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Theme
Computing for a better tomorrow
This is the second 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

Theme - Volume 2 - eCAADe 36 | v

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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Growing dissemination of digital fabrication technologies coupled with a renewed
interest in wood as a construction material have led to a resurgence of research
into integral wood joints. Recent research on digitally fabricated wood joints has
focused primarily on robotic or on CNC router produced snap-fit or tab-and-slot
joints. These types of joints have several problems in sheathing to structure
connections. The present paper reports on research into design and fabrication of
T-slot joints that allow hidden back-face connections which are disassemble-able.
It is part of an ongoing research whose aim is to develop disassemble-able and
mass customizable construction system of partition walls for building renovation.
Keywords: Wood Joints, Digital Fabrication, Wood, Design for Disassembly

INTRODUCTION
Towards the end of XX century, there was a signiﬁcant increase in engineered wood products, such as
CLT (Cross Laminated Timber) in the form of panels,
LVL (Laminated Veneer Lumber) for structural battens, just to name a few. This spur in wood products
is linked with growing environmental concerns and
wood particular properties as a renewable material
that combines structural performance with some efﬁciency as insulation (Krötsch and Huß, 2016). There
has also been a growing awareness of the need to
reduce construction impacts on the environment at
the energy level, resource consumption and waste
generation, which has promoted strategies such as
Design for Disassembly (DfD). Instead of focusing on
energy eﬃciency in building operation, this strategy
aims to respond to the growing weight of embodied energy in the materials, the construction process

but also on the sequential renovation cycles over the
building lifetime. It prioritizes reuse of building systems, components and materials and, at a lower hierarchical level, on recycling and down-cycling. It
can be considered a subset of a model of environmental sustainable construction and requires understanding the building as set of layers with diﬀerent
service lives, as it was proposed by Brand (1994).
Crowther (2009) identiﬁed a comprehensive set of
principles for designing buildings or construction
systems that are disassemble-able. They can be summarized as: (1) reversibility of assemblies and subassemblies into basic materials, (2) avoiding chemical connections between diﬀerent materials, (3) minimize number and types of diﬀerent components and
connectors, (4) use lightweight recyclable or recycled materials, (5) prefabricate subassemblies, (6) increase interchangeability, (7) use construction tech-
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nologies that are compatible with standard building
practice and common tools, (8) increase serviceability, (9) document the construction process. Consequently, the fundamental aspect of disassemble-able
systems is the nature of the interfaces between materials, building components and systems. Traditional
wood joinery has developed throughout the centuries, particularly in Japan, highly sophisticated geometrical interlocks with disassembly potential. However, industrialization has led to wide replacement of
these techniques by mass-produced fasteners. Digital fabrication presents an opportunity to rethink the
use of integral mechanical joining techniques (Robeller et al., 2014). As Hosey (2015) has demonstrated, digital design and fabrication tools can have
an important part in enabling design and production
of building systems or hole buildings that achieve
these principles, particularly through the use of digitally fabricated joinery. These production methods
can accommodate local geometrical variability without incurring into signiﬁcant production overheads,
a fundamental enabler of mass customization.

Wood Joints in Cost-Eﬀective Digitally Fabricated Building Systems
Digital fabrication tools like CNC routers or robotic
arms are becoming widespread both because of reducing costs and of initiatives like Fab Lab or the
Global Village Construction Set (Naboni and Paoletti,
2015). Three axis CNC milling machines have spurred
an interest in construction with ﬂat wood panels,
such as plywood, oriented strand board (OSB) or
medium density ﬁberboard (MDF), which are cheap,
standard and readily available materials with known
properties and more dimensionally stable and homogeneous than raw wood. The same reasoning has led
a number of authors to research the innovation potential of using digital design and fabrication tools
on customization of wood products for cost eﬀective construction, such as Sass’s Instant House (2006)
or the WikiHouse (Parvin, 2013), or the our previous
work with partition walls for renovation of old buildings (Brandao et al., 2016). They are composed of dig-

itally fabricated components cut of ﬂat panels with
integrated wood-wood joinery that relies on geometric features and friction-ﬁt joints for transference
of stresses and connection of parts. Yet, for the connection of the sheathing to the structure friction-ﬁt
joints, also known as tab and slot joints, present some
limitations, as they don’t constrain the sheathing in
the perpendicular axis to the plane. While this is desirable from them point of view of disassembly and
assembly, warping of the panels produced by variations of moisture and temperature might cause connection problems. Furthermore, the joints are visible
from the outside, which although it might be considered a design feature, can be aesthetically undesirable, particularly in interior walls. While adding extra
layers to the wall is a possibility, for interior walls this
is undesirable because it increases costs, wall thickness and reduces the disassemble-ability of the system. These frame and panel systems align with some
design principles of DfD and are apt for mass customization strategies. Yet all parts are assembled on
site thereby shifting the complexity from the fabrication stage to the assembly stage. Furthermore, while
customization at the building element level allows
the production of a larger array of forms, it reduces
future adaptability. Following a parametric modular approach, with parametrically deﬁned prefabricated component assemblies, provides a balance between customization and adaptability requirements.
Elsayed followed that approach in his Low Cost Housing (2017). A combination of snap-ﬁt joints with taband-slot joints is used to produce modular components. Snap-ﬁt joint are easy to assemble and disassemble, address the warping problem and constrain
the sheathing but as these joints protrude the surface of the panel, they increase the exposure of the
joint and further complicate personalization of interior and exterior surfaces by requiring that the ﬁnishes project beyond the joint. Thus this paper focuses on material level connections that make the
component subassembly. It is desirable that there is
the least number of visible joints, for aesthetic reasons but also because they increase sound transmis-

12 | eCAADe 36 - FABRICATION | Virtual & Physical Prototyping - Volume 2

Figure 1
T-slot groove for
proﬁles

Figure 2
Keyhole slot

sion and tolerance problems. On the other hand, it
is important that these connections are reversible for
two sets of requirements: (1) to allow changes and
maintenance during the system service life; and (2)
to allow material reuse when the components are no
longer useful for their original purpose. Hence it is
useful to consider two types of reversible connections. Type I joints can be disassembled at any moment in the system service life while the latter type,
Type II is only disassembled at the fabrication or deconstruction stages. The latter has lower tolerances
and better overall performance while the ﬁrst type
trades structural performance for ease of assembly
on site. The types of joints attainable with a given
fabrication or construction process dictate the possible material assemblies and consequently the form of
a construction system and its expressiveness. This article reports our ﬁndings on possible alternatives for
the design of the joint and for their fabrication with
a 3 axis CNC Router. Several options are prototyped,
and their mechanical behavior is analyzed using Finite Element Analysis. Based on these ﬁndings we
propose a possible partition wall construction system
that meets the previously mentioned design principles.

grooves in MDF panels for metal proﬁles or keyhole
slots for screws (Figure 1 and 2). The former slots are
cut with full immersion milling starting and ending
on opposing sides of the board, whereas the latter requires symmetrical exit and milling strategies, a combination of a boring operation with a full immersion
milling. These types of slots are not useful for woodwood joints produced with a 3 axis CNC, as these do
not allow machining both sides of the board.

METHODS
To overcome these issues, this research focuses on
developing back-face integral joints that constrain Zaxis of the sheathing but allow its disassembly, without access to the back-face, by vertically or horizontally shifting the panel. There have been two main
routes of research in wood joints using digital fabrication, one that explores the ﬂexibility of robots
and another that focuses on lower cost 2D CNC processes. Both lines of research have focused on joints
produced with straight tools, ball head or ﬂat head
bits. Most recent research on panel to panel connections has focused on edgewise connections using robotic fabricated dovetail joinery. We explore
the T-slot router bit to produce negative cuts on the
board with a 3 axis CNC router (Figure 3.1). T-slot cutters are inexpensive tools commonly used for cutting

T-SLOT JOINT DESIGN
Designing joints for a t-slot bit requires careful consideration of the tool path and deﬁning an exit strategy. The tool overhang and the height of the cutting edges, on the neck and head of tool, are two
important dimensions that determine the design of
the joint (Figure 3.1). A T-slot joint is composed of
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Figure 3
1) T-slot bit parts:
(A) Head diameter
9,7mm (B) Head
height 4,6mm (C)
Neck height 4,9mm
(D) Overhang
2,35mm (E) Neck
diameter 5mm; 2)
Typical T-slot
groove: (A)
Thickness of the tab
(B) Height of the
head (C) Mating
feature height (C+B)
Depth of the cut (D)
Mating feature
overhang (E) Neck
width; 3) Modiﬁed
T-slot groove for
ﬂatbed CNC

female and male parts: a slot with two overhangs
and a grooved tab (Figure 3.2). To connect the parts
a sliding movement parallel to the slot length is required. Frequently, a ﬂat end mill is used for routing a groove prior to using the T-slot bit. We further explore the combined use of the two bits to produce asymmetrical slots with only one overhang (Figure 3.3), thus enabling the production of the mating feature of the structure to the sheathing on the
ﬂat-bed CNC. A 6mm ﬂat-end mill is used to carve a

pocket or a groove on the sheathing with the thickness of the structure minus the overhang, then the
T-slot bit is used to create the mating feature. The
overhang is limited to the diﬀerence in radii between
the neck and head of the t-slot tool. The height of
the mating (C in Figure 3.3) feature is determined by
the depth of the pocket with an upper limit on the
overall ﬂute height, 9,5mm with our tool. The mating tab is grooved at the required distance from the
edge with a 4mm ﬂat-end mill. Several variations of
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Figure 4
Type I T-Slot Joint:
Vertical Slot and
two variations of
tab design

the joint have been designed and prototyped, they
can be separated according to the types of disassembly required that have been previously deﬁned: Type
I and Type II. Joints of the ﬁrst type (Figure 4) are
demountable while the system is completely assembled, thus the panels are limited to small horizontal
or vertical movements for detachment of the structure, using tolerance gaps between panels. The T-slot
bit is used to create an overhang along the top edge
of a vertical or horizontal slot. A mating hook is created on the top of a tab on the structural element.
As this joint is meant to be assembled and disassembled without visual guidance while holding the panel
against a wall, a larger tolerance is needed. Consequently, the sheathing contribution to the overall
structural performance of the wall is signiﬁcantly reduced.
An alternative design with a cantilever was explored to stiﬀen the connection. To dimension the
cantilever, ﬁrst an overall design was deﬁned using

rough approximations. Care was taken to reduce the
length of the cantilever to the minimum size possible, as it reduces the resistance of the structure. Then
the force required to bend the cantilever 2,5mm was
determined, using the BASF (2007) design guidelines
for snap-ﬁt joints, and the thickness of the cantilever
beam adjusted to a range of adequate values. There
are some diﬀerences on how the snap-ﬁt joint works
and where the force is applied. Nonetheless both the
general formulas or the improved formulas for the
beam deﬂection still apply. Then several versions of
the joint where prototyped to test the assumptions
and ﬁne tune the required level of force for the assembly. A 3mm thickness was found to be adequate
for easier assembly, requiring 0.14 KN of force. The dimension of the slots was adjusted to act as a limiter
to the bending of the cantilever.
A possible Type II joint is simply a full or half panel
length slot, nonetheless this type of joint creates a
continuous fragility line along the length of the joint.
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Figure 5
Type I T-Slot Joint:
Vertical Slot and
two variations of
tab design

Another possibility is creating discontinuous connection points (Figure 5). This requires that the slot includes and entry area with the thickness of the structure. While the number of assembly movements increases, less eﬀort is required to assemble the parts.
Two alternative designs for the slot were evaluated,
Slot A and Slot B, the ﬁrst being easier to assemble
and the latter trading easy assembly by improved
structural resistance of the overhang.

T-SLOT JOINT FABRICATION
Several prototypes of the joints were produced to
test the design assumptions and the assembly sequences. We have selected eucalyptus plywood as
a test material, because it is locally produced from
trees harvested in local forests - eucalyptus globu-

lus. These boards are available in a range of thicknesses: 9, 12, 15, 18, 22 mm. We have selected plywood with 12mm nominal thickness, a good compromise for structural and sheathing uses, with 7 plies
and an overall thickness tolerance of ±0,3mm. Our
prototypes were produced in an Ouplan 3-axis router
equipped with: a Solid tungsten carbide router with
a radius of 6mm, operated at a feed rate of 32mm
per second and a rotational speed of 14,000 revolutions per minute; a T-Slot router with steel body and
brazed tungsten carbide teeth operated at a feed rate
of 15 millimeters per second and a rotational speed of
18,000 revolutions per minute. Variations of +0,4mm
on the Z-depth of the cut were found to occur and
were attributed to warping of the panels and ﬂatness of the CNC bed. These variations can impact
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Figure 6
FEM Simulation of
wall section with
applied linear load
on the right edge of
the front panel. The
image shows Von
Mises stress

the assembly of the joint as the height of the overhang is determined by the plunge of the T-slot bit.
To overcome these diﬀerences, other than ﬂattening
the table, a reduction in 0,4mm of the distance of the
groove to the edge of the tab was found suﬃcient.

tic model the same load caused a 4 mm deﬂection
at mid-span and a maximum stress of 49,75N on the
support.

SIMULATION
Eucalyptus plywood has a density ranging from 900950 kg/m3 and is classiﬁed as C2 for interior uses
in wet environments. The manufacturer reported
values for Modulus of Elasticity (MOE) in longitudinal and transversal directions are 8118MPa and 6234
MPa respectively, and bending strength values are
73,49 MPa and 78,69MPa, in the longitudinal and
transversal directions. Consequently the degree of
anisotropy is 1,25:1, similar to values reported by
Lopes (2004) although presenting lower values for
MOE. For the propose of preliminary design development, the material was simulated as isotropic taking
the lower values for MOE and bending strength. Using the Finite Element Software Ansys, a t-slot joint
wall element was numerically simulated. Eucalyptus
Plywood was simulated as perfectly elastic. Linear
brick 5-nodes elements with full integration (Solid
185) were used for the mesh. The mesh was reﬁned
in the contact areas. The model was constrained on
the top face of the stud. Two symmetry axes were
deﬁned on the base of the model and on the right
side, thus simulating the typical distance stud to stud
and a possible distance of joint to joint over the same
stud. Two models were tested, a glued version and
another were contacts are deﬁned. The interfaces between the panels and the structure were modeled by
surface to surface contact elements deﬁned by the
coincident nodes of the meshes. For the contacts, a
friction coeﬃcient of μ = 0,3 (Gorst et al., 2003) was
considered for the tangential behaviour and normal
was deﬁned as hard contact. Behavior of contact surface is enforced by standard contact algorithm - Augmented Lagrange. In the contact model the ﬁnal deﬂection was 8,3mm for a failure load of 5100N applied along the mid-span of the panel, with the failure occurring at the joint (Figure 6). While in the elas-

A PARTITION WALL CONSTRUCTION SYSTEM
The T-slot joints were used in the development of a
construction system for interior partition walls, composed of plywood structure and sheathing and insulation cork board (ICB) inﬁll. All parts were fabricated with the same tools used to prototype the
T-slot joints. The system is constituted by prefabricated composite components of plywood and ICB
with standard connections on all sides of the component. Thus, all components are interchangeable and
reusable in diﬀerent arrangements or in other contexts. As the components are parametrically deﬁned,
new components can be generated to complement
parts that have been taken of existing walls to be installed in new conﬁgurations in the same space or in
other locations. As there is only one way to connect
the components the instruction set for users to assemble the system is small and simple to communi-
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Figure 7
A wall modular
composite
component

cate. There is also a small number of diﬀerent types
of components for onsite assembly, as the only varia-

tion between components is their size. The assembly
of the components is performed on the factory as in
Figure 7. Front and back panels use diﬀerent types

18 | eCAADe 36 - FABRICATION | Virtual & Physical Prototyping - Volume 2

of joints to allow access to the inside of the component during the assembly process and after the wall is
built. Furthermore, the detail of component to component connection is reversible while the wall is assembled, which means the wall can be locally disassembled. The maximum size of the components
is 1200x600mm, which corresponds to a weight of
21,9kg . A prototype of the proposed system was fabricated and assembled (Figure 8).
Figure 8
A wall section

DISCUSSION
This paper presented an ongoing research on the development of disassemble-able joints with the aim of
developing a disassemble-able and mass customizable construction system of partition walls for building renovation. While the T-slot joints discussed in
this article where developed for plywood and to be
used in partition walls, we foresee that they can have

a wider application both in other types of panellized materials with diﬀerent thicknesses or connecting diﬀerent building elements. They are an alternative to gluing materials to produce composite assemblies. The advantages are the possibility of decomposing a complex assembly of diﬀerent materials into single material parts, thus increasing the recyclability, modularity and serviceability of the product. These last two aspects determine the degree to
which a product can be repaired and thus have its
life cycle extended. Another facet of modularity is
that it opens the possibility for customization, both
on the side of the producer or the user. Identiﬁed
disadvantages are increased material use, because
of the added structure and the waste in the fabrication process, more energy spent on producing the
parts. Also, the dimensions of some of the features of
the T-slot joint are tool dependent and consequently
will not scale across materials with larger thicknesses.
The simulations that were performed did not include
the cork inﬁll, which will have an impact on the distribution of loads to the back panel, possibility reducing
the loads on the joint. Three point ﬂexural test will be
necessary to conﬁrm the results of the simulations,
but these results already indicate that the T-Slot joint
is the assembly weakest point. To test the behavior of whole wall system, an impact test with a 50kg
soft body, as speciﬁed in ETAG 03, is required. T-Slot
joints open the possibility of digitally fabricating disassemble able composite components without visible joints. Furthering the objective of developing
a digitally fabricated disassemble-able building system for building renovation. Furthermore, 3 axis CNC
routers are more widely available than robotic arms,
making the T-slot joints a more accessible alternative
than dovetails for cost-eﬀective digital construction.
Nevertheless, Type I joints presented some limitations when applied to the wall system, particularly in
local disassembly / assembly of speciﬁc panels. Helping tools are required for the task. Their performance
was not tested or simulated but it is expected to provide little contribution to the structural performance
of the system.
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FUTURE WORK
The present article provided some insights into the
design and fabrication of T-slot joints in plywood and
their application in a construction system of partition walls that can be user assembled. While the
simulations that where performed provide some understanding of their performance, further mechanical tests are necessary to fully evaluate them. Also,
there is still room for design improvement, particularly in the length of the joint and the distance between them.
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The use of digital fabrication tools can extend beyond the seamless
materialization of the digital model and can continuously inform design ideation
through emerging material qualities. Exploring the implications of an approach
to digital fabrication that is not based on imposed and rigorous formalisms but on
unique and contextual ones constitutes the research agenda. Within this
framework, the focus of this paper is on 3D printing with clay. Considering
matter not as the static and passive outcome of digitally predetermined form, but
as a design generator, a case study on both the materials and tools employed in
3D printing with clay is presented.
Keywords: Digital fabrication, additive manufacturing, 3D printing with clay,
material computing, uncertainty

INTRODUCTION
Today, making is seemingly integrated to design education and practice through the use of digital fabrication technologies. Digital fabrication protocols
have compulsory predetermined instructions before
materialization, and so require precise control over
the process. The control and accuracy provided by
these technologies ease the transition from the digital to the physical: intricate and complex digital models can be materialized without the necessity of developed hands-on skills. Despite these advantages
however, the use of digital fabrication technologies
does not necessarily promote creative discoveries in
design and a design process informed by making.
Attention is mostly directed to how closely the materialized work resembles its digital master rather
than how the ideation process is shaped through the
materialization of the digital. There is therefore an
emerging paradox in the use of digital fabrication
tools. As Gourdoukis (2015: pp.50-51) similarly puts
forth, while digital fabrication tools oﬀer the design-

ers “the chance to reconnect with materiality and
craftsmanship,” through standardization and simulation, they are “taking away the properties of unpredictability and emergence that are inherent in processes that are harnessing materiality”. In tending to
“include everyone and everything”, fabrication protocols rely on standardization and “become almost
fascistic”.
On the other hand, as Pérez-Gomez (2012: p.13)
states, “tools are never neutral” as “they underlie the
conceptual elaboration” and “the whole process of
the generation of form”. There are indeterminacies
in digital fabrication processes that can be explored
as potential design drives. The transition from the
digital model to its materialized outcome is in fact
never seamless. However perfect the digital master
is, its materialized outcome always bears imperfections and traces of the fabrication tool. There is still
neither a 3D printer that prints surfaces on which the
layers from additive fabrication are not visible, nor a
CNC milling machine that does not leave the traces
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of its drill. By way of treating these imperfections as
emerging design features, the digital fabrication process can break from what Ingold (2000: p.289) calls
the “tantamount withdrawal of the producer, in person, from the center to the periphery of the productive process” when referring to the transition, in the
history of human technicity, from the hand-tool to
the machine.
In this paper, the aim is to explore how the use
of digital fabrication tools can extend beyond the
seamless materialization of the digital model and can
continuously inform design ideation through emerging tectonic qualities. Exploring the implications of
an approach to digital fabrication that is not based
on imposed and rigorous formalisms but on unique
and contextual ones constitutes the research agenda.
Within this framework, the focus of the study is on 3D
printing with clay.

“MAKING FOR” IN 3D PRINTING WITH
CLAY
The concept of design as we use today originates
in the Renaissance and is derivative of the hylomorphic doctrine, which implies a separation between ideation and materialization. Ingold (2010:
p.92), frequently criticizing the dominant hylomorphic approach to creation, claims that hylomorphism
became “ever more deeply embedded in Western
thought” inﬂuencing how making is conceived. Form
is considered as the particular design in mind, matter
as the static and passive outcome of predetermined
form, and making as the imposition of form on matter “from without, rather than unveiled from within”
(Ingold, 2000: p. 339). In what he calls “the standard
view” of making to refer to the hylomorphic model
of creation, “the form pre-exists in the maker’s mind,
and is simply impressed upon the material” (p.342).
Thus, thinking and judgment precedes making.
These views are still dominant today, even more
so with the rise of 3D printing technologies. In many
practices, 3D printing mostly endorses the primacy of
the immaterial, without exhibiting any “recalcitrance
at all” (Buchli, 2010: p.281). In this paper, I aim to ex-

emplify an alternative approach to 3D printing where
form and matter, process and product are not only
causally linked, but also strictly interdependent, replacing the hylomorphic ontology with “an ontology
that assigns primacy to the processes of formation
as against their ﬁnal products, and to the ﬂows and
transformations of materials as against states of matter” (Ingold 2010, p.92). We call such processes making for: uncertainty in the processing of the matter is
valued over the control and accuracy in the processing of information (Gürsoy and Özkar, 2015). Conceptualization does not necessarily precede materialization, but instead evolves through the interactions
with the materials.
Clay is particularly well suited for the making for
explorations in 3D printing as it allows for signiﬁcant
alteration before, during and after 3D printing. Material properties of clay (i.e. viscosity, color, texture),
tools (i.e. 3D printer, extrusion nozzle), 3D printing
settings, tool paths are among the variables that have
major eﬀects in shaping the outcome. Layer-by-layer
extrusion of clay in material extrusion type of additive manufacturing leaves visible traces on the 3D
printed surfaces. Still wet while printing, printed layers of clay can sag under the eﬀect of gravity. Tectonic qualities that emerge as a result of the layerby-layer extrusion are not necessarily present in the
digital model: these features are not designed beforehand and imposed on the material. The layerby-layer growth dictated by 3D printing process thus
becomes a potential design drive when using clay.
This way, 3D printing with clay does not take away
the properties of unpredictability and emergence.
With unexpected features to be discovered on the ﬂy,
the process becomes as important as the outcome.
Within this shifted context, the precision, eﬃciency,
and consistency of 3D printing may no longer be the
most compelling attributes. Moreover, extruded clay
requires time to dry. Therefore the printed objects
are exposed to environmental conditions and are still
open to manipulation after printing. This opens up
new possibilities for a designing and making process
that unites digital and analog means.

22 | eCAADe 36 - FABRICATION | Virtual & Physical Prototyping - Volume 2

Open Design and Maker Culture in 3D Printing with Clay
The open design and maker culture instigated by the
technological and social developments enable free
ﬂow of knowledge, know-how and sources in many
ﬁelds, including the area of 3D clay printing. Open
source projects to build low-cost 3D printers led to
the development of various types of 3D printers for
clay, and to the expansion of the scope of the relative design knowledge to a broader and interdisciplinary community. This community includes ceramic artists, but also designers, architects, makers,
artists who do not have any previous experience in
working with clay. 3D printing, by eliminating the
need for developed hands-on skills in shaping clay
yet still incorporating material indeterminacies, continuously opens up new material exploration trajectories for many.
Another aspect of this open design and maker
culture is the rising collaborations between independent practitioners, academics, and industry in the
development of and the experimentation with various tools and technologies to 3D print clay. Within
the group of people who built their own tools to 3D
print with clay are Unfold, Jonathan Keep, and Tom
Lauerman, just to name a few. Unfold, a Belgiumbased design ﬁrm, developed one of the ﬁrst 3D
printers for clay as an open-source Cartesian-type
3D printer project by modifying the existing RepRap
system that is initially designed for plastic extrusion
(Unfold, 2009). Their exploration was inspirational
for Jonathan Keep, an independent ceramic artist
from UK, who was looking for ways to combine his
generative design explorations with his material expertise on clay. After experimenting with Unfold’s
printing system, Keep further went on developing
a delta-style 3D printer for clay as an open-source
project (Keep, 2013). His clay printer has been widely
built and used by others, including the author of this
study. Keep also initiated an online Google group
around 3D printing with clay as part of his opensource printer project: “Make Your Own Ceramic 3D
printer”. The group brings together people from

around the world who are working on developing
their own tools to 3D print clay. Tom Lauerman, an
educator and artist from US, is among the most active
members of this online Google group. He himself has
initially built Keep’s open-source printer. He then developed and experimented with a range of diﬀerent
types of 3D clay printers (Lauerman, 2014). Following these independent but connected eﬀorts to develop systems for clay printing, diﬀerent 3D printers
and extruder systems have also entered the market
and are now commercially available, including the 3D
PotterBot, the LUTUM, and DeltaWASP. In this paper,
I mainly focus on material extrusion method. For a
detailed overview of other types of additive manufacturing systems for clay (i.e. material jetting, binder
jetting, lamination, VAP polymerization, powder bed
sintering), please see Costa et al. (2017).

Previous Works Exploring 3D Printing with
Clay as “Making For”
As these tools are increasingly enmeshed in craft
and design studio settings, various designers, architects, and artists started to explore 3D printing with
clay as a means to materialize their digital designs.
Among these, the explorations by Olivier van Herpt
(2013) where he aims to “reintroduce error, a human touch, stochasticity” by introducing “elements
of randomness” to the 3D printing process are in line
with the study presented in this paper. Van Herpt incorporates “serendipity, joy through intentional failure” in the controlled, repeatable and precise process
of 3D printing. Likewise, Ronald Rael and Virginia
San Fratello from Emerging Objects focus on the linear growth of 3D printing process and take the tool
path followed by the 3D printer as a design drive. In
GCODE.clay project, they explore “the creative potential of designing with g-code” by “creating a series of
controlled errors that create new expressions in clay
deﬁned by the plasticity of the material, gravity and
machine behavior”. Unpredictability is again a fundamental aspiration as “patterns emerge and disappear
in the variations of the experiments explored” (Rael
and San Fratello: p.146).
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Figure 1
The framework for
systematic
explorations in 3D
printing with clay

Various architects from practice and academia
also explore the possibilities of 3D printing architectural elements with clay. Among these are Building
Bytes, El Studio, Sofoklis Giannakopoulos from Pylos
project, B.A.T, and Matsys Design, just to name a few.
Together, these precedents show variations in geometry, scale, surface treatment, and material properties, and exemplify possible applications of 3D printing with clay. As Chittenden (2018: p.16) denotes, at
the intersection of various explorations of 3D printing
with clay lies “a curiosity to craft a process as much
as an object and to explore the creation of diﬀerent
materials and machines that perform in concert with
a data-driven approach to durational performance in
the act of making”.

CASE STUDY: MATERIAL AND PHYSICAL
PARAMETERS IN 3D PRINTING WITH CLAY
In this paper, building on the critical stance on digital fabrication outlined and considering matter not
as the static and passive outcome of digitally prede-

termined form, but as a design generator, I present
a study on both the materials and tools employed in
3D clay printing. The focus in these explorations is on
the material and physical parameters of 3D printing
with clay, rather than the formal aspects of the digital
model to 3D print.

Deﬁning a Framework for Explorations
To guide the explorations in 3D clay printing, I have
deﬁned a framework by identifying the material
and physical parameters that have an eﬀect on the
printed outcome. Systematic variations of the parameters in this framework enable to discover unexpected outcomes and to perceive each outcome as
an integral part of the exploration. Figure 1 shows the
parameters identiﬁed for before (digital input), during (printing) and after (post-processing) 3D printing
process.
The digital input parameters include the geometry of the digital model: whether the digital model is
a solid object, open surface, or a set or curves.
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Figure 2
Various precedents
exploring material
and physical
parameters in 3D
printing with clay a)
GCODE.clay by
Emerging Objects
b) Curve Series by
Jonathan Keep c)
Bad Ombrés by
Emerging Objects
d) Sound Vibrations
by Olivier van Herpt
e) Informed
Ceramic by B.A.T.

