axis prototype has an increased precision comparing with the previous ones. Meanwhile, the capacity of scripting movements with three servo motors along three axes, allows a much more diverse
set of forms generated by this device. The experiments, however, followed a simple matrix of possible movements- from controlling a single motor, to
combinations of two or three, and to phased control
(Figure 10). Each series of movements shares a designated origin. Various origins, speeds, and ranges
of rotation were tested and analyzed (Figure 10, 11).
Heat was on for two seconds before each motion sequence got started. Because of the portable battery
provides only 3.7V as opposed to the previous power
supply of 7V, the duration was set to be twice as long.

Test 4
Working with both heat and cold sources, the fourth
prototype oﬀers opportunities for programming diverse combinations of thermal and spatial conditions. Due to the deﬁciency of the electrical cooler
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The dual-temperature control system opens up new
possibilities for this project. Diﬀerent from most
of other materials explored in additive manufacturing, the characteristics of airﬂow present unique impacts on this medium-driven printing process as it responds to subtle movements, as well as the temperature changes caused by both convection over time
and inputs from the machine. To improve the control over the cold elements, to decrease their sizes, as
well as to explore the alignment and misalignment
between heat and cold components, would result in
more articulated geometric and textural patterns.
On the other hand, the visualization technique
used throughout the process- Schlieren Optics- casts
restrictions on detecting depth as well as on scaling
up applications. A PIV system would be worth exploring as it allows geometries to be sensed threedimensionally.

CONCLUSION
Philippe Rahm described the space- the “void invisible to the eye”- as “a less dense mass, disconnected,
transparent and yet nevertheless ﬁlled with material” as claiming the importance of constructing atmosphere. The robotic thermal devices constructed

Figure 8
Schlieren images
from experiments
on the ﬁrst single
axis prototype.

Figure 9
Schlieren images
from experiments
on the second
single axis
prototype. (a) (b)
motion test with
candle; (c) (d) small
range of motion
with two of the heat
coils turned on; (e)
(f ) large range of
motion with two of
the heat coils
turned on.

Figure 10
Trajectories of
scripted
movements of the
two heat sources,
and selected frames
along those paths
from the video
documentation of
test 3.

Figure 11
Frame diﬀerencing
technique was used
to process video
documentation of
the test 3 in order
to subtract
background noises
and to extract swift
movements of air in
the Schlieren
images. This is one
selected case where
the forward stroke
along the scripted
trajectory consists
of two separate
moves, and
backward one is a
result from two
motors moving
simultaneously.

in this research customize existing additive manufac-
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Figure 12
Selected Schlieren
images showing
chain reactions and
formal narratives
captured from
experiments on the
latest prototype:
the Multi-frequency
Motion System with
Dual-temperature
Control.

ing with speciﬁc material of airﬂow in this “void”, intersecting the principles of natural physics and the
technological advances in scientiﬁc studies. Eﬀects
are unveiled from both machine operations and the
material evolvements within swift moments.
While the devices have potential of being continuously evolved, this investigation also questions
environmental aesthetics, exploring the potential of
invisible mediums informing the design of the “visible” as envisioning an alternative approach towards
environmental architecture. If the architectural form
should follow climate as Rahm stated (Stalder 2010),
the design of environmental system should follow
perceivable forms and eﬀects of thermal activities
and aerodynamics. By integrating proper sensing
methods such as Schlieren Imaging and PIV into the
prototypes developed in this research, potential applications in architectural scale include transforming
these fabrication machines into embedded heating
and cooling materials and building blocks that provide thermal needs while choreographing visual effects of convection. One of many other possibilities is
constructing prostheses of existing building systems
that alter the temperature distribution and utilizing
thermal byproducts with a similar intention.
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