The printability of the input geometry depends on
the type of 3D printer used. Stopping the clay extrusion while 3D printing is usually tricky and requires
an additional auger system attached to the nozzle
if precision is expected. While it is possible to print
closed surfaces or continuous paths without an auger
system, printing open surfaces, branching geometries, discrete curves would result with additional clay
trails that emerge when the nozzle travels between
targets. The way the g-code is generated is also a
digital input. There are various software available
to generate g-code. Repetier and Cura are among
the open-source ones. Simplify3D (not open-source)
is another prominent one. These software typically
slice the input 3D digital models in horizontal layers of equal height and create a continuous path for
the 3D printer to follow. There is also an option to
by-pass the g-code generator software and generate g-code directly from the 3D modeling environment. Silkworm and Xylinus plug-ins for Grasshopper serve as aids for this purpose. It is also possible to generate custom g-code by developing speciﬁc algorithms. GCODE.clay project by Emerging Ob-

jects, for instance, explore custom g-code generation
to control the nozzle trajectory in order to print vessels where “the surface quality takes on the appearance of textiles, with clay being woven, threaded,
curled, as it droops away from the surface” (Rael and
San Fratello: p.146). Similarly in Curve Series project,
Keep (n.d.) codes curve functions in Processing to
generate the 3D forms, and exports this information
directly as g-code to 3D print these forms with clay.
He explains “I am thinking like the path the printer
will take, or possibly a terrestrial body”. By creating
custom g-code for printing, it is possible to break
away from the restrictions of g-code software, such
as equal layer height, and introduce variations on the
tool path.
Among the parameters related to the 3D printing
process, the speciﬁcations of the print material (clay)
open up various possibilities for exploration. While
diﬀerent types of clay (i.e. porcelain, stoneware, bmix, air-dry) behave diﬀerently during 3D printing,
it is also possible to change the speciﬁcations of
the same type of clay. Adding water, for instance,
changes the viscosity of the clay, and directly aﬀects
the 3D printed outcome: if clay is too soft, the printed
object might not hold its form and collapse; if it is
too thick, it might be diﬃcult to extrude the clay, and
the printed layers might not stick to each other. It
is also possible to change the types and speciﬁcations of clay (i.e. color) while printing. In Bad Ombrés
project (Figure 2-c), for instance, Emerging Objects
explore printing a single object from diﬀerent types
of clay where it is possible to see a gradual transition
of color and texture that spans the entire object (Rael
and San Fratello: p.148). It is also possible to change
the nozzles used in clay extrusion, which not only
aﬀects the resolution of the 3D printed surface, but
also can result in emergent surface textures. In most
3D printers, it is possible to vary the speeds while
printing. The speeds in question can be the speed
of movement of the printer in various axes, as well
as the extrusion speed. Depending on the extrusion
method used, the extrusion speed can be altered in
diﬀerent ways. If an air compressor is used to extrude
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Figure 3
Explorations on 3D
printing with clay
by students (Fall
2016).

clay, changing the air pressure will aﬀect the extrusion speed. If a mechanical extrusion system (usually in the form of a rod that is attached to a stepper
motor) is used, changing the speed of the motor will
change the extrusion speed, thus the amount of clay
extruded on a given point in time. Printing with different layer heights, changing the distance between
the nozzle tip and the print base (nozzle height) are
also possible explorations that aﬀect the 3D printed

outcome. The base of the 3D printers is usually ﬂat
and the 3D printers are kept stationary for precision
purposes. However these can be altered. Olivier van
Herpt and Ricky van Broekhoven (2015) in Solid Vibrations project (Figure 2-d) have mounted a specially
constructed speaker rig below the build platform.
The low sound ampliﬁes and produces emergent patterns on the surfaces of the 3D printed vessels. In Informed Ceramic project (Figure 2-e), researchers from
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B.A.T. group attached a clay extruder to an industrial
robotic arm to print clay on non-planar surfaces that
are robotically cut. While printing, exposing clay to
external stimuli, such as changes in temperature, interrupting the surface, etc. can aﬀect the 3D printed
outcome as well. Similarly, since clay is still wet after
3D printing, the printed objects are open to handson manipulations too. It is possible to reshape them
by hand. Additionally, as in traditional ceramic practices, ﬁring and glazing open up a whole other material exploration trajectory.

Systematic Variations in Exploring Emergent Features
In this study, the framework presented above is used
to generate a set of 3D printed clay objects. The ﬁrst
part of the study is held as part of an undergraduate
elective course oﬀered by the author in the Department of Architecture at Penn State University. In this
course, students ﬁrst collectively built a delta-style
3D printer for clay following Jonathan Keep’s opensource 3D printer design. Building their own machine
allowed them to have control over its customization
for diﬀerent design explorations. Consequently, the
students worked on individual projects to generate a
set of 3D printed objects while engaging in a collective, analytical study. This way, the individual eﬀorts
led to a collaborative exploration to discover the constraints and aﬀordances of 3D printing with clay. Figure 3 shows some of the various explorations by six
students. Through this initial stage, the students got
acquainted with the material, the process, as well as
the tools.
The second stage of the study is realized by the
author and involved systematically changing certain
parameters while keeping the rest constant to explore their eﬀect on the emerging features. All the
3D prints generated in this stage are the outputs of
the same simple 3D model: a cylinder of 5cm diameter and height. Alterations are made during the 3D
printing process by changing certain print settings,
and the nozzles. Figure 4 shows the outcomes of this
exploration on a matrix.

In this stage, a commercial 3D Potterbot system
is used to print clay. G-codes are generated using the
Simlify3D software. First, the parameters to 3D print
the digital model as accurate and precise as possible
are depicted. The 3D printed object on the far left
column of the matrix is this parent object. Then variations are introduced. Each row in the matrix exempliﬁes variations in a speciﬁc parameter.
- In the ﬁrst row, layer heights increase from left
to right with 0.6mm increments while the overall
height of the objects remains the same. This aﬀects
the resolution of the printed surface: the layers become more visible with increased height.
- In the second row, while increasing the layer
heights from left to right again, the extrusion multiplier parameter is reduced by half compared to the
ﬁrst row. This had an eﬀect on the wall thickness of
the 3D printed objects. But also, as can be seen on
the far right of this row, the printed layers started to
break oﬀ.
- In the third row, the extrusion speed is gradually altered while 3D printing each object. This time
the layer height is kept constant. During the printing
of the object on the far left of this row, the extrusion
speed is gradually decreased by 20% at each 20% of
the print. In the second object, the extrusion speed is
gradually increased by 10% at each 20% of the print,
in the third by 20%, and in the last one by 40%. By
gradually changing the extrusion speed while keeping the layer height constant the wall thickness of the
3D printed objects also gradually changed, which tapered the cylindrical forms. Moreover, increased extrusion speed resulted in small lumps of clay to build
up on the printer nozzle. These lumps formed controlled textures on the printed surfaces that a closeup view can be seen in Figure 5.
- In the forth row, printer speeds are altered while
keeping the extrusion speed constant. Even though
the printer speed is increased until the maximum
point that the machine can tolerate (in the far right
object), this did not have any substantial eﬀect on the
3D printed surfaces.
- In the ﬁfth and sixth rows, the printer nozzle
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Figure 4
These 3D prints are
the outputs of the
same simple 3D
model. Alterations
are made during
the 3D printing
process.

is changed. The nozzle used in the ﬁrst four rows
is circular with a 3mm diameter. The nozzle used
in the last two rows is elliptical and wider, meaning
that it also has directionality. Besides the nozzle, the
layer heights and nozzle heights are also systematically changed in these explorations. Increasing the
distance between the nozzle tip and the base plate
(initially to 1cm, then to 3cm) yielded very interesting results as the clay layers dropped when extruded
and self-organized with every layer, into waves, curls
and sags. Figure 6 shows a close-up view of gradually emerging curls on the surface of three 3D printed

objects. Although not possible to foresee before 3D
printing, this emergent behavior is controllable and
repeatable. Some objects are printed twice to test if
it is possible to repeat and control this emergent behavior. Two of these are shown in Figure 7.

CONCLUSIONS AND DISCUSSION
These explorations take the layer-by-layer growth
dictated by 3D printing as a potential design drive.
The aim is not to exemplify all possible explorations
within the framework outlined, as the possibilities
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are limitless when variations in parameters are combined. Rather, the aim is to show that the design process does not necessarily end at the abstract digital
model. Even with a simple digital model, in this case
a cylinder, by playing with the physical and material
parameters of digital fabrication, it is possible to obtain many diﬀerent outcomes most of which cannot
be foreseen before materialization. This causally links
the process and the product, the form and the matter, and makes this exploration a making for process.
While 3D printing enables the materialization of
forms that otherwise would not be possible to obtain,
the use of 3D printing technologies is usually limited with processes that prioritize form over matter,
product over process, and control over uncertainty.
The eﬀort in this research is to make a compelling
claim that digital fabrication technologies, including
3D printing, can be explored and embraced as a de-

sign generator and not solely as a tool to materialize
the digital.
In design studio settings, by guiding the students to explore the emerging aspects in digital fabrication, to discover the unexpected outcomes and
to perceive the whole process not as a trial-and-error
but as constant exploration, the interaction of the
designer and technology can be established with an
emphasis on the material and process. This way, we
can replace the hylomorphic doctrine in design with
an ontology that values processes of formations, materiality and making.
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This paper describes an architectural design studio experiment, developed with
the aim of exploring the interrelationship between the architectural design of
basic shelters and additive manufacturing technology (aka 3D printing) using
concrete. This fabrication technology has been developed over the past twenty
years in various locations Worldwide and there has been some experiments on its
use for making buildings. However, these experiments are still very limited in
number and results, in the sense that do not fully explore the potential of the
technology and its impact on the way we design and make buildings. The studio
evolved in the context of a larger project in which a multidisciplinary team of
researchers is developing the technology for the additive manufacturing in
concrete. Research evolves along three main thrusts of work on materials,
systems, and design. The studio introduced students to these various aspects,
examined their interrelationships, impacts, and applications in architectural
design and construction of buildings. The hope was to collect more information
and feedback to inform the overarching research. Results showed the feasibility of
the technology and identified issues that need to be addressed in future research.
Keywords: additive manufacturing, 3D printing, concrete, design education

INTRODUCTION
American Society for Testing and Materials (ASTM)
deﬁned additive manufacturing (AM) as the “process of joining materials to make objects from threedimensional (3D) model data, usually layer by layer,
as opposed to subtractive manufacturing methodologies.”
AM can also be deﬁned as a set of computerautomated processes that leads to the fabrication of
a physical 3D objects layer by layer from computeraided design (CAD) models using metallic, plastic, ce-

ramic, composite, or biological materials (Huang et
al., 2015).
Using additive manufacturing (AM) technologies
in the Architecture, Engineering and Construction
(AEC) sectors has many advantages, including increased labor safety, eﬃcient use of resources, and
reduced construction time and cost. As such, AM can
lead to more aﬀordable and sustainable buildings,
which is particularly signiﬁcant for housing in contexts of rapid population growth. However, the application of AM technology at the architectural scale
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poses many challenges, such as improving structural strength, reducing support structure to produce more complex geometries, maximizing printing speed, reducing material consumption, and maximizing printing quality and shape accuracy. According to Lim et al. (2009), until recently the use of 3Dprinting at the construction scale was limited to three
main processes worldwide: D-shape, developed by
Enrico Dini in Italy; Contour Crafting, invented by invented by Behrokh Khoshnevis at the University of
Southern California in the US; and Concrete Printing, created at Loughborough University in the UK.
These studies mostly focus on the characterization
and ﬁne-tuning of the 3D-printing process. D-Shape
is a large 3D-printer that uses binder-jetting to bind
sand with an inorganic seawater and magnesiumbased binder to create stone-like objects (Dini, 2009).
Contour Crafting (CC) is a layered fabrication technology that tries to use automation to mimic the conventional construction process to build whole structures as well as subcomponents (Khoshnevis, 2004).
The Loughborough research team has developed a
concrete 3D printer which consists of a frame and a
printing head on a mobile horizontal-beam for manufacturing full-scale construction and architectural
components (Lim et al., 2009).
Recently, there have also been several experiments in making actual buildings using 3D printing
of concrete in China (WinSun, 2014), US (Rudenko
2015; ICON, 2018), and Russia (Apis Cor, 2017). What
these experiments have in common is that 3D printing is used to make vertical walls, leaving other buildings elements, such as roofs, to be built using traditional techniques or a combination of both techniques, for instance, by printing concrete on a steel
frame support structure.
The main goal of the current research was to go
beyond these experiments by exploring in a deeper
way the architectural implications of the additive
manufacturing of concrete structures in a design
studio context. It evolved within a larger research
project, aimed at developing our own printable concrete mixture and printing system. The idea was to

explore innovative architectural concepts of sheltering while taking advantage of the capabilities and affordances of additive manufacturing technology and
its consequences for the discipline and language of
architecture. The studio engaged in a process of
design, development, and 3D-printing shelters designed by small groups of students using concrete,
which is the most common building material used
worldwide due to the availability of raw material,
strength, durability, ﬁre-resistance, and price.

PROBLEM
The aﬀordances and limitations of a new process and
construction technique have impacts on the design
process. In this studio, students were encouraged
to rethink the generative concepts for the design of
shelters while reﬂecting upon the interrelationship
between the act of design and 3D-printing technology, including aspects like the design of printing machines, printable mixtures, and tool paths (the path
that the nozzle takes to extrude and deposit the material). This required students to understand design
and making as whole.

PARTICIPANTS
The course was oﬀered in the Department of Architecture at Penn State as an upper level 5th year undergraduate studio, where the students of a 5-year
professional degree in architecture have the choice
to either do a year-long thesis or to take two option
studios for the year. Penn State oﬀers a 5-year professional Bachelor of Architecture that is well regarded
in the profession for teaching technical skills competence in addition to design proﬁciency. However, this
was the ﬁrst time that a design-built studio focused
on 3D printing technologies and the use of concrete
as the material of choice was being oﬀered. The studio, which is typically open to the graduate students
in their ﬁnal year of the 3-year professional degree in
Architecture, also welcomed graduate students from
Architectural Engineering and Civil and Environmental Engineering. Since there were ten students from
architecture and two from engineering, four teams
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Figure 1
Timetable: phases
and tasks in the 3D
printing studio.

were formed, and the role of engineering students
became more eﬀective as structural consultants to
all four teams. They got to know the design principles and strategies of each team, provided support and guidance regarding issues related to structural and environmental performance, and strengthened the architectural and conceptual design by discussing structural options that took into consideration not only the overall forms but also the tool path
strategies. Because of this interdisciplinary and collaborative eﬀorts, each team was enabled to perform
beyond the capabilities of individual students. Design projects were assessed from several viewpoints,
including functionality, aesthetics, structural stability, and manufacturing feasibility.

DESIGN AND PRINTING PROCESS
The studio evolved in four phases (Figure 1) and it
had two main parallel streams of activities, one centered on the design of a shelter for extreme conditions, and another on the technology used to make
it. Regarding the former, the students learned to
design for extreme conditions using minimum spatial and material resources. The engineering students learned about the various stages of an architectural design process, beginning with program and
site analysis, conceptual design, and design development, which was uniquely linked to the design of
the tool-path. Additive manufacturing, like all other
techniques of construction, requires integrating in

the design process an understanding of the capacities of techniques and materials of construction, as
well as the design of the construction process itself.
Students learned about concrete as a composite material that can be adjusted and manipulated
within each context to serve particular needs and requirements; they learned about additive manufacturing technologies (various types and their diﬀerences); and they learned how to collaborate, interact,
and contribute to an interdisciplinary team of experts
to address complex issues that need to be resolved in
the construction of a building.
A major element of discovery was the understanding of the importance and relevance of strategic toolpath design to manufacture their shelters.
They understood the aﬀordances and limitations of
the 3D-printer available to them, while taking advantage of the structural aﬀordances of the geometry and material. Parallel to the studio various concrete mix designs were developed and tested for
their structural and mechanical properties, and structural elements were printed to inform the design process.
These parallel activities clariﬁed and illustrated
the architectural potential and relevance of digital
design and fabrication and their beneﬁts and contributions to the construction industry. They were
also important to focus discussion on the economy of
means in terms of labor, materials, resources, and expenditure, as well as on interconnection between hu-
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Figure 2
Precedents for 3D
printing in
concrete: vault
construction by
brick-layering.

Students used various design tools for drawing, modeling, and rapid prototyping. In addition to common
hand-drawing tools such as paper and pencil, students used digital software such as Rhino and Revit
for accurate 2D and 3D modeling. They also used
laser-cutter and a three-dimensional desktop printer
(FDM by MakerBot) for making small-scale physical
models to gain a better understanding of their designs and 3D-printing toolpaths, bringing together
analogue and digital techniques of design exploration.

other variables such as the robotic arm speed and
the width and height of the printed ﬁlament. Gulf
Concrete Technology (GCT), the company that supplied the Duo-mix 2000, manufactured in Germany
by m-tec, provided some basic information regarding
the interdependency of these variables, which was
included in a spreadsheet used to calculate the values of these variables. Using this spreadsheet, it was
also possible to calculate the desired robot speed for
given nozzle sizes and pump ﬂow rates (Craveiro et
al., 2017). To control ABB industrial robot it is used
RAPID, a high-level programming language. In this
project, the toolpaths were computed and generated
in Rhino and Grasshopper. Then, the Grasshopper
plugin HAL was used to translate the toolpaths to
RAPID.

PRINTING TOOLS

MATERIALS

manitarian, cultural, programmatic, structural, economical, and contextual aspects of disaster relief architecture.

DESIGN TOOLS

Our 3D-printer system mainly consists of a pump
for extruding the material and an industrial 6-axis
robotic arm (ABB IRB 2400) that provides various
ranges of movement in diﬀerent axes. By controlling the pump, it is possible to control diﬀerent related variables that can directly aﬀect print accuracy
and quality, such as the proportion of water to cementitious material, the ﬂow rate (m3/min), feed rate,
and pedal rotation speed. These variables depend
on the properties of the concrete mixture and aﬀect

Two concrete mixtures developed previously were
used in the studio. The ﬁrst was a geopolymer-based
mixture developed and made by the research team
for the NASA 3D-Printed Mars Habitat Challenge out
of materials that could be found on Mars (Hojati et al.,
2018). The second mixture was a Portland-cementbased mixture developed by Gulf Concrete Technologies. Both mixtures used ﬁbers for reinforcement,
but they were very diﬀerent in composition and behavior, with the ﬁrst being more sensitive to envi-
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Figure 3
The fours tests
selected for
students to become
familiar with the
technology.

Figure 4
Team 1’s work:
design concept,
slicing strategy and
printing test (1/5
scale).

ronmental conditions and, therefore, more unstable
and diﬃcult to work with. It also required spending a
considerable amount of time making the batches required for work in the studio and posed some safety
issues. Therefore, after some initial tests with students, considering that they had no previous experience with the technology, it was decided to use the
second mixture.

RESULTS
As mentioned above, one of the main aspects of the
studio was to explore the relation between the design and making of buildings within the context of
3D printing in concrete. The history of architecture
has many examples of how buildings are shaped by

the underlying construction technology. In the tasks
aimed at acquiring knowledge, students were encouraged to understand the formal and structural
properties aﬀorded by the technology and were provided with historical examples that could provide
them with ideas on how to print buildings and encouraged to search for other examples. It became
clear that given the current state of art, the technology pointed to systems based on the sequential layering of materials, working in compression. As such,
many of the useful examples were from brick layering
construction and, more speciﬁcally, for the construction of vaults (Figure 2).
The tasks aimed at enabling students to become familiar with the technology basically repro-
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Figure 5
Team 2’s work:
design concept,
slicing strategy, and
tool path design.

Figure 6
Team 3’s work:
parametric
variations, selected
design, section and
printing test.

duced the steps in the NASA challenge mentioned
above: printing a cone (shape accuracy test), a cylinder (compression strength test), a beam (ﬂexural
strength test), and a dome (combination of the previous) (Figure 2). Because these tests used the sensitive geopolymer-based mixture, students had a really hard time to complete them and the Portland
cement-based mixture was used in subsequent work.
Searching for precedents and testing the technology for printing simples shapes prepared stu-

dents for their design work, but also inﬂuenced the
outcomes of the four teams in the studio.
Team 1 designed a shelter from hurricanes. The
initial concept was inspired in sea-shells but then
shaped to deﬂect wind, after several experiments in
wind tunnel conditions. It also was partially buried
in the ground. They also struggled to ﬁnd an appropriate strategy to slice the shelter for 3d printing. At
the end, their proposal was for the shelter to be made
in three phases (Figure 4): (1) use the robotic arm
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to carve the ground, (2) print a bottom part corresponding to the foundation, ﬂoor, and beginning of
the walls using horizontal layering, and (3) print a top
part corresponding to the remainder of the walls and
roof using diagonal layering. The cold joint problem
was overcome because the top part working in compression rested its load directly on the bottom part,
being the joint designed to facilitates the transmission of loads.
Team 2 chose to design a shelter for protection
in the event of a ﬁre (Figure 5). Their concept can be
described as a partially buried tube, bent to improve
safety and privacy. Their biggest challenge from the
printing viewpoint was to ﬁnd an adequate way to
slice the 3D shape into layers that could be printed
continuously from one side to the other, avoiding
cold joints, a problem that occurs when a layer of
fresh material is deposited on an already cured layer.
After experimenting with diﬀerent strategies, they
found a slicing procedure that worked, leading to the
successful printing of a critical part of the shelter.
Team 3 designed a shelter for war zones. They
sought inspiration from spiral snail shells (Figure 6).
Their idea was that 3D printing of the shelter could
proceed much in the same way as shells grow from
inside outwards and developed several parametric
models to ﬁnd an adequate shape and printing process. They included ribs in the design for structural
reinforcement and tried to take advantage of the
maximum angle that could be printed in cantilever.
Their printing experiments were quite successful.
Team 4 was the only team that chose not to design a shelter but a Marine Science and Education

building. Their concept was inspired in crustaceans
and designed as an exoskeleton, consisting of several, articulated parts (Figure 7). Their strategy was
to decompose the resulting shells through diagonal
slicing, but printing failed because the structure collapsed in the middle at the top. This failure occurred
because the center of mass of each layer was not on
the layer underneath in that part of the geometry.

DISCUSSION AND CONCLUSION
The work described in this paper evolved within
the context of a larger, multidisciplinary project
whose goal is to develop technology for the additive manufacturing in concrete, which has three parallel streams of work concerned with materials, systems and design. This work brought these streams
together in a design studio aimed at exploring the
application of the technology in the design of buildings. Students were given access to historical precedents considered relevant for the current case and
asked to think how to take advantage of the technology to avoid the use of formwork and simplify construction. The precedents used brick-layering constructions techniques and strategies to decompose
the shapes of buildings into layers that could be built
incrementally, while working in compression. Students’ work followed similar strategies and used selective horizontal and diagonal slicing strategies to
support additive construction and carry loads using compression. Students also thought inspiration
from nature to design shapes that avoided joints and
sharps edges and could be printed continuously, including in the making of roofs. The most successful

Figure 7
Team 4’s work:
design concept and
printing test (1/5
scale) showing
collapse.
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strategies, meaning, those that succeeded in printing were those that revealed a better understanding
of geometric properties and how loads could be carried in structural systems that work in compression,
and so design appropriate toolpaths. Current and future work is concerned with advancing the technology through the articulated systematic analysis of the
material, system and geometric aspects and determine how buildings should be designed for 3d printing.
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Spatial Graded Patterns
A case study for large-scale diﬀerentiated space frame structures utilising
high-speed 3D-printed joints
Iacovina Kontiza1 , Theodora Spathi2 , Patrick Bedarf3
1,2
MAS dfab, ETH Zürich 3 Digital Building Technologies, ETH Zürich
1,2
{i.kodiza|spathitheodora}@gmail.com 3 bedarf@arch.ethz.ch
Geometric differentiation is no longer a production setback for industrial grade
architectural components. This paper introduces a design and fabrication
workflow for non-repetitive large-scale space frame structures composed of
custom-manufactured nodes, which exploits the advantages of latest
advancements in 3D-printing technology. By integrating design, fabrication and
material constraints into a computational methodology, the presented approach
addresses additive manufacturing of functional industry-grade parts in short
time, high speed and low cost. The resulting case study of a 4.5 x 4.5 x 2.5 m
lightweight kite structure comprises 1380 versatile fully-customised connectors
and outlines the manifold potential of additive manufacturing for architecture
much bigger than the machine built space. First, after briefly introducing space
frames in architecture, this paper discusses the computational framework of
generating irregular space frames and parametric joint design. Second, it
examines the advantages of MJF printing in conjunction with integrating smart
sequencing details for the following assembly process. Finally, a conclusive
outlook is given on improvements and further developments for bespoke
3D-printed space frame structures.
Keywords: 3D-printing, Multi-Jet Fusion, Space Frame, Graded Subdivision

Background: Space Frames & Architecture
The research presented here extends Alexander Graham Bell’s early 20th century concepts of multilayered space frame kites, which enabled aerodynamic lift through maximizing volume. From 25 cm
long spruce rods, Bell constructed a 3939-cell regular structure, weighting only 91 kg. Furthermore,
by those pioneering experiments, the principles of
tetrahedral construction were formalized, which em-

ploy rigid space frames of light materials with scalable volume to weight ratios (Bell, 1903). Therefore, Bell lays the ground for uniform space frame
structures developed by mid-20th century architects
such as Buckminster Fuller and Konrad Wachsmann
(Chilton, 1999). Fuller’s octet truss (Chilton, 1999)
structures employed aluminium proﬁles without extra nodes, targeting machinability and industrial
mass-manufacturing of its members. The growing
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demand for eﬃcient long-span structures nurtured
the novel development of a modular and systemic
aesthetic quality (Figure 1).

centric to a material-centric design practice (MogasSoldevila, Duro-Royo and Oxman, 2015 ). As part
of a 3 month long thesis project of the MAS ETH
DFAB program, the authors demonstrated novel
design and fabrication strategies for diﬀerentiated
functionally-graded space frame structures beyond
the repetitive modular grid (Figure 2).

Material Design:
Structures
Wachsmann’s grid system already incorporated a
universal ﬂexible connector, allowing up to twenty
members to be connected with ease. Hence, this
demonstrates the changing manufacturing requirements of space frame architecture capable to adapt
to any morphology (Tripeny, 1999). Throughout the
course of late-20th century architecture sculptural
experimentation, non-uniformity of space frames enters the design disciplines in form of smaller artistic installations and large-scale building projects. To
name a few, Melbourne’s Federation Square by Lab
Architecture Studio, the Beijing National Aquatics
Center by Herzog and De Meuron as well as the
BMW World by Coop Himmelb(l)au exemplify some
of the most ambitious structures. Consequently,
diﬀerentiation in irregular frames shifted the manufacturing demands from standardization to masscustomization which aﬀects workﬂows in planning,
logistics and assembly (Fischer, 2005).

Building on previous work on the example of a
lightweight kite structure, this research investigates
new design possibilities, which exploit the advances
in digital fabrication technology.
Here, recent
advances are enabling a shift from a geometry-

Functionally Graded

Physical materiality and fabrication constraints can
inform the computational design workﬂow instead
of post-rationalization routines after construction.
Based on this perspective, the desired functionality in
this project is achieved by exploiting material properties through a computationally generated subdivision process resulting in a multi-hierarchical functionally diﬀerentiated material system. Firstly, a morphological design space is populated with spaceﬁlling cells. Secondly, this space is diﬀerentiated in
distinct stiﬀness zones in response to the aerodynamic drag and support forces. Physically, the stiﬀness is alternated by varying the length of the linear members and is estimated empirically by using a
simple heuristic method of testing their bending behaviour (Figure 3). After testing diﬀerent materials in
multiple lengths, beech wood rods are used because
of the desired bending behaviour and low cost.
After testing the mechanical behavior, diﬀerent
stiﬀness zones could be articulated:
• Central stiﬀ zone where aerodynamic forces
are applied. Bridle laces are placed (spine) |
rod average length = 20 cm
• Bilateral semi-ﬂexible zone that produces the
lift. Steering laces are attached to control the
manoeuvring (wings) | rod average length l =
40 cm
• In-between ﬂexible zone transmitting the
forces | rod average length l = 50 cm
Hereby, the gradient from rigid to ﬂexible areas is
achieved through subdivision density grading. The
resulting space frame acts as a structurally graded
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Figure 1
a. Bell’s kite, b.
Fuller’s space frame,
c. Wachsmann’s
joint
(www.latteier.com,
www.tensegritywiki.com,
www.axxio.net)

Figure 2
a. Bell’s concept
(www.aam.govst.edu),
b. Proposed
diﬀerentiated
concept

compliant mechanism composed of bending rods
and stiﬀ joints (Figure 4).
Figure 3
Physical prototypes
testing rod bending
behaviour
(photograph by T.
Spathi)
Figure 4
Rod length
distribution
throughout the
functional zones of
the structure

Computational Design: Spatial Subdivision
Subdivision processes have traditionally been used
in computer graphics to generate smooth surfaces
from a coarser polygonal mesh. Given the appropriate process parameters, they can produce forms
of astounding complexity from even the most undifferentiated input (Hansmeyer M., 2010). Hansmeyer
and Dillenburger explore how these subdivision processes can be reconﬁgured and applied to produce
ornament. This paper investigates subdivision applied to space frames as a computational recursive
process that adds spatial complexity. It explores varying densities for visual and structural purposes within
tetrahedral boundary geometries. Hereby, regular
tetrahedra perform the highest structural eﬃciency
in space frames due to the inherent rigidity of triangles (Chilton, 1999).
The presented approach here is self-subdividing
all space-ﬁlling tetrahedral boundaries, based on two
methods: subdivision by tetrahedra centroid (SC)

and by edge midpoint (SM). While the ﬁrst adds geometric complexity on the nodes by bisecting the
node angles and maintaining the initial edges, the
latter adds more nodes on the structure by splitting the initial edges while maintaining the initial
nodes. This process is applied on the resulting new
tetrahedra recursively and was studied extensively
in catalogues of diﬀerent combinatorics. The resulting eﬀects of recursive subdivision on geometric and performative diﬀerentiation such as stiﬀness,
face proportions, edge lengths and angles were controlled using a number of procedural techniques in
Grasshopper and Rhino Python Script.
Furthermore, combinations of SM & SC methods
were applied based on their impact on the structure’s
uniformity, intricacy and density. The designer had
to balance the structural and manufacturing requirements as well as aesthetic qualities, such as emphasizing contrasts and transitions between dense and
sparse areas, in each iteration by using modulo operations, graphs or mathematical equations. The subdivision process results in a population of tetrahedra
in each generation given by the relation: P(tn) = 4n.
In general: P(tn) = {x0,...,x4ˆ(n)-1}, where tn: generation, n: number of generations, xi: individual, P(tn):
population of individuals in n-generation.
In each generation the subdivision methods are
governed by a set of exclusion routines following
structural and aesthetical rules. Selected tetrahedra
of the population are prevented from further subdivision and maintain their current form in the following
generations. Structural Exclusion routine is applied
in order to secure that the generated space frame
is structurally eﬃcient - the angles of the tetrahedra
are between 30-60 degrees - and assemblable - the
length of edges have a global minimum of 10 cm.
Aesthetical Exclusion routine aims to control extreme
densities and irregularities throughout the structure
and controls transitions between to foster an overall appearance of controlled irregularity rather than
chaos. To implement this, gravitational points in selected areas are used to deﬁne a graded transition between the diﬀerentiated patterns (Figure 5).
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Figure 5
a. Spatial
subdivision
schemes, b.
Stiﬀness gradient of
varied schemes, c.
Variable densities
generated
iteratively in
adjoining boundary
conditions, d. Flow
chart of excluded
tetrahedra through
generations

In iterative subdivision processes the algorithm
is enabled to aﬀect increasingly smaller detail; ﬁrst iterations can control the overall form, while successive iterations create the microstructure (Hansmeyer
and Dillenburger, 2013). In the proposed approach,
the ﬁrst iteration is followed by a Subtractive routine
removing completely selected tetrahedra from the
initial population and strategically creating holes in
the initial global form. Based on Bell’s kites, a large
central empty space preserves best the equilibrium
of the kite (Bell, 1903). The resulting global shape is
a free form structure deformed further by modifying
its bounding control surfaces. Once the ﬁnal network
is generated (Figure 7), rod thickness is attributed to
the linear elements corresponding to their resulting
lengths, following the lightweight principle of reducing mass for shorter distances of transmitting forces
(Krame,1998).

Figure 6
Relevant fabrication
data: Material
weight distribution
pie chart, Rod
length distribution
histogram
Bell’s winged superstructures had a much
greater power than one would assume at ﬁrst sight.
He provided wing-like sails adapted all in the same
direction being able to lift the kite and maintain the
balance while ﬂying. We introduce the propellor type
- a trilateral wing - attached to the tetrahedra generated by the SC method. Each design iteration is
evaluated in terms of fabrication data giving feedback to the designer and inﬂuencing the decisionmaking process in terms of fabrication constraints
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Figure 7
Generative
functional
diﬀerentiation
controlled through
three zones and
generated in ﬁve
generations. Each
generation yields
fabrication data.

and cost. The Feedback routines calculate the total numbers and weights of components giving to
“Weight Structure to Surface Area” ratio, an indicator for kite validity derived from Bell’s experiments
(Figure 6).
Summarising, the developed computational design tools of the presented approach are:

• Iterative tetrahedral subdivision based on
boundary condition of target geometry
• Exclusion routine of tetrahedra not complying
with structural criteria
• Structural reﬁnement routine modifying the
length and thickness of members
• Sail surface generator creating two types of
sails with diﬀerent aerodynamic behaviour
• Ratio calculator checking the validity of kite
structure
• Fabrication data feedback routines

Joint Design: Parametric Design Nodes
The kite structure is conceived as a network data
structure consisting of nodes, edges and surfaces.
The followed approach grounds on algorithms developed as Python Grasshopper components, which
generate fully-parametrized generic joints based on
the data structure of members’ angles, lengths and
widths. Consequently, the joint is designed as a
rule-based spatial geometry bringing together all elements in an interdependent system.
Owing to the level of network complexity, node
attributes are measured at the level of the edges.
Firstly, an initial geometry features various extended
branches that are calculated by edge lengths and
the assigned widths of 2, 3 or 4mm. Then, through
multiple iterations of intersection-checking between
node-branches and subsequent adjustments in their
extension, the established workﬂow allows the generation of 1380 joints with implemented structural,
fabrication and assembly sequencing logics (Figure
9a).
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printed parts, which will be described in the following section. Lastly, all joints were computationally
sorted in 3D-printed snap-oﬀ grids and referenced by
assembly sequence in 4 segments containing all 22
tetra families for easy transport (Figure 8).

Figure 8
Joint generation &
variations on grid,
Nested joints in
print box
dimensions

Fabrication: Multi-Jet Fusion 3D-Printing

Thus, in quest of material reduction, the joints were
parametrically designed with minimum wall thickness of 0.9 mm and their collets further hollowed out
with framed facets. Those improvements could only
be achieved due to the material properties of MJF-

Since 2016 a new 3D printing technology promises
to revolutionize the market of additive manufacturing for on-demand components in large scale production applications. Multi-Jet Fusion (MJF) works
on the crossroads of binder jetting and sintering: a
fusing and a detailing binder are jetted uniformly on
a powder bed and heated on every single material
layer resulting in isotropic parts even in between horizontal layers. Based on their distinct absorption the
binder types react to thermal energy diﬀerently and
either ﬁll the interiors of parts and walls solid or deﬁne the outer surface detail. Consequently, through
this parallelization of a sinter process, MJF produces
ten times faster and at half the cost compared to
other 3D printing solutions. Due to the use of ﬁnegrained polyamide nylon powder and the voxel-level
fusion of multi-agents, the parts feature high resolution, durability and accuracy requiring minimal postproduction ﬁnishing.
Consequently, this research exploits the rapid
production of 1380 industry-grade parts that were
densely-packed into one 400x300x400 mm print box,
by covering only 250 mm layer height, enabling a
structure of 4500x4500x2500 mm much larger than
the built space. The 3D printed objects weighted
28% of the total kite structure compared to wood
rods taken up 52%. Adding on MJF printing values, the printed parts hence were attached upon
a 1mm thick high-density component lattice with
no additional material-consuming id tags (Figure
9b). In comparison, Selective Laser Sintered (SLS)
printed parts demonstrate greater design constraints
with wall thickness of 2 mm, lower durability and
higher porosity (Figure 10). Furthermore, unlike
other 3D-printing techniques, such as Stereo Lithography (SLA) and Fused Deposition Modeling (FDM),
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Figure 9
a. 3D printed joints
arranged on 10
tagged snap-oﬀ
grids, b. Joint on
structure
(photographs by T.
Kyttas, I. Kontiza)
Figure 10
3D-printed joint by
personal Sintratec
S1 3D printer ,
3D-printed joint by
HP Jet Fusion 3D
printer & physical
prototypes
(photographs by I.
Kontiza, T. Kyttas)

MJF does not require support structures for convoluted geometries and allows to reuse untreated powder entirely.
Figure 11
Fabrication to
assembly stages &
assembled kite
structure hanged
from the Sequential
Roof, ETH Zürich
(photographs by I.
Kontiza, T. Kyttas, T.
Mundy)

cutting within 4 hours, while the rods were cut manually in 2 days. It took for two people 10 hours a day for
20 days to assemble separately the 22 tetra-modules
into 4 larger segments and combine them into the ﬁnal structure covering 215 sq.ft (Figure 11).

Conclusion and Outlook

Assembly
Production of the large-scale structure focused on
smart assembly sequence of custom manufactured
joints of excessive quantity and oﬀ-the-shelf linear
members. Moreover, the kite is composed of 1380
3D-printed nylon connectors, over 1000 m wooden
rods varying in widths and 30 sqm Ripstop Nylon
fabric. All 3D-printed joints were cleaned manually
which took about 3-4 hours. The 863 sails were computationally unrolled and nested in sheets for cnc-

This research presents an approach to fully exploit
the novel beneﬁts of industry-grade 3D-printed parts
for a complex space frame structure which incorporates smart assembly as design driver to enable building an object multiple times larger than the printer
built space. Several computational design instruments and reﬁnement mechanisms were embedded
and extend the architectural vocabulary of precedent
research.
The results are convincing in three aspects: a.
the computational workﬂow produced 3D-printed
connectors of any geometric complexity for masscustomized manufacturing, b. the successful assembly process was fully-informed by fabrication data,
c. the signiﬁcant rigidity of whole structure weighing app. 10 kg. Beyond the scope of this research
towards more sustainable applications, assembly sequencing or module stitching require further integration into the design strategy and give way to alternative processes of disassembly and reusability. This
can result in weight savings, better logistics handling
and cost reduction for highly complex building assemblies. Applications enabled by this work could
include emergency spaces, where transportability
and adaptation are prerequisites, light and largespan cover for temporary use in dense urban environments but also extremely remote areas.
The impact on architecture and large scale construction is promising: Diﬀerentiation in industrial
grade manufacturing is no longer a production setback. While modularity of conventional space frames
symbolize strength and stiﬀness of 20th century engineering culture, conceptualizing irregular space
frames as compliant mechanisms combine strength
with elasticity for highly adaptive and integrated architecture. Consequently, resourcefulness doesn’t

FABRICATION | Virtual & Physical Prototyping - Volume 2 - eCAADe 36 | 45

need to compromise architectural design but opens
opportunities for innovative building solutions.
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While textile composites offer a wide range of formal flexibilities, a primary
concern is the cost and time of creating custom mold surfaces which are typically
produced through subtractive digital fabrication techniques. Alternative methods
such as adjustable molds are used in high-end sail-making, and architectural
researchers have examined reconfigurable molds, fiber sandwich fabrication
methods, and mold-free fiber reinforced polymer (FRP) fabrication processes. In
this paper, we discuss the development of a digitally controlled mold system for
complex-shaped textile composite panels, aiming to reduce the need for custom
milled molds. Experimental research started with producing composite samples
from computer-numerically-controlled (CNC) milled foam molds. Subsequently, a
digitally controlled deformable mold prototype was developed which
incorporates a digital interface through which the architect's surface geometry is
entered, analyzed, and transferred. The digital geometry directly controls the
position of vertical actuators which adjusts the mold surface. Results of this
ongoing project outline a digital process for fabricating textile composite panels,
and help to define key parameters of the adjustable mold system including
material properties, mechanical controls of the mold surface, paneling
considerations, and digital interface.
Keywords: textile composites, reconfigurable mold, deformable mold, fiber
reinforced polymer, digital fabrication, Arduino

INTRODUCTION
Textile composite materials have been implemented
more recently in a few high proﬁle complex-shaped
architectural projects such as the San Francisco Museum of Modern Art expansion (2015), Chanel Pavilion (2008), One Ocean Pavilion in South Korea (2012).

There are a number of general barriers adopting
this material for buildings including ﬁre performance,
and the technical complexity of engineering the
ﬁbers and matrices into components. While textile composites are of interest to architects because
of its formal ﬂexibility and lightweight characteris-
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tics, from a constructability standpoint they pose
challenges of high cost and time to produce custom shaped molds (Kreysler 2016; Bell et al. 2014).
With parametric design and digital fabrication having
made it possible to produce non-standard and diﬀerentiated products more economically, a number of
researchers examined alternate production scenarios and methods for architectural composite applications. Corazza et al. (2014) investigated geometric behavior of ﬁber composite sandwich material for
exterior building applications to eliminate mold production, and Bell et al. (2014) researched digitally
reconﬁgurable surfaces for non-repetitive geometries focusing on composite applications. Kreysler
(2016) explains the industry challenges and potential of ﬁber reinforced polymer (FRP) applications in
high-rise buildings. Blonder and Grobman (2015) discuss a mold free FRP form ﬁnding and fabrication
approach. In most cases these approaches are still
in research phases and new manufacturing solutions
are strongly desirable to address the cost concern of
many industries. Reconﬁgurable molds are not just of
interest to the building industry. The same problem
is present in other industries such as automotive, marine, aerospace, transportation and energy industry.
All these industries are facing the cost issue to manufacture highly non-standard complex shapes with
high accuracy. Therefore, the need to research facade panels’ materials and manufacturing processes
is still current and a vital topic to architecture and
many other industries.

BACKGROUND
The authors are interested in the potential of textile composites as a new building envelope material for its formal and performative possibilities and
have focused on developing alternative methods to
replace the costly mold making process with a digitally controlled adjustable mold system. Precedents
exist in the high-end sail making industry, 3DL (Pearson 2010), and in research, Bell et al. (2014) mention TailorCrete and Schipper (2015) who has developed ﬂexible molds. In this paper, we describe an

approach that integrates commonly used software
Rhino3D, Grasshopper, Fireﬂy, Autodesk Alias, oﬀthe-shelf Arduino microcontroller, actuators, and textile composite material to develop a customized digital fabrication approach. A number of precedents are
discussed in more detail.
Renzo Piano (Schipper 2015) carried out comprehensive research and development on ﬂexible
mold techniques for manufacturing architectural elements. He developed a process to produce doublecurved ﬁber-reinforced plastic elements. The mold
could also be used for the construction of reinforced
concrete shells and consisted of a grid of plungers
supporting a ﬂexible surface on top. The plungers
would shape 3D curved elements of plastic structures, and Piano constructed a number of experimental pavilions using this technique. Nakajima (1960)
explored the idea of creating reconstructed shapes of
small diameter pins and wires bundled together. He
was looking for the ability to stamp the thin sheets of
metal into a double-curved shapes. Two ways were
used to form surface contours: (1) numerical pointpoint control using a push rod and (2) incrementally
changing the die shape using a triangular-shaped
pusher that swept back and forth across the backside of the tool surface. Rao and Dhande (2002) explored ﬂexible surface tooling based on the concept
of discrete approximation to a continuous mold or
die surface. Closely spaced multiple rigid surface tool
elements (i.e., indentors) which adjust to the desired
contour shape. The positioning of each indentor is
controlled manually or digitally. A deformable elastomeric sheet is placed over the indentors to reduce
the tool surface unevenness. Finite element analysis is carried out to analyze the deformation of the
rubber-like membrane in multiple contacts. Pronk
et al. (2009) studied diﬀerent molding techniques
to make 3D surfaces with prefabricated elements.
Their prototype contains a tensioned ﬂexible layer
(1200 mm × 1800 mm) which is manipulated with
manually set actuators. The actuators are only positioned at the edges and consist of upper and lower
array arrangement. Thus, the accuracy of the edges
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Figure 1
Textile Composite
Samples.

is essential for the edge transitions of the panels.
This mold can produce polyester and composite panels combining vacuum injection molding. Lee and
Kim (2012) discuss mass customization of doublecurved metal facade panels using a new hybrid sheet
metal processing technique for the Dongdaemun
Design Park designed by Zaha Hadid. The project
involved 45,000 non-standard shaped facade panels among which approximately 22,000 panels were
double curved. Three methods were tested to ﬁnd an
optimal metal forming technique. The process was
based on computer-controlled hydraulic multipoint
forming processes to achieve smooth stretching and
pressing of ﬁxed sheet metal into double-curved surfaces. The precedents discussed above are a small
sample of various approaches which attempted to
create molds of various scales, materials, and curvatures. Key parameters of the mold processes identiﬁed include actuation mechanisms, resolution of actuation points, mold surface material and properties
to relate to the design surface geometry, and ﬁnal
product material properties and limitations.

METHODS
The various stages of developing a prototype for textile composites paneling and production strategy are
explained.

Textile Composites Experiments

Figure 2
Surface Geometry
Subdivision and
Curvature analysis.

Textile composites are ﬁber reinforced composite
materials that combine ﬁber with a matrix resin. The
project team studied textile composite fabrication
using various ﬁber fabric including glass ﬁber, carbon ﬁber, and Kevlar. The composite samples were
produced using one sided CNC milled surface molds
which were modeled in the Rhino3D software to create various complex-shaped surfaces. The physical
samples were formed using a hand layup process
during which reinforcing ﬁber layers and epoxy resin
were placed on the mold, and then cured at room
temperature, or vacuum bagged to compress the
resin and ﬁber. These experiments were expanded in
a course with students working with four-unit clus-

tered panels to study formal qualities of textiles and
continuity between panels (Figure 1). As the students
were using an open mold process, some of the more
intricate concave shapes required to apply suﬃcient
pressure to the setback or sloped areas to achieve the
mold form. The edges of the adjacent panels were
cut to form thin sheets. The samples illustrated that
if the panels edge returns would need separate layers
to create ﬂuid edge corners.

Architectural Surface Geometry
Textile composites can be easily formed into free
forms but the fabrication process deﬁnes a number
of parameters (e.g., panel edge slopes, mold surface
curvature limitations, panel size, etc.) that impact the
surface geometry. We adopted a panelization strategy of sandwich panels which bonds a foam core between thin sheets of composite material to increase
shear stiﬀness. A hypothetical curved building surface was considered and divided it into quadrilateral
panels using geodesic curves (Figure 2). The panel
edge conditions require continuity to adjacent panels and to its internal area. Using Rhino3D curvature analysis such as Gaussian and Min radius, developable surface areas and minimal curvature areas
are identiﬁed to determine candidate panels that can
be fabricated within the mold shape limitations (Figure 3). Figure 3 illustrates how low curvature panels, higher and complex curvature panels are sorted
based on the curvature analysis.
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successful because it produced only small amounts
of displacement and diﬃcult to relate required surface deformations to speciﬁc embroidered patterns.
The subsequent approach (Figure 5) adopted a
mechanically driven solution using vertical actuators (low cost car door lock DC motors) controlled
through an Arduino microcontroller with shift registers and relay array. The surface resolution was set up
as a 5x8 grid of actuators with a maximum stepping
height of 1” for each actuator. Figure 5 illustrates the
horizontal surface, actuator array, and frame. The array is covered with a silicone membrane that holds
the resin or epoxy matrix and provides the mold surface for the ﬁber fabric. A vacuum bag can be applied
on top of the mold to compress matrix resin and fabric. The actuators have enough load capacity for supporting the forming activities. The interface control is
achieved through the Rhino 3D/Grasshopper Fireﬂy
plugin which translates the panel surface geometry
into required heights of the actuators.
The mold is used to form two composite surfaces
which are used both as formwork and ﬁnal surface,
injecting expandable foam that becomes the core of
the ﬁnal sandwich panel.

RESULTS AND DISCUSSION

Adjustable Mold Prototype Development
Based on the panelization strategy explained above,
an adjustable mold system was designed and developed. Two digitally driven adjustable surface techniques were explored to substitute the standard disposable CNC milled foam surfaces (Figure 4). The ﬁrst
technique was based on shape memory alloy (Nickel
Titanium or nitinol wire) which shrinks or expands in
response to temperature changes incurred through
electric current. Various nitinol patterns were embroidered utilizing tailored ﬁber placement technology to study surface deformations. Figure 4 shows an
example of a circular pattern. This approach was un-

The team produced a series of ﬁberglass FRP samples to measure how close the physical samples’
geometry were to the digital surface models. The
physical samples were scanned using a Structure
Sensor 3D Scanner and compared against the original Rhino3D surface geometry using Autodesk Alias
mesh-to-mesh deviation mapping (Figure 6).

Composites Surface Geometry Results
We tested 12 samples (three samples per four diﬀerent conﬁgurations). The four categories included an
undulating double curved surface, a single curved
undulating surface, and concave and convex hexagonal dome surfaces. As illustrated in Figure 6, the
double curvature surface highlights deviations of surfaces around the apexes. The deviations are due
to the silicon mold surface deformations occurring
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Figure 3
Building Surface
Panelization and
Classiﬁcation based
on Analysis.
Figure 4
Prototype
Development
Process.

Figure 5
Prototype Diagram

around the actuator heads, and placement errors of
the actuators which slightly deviate from the original
grid. The single curved sample undulations conform
better than the double curved sample but still deviate from the original surface geometry for the same
reasons.
Figure 6
Composite Sample
Surface Deviation
Results.

lengthy vacuum bagging processes which
typically lasted for about 13 hours.
• The single sided open mold required an upper counter pressure component for concave
shapes. The actuator retracted locations need
additional vertical loads to conform to the
concave mold surfaces.
• The injection of the expandable foam for the
sandwich panel requires a separate mold and
pressurized injection process to consistently
distribute the foam core between the two
composite sheets.

CONCLUSION
The samples also illustrated continuity issues along
surface edges of complex curved surfaces. It was observed that edge surfaces deviated from the original
surface geometry because the mold surface is ﬁxed
horizontally at the mold frame. The mold is also limited in controlling edge surface tangents because the
actuators only fully extend or retract when actuated
without intermediate position control.
The results oﬀered important insights into the
characteristics of the mold surface material and also
relevant issues to be considered for further design
and development.

Mold Prototype Considerations
A number of issues appeared during experimentation with the prototype, including mechanical, electrical, and physical mold issues as follows:
• The actuator displacement control is limited
to full extension or retraction making intermediate control diﬃcult. The team developed
a workaround by disengaging actuators that
did not require full extension or retraction so
that they would follow the position imposed
by the mold surface proﬁle.
• Actuators overheated and broke during

We discussed the development of a digitally controlled adjustable mold surface prototype for
complex-shaped architectural textile composites.
This research contributes to the growing knowledge
body of textile composites for architectural applications, speciﬁcally the issues of geometry control and
adjustable, reconﬁgurable mold surfaces and processes which oﬀer potential to improve the feasibility
of complex-shaped textile composite applications.
The prototyping endeavors helped to establish key
parameters of an adjustable mold system, including
the geometric properties of mold surface material,
design and analysis interface, sandwich core material
injection and formation process, and electric circuits
and actuator placement and control issues.
Future work will focus on characterizing alternative mold surfaces and corresponding mechanical and digital controls such as geometric algorithms
that oﬀer better material feedback about speciﬁc geometries to the designer. We will begin analyzing
structural performances of textile composite material properties and construction detailing of the panelized system joints to address waterprooﬁng, load
transfer and construction assembly issues.
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PET(s)culpt
Crowd-printing recycled polyethylene tereftalate
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One of the attitudes to recycling plastic in architectural design is it re-printing.
3D Printing of recycled polyethylene tereftalate is in its birth-days. Recycled
filament can be bought in Argentina or Netherlands but lack of experience with
this reborn material blocks its use in the Czech Republic. Firstly we made a study
of settings of the home-3D-printers for this material. Secondly we came with a
crowd printing project, which tested the possibility to print structural pieces by
on various low-cost printers.
Keywords: 3D printing, sculpting, polyethylene tereftalate, crowd-printing,
plastic recycling

INTRODUCTION
The plastic pollution catastrophe is nowadays a topic
in daily news and solution to this crisis is searched
worldwide in all ﬁelds of human activity. Having generally tested the possibilities of 3D printing of recycled PET material with students in 2017 [1], the idea
of building real working large scale sculpture made
of recycled plastic material arose. Consequently, we
developed so-called crowd-printing method with a
web database, where many participants with a home
3D printer could log in and print piece of the bigger
structure. The point was to achieve the bigger size
in less time. Together with that we tested the feasibility of crowd-printing manufacturing strategy independent of the actual type of the printer.When using 3D printing technology, we don’t have to stick
to restrictions of prefabricated or monolithic structures. We can aﬀord parametric variations on shapes
of load-bearing structures. We are aware of various

possibilities of printing traditional concrete and geopolymers in bigger scale [2]. The aim of this article is to discuss, if recycled plastic, speciﬁcally pcr
(post consumer recycled) polyethylene tereftalate of
bottles, can be turned into load-bearing structures
with the use of common standard-size 3D printer and
to which extend. There is a number of restrictions
and we are oﬀering a solution to overcome them.
This article consists of three steps: 1. 3D printing
of pcr PET on low-cost printer is not common in the
Czech republic. No research on pcr PET ﬁlament was
found [3,4] and that led us to test the use of the recycled ﬁlament in order to get satisfactory results,
if ever this material could be considered for structural elements. We found 100% recycled PET ﬁlament
from Argentina and researched the settings of the
Průša printer. 2. A unique project of Crowd-printing
method was introduced for generation big 1:1 models in order to spare time and be independent of one

FABRICATION | Virtual & Physical Prototyping - Volume 2 - eCAADe 36 | 53

Figure 1
Settings for test
print of 100% b-PET
under conﬁguration
A

Figure 2
First and second
test print of 100%
b-PET under
conﬁguration A

type of printer: test various printers for recycled PET.
We developed a web page and database and run a
public crowd-printing project [5], which proved the
feasibility of this idea and independence of the type
of printer. Testing of columns in structural scale 1:1 is
the future work for ws 2018.

3D PRINTING RECYCLED POLYETHYLENE
TEREFTALATE [6]
When printing plastic generally, many limits appear
and a lot of conditions must be met. Firstly, size restrictions are there such as the printer bed dimensions, height of the possible product and diameter of

the nozzle and thus thickness of the actual printed
layer. Secondly, the characteristics of the PET (and
other polymer) material does not allow for thick solid
structures, because the tension between the printed
layers can cause deformation of the whole product.
(img. hidden) This inﬂuences the design of the ﬁnal structure, which must respect it. Thirdly, the inclined walls of the printed product must appear under maximum 45°, or the layers don’t stick together
properly and the material drops down unless being
additionally supported. This can be done, but removing the supports requires usually too much time
of post-production and the model is usually damaged. Finally, the speed and system of printing mat-
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ters. For example, if the nozzle runs too short routes
and comes back to the same place to quickly, the
layer below is not cooled down yet and the model is
keen on sticking to the nozzle. Also the material gets
overheated. Specially, when the hot steel head run
around the narrow sharp end of the model, we could
see the colour and material quality change of the
piece. Anyway, recycled PET for 3D printing seems to
be a promising alternative to virgin material [7] and
only PLA and ABS were tested [8].

above triangle inﬁll (see ﬁg. 3) . The nozzle´s temperature fell to 235 degrees and ﬁlament didn´t melt
anymore. We decreased the speed to 10%, but it was
too late. Printer stopped printing under thermal runaway and in this case the print could not continue.
“Thermal runaway” is a safety feature designed to
prevent printer accidentally catch on ﬁre in the case
of dislodged hot-end thermistor. We found that using these settings for b-PET printing can not be recommended. We also found, that if we want to print
at 240 degrees, we should slow down the fan to 40%.

Settings A
We used Slic3r slicer to export G-Codes from stl test
pieces. We chose 100% recycled PET in order to
ﬁnd best settings (see ﬁgure 1) for a cheap homeassembled 3D Průša printer. Seven test settings were
conﬁgured in order to ﬁnd best settings for quality/time ratio, which is publicly applicable even for nonprofessionals.
Second printing under the same settings took
45 minutes. We loaded diﬀerent model with larger
honeycomb inﬁll and observed the behaviour of the
printer. In the middle of the print we had to slow it
down to 40% of speed. Problem appeared in the ﬁrst
full layer above honeycomb inﬁll The temperature of
the nozzle fell to 240 degrees and ﬁlament stopped
melting. With decreasing the print-speed temperature rose to 255 and print was ﬁnished without any
further problems (see ﬁgure 2). Decays on the ﬁnal
model appeared due to this manipulation though.
Figure 3
Third test print of
100% b-PET under
conﬁguration B –
unﬁnished

Settings C
All settings as in A, but we changed three parameters:Temperature 240°CFan Speed 50% and 60%Inﬁll:
triangles 20% and 30%Průša printer could not melt
PET at such a low temperature as 240. This temperature was tested, because of the thermal runaway.
The prints have not even started, no ﬁlament went
through the nozzle.

Settings D
As shown in the ﬁg. 4, all settings are as in A, but we
changed three parameters: Temperature 250°CFan
Speed 50% Bed temperature 90%Inﬁll: honeycomb
20%
We were successful with this setting with a small
ﬂat object and 35 minutes of printing time. After the
ﬁrst model we tried another object of a bigger size
and more complex geometry with the same setting
and the result wasn´t successful. Problem appeared
the top part of the object. Last layers of the inﬁll
weren´t even printed. Only small and thin objects
could be printed with this conﬁguration (see ﬁg. 5).

Settings E

Settings B
All settings as in A, but we changed three parameters:Temperature 260°CSpeed 50%Inﬁll: triangles
40%Problem appeared again in the ﬁrst full layer

All settings as in D, but we changed two parameters:Temperature 245°CSpeed 100% This setting did
not allow for printing with100% of print-speed. We
tried to decrease the speed of the nozzle and the
printer started to react and melt the ﬁlament. This
setting prolonged the time of printing to 1h and
22min.
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Figure 4
Settings for the
fourth test print

Settings F
All settings as in E, but we changed one parameter:Temperature 255°CFinally, the result fulﬁlled our
expectations as shown in ﬁgure 6 on the right. The
color of the product showed up to be transparent and
homogenous. The print went well and in a short time
of 22°C.

Conclusion of the study
We tested 6 types of conﬁgurations of the Průša
printer with various results. We came to a resolution,
that 255°C Nozzle with 100% speed, extrusion multiplier to 1.08 and 60°C bed preheat brings the best

results in shortest time for Průša printer. The success
of printing recycled PET lies in best temperature setting of around 255°C, fan cooling decrease for at least
three initial layers, and extrusion multiplying of 1.08
material.

CROWD PRINTING METHOD
We tested our idea of crowd-printing method on an
arts project called PET(s)culpt - mobile statue of an
angel made of recycled PET. First a sculpture of an angel was designed in Rhino Grasshopper. The design
was inspired by traditional ”Native scene” by Tomáš
Krýza in Jindřichův Hradec and Kafkas’ Head from
David Černý in Prague. The ﬂow from inspirations to
the sketch of the model is shown in ﬁg. 7.
The ready virtual model was split into separate
pieces saved as “stl” in our database. In order to orientate in the amount of pieces, proper numbering
system was used, where the sculpture was split into
ﬁve sections: Left and right wing, upper and lower
body and the head. This was done because of the
big data transfer of the moving parts. There was a table of pieces, each of which was deﬁned by a number
combined of number of section, number of column
and number of a row (ﬁg. 8). These numbers than
had to correlate with the pieces in the web database.
The innovation was the fact, that each stl had a “json”
substitute, which could be previewed by the participant directly in the web browser. The preview was
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Figure 5
Successful and
spoiled test prints

Figure 6
Print result from
conﬁguration E and
F

also animated. After the participant logged into our
system, the user was allowed to download the stl ﬁle
with the settings for the 3D printer. The participants
could also see which pieces are free (white), reserved
(red), or printed allready (green) (ﬁg. 9).
Figure 7
Historic and new
age inspiration and
initial model

Figure 8
Rhino model with
the table of pieces
and numbering
system

pieces of the wings could withstand horizontal forces
from the wind, even though six ﬂoors of the wing
construction consisted of ﬁve pieces glued together
with printed layers perpendicular to the ground. LED
light were put inside of the hollow pieces of the
wings. The model and the result can be seen in ﬁgure 10.
This way we tested the possibility to print recycled polyethylene tereftalate on 12 various types of
printers. On the basis of this paper we are ready to
print a real structural element in 1:1 scale in order to
test if recycled PET is feasible material for load bearing structures or to which extend.

CONCLUSION

Figure 9
Virtual model on
the web page and
real collected pieces

Once this happened we sent the recycled ﬁlament
to the given address and our participant could start
printing. We found two types of recycled PET ﬁlament: 100% b-PET and 90% reﬁll. When the prints
were ready, we were sent a photo of the ready piece
and checked if the recycled PET was used and if the
piece has an adequate quality. Finally we collected
the ready pieces of an angel from the participants
and glued it together with Super glue and activator.
Montage of the angel was made on a steel construction and the whole sculpture was mobile, where the
wings could change its visual performance. Recycled
PET proved to be a stable material in outdoor condition. Neither it changed shape, nor the colour. The

3D print of structural element models is possible
with recycled PET. The scale aﬀects printability of the
model together with the size of the nozzle. The standard printing area of a printer is around 20X20X20
cm. This limits the models being printed in one
piece, therefore we decided to divide our two meter high sculpture into 390 pieces, 210 of which
were printed by the public on twelve various houseprinters with limited “printing” area. Three types of
Průša printer, Cryal Cube, Makerbot replicator, Anet
A3, REBEL II, Zayda, Sigma BCN, Ultimaker 2 and 3,
Felix 3, Veletiskárna and Rebel II. 90% and100% recycled PET of ﬁve colours (white, grey, red, light blue,
dark blue) was used and both diameters of ﬁlament
were tested: 1,75mm and 3mm. The melting temperature of each printer diﬀers from 245°C to 270°C,
the temperature of the bed varied around 60°C. The
speed of printing was set to 100% in most cases. Each
printer had to be conﬁgured in a diﬀerent way, therefore there is no exact settings for all printers. It is recommended to switch of the cooling for ﬁrst three layers.

FUTURE WORK
Generating 1:1 test piece of a structural element out
of recycled PET is inevitable in order to ﬁnd out its
load bearing capacities as structural elements, as no
models can give relevant outputs. The question is

FABRICATION | Virtual & Physical Prototyping - Volume 2 - eCAADe 36 | 57

Figure 10
PET(s)culpt: Model
and real Sculpture
of the angel

also, how to distribute the cuts in order to inﬂuence
the structure as little as possible? Anyway, a pilot
study on the load bearing properties of the real size
samples of the chosen columns is planned as future
work plus comparison with the optimally shaped column. The question will be to what extend could recycled 3D printed structural elements replace traditional steel/concrete structures [9]. Do we decide for
connecting the pieces by glue, which appeared to be
stronger than the material itself or is it better to design special joints in order to have the columns disassemblable? We are looking forward to the case study
in the winter semester 2018. The idea is to generate
a real load bearing structure - a column - exceeding
these limits in all three directions [10]. Obviously, the
model must be cut into at least around 100 printable
pieces.
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Printing a Coﬀee Bar
An investigation into mid-scale 3D printing
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We present and discuss an exploration of the possibilities and properties of 3D
printing with a printing space of 1 cubic meter, and how those can be integrated
into architectural education through an experimental design and research course
with students of architecture.We expand on issues presented at the eCAADe
conference 2017 in Rome [Ref 6] by increasing the complexity and size of our
prints, printing not a model to scale, but a full scale funtional prototype of a
usable architectural object: A coffee bar.
Keywords: 3D Printing, Parametric Modelling, Full Scale Project

Background
3D printing is rapidly developing in several directions: amongst other aspects, printing becomes
faster, the resolution higher, ever more materials can
be printed, the technology becomes more accessible
(in terms of ﬁnance as well as technicality), and ever
larger objects can be printed (Gebhardt 2012).
These developments open up new possibilities
both in developing as well as building architecture.
We hold six to be of most importance and impact:
1. Prototype models of designs can be produced more swiftly, thereby accelerating the
feedback loop between design thoughts and
physical tests.
2. Geometrical constraints imposed by material
and construction method properties fall away.
3. Materials can be customized when one
can print at an extremely resolution and
thereby deﬁne properties like density, porosity, strength, surface texture etc.
4. Questions of joining building components together change when the joints can be printed

as parts of the components themselves or disappear altogether when larger components
do not have to be assembled from smaller
parts any more at all.
5. Functionalities traditionally separated (i.e.
structure and ductwork for electricity and
various liquids) can be integrated into one
directly printed part.
6. On-site production through transportable
printers.
These ongoing and accelerating changes necessitate
their investigation especially for emerging practitioners who, we think, should not only be aware of current and future changes, but being able to act under the new and impossible to foresee future circumstances (Soar et al 2012).

Content of experimental design and research course with students of architecture
To face the developments sketched above, we initiated a program to investigate the developments and
their implications in an experimental design and re-
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Figure 1
Partial Print of full
scale coﬀe bar
prototype
optimized for
thinness and
translucency

search course with students of architecture.
We acquired a 3D printer that can print objects
in a printing space of 1 cubic meter. With a printing
space of that size, furniture objects become directly
printable, without the need for traditional joining of
parts.
In our project here, we focus on this issue of size.
We are developing a coﬀee bar that will be completely printed, testing how far the technology can
be pushed in terms of size of printed objects, their
material performance, ease or diﬃculty of generating
as well as printing a suitable geometry. (Figure 01)

and in one direction only, but that such a sequence
is gone through quickly and then repeated again and
again. Thus, feedback loops are established between
the diﬀerent ways of working, and new questions
opening up and problems occuring can directly be
turned into new design possibilities.
Furthermore, and, from our point of view, probably most importantly, the students learn and get
acquainted with a way of working that continually
seeks to explore possibilities instead of merely applying a ﬁxed set of learned skills.

Hardware
Project and course structure
The research project and design course is structured
as two strands of iterative steps which start out in parallel and merge mid-way:
On one hand, the printing technology is tried
out and tested through printing objects of everincreasing size and complexity, on the other hand,
a geometry desirable for a coﬀee bar is developed
through both analog and digital techniques, and
small scale prototypes are built in various materials with various techniques. Midway through the
project, both strands fuse: an overall geometry is decided upon, and furtheron developed an optimized
for both performance and printability.
Rather than sequentially, we proceed iteratively,
meaning that we do not follow a sequence of clearly
separated subsequent steps where research is followed by experiment followed by realization once

The recent acquisition (2016) of a BigRep ONE v3
printer with a construction space of 1 cubic meter
(1005 mm x1005 mm x1005 mm) allows our school of
architecture to investigate and test the above mentioned possibilities with students.
The application of additive manufacturing processes, such as fused deposition modeling (FDM - formerly copyrighted by Stratasys), equivalent to fused
ﬁlament fabrication (FFF - coined by the RepRap community), of the BigRep ONE v3, allows the materialization of objects within a resolution of 400 to 900 micrometers.
The structural properties of the produced objects do not have to be the same as the used source
ﬁlament material. Digital methods and thereby applied and processed geometries may enhance certain physical aspects within design and production of
objects.
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Material
The materials used for printing are specially modiﬁed thermoplastic ﬁlaments with a diameter of 3 mm
deposited on spools. With the use of thermoplastics comes a certain range of potential modiﬁcations
by introduction of functional composites. These are
still compatible to the printing nozzles of the BigRep
when printing parameters like speed, temperature,
ventilation etc. have been calibrated according to
the complexity of geometry to be printed.
The printing machine producer currently oﬀers
popular and bio-degradable polyactid acid (PLA)
which has been used for testing and calibration purposes.
Composite ﬁlaments with ingredients like wood
will be tested and calibrated in future projects. Also,
technical modiﬁcation of the printing nozzles and
bed for better calibrated printing results are thinkable. Finally, ﬁlaments can be produced in-house
with an additional extrusion machine for ﬁlaments
with new composite characteristics.

Constraints
Long printing times are quite cumbersome and can
only be reduced with a loss in printing resolution.
The accompanying loss of surface quality can be
equalized by additional post-processing such as surface ﬁlling, sanding and painting which deﬁne new
artistic qualities for exhibition purposes (Wenman
2017). New printer prototypes with an additional 3axis tilteable printing bed show that otherwise necessary printing and removing support structure in a
post-process can be omitted and hence speed up the
printing process overall (Gebhardt 2012).

Software
The software used for design modeling and production of architecture objects by the students are McNeel´s Rhino 3D with its graphic scripting interface
Grasshopper 3D and a state of the art slicing software
(Simplify 3D).
This supports a compact learning curve with fast
results for the initial stages of the student´s 3d modeling experience with new software in a school of architecture (Burry 2011).

Development of the coﬀee bar design and
geometry
The size of a usable coﬀee bar obviously exceeds
the printing space of 1 cubic meter. The decision in
favour of this and against directly usable objects like,
for example, chairs, has the following reasons:
1. precisely because of its size, we consider a a
coﬀee bar a more impressive demonstration
for the possibilities of 3D printing and therefore a more worthwhile object of investigation
2. because of the requirement to combine several parts onto one, something that will in the
foreseeable future always be a factor in building production, we can study the possibilities
for designing both parts and whole such for
simple joinability
3. actual need: our architecture school in fact requires a coﬀee bar, and therefore we judged
the students’ motivation much higher
We divide the geometry of the bar into two aspects:
the outer shape and the inner structure.
The ﬁrst ist deliberatly kept simple to ensure simple transport and storability.
The second is delibaretely complex to reduce
material, integrate support structure and storage
possibilities and optimize interlocking of parts for
stability.
The internal structure is based on the structure
of insect wings. We adopt this irregular lattice and
abstract it into a geometry of irregular polygons. For
this purpose, a Grasshopper deﬁnition is written and
employed (Figure 02).
Research in the Grasshopper Forum [3] led to the
application fo a Voronoi Structure. Inspired by the
works of digital artist Julien Leonard a 2D Grasshopper deﬁnition by Laurent Delrieu (extending Daniel
Piker’s Mesh Machine from the Grasshopper Add-On
Kangaroo) was used a basis for a 3D extension [4])
(Figure 03).
The resulting polygons are extruded into polyhedra
to construct a spatial object. (Figures 04, 05).
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Figure 2
Coﬀe bar derivation
from insect wing

Figure 3
Insect wing,
Grasshopper
Voronoi, Julien
Leonard Twitter
piece

Figure 4
Coﬀe Table 2D to
3D development
and ﬁrst test print
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Figure 5
Pattern extrusion
and printable
segments

Evaluation
The print of the ﬁrst large Coﬀee Bar Segment took
8 complete days (Figure 13). During this time, the
printed ﬁlament was exchanged twice. The result
is rather satisfactorily stable and transparent (Figure
14), though the stability could be improved. Further
segments may be printed with a higher thickness.
Several small problems occured during printing:
In the corners, the material occasionally started
to warp and therefore pull away from the printing
bed. The hyperbolic surfaces themselves occasionally started to twist slighty because the material did
not cool oﬀ quickly enough (Figure 15).

Figure 6
Further
Development of
Coﬀee Table
geometry

Future development
We will extend the research into several directions:

In order to accomodate diﬀerent experiences and
functionalities for the people who use the bar as visitors and those who operate it from the other side,
two diﬀerent sets of polygon patterns are joint into
polyhedra (Figure 06). To maximize stability and exploit the possibilities of 3D printing as opposed to
conventional production, the surfaces of the polyhedra are hyperbolic paraboloids (Figure 06)

1. Printing more complex geometries (Figure 16)
2. Further optimization for structural eﬃciency
and functional accomodation (Figure 17)
3. Various Object Sizes - either assembled from
several parts or singular
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Printing the Coﬀee Bar
We tested diﬀerent ﬁlament conﬁgurations in order
to obtain an object that is as transparent as possible.
We tested diﬀerent surface thicknesses to obtain
an optimal balance between stability and amount of
material used.
In order to print as thin as possible while maintaining stability, we customized the printing software.
(Figures 08-12)
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Figure 7
Workﬂow

Figure 8
Geometry in 3D
Modeller
(Rhinoceros) and
Slicing software
(Simplify 3D) to
estimate printing
eﬃciency

Figure 9
Test prints to test
ﬁlament stability
and transparency
and geometrical
stability
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Figure 10
Large scale print
tests and CAD
geometry variations

Figure 11
Large scale print
tests testing
structural stability

Figure 12
Large scale print
test testing
transparency and
structural stability
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Figure 13
8 Days of printing

Figure 14
First ﬁnished
complete segment

Figure 15
Printing Problems
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Figure 16
Future
development of
geometry

Figure 17
Future
development for
stability and
functionality
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Ceramic Components
Computational Design for Bespoke Robotic 3D Printing on Curved Support
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Additive manufacturing enables the fabrication of affordable customisation of
construction elements. This paper presents a computational design method
developed for 3D printing of unique interlocking ceramic components, which
assemble into segmented columns. The fabrication method is ceramic-paste
extrusion, robotically placed on semi-cylindrical molds. Material system and
fabrication setup contribute to the development of an integrated generative
system which includes overall design, assembly logic and printing tool-path. By
contextualizing clay extrusion and identifying challenges in bespoke tool-path
generation, this paper discusses detailing opportunities in digital fabrication.
Finally, it identifies future directions of research in extrusion-based printing.
Keywords: CAAD education, generative design, robotic 3D printing, clay
extrusion, curved support

INTRODUCTION
Additive manufacturing (AM) for architecture
promises to enable aﬀordable fabrication of building
components with: customized features, geometric
freedom, speed in fabrication and economy of materials. There are a multitude of techniques in which
materials can be added to create a 3D object, from
which, binder jetting, material extrusion, powder
bed fusion, are the most used for large-scale objects.
Each comes with speciﬁc fabrication attributes, opportunities and constraints. Relevant for this paper is
extrusion-based AM, where material is expelled, as a
ﬁlament, through a small size aperture, or nozzle, and
overlaid in sections to approximate a desired form.
Recent years have brought clay at the forefront of
extrudable materials for numerically controlled (NC)

fabrication in design and architecture. Beyond its
historical signiﬁcance as a building material, reasons
for its growing popularity derive from characteristic rheological properties of the clay-paste. In addition, the reduced costs of raw clay encourage its
use for large-scale objects. Possible applications of
extruded 3D printed clays include pottery, as exempliﬁed by GCode.Clay, ceramic tiles for building envelopes developed in Seed Stitch Wall, both projects
by Emerging Objects (Rael and Fratello), or reusable
molds for concrete casting (Wang et al.). Another example of robotic clay 3D printing, Clay Non-Wovens,
comes from Sabin Design Lab at Cornell University
(Rosenwassser et al.) where a screen system was prototyped. Varying patterns of clay were printed on
milled formwork. The resulting square, curved pan-
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Figure 1
Pla 3D printed
column series

els were assembled into a bigger facade shading system. In both examples of modular clay tiles, Seed
Stitch and Clay Non-Wovens, authors decide to work
with planar boundaries for their bricks, and avoid immediate connection between elements. The topic
of component assembly is relevant to this study because it tackles the issue of tolerances when dealing
with materials prone to deformation and shrinkage
when cured.
This paper presents a robotic clay-extrusion
project developed as individual thesis at The Master of Advanced Studies (MAS) in Digital Fabrication,
ETH Zurich, over a period of three months. The research aims to integrate design and fabrication into
a seamless workﬂow, ﬁt for process-automation. For
this purpose, the project brief proposed the realization of a prototypical architectural artefact. Its function was determined by the properties of clay, and
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by the fabrication setup aﬀordances. Our methodology is based on design and fabrication of prototypes with increasing complexity. Development
began with printing experiments that investigated
scale-calibration of clay extrusion, and concluded
with the fabrication of several prototypes. Components with integrated interlocking interfaces were
produced, that formed the base of three 2.5-meterhigh columns. All designs belong to the same generative system (Figure 1). The paper discusses how
material experiments and fabrication setup informed
the generative system.

MATERIAL SYSTEM
Clay exhibits rheological characteristics suitable for
extrusion. When inside a pressurized container, the
compressed clay mix remains homogeneous and can

Figure 2
Material
distribution in
relation to robot
speed variation

be guided out through a nozzle. As such, material
is deposited on the print-path in layers directly proportional in size to the nozzle diameter. In combination with water, material ﬂow behavior can be adjusted, from very dense paste to a liquid, and used
inside multiple extruder systems. After drying and
baking at temperatures above 550°C, the clay paste
becomes insolvent in water and gains more compressive strength.
Focused on AM, this project explores alternative
methods of clay deposition, diﬀerent from conventional, horizontal slicing of 3d models. Clay properties and fabrication constraints are investigated as
design drivers that inform toolpath and volumetric
material distribution. Consequently, the design aims
to integrate toolpath continuity, structural directionality, design hierarchy and variation of material density into a single form. As opposed to contour crafting (Khoshnevis et al.), the developed method opens
up new design possibilities, namely the fabrication
of geometrically diﬀerentiated building components
that can be assembled to create objects with inte-

grated porosities and overhangs.
Depending on water content, this study considers three states common to clay fabrication: viscous,
dried and baked. Extruding a high-viscosity material makes the prototype more stable in the course of
printing and allows for extended overhangs. All experiments used the same clay-water ratio. Water was
added to a ﬁne grain, smaller than 0.2 mm in diameter, commercially-available stoneware clay paste, in a
ratio of 1:10 per weight. A 5-liter Hobart N50 compliant mixer, was used at 124 RPM for 5 minutes to homogenize the paste. Adding water to clay increases
its ductility to avoid ﬁlament rupture, when printing
at varying speed. Thus, more material is extruded
at low (5 mm/s) speed of the manipulator system,
whereas less material at higher (20 mm/s) speed (Figure 2).
While drying, due to uneven material contraction caused by water loss, cracks might form along
and between the extruded layers. Loss in structural
capacity due to material failure around cracks may be
reduced through known measures like reducing wa-
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ter from clay paste and controlling temperature/humidity in the drying room. Geometric aspects also inﬂuence material contraction (Figure 3).

To avoid cracking and breaking, freshly printed parts
need to slide along the formwork while drying.
Therefore, using a support surface with a single curvature was necessary. Shrinkage was of particular importance to the research because the clay elements
were printed on curved support. To avoid deviation
from the cylindrical core, all parts were dried while
still on the mold, therefore the curvature of components matches the designed tolerances. Finally, the
clay components were baked at 960°C under the baking program illustrated in Figure 4. Except small deformations, no major failures, like breaking or cracking, were identiﬁed during visual inspection.

FABRICATION SETUP
The fabrication setup consists of a 120 ABB robotic
manipulator, an IRC 5 compact controller, and a NC
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clay extruder (Figure 5). Continuous and consistent
extrusion is ensured by the use of a Lutum extruder
system that incorporates a pressurized cartridge with
a spinning auger that mechanically drives the material out of the nozzle. While the cartridge is under
constant pressure, between 2 and 8 bars, the stepper motor spinning the auger is controlled with an
Arduino for on/oﬀ material extrusion. Because the
design objective was to fabricate a column, it was decided to print on the surface of a right circular cylinder. Similar experiments of printing on curved surfaces (Mostafavi et al.) show that clay is able to retain
its shape on its support surface, during 3d printing,
even when it is placed at more than 60 degrees inclination to the gravity direction.

A series of projects, like Thallus by Zaha Hadid Architects (Schumacher et al.) or Fragile 3 - Coralloid
Cocoons (Colleti et al.) demonstrate the fabrication
advantages of printing on customized curved supports using plastic and concrete. By creating porous,
yet stable structures, the two projects integrate voids
in complex shapes, impossible, or too expensive to
fabricate with any other digital techniques. These
projects also share a common interest in customized
printing-path generation strategies.

Figure 3
System calibration:
material drying in
relation to
interlocking pattern
and layer thickness

Figure 5
Fabrication setup:
[a] 4 Bar air
pressure; [b]
Arduino for stepper
motor; [c] 5mm
diameter extruder
nozzle: ﬁxed tool;
[d] 300mm
diameter curved
printing support:
mobile work object;
[e] ABB IRB 120
Figure 4
Baking program of
clay oven

Figure 6
Angle between
gravity vector and
tool orientation: [a]
ﬁxed support with
movable nozzle:
varies from 0 to 90°;
[b] ﬁxed tool with
movable work
object: is 0

Figure 7
Segmentation
Principle: [a] sector
of the cylinder:
print area; [b]
segmentation of
one component to
ﬁt print area; [c]
segmentation of
column base

cylinder. What in the case of The Mushtari Project
(Bader et al.) was a complex set of hollow tubes, here
it represents the tool-path for material deposition.
In addition, the complexity of the path generates
the basic logic of creating high-friction interlocking
interfaces between components.Design space is extended by allowing variation in speed of the robot.
This generates a non-uniform quantity of extruded
material placement resulting in the overall diﬀerentiated thickness of components. By varying printing speed, extrusion nozzle size and distance to the
printing support, the prototypes experiment with
emergent form, through material distribution.
As described in existing classiﬁcations for extrusionbased robotic 3d printing (Duballet et al.) the chosen
system was to print on a curved support that would
later be removed and reused. Always printing on the
same size cylindrical sector results in mold waste reduction and in the possible automation of fabrication. The produced elements are assembled into a
larger structure, that has a hollow cylindrical core,
same in radius with the one of the curved support.
To maximize the size of the components, the team
opted for having a ﬁxed tool and a work object attached to axis six of the robot manipulator. As shown
in Figure 6, having a ﬁxed tool can also increase the
accuracy of material placement. The nozzle remains
always normal to the curved support, therefore cancelling the unwanted dripping eﬀect that gravity has
on the extruded material, immediately coming out of
the nozzle. This is possible only when working with
a stiﬀ clay, able to retain its shape after extrusion. In
this case, for best results, material was extruded at a
pressure of 4 bars, through a 5mm diameter aperture
of the nozzle.

GENERATIVE SYSTEM
The design was developed in Rhinoceros and
Grasshopper using Kangaroo plug-in and Python
Script for custom methods. The core design is based
on a continuous space-ﬁlling, self-avoiding curve,
that covers a given attractor mesh representing a

The geometric properties of this curve are manifold:
it generates geometric interlocking between material layers as well as between components. It ﬁlls the
surface of the cylinder as one system, then by subdividing the curve, components are determined. Excepting the curves, which generate the print-path no
other 3D representation was necessary for 1:1 fabrication.
Through a custom computational method, the
main curve, which initially covers the surface of the
full 2.5-meter-high cylinder, is subdivided such that
the resulting sub-curves matched the desired printing area. A point-on-curve cursor in the interval (0,
curve length) follows the curve, at a step equal to the
printing resolution. Every such point on the curve
is projected in the geometric space of a third of a
cylinder with the height of the printing support. At
the ﬁrst point coming out of this support-boundary
the curve is cut into a sub-curve (Figure 7). Because
this iterative method proved computation-intensive,
it was further optimized into a recursive curve split in
the middle, which operated on every sub-segment
until it could ﬁt the geometric space of the printing
support. Creating the components as sub-curves of
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the main curve propagate the interlocking properties
of the curve’s trajectory to components assembly.

As the aim was to explore the geometric expressivity of material placement while keeping the assembly
of complex components possible, the sub-curves become the design-space of each component, and from
them the following layers are generated. Moreover,
the space of one component is mapped into boundary and a middle area. The boundary is determined
of those points in close proximity to the neighboring components (Figure 8), creating the component
edges. As design constraint, boundary points need
to undergo only cylindrical deformations (Figure 9)
to make sure that components can be assembled. In
the middle area, de trajectory of following layers can
be freely determined as long as it doesn’t come out
of the boundary.
All methods rely on 3D point clouds mainly because this is the data-type used to control the robot
motion. After design is completed, every component
is transformed into plane targets and fed to the robot
controller through ABB Robot Studio. The generative
system is scale-dependent. The extrusion nozzle conditions the distance at which the curve is avoiding
itself while the print support gives the inner radius
of the column. Distance evaluation for components
boundary and curve subdivision for robot-targets are
also directly-depend on the printing resolution. Consequently, the general understanding of scale in design and architecture changes. In order to produce
the same design with a diﬀerent extrusion nozzle size
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or support diameter, one has to regenerate the geometry according to a new parameter set.
Printing in curved layers, with support from the
cylindrical formwork, allowed the insertion of increased overhangs (Figure 11 [a]) and large apertures (Figure 11 [c]) in the column design iterations.
Generating the tool path from the early stages of
design facilitates using a larger printing resolution,
therefore a faster production. Furthermore, detailing emerges from how material is placed within every printed element. Variable tolerances, which normally appear at the interfaces between components,
visually dissolve into the surface of the column or emphasize unique geometric traits. Introducing a bespoke print-path for architectural design promotes a
project-speciﬁc aesthetic and more variation in surface textures.

CONCLUSION
While some designs embrace the inaccuracies of clay
fabrication, or feature the layer as prevalent aesthetic
trait, it is obvious to us that AM with extruded materials may beneﬁt from variation of layer trajectory
both in terms of structural capacity, fabricability and
aesthetics. In this context, the geometry of the layer
extends design space and unlocks new opportunities
for detailing in digital fabrication. Such a design approach can be extended to other extruded materials
for architectural applications, like plastic, resin, foam
or concrete.
We present a generative design system for 3D
printing ceramic elements that assemble into larger
structures, in this case a segmented column. This
system incorporates overall shape creation made of
unique components that are printed using a projectspeciﬁc material deposition technique. Such an ap-

Figure 8
Vectors for creating
successive layers in
the boundary are
normal to the
cylinder surface

Figure 9
Component design
space: [a]
neighboring
components point
cloud; [b]
component point
cloud; [c] boundary
area of one
component

Figure 10
Interlocking
principle: [a]
components
subdivision; [b]
assembly of 5
interlocking
components

proach extends the overlap between design and
fabrication for a faster production of large-scale 3d
printed elements. Proﬁting from the fact that design, computation, material and fabrication experiments, happen synchronously, the presented design
stream features a high degree of ﬂexibility, oﬀering

an operable alternative to rigid process-automation
for additive manufacturing of unique building components. The drawback of having bespoke material
placement is given mainly by the complexity of the
computational problem. Every geometry requires
a unique computational solution. Recent develop-

Figure 11
Prototypes: [a]
assembly of 12
components; [b]
assembly of 5
components; [c]
assembly of 8
components
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ments in computational design for robotic fabrication encourage research into bespoke material placement.
Even if clay extrusion can be used in AM for architecture, there are still many uncertainties describing clay 3D printing of complex geometries. Future
directions of research include online and oﬄine evaluation methods for clay objects. Real-time feedback
can ensure path recalibration during the fabrication
process, while scanning can oﬀer a clearer insight
into clay evolution during its critical transition phases
of drying and baking. Acquired data can be introduced in the generative design system for increased
accuracy of production.
From an educational point of view, the chosen
topic promotes an experimental approach to computational design and robotic fabrication. Creating a
framework for interdisciplinarity, entails a new set of
skills for architecture students. All milestones identiﬁed throughout this study resulted into material experiments that informed back the computational design system and the fabrication set-up.Architecture is
open to multidisciplinarity. Against this background,
all future architects and designers need the ability
to work on focused tasks while understanding the
broader system in which all disciplines bring their
contribution.
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This research explores the combination of two different types of algorithms that
have so far been treated separately in architectural computational design:
recursive subdivision, and differential or cellular growth. The two algorithms
appear to act in opposite directions, the first is a refinement going inwards while
the latter is growing outwards. However, both algorithms are based on the
refinement of mesh geometries by inserting new vertices and faces and can be
used in combination. The resulting subdivisional growth can be used to enhance
specific geometric traits of either recursive subdivision or cellular growth at
different scales or in different sections of the design object. The resulting
geometries have been explored through case studies that utilize those possibilities.
Keywords: architecture, computational design, differential, growth, recursive,
subdivision

INTRODUCTION
In architectural design, two types of algorithms have
in recent years gained interest: those generating recursive subdivision surfaces, and those creating differential or cellular growth. The two algorithms appear to be opposites: Recursive subdivision reﬁnes
a geometry on a ﬁner and ﬁner scale proceeding
inward, while diﬀerential growth grows geometry
larger and larger outward.
Both types of algorithm are closely related, and
this research explores their use in combination in order to utilize the strengths of both systems. Subdivision algorithms, as well as diﬀerential or cellular
growth algorithms, are based on point clouds and,
more speciﬁcally, on mesh geometries. Both algorithms begin with a relatively small set of vertices,
and insert additional vertices into the geometry in iterative steps, resulting in a large accumulation.
Recursive subdivision, as the name suggests, operates by subdividing the faces of a mesh. In each it-

eration of the algorithm, speciﬁc faces, or possibly all
faces, of a mesh are identiﬁed for subdivision. Identiﬁed faces are then removed and replaced by three
or four new faces. These new faces connect to the
existing vertices of the removed face, but require the
insertion of one or more new vertices to fully deﬁne
their geometries. The new vertex might be inserted
in the center of the previous face, so that the new
faces connect the edges of the previous face with the
new vertex. The new vertex can be repositioned according to mathematical rules or attractors in space.
The subdivision algorithms result in a geometry that
becomes more and more reﬁned in each iteration as
the faces are further subdivided and more vertices
are inserted into the geometry. The original form
is often still recognizable in the ﬁnal geometry, and
distinct tessellations and patterns with sharp edges
can occur. (Hansmeyer 2010a; Hansmeyer 2010b;
Hansmeyer and Dillenburger 2013; del Campo 2016;
Carpo 2016)
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that push proximal vertices away from each other in
the second algorithm often leads to smooth ﬁnal geometry, while the ﬁrst algorithm often embeds distinct patterns with sharp edges and corners in the ﬁnal geometry.
The algorithm explored for this paper is based
on a subdivision of faces. However, forces are introduced to push close vertices apart from each other
in order to create a subdivisional growth logic. Speciﬁc behaviors of both algorithms, such as a mathematical repositioning of vertices, inﬂuences of attractors, or a readjustment of mesh edges, are explored
for their potential, often only applied at speciﬁc iterations during the development of the form.

COMBINED ALGORITHM

Diﬀerential growth or cellular growth algorithms are
likewise based on point clouds that are often connected to form a mesh geometry. Vertices identiﬁed by the algorithm, most often those at the edges
of the mesh, divide, form new faces, and reconnect
to the existing mesh. The vertices are pushed apart
from each other so that the overall geometry extends
outwards and is usually smoothed in the process.
Variants of the algorithm can identify interior vertices for division, and mesh edges may be ﬂipped in
order to generate a more coherent geometry. The
outcomes are often relatively smooth, organic geometries. (Hart 2009; Lomas 2014; Patrick 2015;
Klemmt and Bollinger 2015; Klemmt and Sugihara
2017)
The main diﬀerence between the two algorithms
is that the ﬁrst one is based on a reﬁnement and inner development toward a smaller and smaller scale,
whereas the second is based on an outward, growing
development. In the ﬁrst algorithm the process of division operates on mesh faces, while in the second
one the division operates on vertices. Also, the forces
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The algorithm is based on mesh geometries that are
iteratively reﬁned over time. An initial mesh, which
may only have a small number of vertices and faces,
is given as the starting geometry. The meshes that
have been used for this paper are always triangulated. Diﬀerent types of operation are repetitively applied to the mesh; the operations fall into one of four
categories:

Repositioning of Vertices
The repositioning of mesh vertices is usually executed several times in small steps between the other
operations. Repositioning is determined by forces
acting on the vertices. A force that pushes vertices
apart from each other that are connected by an edge
is necessary in order to generate a growth of the
mesh rather than just a reﬁnement. The following
forces have also been explored:
• A spring force with a rest length larger than
zero between vertices connected by an edge.
This force will attempt to keep adjacent vertices at a deﬁned distance from each other.
It will cause areas with dense vertices to expand, but it will also cause areas with sparse
vertices to contract, resulting in a smoothing
of the overall mesh geometry.
• A repulsion force between vertices that are
connected by an edge. This force can be constrained to only act on vertices that are within

Figure 1
Algorithmic
Exploration.

Figure 2
Geometry
Reﬁnement
through Growth.

a speciﬁed proximity to one another, resulting
in an expansion of the overall mesh geometry.
• A general spring force that can act between
neighboring vertices, between vertices that
are not connected by an edge but that are in
close proximity to each other, or that can act
toward attractor points or objects placed in
the scene.
• A general repulsion force that can act between neighboring vertices, between vertices
that are not connected by an edge but that are
in close proximity to each other, or that can
act toward attractor points or objects placed
in the scene.
• A general attraction force that can act between neighboring vertices, between vertices
that are not connected by an edge but that
are in a certain position towards each other,
or that can act toward attractor points or objects placed in the scene.
• A smoothing force that smooths the mesh by
repositioning the vertices. The force works by
pulling vertices towards the average position
of its neighbors.
• A unary force that pulls vertices in a speciﬁed
direction.
The forces can be controlled through their strength
and in many cases have been set to not act uniformly
across the whole mesh. They can be controlled by the
distance between vertices, by the position of a vertex
in space, or by the distance between a vertex and a
control point or control object in the scene. The behaviors of the forces can also change from iteration
to iteration during the reﬁnement process.

Vertex Insertion
The mesh topology is reﬁned by subdividing its faces.
Either all or only certain faces may be subdivided in
one step. The meshes for this paper are all triangulated, so the face to be subdivided is triangular, as are
the resulting faces after the subdivision.
A face can be subdivided by inserting a new vertex at its center and connecting three faces from the
previous face’s edges to the new vertex. Alternately,
two adjacent faces can be subdivided by inserting a

new vertex in the middle of their common edge, and
the four outer edges of the two previous faces reconnected with new faces to the new vertex.
The new vertex can be inserted exactly at the
center point of the previous face or edge, or it can
be inserted oﬀset from that position. Successful variations used an oﬀset along the normal direction of
the previous face, or an oﬀset according to attractor
points within the scene.

Flipping of Mesh Edges
The ﬂipping of mesh edges forms an alteration to the
mesh topology without any change to the vertex positions. This operation has been used especially in order to create a more distributed triangulation across
a mesh. If the mesh is subdivided by inserting a new
vertex in the middle of a face several times, the original vertices of the mesh can begin to have an excessive number of edges connected to them. This can
be countered by ﬂipping those edges.
The ﬂipping was applied to the common edge
between two triangular faces that together form a
quadrangle, with the common edge between the
two faces forming one of the quadrangle’s two possible diagonals. By ﬂipping the edge, the quadrangle
is divided into two diﬀerent triangular faces along its
other possible diagonal. If the new diagonal, common edge after the ﬂipping was shorter than the previous one, the ﬂipping was executed.

Removal of Mesh Faces
It is possible to remove certain faces from the mesh.
This has been applied to faces that were above or below a certain size, aspect ratio, or that were at a certain distance from a control point in the scene. It has
also been applied to individual faces across the whole
mesh in order to generate patterns of openings.

EXPLORATIONS
Generic Explorations
Various tests have been performed with the combined subdivisional growth algorithms. Most explorations started with a very basic mesh geometry,
such as a simple rectangle or platonic solid. The behaviors of the diﬀerent rules for repositioning and
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Figure 3
Development
Sequence.
Figure 4
Development
Sequence.
Figure 5
Development
Sequence.
Figure 6
Geometry
Explorations.

Figure 7
Organic Growth
with Subdivisional
Reﬁnement.

82 | eCAADe 36 - GENERATIVE DESIGN - Volume 2

subdividing were explored, but also the eﬀects that
can be achieved by executing certain operations at
speciﬁc times during the process of the formation.
(Figures 1-4)
As expected, it was found that in general, early
iterations have a signiﬁcant inﬂuence on the overall geometry of the ﬁnal form, and often a geometric tendency is already visible after the ﬁrst few iterations. Most of the reﬁnement of the surface treatment then occurs during the later iterations. However, it was also found that speciﬁc geometric traits
that had been generated, such as a spikiness of
the surface, could be counteracted by introducing a
smoothing later on that possibly acted only on certain parts of the overall geometry. (Figure 5)
The ﬁndings of the general explorations were applied to three design case studies: A given geometry
that was to be reﬁned by the growth; a structure that
was to react to spatial constraints and performance;
and a geometry that was to grow in a distinctly different manner across its extents.

Geometry Reﬁnement through Growth
This example is closest to a standard subdivision algorithm in that it is based on a given geometry that
is to be reﬁned, in this case the basic geometry of
a single-surface chair. The edge of the geometry
is ﬁxed and cannot move, however it can be subdivided and therefore reﬁned. The aim of this example
was the exploration of behaviors for subdivision that
would usually be associated with diﬀerential or cellular growth.
The subdivisional growth in this case resulted in
a bulging surface that clearly exhibits properties of
both subdivision and diﬀerential growth algorithms.
The subdivision is present in the tessellation of the
surface, especially visible from the front of the chair.
The conditional subdivision based on the proximity
to attractor points resulted in a patterning with slight
similarities to reptile skins.
On the backside of the chair two traits of diﬀerential growth algorithms can be seen: the smoothing
of the surface and the repulsion of close vertices.
For the design project, the diﬀerent behaviors

have been used to create a smoother and softer surface in the central areas of the chair where the users
are most likely to make contact, while the geometry
along the edges was given a larger pattern with increased depth for structural stability. (Figure 6)

Organic Growth with Subdivisional Reﬁnement
While in the previous project the larger scale geometry was driven by a subdivisional logic and the differential growth logic became visible on the smaller
scale, in this project the opposite is the case: The
overall geometry follows a diﬀerential growth behavior that generates a relatively smooth distribution of
interconnected volumes. At a smaller scale, this geometry is then reﬁned by distinct subdivisional treatments that pattern the surface, going from an almost
ﬂat tesselation towards a directional, highly distorted
triangulation.
In the design project, the control over those geometric behaviours has been utilized in order to create
an acoustic pavilion that can limit or enhance sound
reﬂections across its diﬀerent spaces. (Figure 7)

Diﬀerentiation by Region
The aim of this project was the creation of morphologic variety across the overall geometry. The shape
was developed out of a simple regular tetrahedron
with four sides. Apart from using attractors and location parameters in space to create variety in the
subdivision and repositioning behaviors, this project
made extensive use of the iterative removal of mesh
geometry and of ﬂipping as well as limiting the ﬂipping of mesh edges after the subdivision.
The resulting geometry bears little resemblance
to its underlying regular tetrahedron. There is a
clear diﬀerentiation between interconnected more
blob-like and more spiky macro-geometries. On the
smaller scale, a texture is generated through a combination of subdivisional and diﬀerential growth logics.

CONCLUSIONS
Although recursive subdivision and diﬀerential or
cellular growth algorithms appear to work in opposite directions, they can easily be combined into a co-
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Figure 8
Diﬀerentiation by
Region.

herent logic for the development of form. The resulting combination can make use of the diﬀerent speciﬁc traits of both algorithms, and as shown in the explorations and case studies, those can be applied to
varying degrees, at various scales, and across varying
regions within a geometry in order to create desired
aesthetic qualities or to suit the functional needs of a
design project.
This exploration concentrated on a few basic behaviors and operations that were applied to the subdivisional growth processes. Future work should explore a variety of more speciﬁc behaviors that have
already been developed for either recursive subdivision or cellular growth. Applications should be tested
for more complex architectural projects.
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This paper discusses the ability to apply machine learning to the combinatorial
design-assembly at the scale of a building to urban form. Connecting the
historical lines of discrete automata in computer science and formal studies in
architecture this research contributes to the field of additive material assemblies,
aggregative architecture and their possible upscaling to urban design. The
following case studies are a preparation to apply deep-learning on the
computational descriptions of urban form. Departing from the game Go as a
testbed for the development of deep-learning applications, an equivalent platform
can be designed for architectural assembly. By this, the form of a building is
defined via the overlap between separate building parts. Building on
part-relations, this research uses mereology as a term for a set of recursive
assembly strategies, integrated into the design aspects of the building parts. The
models developed by research by design are formally described and tested under
a digital simulation environment. The shown case study shows the process of how
to transform geometrical elements to architectural parts based merely on their
compositional aspects either in horizontal or three-dimensional arrangements.
Keywords: Urban Form, Discrete Automata , Combinatorics, Part-Relations,
Mereology, Aggregative Architecture

It is predictable that from powder to building blocks
to building parts research into additive assembly will
progress, allowing the placement of larger and more
complex geometrical ﬁgures. Currently, one can observe a renewed interest in automata, their discrete
agglomerations (Sanchez.2016) or the possibility of
self-assembly. (Tibbits.2017) With this, the design
of discrete arithmetic, and strategies of placement

creating diverse ranges of spatial conﬁgurations will
become more and more necessary. Analog to Durand’s explanation from building materials to architectural elements to compositional principles, investigations into discrete arithmetic are complementarily entering the scale of a spatial organization today. Similar to the traditional notion of the parti,
the ultimate question underlying the shown research
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Figure 1
Study by Stanislaw
M. Ulam on
recursive patterns
of growth of ﬁgures,
in (Ulam.1960).

is: does computation oﬀer a new way describing a
building; what is the form of computational spatiality? Parallel to the pioneering studies by Stanislaw
Ulam, here the motif of a building part is embedded
in the geometrical element itself.

THE DISCRETE SYSTEM
Since its pioneering days, computer science showed
an interest in combinatorial problems. Early applications can be already found in the work of Stanislaw M. Ulam on the combinatorial problems in patterns of growth (Ulam.1960). In a sequence of research papers conducted between the Mid- 1950s
and 1960s, Ulam and his team introduced a computational topic to the discussion on composition: recursion. The studies were built on the research of
cellular automata. Cellular Automata initially developed at the Institute for Advanced Study in Princeton by a team of researchers headed by John van
Neumann allowed the computation of physical phenomena on a computer by their representation in a
logical space. (Neumann et al.1966) The automata
consisting of discrete units were able to perform fundamental decisions based on linked neighbor states.
The model was scaleable allowing the calculation of
chain reactions from the simulation of molecular reactions to weather forecasts and beyond. However,
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further investigations showed also that automata
could be used not only for modeling but also for
design. (Dyson.2013) In this scope, Ulam’s later research can be seen as the ﬁrst attempts to transfer
these logical machines back into physical space. The
study explored the generations of patterns in twodimensional space based on one geometrical ﬁgure
and simple recursive relations as the arithmetic of an
additive placement of the same ﬁgure. In the ﬁrst
generation, the initial ﬁgure is a square. Both patterns are produced from the same ﬁgure, yet they
are diﬀerent because they follow a diﬀerent set of
rules; although all ﬁgures are growing in the same
way, the rules that manage how they connect are different. Comparing (Fig.01b) with (Fig.01c), it is clearly
shown that there are diﬀerent patterns. Although the
same rules are followed when elements are altered,
the outcome shows diﬀerent patterns depending on
the changes in the basic ﬁgure.
More than a generation later, these approaches
have found their ﬁrst translation into the realm of urban design. Julienne Hanson and Bill Hillier have applied the computational model of discrete growth to
their study on the vernacular villages in the French
Alpes (Hillier et al. 1984). In their research, Hanson
and Hillier showed that the spatial character of these
villages could be represented with a discrete system.
Transferred from computation, the discrete system

Figure 2
Arrangement of a
discrete system of
four-sided cells
each with diﬀerent
ratio of
connectivity, left: a
ratio of 4, 4, 4, 4, 3
connected sides;
right: a ratio of 4, 4,
3, 2, 2 connected
sides. Comparable
to (Hillier,
Hanson.1984).

refers to a system that has a countable number of
states. In Hillier and Hanson’s study, the village plans
are translated into a discrete space consisting of the
states: mass, free space, connectivity, and access. Additionally, their system uses two part-relations: the
connectivity of a mass entity and the link between
access and a void entity. That means, the village is a
rule-based system; it starts from local rules managing
the relations among its parts, and with a bottom-up
process, it can be able to rebuild existing patterns of
villages.
Figure 02 is the computational model of this
study which shows a sequence of cells combined in
a way that allows only face-connection rather than
edge-connection with at least one face should be
free. Linking these examples with mereology, the discrete system can be deﬁned as a spatial form -wholeconsisting of discrete entities -parts- which are related to each other by a set of rules, called descriptions which can be seen as the relations that combine
these elements. These relations are what creates the
system; meaning, the system doesn’t start from any
of these individuals by itself but, it begins with the
description of intersections between those discrete
entities.

ARCHITECTURAL PRECEDENTS
Such combinatorial thinking can not only be found
in computer science but architectural precedents as
well. For example, during structuralism, the oﬃce
building ”Centraal Beheer” by Herman Hertzberger
can be seen as a precedent for the computation of
space (Figure 03). Through the concept of the freespace units that constitute the building blocks, the
space in the building is divided into similar spatial
cubic elements. A combinatorial relation combines
these units rather than a ﬁxed order; meaning, units
are arranged in a way to provide a speciﬁc spatial conﬁguration rather than following an order. The initial
formal unit in the building is 9 * 9 meters blocks as repeated spatial units. Each unit is divided into four areas with 3 * 3 meters leaving a cross-shaped space in
between as an additional space. The compositional
design of this building represents the appearance of
consistent applications. By giving users the rights to
layout their blocks according to speciﬁc preferences
and requirements that they need, there were no separations in one geometric unit at ﬁrst, but later with
the users’ interventions, it turned out to be various.
Here, positions of the internal separation walls
are freely designed by the users but inside a limited
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area of space. Encountering such thoughts is typical
for architecture, by repeating these walls, the inner
space is divided into smaller units. Vis versa, repeating the units is dividing the outside space into spatial zones as well. The ability to nest one element
from the inside to the outside with the same relationship logic makes it possible to compute these arrangements. Sequences of the elements themselves
are representing the roles of autonomous state characteristics, which now shows as the variety of space
types, while the primary grid system, which served
as the link between diﬀerent units in the discrete system, was the basis of combinations of these units
(Figure 04).
At the scale of the city, relationships between
discrete elements cannot only be found in the relation between the grid and the plot, but also in considerations on neighborhood units, such as parks, and
plazas. For example, the playground design in Amsterdam by Aldo van Eyck designed in 1947 (Liane
Lefaivre et al., 1999; Figure 05) is an instance that focuses on distributive open spaces aﬀecting the whole
city. The playgrounds followed four major aspects.
First, the landscape elements were designed in a
very minimalist way to encourage the creativity of
the users, therefore stimulating openness. Then, the
modular application of the playgrounds: the basic
elements such as the sandpits, stepping stones, the
jungle gyms, etc., all could be rearranged in various
conﬁgurations depending on speciﬁc requirements.
The third aspect was the relation between these playgrounds and the surrounding urban tissue. Through
the distinct distribution of the discrete playgrounds
in the whole city range, the playgrounds seen as automata were not only linked to other playgrounds
but also to several other “automata” of the city, like
the street or the urban block. Fourth, these links were
not spatially constrained to a grid or in speciﬁc dimensions, but mapped to more relevant aspects for
a playground, like population density. In short, van
Eyck designed an open, but modular discrete system including several scales with a varying number
of linked neighbors. Each playground could be seen
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as one unit that contributes to the discrete system,
just like the 9 * 9 blocks in the Centraal Beheer, with
diﬀerent possibilities of various internal design.

PROGRESSING DISCRETE SYSTEMS
Linking the history of discrete computation to recent
investigations in machine learning and more speciﬁc
reinforcement policies, it is worth considering the
board game Go. Due to its simplicity, but nearly inﬁnite possible variations the game Go became the ultimate testbed for research into Artiﬁcial Intelligence,
most famous with the success of the neural network
machine AlphaGo, widely celebrated even as “one of
the mature AI applications which exceeded nature intelligence in a certain degree.” (LeCun.2015) Indeed,
the AlphaGo board can be very comparable to the
discrete system in the thinking of parts, and nesting
relationship, the board in the game Go represents
the space in which all the stones are being arranged.
The board is limited within certain size and dimensions and divided into 19 * 19 grid. The size of the
board with the rules that control the arrangements
of the stones both together form the states that are
needed for the discrete system. By analogy, diﬀerent color stones and the basic patterns are the basic elements of the system while the rules are the
relationships. Stands for a nearly perfect process of
technological learning and evolving game strategies
(Cade Metz, 2016), the neural network AlphaGo was
built with the setup of a framework and a limited set
of combinatorial rules. (Silver.2017) At the primary
stage, it is trained from traditional data sets containing the moves of played games. The training could
be accelerated by letting the network play against itself. The subsequent development of AlphaGoZero
even did not depend on the primary input of existing
data-sets. Through the iterative process, the application concluded the evaluation of its own outcomes.
Without using historical data or human intervention,
Zero’s network surpassed any previous achievements
after just 40 days of self-training, even with some
novel playing patterns that have not been predicted
before. However, the Go framework consists of only a

Figure 3
Analysis of the
Centraal Beheer
complex by Herman
Hertzberger.
Diﬀerent
compositions inside
one module.

Figure 4
The Discrete
Automata System
inside the Centraal
Beheer Design
Concept.

Figure 5
Analysis of a
playground
designed by Aldo
van Eyck;
alterations on one
exemplary
playground.
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grid comprised of 19x19 lines, a set of 180 white and
181 black stones and only two basic rules. Compared
with inputs, the self-training results are outstanding,
but one may ask if such an approach based on an insuﬃcient set of ingredients applies to the ﬁeld of architecture and urban design. Compared to building
complexity, one speciﬁc size board game could never
reach the ﬂexibilities.
However, the strategy how AlphaGo begins to
recognize the board of the game might open the possibility for a future application of deep learning to architectural and urban scales. The network consists of
a stack of layers starting with simple diﬀerentiation,
like diﬀering the color of stones. Step by step, the
network proceeds in building groups and patterns.
These situations could be referred to the layers thinking in building form, starting from the basic architectural parts to the scale of a city. By self-training,
there is already a vast number of diﬀerent basic playing patterns stored as data, from basic ﬁve stones to
diﬀerent scales. However, even with various scales,
large scales could be downgraded into smaller scales.
The AlphaGo network uses a nesting of patterns of
stone arrangments. The nesting introduces a hierarchy in decision making and radically reduces the possible amount of permutations compared the ﬂat consideration of the whole board. Such a concept of layering, also referred to as deep learning might be indeed comparable to the way complexity is organized
in architectural considerations. So, in the following
a case study shows how parallel to machine learning procedures, architectural complexity can be described with a discrete set of parts and rules.

DESIGN RESEARCH - MEREOLOGIES
The project starts with a geometrical element that
can be deﬁned as the general reading of a building
part, combining in one part elements representing
ﬂoors, walls, and stairs. Further on, those ﬁgures are
arranged in two-dimensional and three-dimensional
ﬁgurations so that the ﬁgures create speciﬁc spatial
pattern comparable to layouts of a plan or a building structure. Based on local decisions the quality
of space is formed by the geometry of the element.
By this, comparable to the described discrete systems, the spatial quality is located in the possibility
of chaining of the ﬁgures, ultimately in their geometrical properties. Therefore, local properties of the ﬁgure span the design space of the whole plan or building layout. The ﬁgurations resulting from chaining
a distinct number of elements (see Figures 06 and
07) to local properties are stable and speciﬁc not in
absolute measure, but in their characteristic qualities. Bringing up these relations into a higher level
of complexity with combining similar ﬁgures, diﬀerent patterns are produced from one version of the element by changing the local ratio of connectivity of
the ﬁgure itself. In this instance, it can be said that
the model space is designed to work with a minimal
set of rules open for further addition of design intentions.
Besides, the resulted assembled form can be
considered as a discrete system which is formed
by discrete elements, which consists of a discrete
system. Comparable to the described architectural
precedents, the nesting of discrete parts allows articulating distinct features (Figure 08). Using the produced sequences recursively, meaning as a basic ﬁgFigure 6
Sequential chaining
of a simple H-ﬁgure.
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Figure 7
Two-dimensional
studies of recursive
ﬁgurations based
on the repetition of
the same ﬁgure.

ure for a larger ﬁguration, patterns can be reﬁned
more in scale and resolution (Figure 09). Observing
the outcomes from the previous stage and evaluating what is desired, one could continue this recursive
assembly process, with beneﬁting from the experience that has been built previously.
Framing the scale of the studies more architecturally, in a further step the discrete state decisions
were projected to the basic diﬀerentiation between
an inside and an outside. Similar to the shown Centraal Beheer concept, this allowed the nesting and
grouping of discrete systems. Each subsequent interiority, externality is formulated as a discrete system
on its own adding another layer of part-conditions to
the building arrangements. With the deﬁnitions of
a group in a group, the project tests the process of
up-scaling through the way of building large scales
upon small ones. Chained through layers of in- and
externalities such arrangements can be described by
states, as an interior inside exterior outside exterior.

CONCLUSION
The research shown exposes a strategy for the nesting of discrete patterns to a comparable scale of an
urban form. That was done through the nesting of
part-relations, a design process started from the basic
geometrical parts and with diﬀerent arrangements,
from wall arrangement to sequences of rooms and
building parts. Departing from the link between AlphaGo and the discrete system using the concept of
the board in a board in AlphaGo game as a layering
strategy for nesting more complex patterns created
by geometrical element, it is possible to speculate
on an upscaling the project to the scale of the city.
Comparing with the board of Go as a testbed, architectural arrangements can be described as chaining
and nesting of multiple discrete systems. Depending
on the simple part relationships and building upon
them more complexities through nesting and layering, it can be projected that an adaption of machine
learning and more speciﬁc deep learning strategies
to architectural and urban form might be not so far.
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Figure 8
Nesting of
ﬁgure-ﬁguration
conditions, indexed
by their articulation
of an inside or
outside. (1) Exterior,
Interior Inside
Exterior, Exterior
outside Interior
Inside Exterior. (2)
Exterior, Interior
Inside Exterior,
Exterior outside
Interior Inside
Exterior. (3)
Exterior, Exterior
Outside Exterior,
Exterior Outside
Exterior Outside
Exterior. (4)
Exterior, Exterior
Outside Exterior,
Exterior Outside
Exterior Outside
Exterior.
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Figure 9
Computed
arrangement with
200 parts at an
urban scale.
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The concept of generative design in Architecture and Urbanism can be found in
the 60's before the wide availability of computer technology. This paper decodes
one of the urban projects by Metabolist in 1960, which was intended to be a
generative system applicable to other sites and evolves over time. Through our
analysis, we de-code the formulation process, and verified our hypothesis by
re-coding into the program using the software, Rhinoceros and Grasshopper. We
found that the determinate factors rule more at the macro level of the project, but
the parameters are set by taking the local conditions into account. At the micro
level, the system leaves more freedom to accommodate various needs, reflecting
the philosophy of the Metabolists. The investigation on this historical predecessor
can provide useful insights for parameter settings in future generative system
design.
Keywords: Generative Design, Grasshopper, Kisho Kurokawa

INTRODUCTION
The emergence of Open Design is dramatically democratizing the concept of design and its inﬂuence
has spread into the architectural profession. Architecture had been an authorial discipline; it is expected that all dimensions are pre-calculated, as the
architect envisions, on construction drawings, and a
building is to be built exactly as depicted in those
drawings (Carpo 2011). Thus, the ﬁnal outcome of
the building is determined and ﬁxed in the architect’s
drawings prior to construction.
Open Design, however, produces many variations, none of which is original or ﬁnal, according
to the users’ preferences or situations. In Open De-

sign, the design is a generative system, and the role
of the designer is shifting towards a developer of systems that enable anybody to adopt and create design, rather than as a creator of a singular perfect object (Atkinson 2011). The generative system became
easily accessible with the development of computational technology. It is an especially useful asset to
be able to construct a simulation of a complex entity
like a city, which requires the processing of numerous
variants, including the time-module as the fourth dimension of the space (Weber 2009).
The root for generative design system can be
traced back to late 1950s and early 1960s, when
a new generation of avant-garde architects, such
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as Team 10 and Japanese Metabolists energetically launched new ideas of architecture and urbanism (Smithson 1974). Facing the rapid population increase, they advocated ideas such as mobility, expendability, indeterminacy, and openness for
change and growth, which, for them, transcended
the more static philosophy of older Modernist architects represented by C.I.A.M. It was a time when some
architects were aware of the potential of computational technology to be a strong generative design
tool especially for urban design in the future, even
though, at that point, such technology was not readily accessible. Kenzo Tange (1913-2005) was one of
those who was strongly interested in new computational technology and systematic urban design. In
his “Tokyo Plan 1960,” three diﬀerent parts (Residential Complex, Oﬃce and Traﬃc) were separately but
systematically designed based on the same rules and
modules by three diﬀerent teams in his laboratory
at Tokyo University (Mizutani 2013). The system was
based on many determinate factors, such as population, transportation ﬂow and a set of urban modules,
which enabled the smooth collaboration of multiple
designers.
As a developer of the generative design system, an important task for an architect / designer
would be to deﬁne parameters. Even though they
may be based on determinant factors, priorities and
rules have to be set, and diﬀerent sets of parameters would result in diﬀerent outcomes, not just variants. Nonetheless, in the design of a complex entity like a city, the design system may not be able to
generate all elements based on determinant factors,
but should allow some room for subjective and indeterminate inputs in order to accommodate diverse
needs.
This paper treats “Agricultural City Project
(1960)” by Kisho Kurokawa (1934-2007), as a predecessor of generative design. We analyze the project
as an architecture of system and decode it. Then, we
verify the hypothetical codes by writing a program
to regenerate the model using the computer software, Grasshopper for Rhino3D, and investigate on
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its system, that which the original agents could not
achieve to a full extent due to the limitation of technical availability at their time. We also aim to clarify
the balance between the determinate and indeterminate factors in its design by diﬀerentiating what
can be automatically generated by the program.

THE SELECTION OF THE SUBJECT
We chose “Agricultural City Project (1960)” by Kisho
Kurokawa, who was one of the founding members of
Metabolism, as the subject of the study. Kurokawa
advocated a “Master System” for city planning, which
he deﬁned as a “Four-dimensional Master Plan,”
taking Time Module into consideration (Kurokawa
1967). Kurokawa’s Agricultural City Project, ﬁrst presented in the Metabolist booklet issued for the 1960
World Design Conference held in Tokyo, is an unrealized, visionary project, which proposed agricultural settlements on an expandable and gridded
street network as well as artiﬁcial ground, raised fourmeters above ground level to avoid damage from
river ﬂooding. It was designed as a reaction to
Kurokawa’s own experience of the Ise-bay Typhoon
in 1959 and its damage to actual agricultural settlements. The project gained international acclaim
upon presentation at the World Deign Conference,
which led it to be exhibited at the “Visionary Architecture” exhibition at the Museum of Modern Arts, New
York.
Although the computer was not used for the
design, as a member of the design team of “Tokyo
Project 1960,” Kurokawa was aware of this upcoming technology and was interested in making architectural and urban forms through writing codes, with
which his mentor, Kenzo Tange, as well as other
contemporary artists and designers were starting
to experiment (Casey 2010). The key concept of
Metabolism, the responsiveness to the environment
and reproducibility in the cities of growing population, suited well with algorithmic design, and the
Agricultural City Project was designed as the Master
System.
Kurokawa, on the other hand, had a strong per-

sonal belief in aesthetics, which are also apparent. In
this project, he acted as the ”parameter-setter (Master Programmer) as well as the designer. His dual
roles make it an interesting example to study the balance between determinate and indeterminate factors in architectural design.
Figure 1
Kisho Kurokawa:
Agricultural City
Project 1960 (the
ﬁrst version:
Prototype)

Figure 2
Kisho Kurokawa:
Agricultural City
Project 1960 (the
second version)

THE ANALYSIS OF THE PROJECT
The Project consists of two versions: the prototype
and its variation onto the actual site. The prototype
has a 5 by 5 grid, of which each square measures 100meters by 100-meters, and the artiﬁcial raised ground
was placed in various patterns in each square (Figure
1). This 500-meter square prototype was planned to
house an average size of an existing community, approximately 340 households of 1700 people as well
as public buildings, such as Shinto shrines, schools,
and community centers on the artiﬁcial ground. The
grid acts as the streets as well as the supply lines for
water and electricity.
In the second version placed on the actual site,
the edges of the grid stretch in all directions and the
formation of each cluster is not a clean square, implying the possibility for the future expansion (Figure
2). We made a hypothesis that some parts of expansion system of the inter-depending communities are
planned based on logical design rules as a variation
of the prototype, since Kurokawa did not intend this
design speciﬁcally to this site, but to be applicable to
wherever a danger of ﬂood from rivers exists.
The written description of the project claims that
the site is in Ama county, Kanie town in Aichi prefecture, which was Kurokawa’s hometown. By juxtaposing the site plan onto the map, however, we found
the site of the project was situated in Kuwana city,
Tado town in Mie prefecture, which was located 20
kilometers west from Ama county. (We also found
out that in the second version, the scale of a cluster was reduced by 60% in order to ﬁt the site condition. For clarity, however, we assumed the dimension was 100% for this analysis.) The strong feature of
the selected site is the shape of the river meandering
and that it leaves a roughly circular island in the middle. The region that this project was conceived for
had a history of ﬂood damage, and one of the protection measures that villagers took was to construct
a ring-shaped embankment (Wa-ju) and to make settlements inside of it. Thus, Kurokawa may have intentionally selected this site, which naturally had a Wa-ju
like feature, rather than his hometown. This analysis
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led us to make an assumption that the shape of the
river is an important factor in determining the positioning of the project.

connect diﬀerent clusters are always in pair, implying
one-way traﬃc on each bridge, and they seem to appear where the density of settlements is high, but we
could not ﬁnd logical rules for their placement.
While we could ﬁnd certain logical rules for the
positioning of the starting point, the expansion of
the grid from the “reference line,” and the formation
and location of clusters, rules for the types and placements of artiﬁcial ground as well as bridges that connect diﬀerent clusters does not seem to depend on
the determinant factors.

VERIFICATION OF THE ANALYSIS
The hypothesis of the design process based on the
analysis above was veriﬁed by writing an algorithmic
program to replicate the project using Grasshopper.
The process is as follows (Figure 4 & 5):
We identiﬁed the cluster surrounded by the
forked river as the central and initial community,
since it is the most complete and similar to the prototype. The center of the cluster roughly matches with
the center of the Wa-ju like ring, which we assume to
be the “starting point”. It is the farthest point from the
river and thus safest from ﬂood damage.
We also discovered by analysis that the horizontal grid lines are parallel to the part of the river which
has the least inﬂection. We deﬁned the line of river
which is almost straight a “reference line” for the grid.
It also coincides with the angle of existing rice paddy
ﬁelds, which can be considered an inherent trace of
the local spatial characteristics. The second cluster,
which is south of the ﬁrst one seems to be a mirror image of the ﬁrst on the other side of the reference line.
From those two clusters, the other clusters seem to
be placed at least one module apart and shifted one
to three grids from the adjacent one in order to avoid
interference from the other clusters and to adjust to
the diﬀerent conditions of the actual site. The inside of some grids have artiﬁcial ground, onto which
houses and other buildings were to be built. There
are six types for artiﬁcial ground (Figure 3), but we
could not ﬁnd the apparent rules for their placements
and frequency. The bridges (extension of axis) that
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Step 1a : The “Reference Line” from the river
The “reference line” which is the basis of the grid is
found from the river at the least curved line.

Step 1b: Positioning of “Starting Point”
The “starting point” for the centre of the initial community is deﬁned as the farthest point from the river
in the Wa-ju like circle.

Step 2: Formation of Grid
The grid of 100-meters by 100-meters is drawn from
the “reference line.”

Step 3: Positioning of Clusters
The initial community is formed on the grid and has
the starting point as its centre. The second cluster
is formed as a reﬂection of the ﬁrst one on the other
side of the “reference line.” The shifting direction of
the other clusters from the ﬁrst two are deliberately
determined, but the numbers of modules between
the clusters are randomly distributed.

Step 4: Placement of Artiﬁcial Ground
Although all the clusters seem to be based on the
prototype, none of them are a complete 500-meter

Figure 3
Types of Artiﬁcial
Grounds

Figure 4
Program Flow

GENERATIVE DESIGN - Volume 2 - eCAADe 36 | 99

Figure 5
Program Flow 2
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Figure 6
Step 4 : Placement
of Artiﬁcial Ground
in the original
version

square grid, having voids or extending some grids
out of the 500-meter square. The sizes of voids are
2- or 3-grids wide or long, and the locations seem to
be slightly oﬀ-centre. In the program, the shifting direction of the centre of each cluster is randomly selected. Also, the extensions of the grids are randomly
regenerated. While we speciﬁed six diﬀerent types of
artiﬁcial grounds in this project, we could not ﬁnd apparent rules for their distribution. Thus, in this model,
the locations of diﬀerent types of artiﬁcial grounds
are decided by the roulette, at the ratio they appear
in Kurokawa’s original version (Figure 6).

rameters for this evolution process are not yet apparent, but possibly depend on ﬂuctuating social factors,
such as migration.

Step 5: Bridges
A pair of bridges are placed where the densities of artiﬁcial grounds are highest in adjacent two clusters.

DISCUSSION

Figure 7
Regenerated
Agricultural City
Project

Comparing the reproduction by Grasshopper (Figure
7) with Kurokawa’s original version, we found the following three layers of design systems in the Agricultural City Project:
At a more macro level, the positioning of the entire project, the main frames of structure and the direction of expansion follow logical rules, responsive
to the site and natural conditions, such as the river
and topography. The set of parameters at this level
can easily be applied to diﬀerent sites to create another version of Agricultural City.
At the second level, more social factors rule the
formation of clusters. For instance, the typical grid
and cluster sizes are determined based on the average size of an existing community. The rules for distance between clusters as well as the placement of
connecting bridges may also be included in this category. The program could reproduce a similar design
to the original at this level. The clear diﬀerence of the
reproduction from the original at this level, however,
is that the clusters in the reproduction are more complete and similar to the prototype. We could consider
that Kurokawa’s original version is representing one
moment in the process of development, while the reproduction shows a more complete stage. The pa-
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At a more micro level, the types and locations of artiﬁcial grounds as well as the location of individual
houses, however, could not be replicated automatically. In the regeneration, we could not exactly replicate the original form without entering speciﬁc values to components. The overall image of the project,
however, is not aﬀected by the diﬀerences. It suggests that their formation is also not based on apparent rules, but on other kinds of input possibly from
residents and community. It may reﬂect Kurokawa’s
humanistic approach to the city that it should always
be a system, of which self-directed individuals have
control (Kurokawa 1959).

CONCLUSION
We analyzed the Agricultural City Project by Kisyo
Kurokawa as one of the predecessors for early generative design and verify their system by re-coding
using Grasshopper. Though the study, we made the
following observations:
The indeterminant factors (the parts that could
not be regenerated automatically) appeared at all
levels of the project, but this tendency becomes
more apparent at a more micro scale leaving more
freedom for each settlement’s or resident’s preferences and choices. This idea corresponds to the philosophy of the Metabolists. The algorithmic procedure clariﬁed the two layers of urban systems: the
one that regulates more permanent urban infrastructure and the other that generates ever-changing urban elements and functions.
The master system in this project is not designed
to be an autonomous and universal system, but the
parameters were set by taking the local condition and
tradition (i.e. Wa-ju) into account. It can be a useful reference when we design system architecture in
generative design.
In the present work, we could not ﬁnd the apparent rules to regenerate elements at a more micro
level. We speculate that other systems are required to
provide inputs for regeneration of the project, such
as simulation through a multi-agent or deep learning system. Those social and phenomenological in-
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puts would direct the process of evolution over time
and clarify diﬀerent layers of parameters that aﬀect
the urban structure, which is only possible with computer technology. Further development of research
would investigate the algorithmic systems for more
community and humanistic factors which Kurokawa
envisioned but were not technically possible to fully
develop at that time.
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This paper presents a method to generate free-form branched structures from a
small number of different constructive elements, based on the postulates of
discrete or combinatorial design. The research is based on the study of fractal
growth as a generator of complex tree-like structures, using references from other
scientific approaches in which the possibilities of the DLA (diffusion-limited
aggregation) model have been explored. The proposed method uses the
Grasshopper visual programming language, and incorporates new topological
strategies to improve the performance or robustness of the system through
tree-tree (inosculation) and tree-soil (aerial roots) cooperations. The simulation
demonstrates the effectiveness of the proposed method and its potential for the
construction of structures with complex geometries from a discrete set of knots
and bars and bioinspired strategies. The paper includes a review of the chosen
design principles, the developed methodology and a recent physical test in
Medellín (Colombia).
Keywords: DLA, discrete design, inosculation, branching structures, virtual-real
models

INTRODUCTION
This paper focuses on applying discrete or combinatorial design to structures, based on the understanding that this is desirable in constructive terms. The
objective of this work is to develop a method to design free-form branching structures based on a limited number of diﬀerent knots and bars of the same
length.

FREE-FORM TO DISCRETE-FORM BRANCHING DESIGN
Fractal growth by diﬀusion-limited aggregation (DLA)
In recent years, the development of computer simulation tools has generated various lines of research
that explore how fractals can be used as design tools,
applying them to diﬀerent scenarios. Fractals are
widely present in nature and we can learn from them
to reproduce growth patterns. Their complexity,
however, requires a bottom-up approach: the prop-
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erties of simple objects need to be deﬁned so they
turn into complex objects when assembled (Kautz
and Shutters 2011). For example, Greenberg (2008)
describes two main optimization strategies in natural
branched structures: on the one hand, the “logic of
the bifurcation angle” tries to consider the constant
angular range in which transfer of ﬂuids and loads are
eﬀective to avoid turbulences; on the other hand, the
“phyllotactic logic”, a distribution of branches following a spiral pattern to maximize solar exposure avoiding self-shadows.
One of the most studied models for generating fractal structures is diﬀusion-limited aggregation
(DLA), proposed by Witten and Sander (1983). This
model describes the formation of clusters when particles in motion collide with other particles that remain ﬁxed (see Figure 1). In architecture, DLA has
been mainly applied to the study of urban growth
(Batty et al. 1989) (Chan and Chiu, 2000). Other
works have addressed smaller scale problems, using
the DLA to design spaces according to environmental
considerations such as sunlight (Kim and Lee 2015) or
the interaction between people and their roles within
a company (Sun et al. 2015).
Diﬀusion-limited aggregation has also been
used to design structures. Previous work has explored its potential as a tool to model the morphology of plants and algae (Serrano et al. 2017). Other
studies, such as Busch et al. (2011), propose a modular material system in which the aggregate particles
are assimilated to discrete elements that come together to form an emergent structure. In the same
line, Kachri and Hanna (2014) propose a system in
which the structure is formed by the merger of octahedrons truncated on their faces, which is then
analysed and structurally optimised. Narahara (2009)
also incorporates structural evaluation into the DLA
model, through physical simulations of the equilibrium of the generated clusters.

Combinatorial Design
Systems that correspond to the deﬁnition of combinatorial design are described in the works of both
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Busch (2011) and Kachri and Hanna (2014). Busch
et al. (2011) clearly describes the stages the algorithm must solve: attraction, particle ﬁxation, alignment and random rotation, all of which are necessary
to generate an unpredictable conﬁguration (see Figure 2).
For Sánchez (2016), combinatorial design in architecture embraces strategies based on the permutation and repetition of discrete units of material.
In a similar way, Borhani and Kalantar (2017) highlight the relevance of a new constructive language
in which the geometry of discrete structural elements allows to assemble them through interlocking.
Retsin (2016) points out the advantages of discrete
assembled systems, highlighting the automation capacity of these constructive processes through the
serialization of actions. Dierichs and Menges (2013)
propose a set of aggregation rules that, as in the DLA,
are based on kinetics and collision to build a structure
from discrete elements. This paper focuses on applying combinatorial design to structures, based on
the understanding that this is desirable in constructive terms. The objective of this work is to develop
a method to design free-form branching structures
based on a limited number of diﬀerent nodes and
bars of the same length.
Figure 1
The NetLogo “DLA
Alternate Linear”
model: a variation
of the original DLA
model [1].

Figure 2
Aggregation of
discrete units
proposed by Busch
(2011).

New topology strategies: inosculation and
aerial roots
Literature on the relationship between growth,
shape and stability in plants is extensive. Mattheck
(1998) described how the strategies developed by
trees to avoid collapsing can inspire the design of
structures. Some tree species such as redwoods are
capable of self-grafting, that is, their branches can be
reattached to the trunk creating a buttress that helps
the tree to resist wind loads more eﬃciently, as suggested by Preston [2]. This phenomenon is called inosculation and can also occur between diﬀerent individual trees, thus leading to structural collaboration
(see Figure 3). On another scale, the reconnection of
diverging branches is called anastomosis. An example is the reticulate venation observed in the leaves
of some tree species. Laguna (2008) suggested that
the veins that separate and rejoin are more abundant
in the areas of the leaf that are subjected to greater
structural stress due to the leaf’s weight. Klemmt
(2014) compared the advantage of reticular venation
patterns (with anastomosis) versus dendritic venation patterns (without anastomosis) such as DLA clusters, in terms of mechanical stability.
Figure 3
Examples of trees
with inosculated
branches [3,4,5].

Figure 4
Tree of the Ficus
genus in Alicante
(Spain).

The development of aerial roots is another strategy
used by some tree species to increase their stability
(see Figure 4). When the aerial roots of Banyan trees
and other types of ﬁcus trees touch the ground, they
can merge and form pseudo woody trunks that allow horizontal branches to reach great lengths and
a large overall tree size (Jackson 1986).
Inosculation and aerial roots can be interpreted
as topological strategies that increase the stability of
branch structures, in which constantly diverging elements result in the appearance of signiﬁcant deformations when submitted to loads. The method presented in this study puts forward some geometric
procedures to incorporate these strategies into the
DLA model.

MODEL ASSEMBLY
Particles
The Grasshopper visual programming tool, part of
the Rhinoceros software, was used to implement a recursive routine. The proposed model was based on
the NetLogo “DLA Alternate Linear” model [1], transferring it into a three-dimensional version. The system’s rules are deﬁned below:
• Moving particles arose in random positions in
the upper face of the prism in which the simulation space was enclosed. They followed
a vertical downward trajectory covering the
same distance at each iteration, so they maintained a constant falling speed.
• The particles in motion could be added to the
ﬁrst capturing particles that remained ﬁxed
on the ﬂoor of the simulation space. If they
did not succeed, they passed by and were discarded.
• The particles that were captured became part
of the cluster and became capturing particles.

Knots
As a criterion to homogenise the structural elements,
the number of joints between bars was proposed to
be reduced to 3 (see Figure 5). The ﬁrst of them (knot
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Figure 5
Proposed discrete
set of transitions:
knots A, B and C.

A) corresponded to the ﬁrst capturing particles located on the ground and was the starting piece of
the structure. The second (knot B) corresponded to
the bifurcations resulting from the aggregation of
particles, and was conditioned to continually form
the same angle. The last connecting piece (knot C)
connected the branches with the bridges (inosculation) and with the pseudo trunks (aerial roots). The
knot shapes approximated the smooth transitions
between tree branches as described by Mattheck
(1989). The structure’s bars had a circular section.
The length of bars arising from the aggregation of
particles had a single ﬁxed size. The bars appearing
as bridges that added stability to the structure could
be of diﬀerent lengths, but their diameters would remain the same as previous ones.

Figure 6
Generating
branches:
aggregation of
particles in motion

Branches
So that the linear elements arising from particle aggregation had the same length and could be assembled with the suggested knots, a series of geometric
restrictions was deﬁned as follows:
• Each capturing particle had an “aggregation ring” corresponding to the circumference
drawn by the generators of a straight cone
whose vertex was the particle and whose generator angle with respect to its axis was the
same as the angle of the knot B.
• When a particle moving in a given iteration
reached below the collision distance (e) of
the “aggregation circumference”, the particle
became aggregated, creating a new bar that
joined the capturing particle at the point of
the circumference closest to the captured particle.
• When aggregated, the bar was created as well
as its twin symmetric pair with respect to the
cone’s axis, so that a complete bifurcation was
produced from the capturing particle.
• In the case where two particles were at the
necessary distance of aggregation, the one
closest to the circumference would be the
only one to be added.
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• Knot A was located in the ﬁrst capturing particles. The aggregation rules were the same except that the twin of the aggregated bar was
not generated.
When this process is repeated over successive iterations, a branched structure gradually builds itself, in
which the same restricted angles between the bars
are continuously maintained (see Figure 6).

Bridges
The knot C was used to create bridges between diﬀerent bars of the structure generated by the aggregation of particles, thus introducing the phenomenon
of inosculation into a DLA pattern.

Figure 7
Segment leaning
on two straight
lines forming the
same angle with
respect to both.

Figure 8
Example of
application of the
bridge creation
restrictions. The
bridges that did not
meet the conditions
were discarded
(red), the others
were generated
(blue).

Figure 9
Aerial roots
generation:
intersection
between the two
cones and arbitrary
selection of one of
the resulted lines.

Figure 10
Example of how the
auto-intersection
discarding
algorithm worked.

A geometric problem arose: that of ﬁnding a segment that would lean on two straight lines forming
the same angle (α) with respect to both. To solve this
problem, a graph was made of a typical case (see Figure 7). It was necessary to deﬁne the plane whose intersection with the straight lines produced the points
enabling to draw the segment we wanted to create.
The expression (1) indicates the distance between
the intersection planes and the segment with the
minimum distance between the straight lines. For
each pair of lines, there were 2 or 4 possible solutions,
depending on angle α and the angle formed by the
lines between them.
√
−h2 · cos2 (a)
(1)
d=±
2
4 · tan (θ) · (cos2 (θ) − sin2 (θ))
At each iteration, the routine calculated the hypothetical bridges between all the bars (see Figure 8).
Of all those possible solutions, those that presented
the following conditions were discarded:
• One or two ends of the bridge were supported
outside the bars.
• One or two ends of the bridge were located
very close to a bar knot.
• The bridge length was less than LB min or
greater than LB max .

Aerial roots
While bridges created tree-tree or branch-branch collaboration situations, aerial roots increased tree-soil
collaboration. This connection was addressed by
adding type A knots where the root started from the
ground and type C knots when meeting the supported branch. The routine calculated all possible
aerial roots at each iteration. To do this, an intersection was built between conical surfaces with the vertex at the midpoint of each of the structure’s bars. The
ﬁrst cone deﬁned the geometric location of the lines
that formed the angle α with these bars, while the
second cone deﬁned the geometric location of the
lines that formed the angle β with the ground. The
resulting intersection segments (if any) were two and
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were symmetrical with regard to the vertical plane
containing the supported bar (see Figure 9).
As in the case of bridges, for the creation of aerial
roots to be considered, the length of the roots had
to be within the [LAR min , LAR max ] range; this restriction was necessary to avoid adding very short or
very long bars. If the intersection segments passed
this ﬁlter, the programmed routine arbitrarily discarded one of the two and deﬁned the other as the
aerial root to be added. In this way, a knot C appeared
at the junction between the supported bar and the
aerial root, as well as an A knot at the junction of the
latter with the ground.

Self-collision avoidance
To ensure the viability of the structure’s construction,
there were some exceptional cases in which bar aggregations did not occur:

• If an aggregated branch crossed the surface of
the ground, it would be discarded.
• If an aggregated aerial root, branch, or bridge
intersected with another existing element,
then it would be discarded. If it was a branch,
it would not generate its twin pair when discarded.
• If an aggregated branch element did not intersect with an existing element but its twin
pair did, then the former would be generated
but the latter would not, leaving the bifurcation knot’s mouth unoccupied.
• If two or more of the same type of elements
aggregated in the same iteration intersected
with one another, a discarding algorithm was
developed that counted the incompatibilities
of each bar with respect to the others, and
eliminated the one that had the biggest number of incompatibilities (see Figure 10). The
process was repeated until there were no bars
with incompatibilities left.
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MODEL TESTING
Running the virtual
A digital implementation of the method was carried
out. The simulation was carried out within a threedimensional domain of 20x20x20 meters. The collision distance was set at 0.1 meters. The length of
the bars generated by aggregation was 3 meters. For
bridges, a range of validity between 2 to 7 meters was
established. Figure 11 shows the growth of the aggregate structure over 800 iterations.
One can observe how little material was added
after 300 iterations, while in the last 200 iterations
of the simulation the structure practically doubled
its maximum height. This is because when one capturing particle caught another, it completed its capture capacity, but created a bracket in which two capturing particles appeared; i.e., as the structure grew,
its ability to add more particles increased. At iteration 400, two of the three trees were united by several bridges, and developed some aerial roots. At iteration 600, the whole structure was highly consolidated.
Figure 12 shows the diﬀerence between
branches generated by aggregation and branches
added by the algorithm as a strategy of stability inspired by plants. As in inosculation events, some
bridges connected the branches of the same tree
and others connected the branches of diﬀerent trees.
These elements are expected to be eﬀective at reducing any displacements of the structure that could
be produced by external loads such as wind. The
aerial roots appeared when a bar formed an angle
close enough to the ground, that is, when it grew
in a horizontally-oriented direction. These elements
increased the supporting points and avoided pronounced bends generated by branches expanding
laterally. At each iteration, all previously created elements could support a new bridge.

Figure 11
Growth of the
structure over 800
iterations.

Figure 12
Structure after 800
iterations: branches
(grey), bridges and
aerial roots (red).

The algorithm thus allowed the creation of second
order bridges, that is, bridges that rested on another
existing bridge and a bar or on two existing bridges.
In the same way, aerial roots could also be added to
branches or bridges without distinction. This condition showed how by introducing these strategies, the
topology of the DLA pattern acquired greater complexity and showed further levels of emergence.

Building the physical
The “Arbol de la lluvia” (Rain Tree) was a small installation that was built at the gardens of Medellin Faculty of Architecture (Universidad Nacional de Colombia) between 2nd and 4th of May 2018. It was predesigned at the University of Alicante and made with
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Figure 13
Parametric model
of the “Árbol de la
lluvia”.

Figure 14
“Árbol de la lluvia”
in front of Faculty of
Architecture in
Medellín University.
Bars (RDE 21 PVC
1.1/4”); knots (PLA
1.75mm with
printing time 5-10
hours each one)
the collaboration of Medellin’s UNAL Fab-Lab. It is
the exact replica of the digital model explained in 4.1.
section, and speciﬁcally corresponds to iteration 500
shown in Figure 11, reaching a total height between
4 to 5m. It was thus generated by means of DLA aggregation, to which bridges or inosculated bars were
added. It follows the line of the research that started
with an artiﬁcial tree mounted a year before by the
Universities of York (Toronto), TU-Delft and Alicante
(Serrano et al. 2017). Reactive artiﬁcial plant species
were added to this installation: they played the part
of bird feeders and emulated exchanges between living and inert materials thanks to devices controlled
by Arduino. A previous thought-provoking work had
consisted in looking at what kind of native tree was
located next to the installation. A previous thought-
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provoking work consisted in looking for the native
tree to host the installation.
Finally, a monumental Ceiba pentandra that
looked like a set of bifurcations produced by a DLA
growth pattern was chosen. At the discrete design
level, the skeleton was formed by only three types of
knots (see Figure 13), so the diﬃculty lied not in the
variability of the manufactured knots but in the control of the exact orientation of each part and of the
whole. The supports were arranged on a horizontal
plane and started with a certain angle with respect
to the vertical angle, which, in fact, made the system
more dynamic. Due to the time it took to execute the
knots (each know took several hours of 3D printing),
only three quarters of the total were printed in the
end.

CONCLUSIONS
Branched structures have aroused the interest of architects and engineers due to their eﬃciency at transmitting loads to supports. Standardizing knots in
free structures is rarely implemented because current
production tools such as numerical control make it
possible to manufacture structures formed by an unlimited number of diﬀerent elements. Nevertheless,
non-standard constructive elements manufactured
speciﬁcally for a particular design are hardly useful in
other conﬁgurations. This paper suggested going in
the opposite direction, and follow the guidelines of
combinatorial design (Sánchez 2016).
A virtual model was proposed to design freeform branched structures with a reduced number of
unique elements, based on the work of Busch (2011).
An algorithm was programmed and applied geometric constraints to the DLA model permitting assembly based on discrete units. As a stochastic process, the DLA was subject to a succession of random
events that resulted in a diﬀerent form each time. In
this context, the algorithm has been shown to be effective in preventing incompatibilities, avoiding the
self-intersection of the structure’s bars. Extra elements were incorporated that reinforced the stability of the DLA clusters, inspired by strategies found
in plants. This constitutes a novelty. The beneﬁts of
these changes in the topology of branched structures
can be inferred from the work developed by Klemmt
(2014).
The work presented in this paper constitutes a
ﬁrst approach to the application of inosculation topological strategies, and it can be understood as a fertile ﬁeld of research. As future work, the capacity of
cooperation between inosculated artiﬁcial trees and
other structural systems can be explored. The assembly of “Árbol de la lluvia” installation has demonstrated the potential of combinatorial design, simplifying the manufacture process and the prevention of
mistakes associated to multiple construction components.This experience invites us to speculate on what
other typologies of elements, small enough to be 3D
printed, deserve to be considered from this philoso-

phy of combinatorial design.
And ﬁnally, what kind of architecture is approachable thanks to the performative condition of
the virtual and physical model described in this paper? Probably, one in which the contingency and
biomimetic predominate over the cartesian and pure
formal; one that tries to learn from intelligence of collective behaviours (agents); one ready to imbricate
bodies, machines, code, discourses and space.
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Markovian Drift
Iterative substitutional synthesis of 2D and 3D design data using Markov
models of source data
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This paper describes a general method for synthesizing discrete 2D and 3D
output by building probabilistic models of rasterized or voxelized training data,
and subsequently synthesizing new data iteratively by substituting cells or groups
of cells in accordance with a learned transition matrix. The process is
non-deterministic, stochastic and unsupervised. The size of the source data and
output is arbitrary, and the source and output data can have an arbitrary set of
cell states. Possible variations of the process are discussed, as well as possible
applications in design processes on multiple scales.
Keywords: Generative design, formal analysis, probabilistic models, Markov
random fields, voxels, morphology

INTRODUCTION
If one treats architectural drawings and 3D computer
models not as sets of lines, curves, faces, etc., but instead as sets of pixels or voxels, other possibilities
arise in terms of formal analysis and synthesis. One
such possibility is that of probabilistic modeling. The
basic assumption for the process described in this paper is that the pixels or voxels (here called cells) in
an architectural representation are somehow determined by their neighbors.

BACKGROUND
The theoretical basis for this method comes from
probability theory and the concept of Markov processes and Markov chains. Markov chains are useful
for modeling sequences of discrete states where each
state is dependent on the previous state. For example, the sequence 010001011 could be modeled with

a transition matrix stating that the conditional probability that 0 is followed by 0 is 0.4, 0 by 1 is 0.6, 1 by
0 is 0.5, 1 by 1 is 0.25, and 1 by nothing is 0.25.
Higher-order (n-order) Markov chains can have
an even greater capability of predicting future states.
A second-order Markov model looking at the two
previous states instead of just the one would give a
transition matrix stating that the probability that 00 is
followed by 0 is 0.5, 00 by 1 is 0.5, 01 by 0 is 0.66, 01 by
1 is 0.33, 10 by 0 is 0.5, 10 by 1 is 0.5, and 11 by nothing
is 1. The set of states needs of course not be just 0 or 1.
They could be the nucleobases of DNA, ﬁnancial data,
phonemes in spoken language, and so on. Markov
himself used the chains to analyze consonant-vowel
patterns in Alexander Pushkin’s novel “Eugene Onegin” (Markov, 1913). The predictive capability of a
Markov model can also be used to generate new,
unobserved sequences. For the above example,
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a second-order transition matrix could also produce sequences such as 01010100101011, 01000011,
011, and 0101000000100010101011. In other ﬁelds,
Markov chains have been used to generate music and
text, and early experiments on art were made by Hiroshi Kawano (Kawano, 1972).

ogously in three dimensions (see Figure 2). In this
study, experiments have been carried out in both two
and three dimensions, but the principle is exactly the
same for both cases: the state of the central cell or cell
group is seen as dependent on the cells or cell groups
in its neighborhood.

Figure 2
Model types (a) and
(m) extended in
three dimensions

TWO AND THREE DIMENSIONS
This paper describes the process of applying the
same principle in two and three dimensions to architectural and design data. Such multi-dimensional
models can be classiﬁed as Markov random ﬁeld
models (Rozanov, 1982). The concept of Markov random ﬁelds or Markov networks has been applied in
a number of ﬁelds such as computer vision, neuroimaging and soil structure analysis, for segmentation, noise reduction, and categorization.
In two and three dimensions, instead of looking
at previous states to predict the current state as in the
one-dimensional case, one can look at the state of
adjacent neighbor cells to predict the state of a cell
(see Figure 1, a-h). In the ﬁgure, the black cells are
the central cells, and the white cells are their neighborhoods. One can also look at the state of groups
of central cells and their neighborhoods (see Figure
1, i-p).
The model type - consisting of the central cell
group type and neighborhood type - is the peephole
through which the source data is observed and modeled, and therefore its size and shape will determine
what characteristics it will be able to capture in the
source data.
These model types can also be extended anal-
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Figure 1
Model types with
single cells (a-h)
determined by von
Neumann (a, g, h),
radial (b, c, d), and
Moore
neighborhoods
(e,f ), and model
types with cell
groups (i-p)
determined by
neighborhoods of
four (i, k, m, o) or
eight (j, l, n, p)
similar cell groups

PROCESS
The process, which was implemented in the Processing environment [1] and tested on building plans, city
plans and 3D models of furniture and buildings, follows these steps:
1) Rasterize an image into a 2D array, or voxelize
a 3D model into a 3D array. In this study, cell values
were only allowed to be either 0 or 1, and the size of
the arrays ranged from 25 × 25 (× 25) to 400 × 400 (×
400) cells.
2) Step through all cell coordinates in the source
data with a window given by the model type, and
build a transition matrix for the conditional probabilities of the central cells given the state of their neighborhoods. This matrix will be the model of the source
data used to generate new output data (see Figure
3). Cells can be part of several cell groups and neigh-

Figure 3
Example of 25 x 25
pixel source data, a
corresponding
transition matrix
using model type
(a) and a series of
outputs
generatable using
the transition
matrix when the
source data is set as
the initial state

borhoods, as the window is moved one cell at a time
during this learning phase.
3) Set an initial state for the output data. In this
study, several variants were tested: a) the original
source data (see Figure 3), b) cell groups from the
source data scattered randomly, c) another image or
model (see Figure 5), or d) Perlin noise (see Figure 4),
a type of gradient noise where the value of each cell
is related to that of its neighbors (Perlin, 1985).
4) Pick a random coordinate in the output data,
or pick the next one in a sequence. Look up the
neighborhood found at the coordinate in the transition matrix, and use the conditional probabilities
from the transition matrix to substitute the central
cell or cells.
5) Repeat step 4.

RESULTS
The title, Markovian Drift, alludes to the fact that the
output of the process will drift further and further
from the initial state as long as there are possible
substitutions to be made (see Figures 6, 7, 10). As
with Conway’s Game of Life (Gardner, 1970), the same
rules are applied for each iteration, yet the output can
evolve indeﬁnitely, or until it reaches a static state.
Since substitutions are made locally, new neighborhoods can arise that didn’t exist in the source
data, and locally that means that cell groups can get
stuck in a state where no possible substitutions can
be made. Yet, all substitutions follow the probabilities given by the transition matrix, which means that
the process tries to apply the local characteristics of
the source data wherever it can. Cell groups that are
stuck can get unstuck when parts of their neighbor-

Figure 4
Model applied to
Perlin noise. Left to
right: source data
(portion of Nolli’s
map of Rome),
initial state (Perlin
noise), and output
after 6 million
substitutions using
model type (o)
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hood are substituted, since every cell is part of several
cell groups.
The process was developed and reﬁned experimentally and several variations were tried and introduced as options in the implementation:
Model type: Tests with model types such as the
ones in Figure 1 showed that there is a trade-oﬀ between the exactness of the model and its capability
of producing novel output. If the model is too exact, no variations will be created (overﬁtting), and if
it is too simple, the output will bear no apparent resemblance to the source data (underﬁtting). In general, larger size model types capture larger features,
but at the expense of feature extraction at smaller
scales. Smaller size model types will generally produce a greater variation of outcomes, but will reproduce large-scale features less successfully.

Source data: Diﬀerent source data will have different levels of noise and heterogeneity, which can
make it more or less diﬃcult to model. Noise and heterogeneity can make tendencies less pronounced in
the model, making the output more noisy or vague.
Combining source data with a model type of an appropriate size and shape is crucial for capturing the
type of details one wants to capture with the model.
Raster size: Naturally, the raster size during pixelization or voxelization needs to be adapted appropriately to the level of detail of interest in the source
data, and the source data needs to be large enough
to provide suﬃcient data to train the model. In this
study, the size of the source data and output data was
identical, but that is not necessary.
Initial state: The initial state is of decisive importance for the outcome. With the wrong initial state,

Figure 5
Model applied to
other image. Left to
right: source data
(ﬂoor plan for
proposal by O.M.
Ungers), initial state
(plan of Reggia di
Caserta), and
output after
500,000
substitutions using
model type (m)

Figure 6
Drift from initial
state (a) after
200,000 (b), 400,000
(c), and 1,000,000
(d) substitutions
using model type
(m) and the source
data from Figure 5
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Figure 7
The same source
data and model
type as Figure 6,
only in higher
resolution, with
drift after 1, 2, 3, 4,
5, 6, 7, 8, 9 million
substitutions using
model type (m)
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Figure 8
3D example. Left to
right: source data
(ﬁve-piece dining
set by Wayfair from
[2]), initial state
(Perlin noise), and
output after nearly
3 million
substitutions using
model type (r)
perhaps not a single substitution can be made. Also,
the purpose for generating the output will be of importance. If the purpose is to generate new variations
similar to the source data, it might be useful to start
with Perlin noise, random noise, or the source data
itself. If the purpose is hybridization, the initial state
can be set to another image (see Figure 5) or model.
Combined model: Another possibility for hybridization is having a single transition matrix for
more than one piece of source data. Therefore one
has the option to go through several input ﬁles during the learning phase.
Substitution sequence: As the order in which
substitutions are made aﬀects the outcome, diﬀerent
sequences were tested: a) randomly picked coordinates, b) left to right, top to bottom sequence, and c)
spiraling from or towards the center.
Direction-independence: For ﬂoor plans, it
might not matter what is up, down, left, or right. In
such cases, there is the option to train the model on
the source data rotated by 90, 180 and 270 degrees
as well during the learning phase.
Randomness and mutations: When no legal
substitution can be made at a certain location, there
is the option of making a random substitution instead, in order to avoid getting stuck in a static state,
and the option to make mutations at certain intervals,
where substitutions are made that do not follow the
transition matrix.
Two or three dimensions: Extending the process from two to three dimensions requires virtu-
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ally no changes to the modeling and generation
methods, the only diﬀerence lies in the voxelization process and methods for displaying the output
(see Figure 8), and of course in deﬁning central cells
and neighborhoods for the three-dimensional model
types. Also, functionality was added for exporting
the output for 3D printing (see Figure 9) or further
editing in a 3D modeling application.
Figure 9
3D printed output
from the same
series as the output
in Figure 8

APPLICATIONS
Although this is not a case study for a particular
use, there are several conceivable applications for the
process in architecture, planning, and design processes:
Variation and optimization: Given a source
data set, it can create a vast number of morphologically similar variations, which could be evaluated
against given criteria or used to create maps of a for-

Figure 10
From top left:
source data (model
of Haus Moller by
Adolf Loos from [2]),
initial state (Perlin
noise), and output
after 600,000,
1,300,000,
1,900,000,
3,800,000,
6,900,000,
11,200,000, and
17,900,000
substitutions using
a modiﬁed version
of model type (q)
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mal design space.
Extension/inﬁll: The size of the output does not
need to be in proportion to the source data. That
means a data set could be extended to an arbitrary
size or ﬁlled in or partly replaced if needed.
Hybridization: The substitutional approach
gives the possibility to apply local characteristics
from the source data to another data set. This could
be done for the purpose of rapidly adding detail to a
design, or replacing or applying morphological traits
in a design. The possibility of building a single model
from several sets of source data also opens up for exploring combinations of typologies, styles, etc.
Categorization/classiﬁcation: Since the models built during the analytical part of the process are
numerical, it would be relatively easy to compare different data sets by measuring the distance between
their models. This could be done for the purpose
of categorizing or classifying data, or evaluating it in
terms of its morphology.

avoided if one allowed partial matching of neighborhoods, so that the closest neighborhood found in the
transition matrix is chosen if no exact match is found.
Grid: Here, only regular grids are used, and each
unit is the same shape and size. Another possibility is
to compress the source data to quadtrees or octrees,
allowing for cells of diﬀerent sizes.
Data preparation and reduction: The source
data tested in this study was largely unprepared, adjusted only by cropping and thresholding. Apart
from using cleaner, more well-prepared data, one
approach could be to use highly reduced representational data, similarly to how Lionel March in
his Boolean descriptions of buildings reduced Mies
van der Rohe’s Seagram Building to a binary format
that could be condensed to the hexadecimal code
10083EFE0F00 and Le Corbusier’s Maison Minimum
ﬂoor plan to FF803F71180EFE033F (March, 1976).
Such compact representation would allow for very
high-level modeling and generation of form.

FURTHER DEVELOPMENT
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The process has been kept rather simplistic, and there
are numerous ways in which the process and implementation can be extended or improved:
Cell states: In this study, cell states were set to
0 or 1, but there is nothing in the approach that prevents other sets of cell states to be used. For example,
the cell state could represent subshapes, colors, materials, or other properties.
Multi-pass: If only a single model type is used
at a time, it is diﬃcult to capture both large-scale
and small-scale patterns. One solution could be to
go over the source data at diﬀerent resolutions during the learning phase, thus creating higher-level and
lower-level models in parallel, or to train models with
diﬀerently shaped model types for interchangeable
use during the generative phase.
Partial matching: When a cell group is substituted, it may aﬀect neighboring cell groups so that
new neighborhoods appear that didn’t exist in the
source data. That can lead to a stalemate, where
no legal substitution can be made. This could be
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Nature is always full of patterns inspiring all the disciplines and especially
architecture in many ways. Currently, with the advances in technology and
growing interest towards nature-driven studies, retrieving information from
nature has a new connotation in scales and dimensions including both living and
non-living beings. In this study, it is aimed to explore the scales of nature from
Nano to Macro and a holistic approach is embraced to cope with the complexity
of nature and architecture. To understand these complexities, patterns in different
forms and scales serve as valuable tools to decode and recode information from
one domain to another through locating the order and how patterns exist in
different and changing environments with respect to forces and the urge of the
existence of the being.This research focuses on the behavior of crystal formation
which can be observed both in biotic and abiotic nature to understand the order
generating the patterns in nature and its adaptation into a different and changing
environment. This information of crystallization has great potential for
architecture in terms of spatial structures, new materials and introducing a novel
lattice for freeform structures. In this study, the potentials, limits and possible
contributions of crystal formation are stated for architecture in the search of
symmetry and patterns.
Keywords: nature-driven, computational design, crystal formation, symmetry,
pattern

INTRODUCTION
Men always search patterns which bring order and
predictability into Architecture.
Observing the
weather, recording the earthquakes, decoding DNA
are some examples of the quest for patterns. Architecture since from Vitruvius search for order as a
way to achieve strength, harmony, aesthetics. Diﬀerent architectural styles with prominent features man-

ifested in the façades, structural systems, ornaments,
tiling, the use of materials and even spatial organizations can be considered as the examples of how
patterns in architecture determine the design. Nature is always full of patterns inspiring all the disciplines and especially architecture in many ways. Currently, with the advances in technology and growing interest towards nature-driven studies, retrieving
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information from nature has a new connotation in
scales and dimensions such as molecules, organelles,
cells, tissues, organs, and living beings, behavior, and
ecosystem (Zari, 2010). In order to explore various dimensional patterns, nature reveals as an important
model, mentor and measure in architecture (Benyus,
1997) both living beings and inanimate part of it
as a whole. Since nature and architecture are different complex systems, ﬁnding patterns in nature
which represent the ordered behavior is highly advantageous to transfer information to architectural
domain. Moreover, locating the disordered behavior
according to force and formation provides a valuable
source to understand the adaptation of resultant patterns into changing conditions. Although this adaptation is mostly seen as an imperfection of the existing pattern, it is also possible to acknowledge it as a
new kind of order with new symmetry rules and patterns.
In the scope of this study which is presented as
a part of an ongoing Ph.D. research, it is aimed to explore nature in terms of new orders and resultant patterns. Then the discussion of the broadened reference domain towards a holistic one including both
living and non-living beings is carried by focusing on
abiotic nature as a source of information. In this respect case study is focused on the behavior of crystal
formation which can be observed both in biotic and
abiotic nature to understand the order generating
the patterns in nature and its adaptation into diﬀerent and changing environment. The information embedded in crystallization has great potential for architecture in terms of spatial structures, new materials and introducing a novel lattice for freeform structures.

PATTERNS AND NATURE
Nature has always been source of inspiration and
information for science, mathematics, architecture,
engineering, and arts. Among the information embedded in nature, symmetry and resultant patterns
which reﬂect the ordered and disordered behaviors
are prominent for these domains. Today, with the ad-
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vents in technology and need for novel solutions for
new challenging tasks like economic, environmental
and social ones, researchers again gravitated towards
nature with new tools and perspectives. Among
these approaches, biomimetics is taking attention
with its methods, tools and exemplary studies.
Figure 1
Flow systems in
action: the delta of
the Lena River in
northern Siberia
(left) and a cast of a
human lung (right).
(A.
Bejan/Doubleday)
[url-1]

The extent of the current biomimetic studies in Architecture is mostly limited with the living natural world,
and this issue is explained by the urge of organisms
to survive, thrive and nurture in the environment that
they proceed their life (Dorfman, 2016). Moreover,
learning from the inanimate part of the nature is discouraged in the scope of Biomimetic studies by calling it “Geomimicry” and it is claimed that adapting

living nature’s aspects to survive and thrive on Earth
is the only valuable strategy, although water, stars,
air, and rocks are counted as important substances of
“nature” (Biomimicry Institute, 2013).
As the Constructal Law introduced by Adrian Bejan claims that nature works with same physical laws
both for animate and inanimate nature (Bejan & Zane,
2012), it is seen that both animate and inanimate nature reacts to forces of their environment in a similar manner which architecture is also seeking for.
The exemplary study of Philip Ball shows that abiotic
subjects have great potential to understand, analyze,
predict and generate the built environment, and biotic and abiotic nature is not that much diﬀerent from
each other, and they form the ecosystem together
(Ball, 1999). As it is shown in Figure 1, the generation and growth of geographical formations and our
lungs behave similarly depending on the ﬂow of water and air and this can be explained by Geometric
Similarity which is one of the similarity types that can
be established between two diﬀerent scales. These
similarities are described as “tree model” which is the
non-dimensional pattern based on fractal branching
according to the acting forces.
Learning from abiotic nature is not a new concept in architecture e.g. the hanging structural
model of Antoni Gaudi and book of Bruno Taut describing a utopian city are still valuable examples
showing the potentials of understanding the role of
forces on the forms in architecture. In Taut’s unrealized drawings and explanations, a new city and architectural approach is proposed based on the geographical formations formed by the natural forces.

The drawings created between 1917 and 1920 shows
the inﬂuence of inanimate nature in his works, also
explains the crystal inspiration on Crystal Pavilion
(1914) (Gomel & Weninger, 2004). Both the utopian
drawings and the pavilion can be seen as the explorations of the inﬂuence of environmental forces both
on nature and the architecture. Recently, Speck et.al.
proposed “Geology” as “geo-derived development”
and nature-derived development along with “Biology” as a source of information that have potential
to contribute to design and engineering (Speck, et al.,
2017).
Hence, in the scope of this study, it is aimed
to broaden the extend of biomimetic studies by
re-introducing inanimate nature and well-known
natural forces with their lessons to be learned
and adapted to architecture. Approaching nature
through only living organisms is found to be underestimating the potentials of balance between animate and inanimate nature. It is also stated that inanimate nature along with natural forces has great potential for architecture, since the contemporary examples are seemed to be limited with formal approaches like biomorphic ones. Thus, comprehending the natural system as a whole with all or related
relations and changes in time provides more information to architecture then acknowledging only one instance of a part.
It is a fact that each of the natural beings is a
complex system showing “a complicated mix of ordered and disordered behavior” (Johnson, 2009). In
understanding these complexities, patterns in diﬀerent forms and scales serve as valuable tools to decode and recode information from one domain to

Figure 2
(a) Cave of Crystals,
found in Mexico
[url-2], (b) Collage
of protein crystals
and viruses grown
in space (Credits:
NASA). [url-3], (c)
Examples of Crystal
structure of human
DNA (Manvilla, et
al.,2012)
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another. In nature it is not a surprise to ﬁnd geometrically well-deﬁned patterns like hexagonal honeycombs, spiral seashells, branching fractals of trees
and leafage, molecular distribution and lattice structures of crystals helping to deﬁne growth and generation. These patterns can be found in both two and
three dimensions in diﬀerent scales. In order to understand the order in complexity and relate it with
architectural patterns, it is important to decode the
existing symmetries and how the resultant patterns
exist in diﬀerent and changing environments with respect to forces and the existence of the being.
Hence, considering the importance of the tangible case studies in nature-driven research in architecture, in this study, the order of crystal structures
is examined to retrieve information for architecture
to learn from its adaptive capacity and order based

on the symmetry groups and elements. Crystallization processes are chosen to understand the relation
between diﬀerent behaviors in diﬀerent scales from
nano to macro.

CASE STUDY: CRYSTAL SYMMETRY AS A
PATTERN
Crystal formations are observed as an important example on how animate and inanimate nature should
be taken into account in a holistic way. Crystallization process can be observed both in animate and in
animate nature as can be seen in crystal caves (Figure
2a), in proteins and viruses (Figure 2b) and in human
DNA and RNA (Figure 2c). The crystallization process
regulates the being’s growth, by either adapting itself
to the changes of its environment or ﬁtting to new
ones which are also very prominent for adaptation
Figure 3
Drawings of unit
cell and Bravais
Lattices are
generated by the
authors. Twin types
are retrieved from
http://www.tulane.edu/
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Figure 4
Screenshot of the
developed
algorithm
simulating the
growth of crystals
based on unitcell,
growth rates,
twinnings and
defects. The
algorithm is
developed by the
authors.
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in architecture. In this vein, crystal polymorphism is
a very appealing trait with its capability to adapt to
various environments as well as preserving the inner
order.
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Although polymorphic crystals have diﬀerent habits
and costumes, the faces which grow as a response of
the environment providing the eﬃcient solution for
the growth process will occur and the response of the
environment based on crystal defects and growth
rates based on the inner code of the crystal (Kang, et
al., 2014). This code, which can also be interpreted as
the genetic code of the crystal, regulates all the behavioral features of the crystal and can be explained
by means of symmetry operations of the unit cell and
the lattice structure (Bravais Lattice).
In this respect, to comprehend and provide an
information for various levels of architecture, a computational model is developed based on the crystal
class, metrics regarding the unit cell (lengths {a,b,c}
and angles {alpha, beta and gamma}), growth rates
of faces according to local axise. Then, the model is
elaborated to generate a cluster with numerical data
such as the number of crystals, and number of twin
crystals if a twinning process is foreseen among the
most common defects in crystals. Also, considering
the unpredictable emergence location of initial crystallization, a randomization seed is included to illustrate some of the potential conﬁgurations. Spinel
Crystal (Al2MgO4) is generated based on the Crystallography Information File (CIF) data retrieved from
“crystallography.net”. One of the instances of the algorithm showing the process can be seen in the Figure 3.
As a result of aforementioned analysis and simulation, the potentials of crystal study are revealed
with the adaptive features, the varied strength of
3-dimensional patterns, and force-driven formation.
The outcome 3d spatial pattern based on a unit cell
has great potential in terms of space ﬁlling, adaptation and structural behavior. Decoded and recoded
pattern of Spinel crystal is shown in Figure 4.
The growth process of the crystals along with defects such as intergrowth and twinning are prominent in architecture with its unique characteristic
of repetition of the 3d pattern while adapting into
a diﬀerent environment. The simple ordered pattern underlining the complex structure of crystals

Figure 5
Spinel Crystal
generated based on
unit cell and growth

is important for architecture to comprehend and
3-dimensional tessellations which can evolve and
grow in time. Also, various conﬁgurations of same
atoms revealing varied patterns show quite diﬀerent
structural behavior, such as diamond and graphite.
Structural simulations show that these conﬁgurations can also lead architecture to search for new 3dimensional structural patterns.

NEW PATTERNS FOR ARCHITECTURE
Architecture can learn from form generation from nature and crystallization which is a process occur in
any ordered matter is a prominent source. The idea
of creating the form based on forces is not a recently
developed idea, contrary it is being discussed in the
last century which can be discussed on the quotation
from D’Arcy Thompson: “Form is a diagram of forces.”
(Thompson, 1917)
Therefore, the formation process of crystals
which occur according to thermodynamic forces of
the environment provides a valuable lesson regarding the force-form relationship to architecture. The
information transferred from crystals can be mapped
into many architectural scales i.e. materials, components, structural systems, buildings and building
blocks etc. Transfer or information among diﬀerent
scales is a problematic process, especially all the thermodynamic reactions in nanoscale are completely
diﬀerent than macroscale. Therefore, there is a need
for a common ground which deﬁnes the similarities
between not only diﬀerent scales, but also diﬀerent
knowledge domains namely crystallography and architecture.

CONCLUSION
This study constitutes the basis of a generic model
in search of extreme architecture. The main challenge in this study is to associate disciplines (which
are crystallography, chemistry, physics, mathematics, and architecture in this study) on a single case
study. Thus, regarding the interdisciplinarity of the
subject, a group of researchers from diﬀerent ﬁelds
are contributed to provide a model and a method. In

the proposed model, crystal formation is explored in
various scales which are exhibiting diﬀerent behaviors yet, contributing the existence of crystal structure by adapting into diﬀerent environmental forces
and conditions. It shows that abiotic nature which is
mostly disregarded in the current studies can guide
architecture to exist in diﬀerent conditions through
the principles of emergence and growth of crystal
structures. These principles are illustrated with the
example of a spinel crystal which is a part of abiotic
nature. Yet, it is possible to demonstrate similar behavior with a biotic example with respect to its own
order and symmetry conditions.
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This research aims at investigating BCI technologies in the broad scope of CAAD
applications exploiting early visual cognition in computational design. More
precisely, this paper will describe the investigation of key BCI and ML
components for the implementation and development of a software supporting this
research : Uchron. It will be organised as follows. Firstly, it will introduce the
pursued interest and contribution that visual-ERP EEG based BCI application for
Generative Design may provide through a synthetic review of precedents and BCI
technology. Secondly, selected BCI components will be described and a
methodology will be presented to provide an appropriate framework for a CAAD
software approach. This section main focus is on the processing component of the
BCI. It distinguishes two key aspects of discrimination and generation in its
design and proposes a new model based on GAN for modulated adversarial
design. Emphasis will be made on the explicit use of inference loops integrating
fast human cognitive responses and its individual capitalisation through time in
order to reflect towards the generation of design and architectural features.
Keywords: Human Computer Interaction, Neurodesign, Generative Design,
Design Computing and Cognition, Machine Learning

INTRODUCTION
Overview
One can see today how deeply linked are the developments of artiﬁcial with natural aspects of intelligence in encoding the world and developing models
of understanding it. A classical separation between
both forms of intelligence is only highlighted here
as a foreword to introduce the complementary use
of Machine Learning (ML) models together with human cognition in the hereafter described research.

Looking within the research and development ﬁelds
of Brain-Computer Interfaces (BCI), implemented ML
models from data acquisition to classiﬁcation tasks in
general are a great example of complementary loops
of inference together in response with the neurofeedback of a user for re-capacitation of motor or
other cognitive skills in medical applications such as
neuro-prosthetics for example. But aside medical research and among the abundant literature and initiatives to bring BCI Out-Of-The-Lab (OOTL) and to
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other disciplines for research and application purposes, it has been quite rare to ﬁnd architectural or
design research contributing in investigating or repurposing such technologies, despite their accessibility. Yet potentials and consequences in ComputerAided Architectural Design (CAAD) should be at least
of the same level than for construction technologies,
material engineering or even environmental datascience; once considered for a broaden understanding, reachability and impact on the world in which
one operates. This research aims at investigating
such technologies in the broad scope of CAAD applications. More precisely, this paper will describe the
investigation of key BCI and ML components for the
implementation and development of a software supporting this research.

Precedents
While establishing a prior background for applicative potentials, and experiments, suggestions have
been made on the speciﬁcities of acquiring, treating and integrating peculiar neurosignals for iterative
shape generation and selection systems (Cutellic and
Lotte 2013; Cutellic 2014). In addition to a broaden
understanding of the technologies involved in BCI
and in-depth experiments of their applications, these
precedents opened a ground for reactivating architectural research in the context of Human-Machine
Interaction (HMI) and neural phenomena. Recent
works have shown practical models in which the development of mixed intelligence models for encoding shape features oﬀers further potentials in CAAD
by considering vision as inverse graphics. This paper
will now focus on describing a synthetic approach in
the form of a software called Uchron, integrating BCI
technologies and previous work to support further
research in these directions.

a Visual-ERP, EEG-Based BCI
A general deﬁnition of a BCI involves the digitisation
of neural activity transduced into signals, acquired
from the Central Nervous System (CNS, or brain), and
then translated to messages or commands for an interactive application, once such signals have been

ﬁrst measured and processed into classiﬁable patterns. As an interface, it may then constitute a feedback loop of inference between a human and a machine (see ﬁg 1). For applicative reasons, the present
research focuses on online (data acquisition, classiﬁcation and stimulation happening successively in
loop), synchronous (stimuli and acquired data synced
in the same time segment), and non-invasive technologies (more precisely Electroencephalography EEG - to measure residual electrical signals at the
surface of the scalp) (Farewell et al. 1988). This
choice is justiﬁed by giving priority to the development of a visual generative design model in correlation with neurosignals and focusing on the software development while setting minimal requirements for acquisition hardware (see section Acquisition and pre-processing). As there are many signals measured by EEG, this research makes extensive use of visually-evoked potentials represented in
the time domain (t-VEP). This choice is justiﬁed by
the current necessity to correlate visual events, or
stimuli, with neural patterns in time. Nonetheless,
frequency (f-VEP) and code modulated (c-VEP) potentials are also worth mentioning for future perspectives (Bin et al. 2009). A speciﬁc subtype of
standard and robust evoked potentials working in
the visual ﬁeld are used throughout the entire research and are called endogenous Event-Related Potentials (ERP). They are resulting from speciﬁc events
or stimuli, and detected from a few hundred milliseconds onset stimulus, while reﬂecting cognitive
tasks of higher-order invoked in relation to working
memory, expectation, attention, or changes in the
mental state (Luck 2014). Currently, ERP are one of
the most widely used methods in cognitive neuroscience research to study the physiological correlates
of sensory, perceptual and cognitive activity associated with information processing (Luck 2012). One
of the major ERP component of interest for this research is the p300 wave (or p3), often used as metrics
of cognitive functions in decision making processes,
as its two components (p3a and p3b), are mostly correlated with the processing of novelty and improb-
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able events (Polich 2007). Since its discovery (Sutton
et al. 1965) as a large positive wave occurring approximately between 250ms and 700ms onset stimulus,
the p300 has become a popular signal to integrate in
BCI, once combined with elicitation paradigms (see
section From Static To Generative RSVP Elicitation
Paradigms).
Figure 1
A typical ERP BCI
involving a visual
RSVP elicitation
paradigm and
presenting its three
main components:
data acquisition,
signal processing
and stimuli
feedback. All three
main components
may be greatly vary.
Stimuli may be
single or
multi-sensory
(visual, auditory,...),
Acquisition may be
multi-modal (EEG,
EOG, ...), and
Processing may
vary greatly in the
vast range of ML
models depending
on the classiﬁcation
or regression task at
work for the even
signals.

METHODS AND BCI COMPONENTS
This section main focus is on the processing component of the BCI. It distinguishes ML use and developments for two diﬀerent purposes in the framework
of BCI implemented in GD. One has a discriminative purpose, and another one a generative purpose.
Both are used in a complementary way to ﬁll a loop
of inference. Discrimination is essential in the classiﬁcation of neural patterns (section From Static To
Adaptive Classiﬁcation Algorithms As Discriminative
Models), while generation is a primordial component
in the production of novel and/or modulated visual
feedbacks (section From Generative Design to Modulated Generative Adversarial Design). Their complementarity in regards to advancements in ML are an
important aspect of this implementation. The elicitation paradigms structuring the generative module
will also be presented (section From Static To Generative RSVP Elicitation Paradigms). Section “Acquisition
and pre-processing” provides minimal standards for
acquisition and pre-processing in this framework.

Acquisition and pre-processing
Primary goals being to transpose existing and eﬀective non-invasive BCI paradigms to users with healthy
brains (independent from pathology diagnosis), allowing for single trials and ﬁeld recordings (signal
processing improvement through post-treatment,
mobile and hybrid BCI), additional criterias are added
and complementary with the software development
part: portability (needs to be wireless and have an
internal powering system), versatility (dry sensors,
lightweight device, reconﬁgurable acquisition) and
deployability (open acquisition ﬁrmware and data
formats, platform and device agnostic). These criteria are not mandatory for the development of the
present software but constitutes consequently minimum requirements which would only improve with
any hardware upgrade. A review for some of these
compliant devices may be found there (Debener et al.
2012, Duvinage et al. 2013, Frey 2016, Ramadan et al.
2017). As non-invasive EEG techniques and neurosignals in general are already noisy, we are working at a
minimum with 16 electrodes, or channels, positioned
on the International 10-20 referencing system. As an
example, electrodes may be positioned with the following references : FCz, FC3, FC4, Cz, C3, C4, T7, T8,
Pz, P3, P4, P7, P8, Oz, O1, O2. Signals are digitised
at a minimum of 125Hz. Among the various ways to
represent EEG signals, this research mainly uses data
points in the time domain, concatenated from all acquisition channels and typically used in p300-based
BCIs. Data is then ﬁltered with a 8-order Bandpass ﬁlter with low and high cut-oﬀ frequencies of 0.1 Hz
and 20 Hz in order to avoid DC drifts and main artifacts if the hardware ampliﬁer does not ensure it.
After a time segmentation of 0.700 ms or below onset visual stimulus, each signal is downsampled to 20
Hz. This allows both for reducing the amount of datapoints and the speed of processing while maintaining a visual feedback loop. Lastly, the data is normalised to zero mean and unit variance for better
generalisation from the classiﬁer. No further feature
extraction is performed to maintain minimal processing time in an online BCI setup and try to directly
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learn from data as raw as possible. Future developments will maintain this criteria.

From Static To Adaptive Classiﬁcation Algorithms As Discriminative Models
There have been a vast amount of classiﬁcation algorithms applied to BCIs along with the developments
of ML (Lotte et al. 2007, 2018). While a current version of the developed software relies already on applied robust static models (Cutellic and Lotte 2013;
Cutellic 2014) lastly using a voting ensemble method
of linear Support Vector Machines, ie. SVM (Rakotomamonjy et al. 2005), this paper also describes
ongoing adaptations to referred state-of-the-art dynamic classiﬁers. While SVM remain popular classiﬁers for BCIs using EEG signals, a newer generation
of dynamic classiﬁers has emerged to answer more
eﬀectively speciﬁc challenges - namely noisy signals,
small training samples, non-stationarity and high dimensionality of data - still unreachable by, otherwise
successful, deep learning models to this date. In addition, the currently implemented model of l-SVMs
Ensemble has established clear base criteria to elaborate from and among which the computational simplicity with zero hyperparameters optimisation, general robustness and speed of execution play important roles in the trade-oﬀ. For these points, adaptive Riemannian Geometry Classiﬁers appear to be
the best candidates so far for a steady development
(Congedo et al. 2017, Yger et al. 2017), and currently the Riemannian Minimum Distance to Mean
classiﬁer (RMDM) in the scope of P300 BCI (Barachant
et al. 2014). Future developments will not consider
co-adaptive training in the choice of classiﬁcation algorithms as they directly concern issues of control
over time (Vidaurre et al. 2011). However, Transductive Transfer Learning (Pan et al. 2010, Courty et al.
2015) is considered to be an important point of future developments in order to transfer trained models from one domain to another (from one user to another or from one session to another) and in combination with aforementioned adaptive classiﬁers (Lu
et al. 2009). Since it is already considered as an im-

portant aspect of research towards a calibration-free
BCI (Congedo 2013) and may reveal creative potentials by transposing user and/or session models.

From Static To Generative RSVP Elicitation
Paradigms
The Rapid Serial Visual Presentation (RSVP) paradigm
is part of a much vaster range of elicitation paradigms
and commonly used in neuroscience for its locked-in
temporal characteristics to address, jointly or separately, studies in perception and cognition in relation
to visual attention. It consists in displaying sequentially static visual stimuli (images), or moving ones
(videos) at the same spatial location and at a high
frequency rate of multiple stimuli per second. The
physiological response is then measured in a temporal window onset stimuli and under the assumption
that some of the stimuli within the serial presentation
will elicit a response (Spence et al. 2013). Although
psychological elicitation paradigms were ﬁrst introduced into the neuroscientiﬁc study of ERP before
becoming a generalised technique for event-related
cognitive responses (Squires et al. 1975, Donchin
1981), it later became a common neuropsychological
technique due to the short latency and high temporal resolution of event-stimuli correlation such combination can provide (Rugg et al. 2008). There exist
a limited set of well studied paradigms in correlation
with known ERP but which allows for a wide range
of inferences on cognitive processes such as inattentive auditory processing, selective attention, stimulus
evaluation, working memory updating, movement
preparation and inhibition, error processing memory, language processing, face processing, or even
mental chronometry (Kutas et al. 2012). This research
focuses on a well studied paradigm used to elicit a
p300 wave and based on the principle of discrimination: the oddball paradigm (OP). The OP is a typical RSVP task with frequent, random, deviant stimuli: an oddball (Kutas et al. 2012). These peculiar
stimuli are then used to detect the elicitation of an
ERP. In the case of a visual OP, a series of self-similar
events are shown at fast pace in sequences of a few
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milliseconds (see Figure 2). The current RSVP strategy makes extensive use of the temporal structure of
the OP paradigm in order to correlate both signals
and stimulus in time for a later processing and derives the ﬁrst implementations from an existing and
stable model on visual ERP and widely used for BCI
research competitions and benchmarks : the p300
speller (Donchin et al. 1988, 2000). In the case of
spelling or more generally in ERP BCIs, stimuli are
static items (ie. ﬁxed characters to spell words or stable images to classify them). In the case of design
and architecture research, the capacity to generate
and/or modulate the stimuli within a similar temporal structure is of high interest and achievable (Cutellic and Lotte 2013, Cutellic 2014).
Figure 2
Figure 2. A typical
visual oddball
paradigm in a RSVP
task to elicit ERP.
Each stimulus
presentation
epochs, and
in-between epochs
consist of a few
milliseconds in the
time domain and in
the elicitation range
of the studied ERP
wave.

From Generative Design to Modulated Generative Adversarial Design
A most general deﬁnition of generative design (GD)
can be applied from generative art (Galanter 2003)
as the use of linguistic or procedural rules in a relatively autonomous system to generate, in an iterative fashion, novel design solutions and increase their
variance. In a similar way, a generative algorithm in
ML can be seen as learning, in an unsupervised way,
the probability of features and implicit patterns from
data (Ng et al. 2001). They can, in return, generate a vast amount of outputs with similar features
and in large variance. A recent approach to improve
the quality of this model is through an adversarial
method together with a discriminative algorithm, or
GAN (Goodfellow et al. 2014, Salimans et al. 2016).
In such method, both generator and discriminator
are trying to minimise their loss function. The discriminator is trying to classify outputs by their con-

textual relevance (ie. an object class) and the generator is adapting its parameters in order to pass discrimination, similar to an actor-critic strategy used in
reinforcement learning (Pfau et al. 2016). Two major interests are pursued in this research in regards to
contributing to GD. Firstly, is to evolve GD preconditions from a set of rules to unstructured ensembles of
data. In that aspect ,GANs and other generative models are of high interest. Secondly, the clear separation
of GAN models between a generator and a discriminator makes it an appropriate candidate to integrate
in a BCI framework. While the generator purposes
on updating visual output for RSVP, the discriminator can be adapted with previously described discriminative models for EEG neural patterns (see section 2.2). In such feedback loop, the discrimination
is modulated by the decoded neural pattern, may offer visual object categorisation of higher complexity,
while generating visual features as a user experiences
it. This research assumption spans beyond the scope
of this paper which purpose is to describe a software
implementation to support its development in real
time interface for GD. Additionally, a third interest of
using GAN is also in the generation of training data in
a more conventional model to accelerate implementations of experiments. As previously mentioned in
section 2.2, and in a previous paper an initial implementation using simple rule-based GD models together with an ensemble of SVM was used to assess
criteria and potentials to evolve towards the modulated generative adversarial design model in current
development.

Implementation
This section will focus on the general framework and
its main aspects. Further details and UX ﬂows will be
added together with the future developments aforementioned. During precedents, we opted for the
OpenVibe software (Renard et al. 2010) and developed further work from provided algorithms such as
xDawn (Rivet et al. 2009, Cutellic and Lotte 2013).
Due to the rapid development of Information Technologies and the before-mentioned requirements of
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Figure 3
Figure 3. A General
layout of the BCI
implemented with
its major
components and
features in a
web-based
framework.

this research, we maintained preferences for opensource and platform-agnostic solutions. The ﬁrst orientation was made towards Python-based technologies related to cognitive science applications. Its
rapid evolution for the related scientiﬁc and industrial disciplines (Muller et al., 2015) made it a choice
of ﬁrst order and easy to combine to other CAD packages and APIs. It is worth mentioning similar initiative as a reference on feedbacks framework (Venthur
et al. 2010), signal acquisition (Venthur et al. 2012)
and signal processing (Venthur et al. 2015). Yet, online processing and up-to-date coding (Python 3+)
were needing further work and added-up to the list
of necessary developments for a fully functional ERP
feedback loop as a web-based application and including user databases and encrypted data, open acquisition streams and formats, classiﬁcation, plugins
and visual experiments catalogs (see ﬁg 3). We are
currently actively pursuing this part, using python
Django web frameworks. This allows for a modu-

lar and scalable approach which can be maintained
both in a research and application framework while
updating separate technological modules. Additionally, this renders the acquisition of data and its processing distributed. Most of the computational is
done by the middleware on the server and therefore can maintain a lightweight front-end which is
device agnostic for the acquisition and os agnostic
for the visual feedbacks. The visual feedback module consists on recent html5 and webgl rendering
standards. Communication protocols are ensured via
web sockets and django channel layers. The middleware is both connected to a backend user database
(storing user settings and data) and the front end to
get data both from acquisition devices and the feedback module. The data gathered is sent ﬁrst to the
pre-processing module and then to the discriminator/generator module. A modulated feedback is sent
back to the feedback module with the possibility to
stream external outputs in numerous formats for this
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party software (LSL, OSC, UDP,...). Prior to acquire
data, after pre-processing and after training the discriminator, requests are sent to the Backend to get
user based speciﬁc settings for acquisition and optional streaming. The pre-processed data and trained
classiﬁers are stored and can be retrieved or downloaded by the user over sessions.

CONCLUSION AND FUTURE WORKS
This paper has described the general and ﬁrst implementation of Uchron, a software based on visual ERP
EEG-based BCI for Generative Design. After identifying key technologies and state-of-the-art components of its current state and future development,
it has introduced a new ML model based on GAN
for Modulated Generative Adversarial Design and involving both ML and Human Cognitive features. Future work on the software will now focus on the development of such model.
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This paper outlines a research project that explores the participation in, and
perception of, advanced technologies in architectural professional practice
through a sociotechnical lens and presents empirical research findings from an
online survey distributed to employees in five large-scale architectural practices
in Sydney, Australia. This argues that while the computational design paradigm
might be well accepted, understood, and documented in academic research
contexts, the extent and ways that computational design thinking and methods are
put-into-practice has to date been less explored. In engineering and construction,
technology adoption studies since the mid 1990s have measured information
technology (IT) use (Howard et al. 1998; Samuelson and Björk 2013). In
architecture, research has also focused on quantifying IT use (Cichocka 2017), as
well as the examination of specific practices such as building information
modelling (BIM) (Cardoso Llach 2017; Herr and Fischer 2017; Son et al. 2015).
With the notable exceptions of Daniel Cardoso Llach (2015; 2017) and Yanni
Loukissas (2012), few scholars have explored advanced technologies in
architectural practice from a sociotechnical perspective. This paper argues that a
sociotechnical lens can net valuable insights into advanced technology
engagement to inform pedagogical approaches in architectural education as well
as strategies for continuing professional development.
Keywords: Computational design, Sociotechnical system, Technology adoption

INTRODUCTION
“...our lived experiences with technologies never
quite mirror the overly optimistic or pessimistic descriptions of their eﬀects” (Ratto 2011, p.253).
What does it mean to talk of advanced technologies in contemporary professional architectural practice? In one sense, the umbrella term computational
design captures a wide and allied set of advanced

technologies and technology-related practices, from
parametric models, generative algorithms, and simulations, to digital fabrication technologies. Deﬁnitionally, and in an architectural context, computational design thinking and methods are often framed
as antithetical to computer-aided design (CAD) approaches, and by virtue of this are typically aﬀorded
a more ‘advanced’ status. That is, while CAD is rea-
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soned as the digitisation of extant and habitual architectural practices largely unchanged since the Renaissance, scholarly and journalistic accounts position computational design thinking and methods as
those that are, by contrast, signiﬁcantly reconﬁguring architectural design practices and processes (Bredella and Hoﬂer 2017; Carpo 2017; Celanto 2007; Gerber and Ibañez 2014; Hensel 2013; Leach and Yuan
2018; Menges 2015; Menges and Ahlquist 2011; Picon 2010, 2015; Scheurer 2010; Sheil 2005, 2008;
Tedeschi 2014; Terzidis 2006). While much emphasis
is placed on articulating the aﬀordances of computationally transformed design practices in architecture in terms of performative and responsive buildings, enhanced material knowledge, and the romantically charged ideal of the (re)empowered designer/maker, far less attention has been directed towards
the ways computational design thinking and methods are actually being put-into-practice, and by extension, their social implications. Given this, the research study described here adopts a sociotechnical
perspective and empirical research methods in order
to bring into view the potentially messier and more
obstructive ‘everyday’ realities of advanced technology engagement in architectural professional practice contexts. Tracing everyday perspectives can operate to transcend the rhetoric of radical and positive
disruption that is oft-associated with emerging technologies, to inform new models of learning and postprofessional development initiatives. The following
sections of this paper outline the overall study’s theoretical grounding and methodological approach, including an initial survey and its ﬁndings, and their
implications for understanding everyday computational design culture in architecture.

THEORETICAL FRAMEWORK:
A SOCIOTECHNICAL LENS
The sociotechnical lens adopted in this research
draws on theories and concepts from science and
technology studies (STS) and the ﬁeld of human computer interaction (HCI) that align more generally to a
social constructionist paradigm. From this perspec-

tive, technologies, technological systems, and social
orders are seen as co-created or mutually constitutive (MacKenzie and Wajcman 1999). Put another
way, the notion of technology, whether framed as
an artefact, body of knowledge, practice or system,
is reconceptualised as a social construct (Bijker et al
1987; Suchman 2007; Suchman et al. 1999). While
aligning to these general principles, the term ‘sociotechnical system’ more speciﬁcally refers to the
study of work practices and organisational relationships in the context of technological change (Trist
1981). A key premise of sociotechnical systems research is the recognition of the interdependence of
systems of work and the social environment. This
advances the projective notion that by understanding the interaction between humans, machines, and
the environmental aspects of the work system, pathways to aﬀect change and improve situations can be
forged.
While an existing body of scholarship has examined the culture of architectural practice from a sociological perspective and through ethnographic approaches (Blau1988; Cuﬀ 1991; Matthewson 2015;
Whitman 2005), with the notable exception of Daniel
Cardoso Llach (2015; 2017) and Yanni Loukissas
(2012), few have explored the implications of advanced technologies in contemporary architectural
practice from a sociotechnical perspective. Recasting computational design through a sociotechnical
lens reveals it as a system of interdependent relationships between humans, machines, and software, as well as disciplinary and organisational hierarchies, structures, and cultures. This creates a
space to explore a diﬀerent set of questions around
the ways individual, disciplinary, and organisational
notions of architecture are challenged by, but also
challenge, resist, and inﬂuence the ways computational design thinking and methods are put-intopractice. From here, it is further possible to consider questions of agency in relation to technologyrelated shifts in the architectural profession, and of
the stasis, redundancies, or changes in the social
distribution of design work (Loukissas 2012). The
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question of (re)conﬁgured agency is signiﬁcant here
given computational design practices in architecture
are described as increasingly signiﬁcant to “negotiations of jurisdiction in architecture” (Loukissas 2012,
p.17). Yet, while computational design may well constitute a burgeoning site of control and inﬂuence, it
is also argued to be a key area of architectural practice wherein gender inequity is ampliﬁed (Davis 2014;
Doyle and Senske 2017).

RESEARCH METHOD
If, as a number of scholars have more recently argued, access to technology and knowledge about
technology in contemporary architectural practice is
unevenly distributed (Davis 2014; Doyle and Senske
2017), it is a claim that ﬁnds scant empirical evidence.
Computational design practices might be well accepted, understood, and documented in academic
research contexts, but the extent and ways they are
put-into-practice in the architectural profession is an
inchoate research domain. Addressing questions of
inﬂuence and extent, numerous studies in the engineering and construction ﬁelds, have examined technology adoption since the mid 1990s with a focus on
measuring information technology (IT) use (Howard
et al. 1998; Samuelson and Björk 2013). Similarly,
examples of architectural research that have focused
on the professional implications of advanced technologies have also quantiﬁed IT use (computers, software, and networks) (Cichocka 2017), and in other
examples adopt case study approaches to explore
speciﬁc technology-related practices such as building information modelling (BIM) (Cardoso Llach 2017;
Herr and Fischer 2017; Son et al. 2015). Alternatively, Daniel Cardoso Llach (2015; 2017) and Yanni
Loukissas (2012) have both undertaken more targeted “ethnographies of technologies-in-use” (Suchman et al, 1999, p.404-405; Suchman 2007). These examples follow HCI researcher Lucy Suchman’s (2007)
call for a commitment to “situated action”, that concerns the examination of sociomaterial assemblages
at the scale of human/nonhuman ‘intra-action’. Suchman’s (2007) conceptual distinction between intra-

action and interaction is important here as it highlights how the recursive production of human/nonhuman subjectivities occurs through their encounters with each other (p.267). For Suchman (2007)
it is in this space of intra-action, or practice, that
“agencies-and associated accountabilities-reside” (p.
285). So, while quantitative methods are a productive way to identify, but not necessarily explain overarching patterns of technology-use, qualitative approaches can provide rich accounts of situated practices of technologies-in-use to address questions of
inﬂuence and agency.
To begin to draw out sociotechnical conﬁgurations in architectural practice contexts-and their
possible reconﬁgurations-this research has accordingly adopted a mixed-methods approach. This commenced with the design and implementation of an
anonymous online scoping survey that aimed to understand the current extent of advanced technologies skills, knowledge, and applications in architectural practices and their perceived value, with the
view to drawing out key themes to inform subsequent interviews and ethnographies of technologiesin-use. The survey questions were informed by a literature review and the aforementioned theoretical
framework. The survey was made available online
between August to December 2017 to employees of
ﬁve larger-scale (considered >100 architectural employees) architectural practices in Sydney, Australia,
who had provided written consent to participate in
the research study. Recruiting participants through
professional practices as opposed to, for example, an
institutional membership body such the Australian
Institute of Architects, reﬂects a purposive sampling
intent based on the assumptions that larger-scale
practices are likely to engage with advanced technologies for architectural work, and that those engaging with advanced technologies in architectural
practices may not necessarily identify as architects.
In short, this approach seeks to capture the diversity
of architectural employees. This is further reasoned
to oﬀer ways to reﬂect on the similarities and/or differences in responses across multiple practice con-
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texts. The survey included ten closed questions, four
Likert-scale questions, an open-ended question, and
the option to provide additional comments and/or
details to be contacted for a follow-up interview.

SURVEY FINDINGS
The survey structure comprised three key sections including general demographic data, technology skills
and knowledge competencies, and attitudes towards
technologies. The ﬁrst section of the survey collected
general demographic data about the respondent’s
age, gender, educational and professional qualiﬁcations and level of work experience [Table 1]. The
following section asked questions about technology
skills competency levels, and learning avenues. The
ﬁnal section asked questions about attitudes towards
the value of engaging with advanced technologies
in architectural practice. The general characteristics of the survey sample, as set out in Table 1, indicate that the majority of survey respondents identiﬁed as male, were aged between 25-34 years, hold
a Master’s level qualiﬁcation, and have greater than
15 years of relevant industry experience. The survey
then asked respondents to identify the software programs they used in their current workplace from a
list of 16 options [Figure 1] as well as to rank their
own competency levels. Notably, Figure 1 indicates
a clear dip in responses to software use from examples such as Excel, Revit and AutoCad, to those
who indicated the use of visual programming software such as Grasshopper and the programming language software Python. Those who indicated they
used Grasshopper at an intermediate to advanced
skill level varied in age, education levels, and years of
industry experience, however 89% of these respondents identiﬁed as male. Similarly, while those who
indicated they used Python at an intermediate to advanced skill level varied in age, education level, and
years of industry experience, however 100% identiﬁed as male.
Having identiﬁed software and emerging technology use in their workplace, the survey asked respondents to indicate how they learned their soft-

ware skills and knowledge [Figure 2]. A high number of respondents identiﬁed their software skills and
knowledge as having been ‘self-taught’ and/or indicated they had used online tutorials over more formal modes of training. A subsequent question asked
respondents to reﬂect on how new software skills
and/or knowledge of emerging technologies are encouraged in the workplace. Responses to this question again pointed to less formalised technologyknowledge transfer in the form of in-house training
and co-worker encouragement mentoring.
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Figure 1
Responses to
survey question 8.
Indicate which of
the following
software programs
you use in your
current role

Table 1
Demographic
attributes of survey
respondents
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Figure 2
Responses to
survey question 9.
Select which
option(s) best
describes how you
acquire software
skills or knowledge

The last section of the survey posed a series of Likert
scale questions on individual attitudes towards the
value of engaging with advanced technologies in architectural practice. Respondents were asked to indicate their level of agreement to a range of statements
from strongly disagree, to strongly agree [Figure 3].
The ﬁnal question of the survey posed an openended question asking respondents to identify the
key barriers to attaining advanced software skills
and/or knowledge of emerging technologies in their
architectural workplace. This captured insightful responses that were coded into seven main categories
including Time, Leadership, Technology knowledge,
Project opportunity, Cost, Knowledge equity, and
Technical complexity [Figure 4]. Multiple respondents identiﬁed architectural project demands on
their own time as a key barrier to developing ad-

vanced software skills and knowledge of emerging
technologies. In one example a survey respondent
argued that “...there is often so much project work
that time for training does not exist”, while another
commented that, “it is hard to commit time outside of work hours to attain advanced skills”. Another respondent attested that “It is up to the individual, not the company to acquire [technology] knowledge”, yet that this also relied on a practice investing cost and time for training. That it is the individual employee’s responsibility to make time away
from the demands of everyday architectural practice
to pursue the development of technology-related
skills, further points to the general view of technologies and technology-related knowledge as peripheral to everyday architectural work. This is echoed
in the closely related second, third, and fourth iden-
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Figure 3
Responses to
survey question 13.
what is your
perception of the
value of advanced
software skills in
your workplace?

tiﬁed barriers that describe constraints related to organisational leadership, technology knowledge, and
project opportunity. Respondents indicate that organisational leaders lack knowledge of the value of
new technology-related skills and practices, do not
encourage or mandate training, and that architectural projects rarely provide suitable contexts to learn
and test advance technology-related practices.
Notably, several responses to Question 16. related to the issue of knowledge equity. In one example, a respondent observed that “some staﬀ are given
the time to explore technology and others fall behind”, while another described “less advanced team
members” as hindering the uptake of new software
skills, processes and knowledge more generally. Respondents further pointed to the need for technology skills training to target “whole team” or projectbased groups. Overall, the Question 16. responses
highlight the multiple ways that the pursuit of technology innovation and technology knowledge trans-

fer in an architectural context ﬁnds attitudinal resistance at both individual and organisational levels. One respondent commented that “design professionals seem to loath any type of data which structured”, suggesting a reluctance to view architectural
design creativity on any other terms. Additionally, a
number of responses to the ﬁnal open-ended question of the survey echoed entrenched disciplinary
and professional ideologies, and namely, viewing the
relationship between architecture and technology as
a human and non-human divide. In this way, rigid
ideas of ‘the architect’, architectural practice, and notions of creativity all contribute to pre-inscribing acceptable territories in which new technologies and
technology-related practices are permitted to occupy. For example, one respondent oﬀered the view
that new graduates that attain computational design
skills do so at the expense of gaining more “practical
knowledge” related to construction and documentation. In another example the respondent, perhaps
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misguidedly, stated that “scripting is a tool only and
doesn’t convert to working drawings”.

respondents engaging with what are deﬁned here
as more advanced software practices [Figure 1], together with the high number of responses [Figure 2]
that indicated their software skills were ‘self-taught’.
This further supports the view that workplace organisations and hierarchies-structures, human resources,
leadership and attitude-are signiﬁcant determinants
to advanced technology uptake (Son et al. 2015).
Equally, these ﬁndings can be argued to uphold suggestions that access to technology and knowledge
about advanced technologies in and for contemporary architectural practice remains unevenly distributed (Davis 2014; Doyle and Senske 2017).
While the research survey netted 102 complete
responses it cannot be taken as statistically signiﬁcant, nor representative of the general architectural
profession. Additionally, it is necessary to acknowledge the fundamental limitations of survey methods that include the questions asked, the ways the
questions are asked, and who ultimately chooses to
answer them. It is challenging to motivate people
to voluntarily ﬁll in surveys, and in recruiting practices to participate in this research study, one declined on the basis of ‘survey fatigue’. Most obviously, this survey is limited to the employee’s perspective, and cannot necessarily account for an organisation’s or managerial point of view. Nonetheless, a survey is a useful exploratory method, and
the ﬁndings discussed here establish a basis to pursue and inform subsequent stages of qualitative research including semi-structured interviews, and ethnomethodological studies of technologies-in-use in
architectural work sites (Suchman 2007).

CONCLUSION:
AGENCY AND OPPORTUNITY
DISCUSSION
Overall, the survey data suggests that respondents
value technology-related skills and knowledge in and
for architectural work, however do not necessarily
have the time, organisational support, nor knowledge and infrastructural resources to productively
and conﬁdently engage with more advanced practices. This is underscored by the limited number of

This paper has outlined a research project that
adopts a sociotechnical lens to explore the culture
of computational design in architectural practice.
This has asked questions about how individuals access, engage in, and perceive technologies in contemporary architectural workplaces. This approach
provides an alternate, and empirically-oriented vantage point from which to begin to critically examine
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Figure 4
Responses to
survey Question 16.
What are the key
barriers to attaining
advanced software
skills and/or
knowledge about
emerging
technologies?

discursive premises that variously argue computational design constitutes a radically transformed design practice, is of growing import to the negotiation of creative and organisational control in architecture and is a knowledge and skills domain wherein inequities remain pronounced. While the survey ﬁndings more generally suggest that individuals in architectural practices highly value advanced technology
skills and knowledge, the data collected on technology skills, knowledge, and competencies points to
a more restrained and delimited engagement with
advanced technologies. With regard to ‘who’ is engaging with advanced technologies, the overall survey respondents identiﬁed as 64% male and 34% female (Table 1), however respondents indicating they
engage with more advanced, computational software practices for architectural work largely identiﬁed as male. Respondent comments that addressed
the perceived barriers to technology engagement
in architectural practice strongly gestured towards a
paucity of organisationally-led training, and by extension, an uneven distribution of advanced technology knowledge and skills. The comments further allude that advanced technology knowledge and skills
are ‘opportunities’ that can be aﬀorded to some individuals and not others, and that in the latter case,
this then places signiﬁcant onus on the individual to
self-learn.
The notion of technology knowledge equity,
that can be perhaps more inherently addressed in
tertiary learning environments, emerges as a significant challenge for continuing professional development, this, as well as questions around the pursuit and motivation of technology-related changes
to ways of working in architecture, and the corollary of technology-aversion (Carpo 2018), are subjects worthy of further research. As Wes Jones’ (2014)
asserts, historically architecture has self-interestedly
expected new technologies and technology-related
practices to enhance the discipline without wanting
to entertain the attendant implications of organisational change (p. 29-30). Optimistically, that technological changes to ways of working can trigger ‘occa-

sions’ for reconﬁguration (Barley 1986) (albeit in heterogenous ways that are contingent on the structure
of workplace contexts), also suggests unique opportunities to disrupt the status quo and to redress existing exclusions, biases, and inequalities. And it is
from this perspective, that this research intends to
continue to look inside everyday professional architectural contexts to locate occasions for reconﬁguration, and the “conditions for action and possibilities
for intervention” (Suchman 2007, p.276).
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Well known metaphors play an explanatory role in human-computer interaction
(HCI) and support users in understanding an unfamiliar object with references to
a familiar object, for example the desktop metaphor. Metaphors can also support
designers in forming and exploring new concepts during the process of designing.
We present metaphors that establish user expectations and provide guidance for
new design concepts while integrating interactive technology in buildings to
enable human-building interaction (HBI). HBI is a research area that studies how
HCI research and practice provides opportunities for interactive buildings.
Interactive experiences in architecture can be characterized by three
metaphorical concepts: HBI as Device (user-centered view), HBI as Robot
(building-centered view), and HBI as Friend (activity centered-view). These
metaphors provide a tool for architects and HBI designers to explore designs that
engage occupants' existing mental models from previous HCI experiences. We
expand on each metaphor using analogical reasoning to define exploratory
design spaces for HBI.
Keywords: Human-Building Interaction, Metaphor, Human-Computer
Interaction, Interactive Architecture

INTRODUCTION
Metaphors are widely used in both architectural
design and human-computer interaction (HCI) design. In architectural design, metaphors are typically used to create an architectural identity and reveal a unique experience to broaden the feelings,
thoughts, and imagination of human beings (Ayıran,
2012). Metaphors in architecture are also used as
an explanation for clients or other designers when
communicating the architectural concept. The role
of metaphor in architectural design diﬀers from the

use of metaphor in HCI design. For example, the
desktop metaphor is a generalized metaphor that activates a user’s mental model of a physical desktop
as a basis for interactions across many HCI designs.
The icons and aﬀordances of the desktop metaphor
are replicated across many interactive systems, devices, and brands. Human-building interaction occurs when technology is embedded in buildings. We
claim that generalized metaphors can be useful for
HBI as guiding principles in the design processes.
Human-Building Interaction (HBI) is a new research
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domain within HCI. Alavi et al (2016) deﬁne the ﬁeld
of HBI as the study and design of interactive opportunities for people to shape the physical, spatial,
and social product of their built environments. Examples of HBI are changing physical conditions (e.g.
room temperature), engaging occupants in information (e.g. event visualization), and supporting activities (e.g. embodied AI assistant). Fundamental
characteristics of HBI include user immersion and interaction in the building as “machine” with diﬀerent space and time scales when compared to HCI. In
this paper, we expand on HBI research to go beyond
the technological view and consider design guidelines that open up novel conceptual spaces for positive user experiences with HBI. Architects and building occupants can beneﬁt from a design perspective that engages a mental model that guides the designer and the users of interactive elements in buildings. We provide a starting point for this shared mental model for HBI designs by establishing metaphors
within a theoretical and methodological framework.
The role of metaphor in HCI is to facilitate the development, maintenance, learning, and orientation of
the conceptual foundation of the interactive application. Metaphors can be powerful devices for designers, in both the design process and within the
products themselves. A metaphor can help redeﬁne
design problems and help to solve them. It can be
used as a research tool to understand new topic areas or as means to create new ideas about familiar
subjects. Metaphors provide cues to users about how
to understand interactive products. Interaction designers use metaphors to guide user behavior (Saﬀer
2005). The signiﬁcant diﬀerence between interaction
in the contexts of HCI and HBI is that in HBI the use of
metaphor is to enable interaction with both digital
content and physical objects in a 3D physical building. Whilst in HCI metaphor is used to bring the familiarity of our experiences in the physical world to
the interaction with digital information.

METAPHORS FOR HBI
We present and develop three categories of
metaphor as a basis for designing HBI by analogical reasoning: device, robot, and friend. To develop a conceptual space for HBI design using these
metaphors we apply two frameworks: the FBS ontology (Gero 1990) and the HCI framework. We ﬁrst
describe the three categories of metaphor, then discuss how the metaphors are mapped to potential HBI
designs using the FBS and HCI frameworks.

Device: User-centered view
An interactive building is a device that extends the
concept of a smartphone or smart appliance to the
scale of a building. Contemporary buildings require
multi-dimensional functionalities and HBI satisﬁes
these requirements in intelligent ways. Interaction in
a building based on this metaphor typiﬁes structured
and predetermined interactions between a user and
a building that has preconceived sets of input and
outputs. This metaphor represents a user-centered
view of HBI for dealing with occupants’ requirements,
comfort, and experiences. It encompasses providing better service, satisfying needs, performance, and
ease of control for residential and work life (e.g. lighting, air-conditioning). This metaphor emphasizes
multiple purposes and operations in a single device,
similar to the multiple apps on a smartphone device.
The background of this metaphor reﬂects architecture based on productivism, functionalism, and hightech architecture.

Robot: Building-centered view
An interactive building is a robot that extends the
concept of an intelligent machine capable of performing tasks and managing itself to the scale
of a building. An interactive building based on
this metaphor reacts to both external and internal changes autonomously to manage building conditions such as energy consumption. This
metaphor represents a building-centered view of
HBI in terms of self-management. It encompasses
building automation, sustainability, improving building/urban environment, and managing building life
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Figure 1
Design process
using the proposed
metaphors, FBS
framework, and HCI
framework

cycle (e.g. energy monitoring, kinetic shading).
This metaphor emphasizes automation, autonomous
decision-making, artiﬁcial intelligence and the physical actions of a robot. The background of this
metaphor reﬂects concepts of smart home, adaptive
buildings, intelligent building, and kinetic architecture and buildings that learn and adapt through interaction with users and sensors.

Friend: Activity-centered view
An interactive building is a friend in which interaction centers around advising and supporting the occupants of a building. Interaction in a building based
on this metaphor supports activities such as playing,
cooking, saving energy, and working. The primary
characteristic of this interaction is an open-ended
structure and outcome, which are characterized by
meandering interaction. This metaphor represents
an activity-centered view of HBI in terms of supporting occupants’ activities. The activities depend on
the function of the place such as oﬃce, kitchen, bedroom and meeting room. This metaphor reﬂects research in personiﬁcation, aﬀect, artiﬁcial intelligence,
as well as co-learning over time.

EXPANDING METAPHORICAL CONCEPTS
WITH ANALOGICAL REASONING
While a metaphorical concept can provide a guiding principle for HBI design, we posit that analogical reasoning provides a process for transforming
the metaphorical concept into a realizable design.
Analogical reasoning, an inference method in design cognition (Gero & Maher 1992), is a way to develop a design leading to unexpected discoveries.

Analogical reasoning is a design process where variables from an existing design or concept can be
the basis for a creative design (Qian & Gero 1996).
We present two frameworks to support analogical
reasoning when designing HBI: a Function-BehaviorStructure (FBS) framework and an HCI framework.
The FBS ontology (Gero, 1990) is used to articulate
each of the three HBI metaphors in order to map the
function-behavior-structure of an HCI design into a
design space for an HBI design. The HCI framework
is used to map interaction types, interface types, and
aﬀordance relevant to each metaphor from the HCI
user experience to the HBI user experience. In our
examples, we start with a description of the function
of an HCI design and adopt a similar function in an
HBI design. The FBS framework identiﬁes new designs with speciﬁc behaviors and structures for HBI
design that share a function with an HCI design, while
the HCI framework provides a mapping between HCI
design elements and HBI design elements. Figure 1
shows the design process using the metaphors, FBS
framework, and HCI framework to create a conceptual design for HBI.

FBS FRAMEWORK AS A STRUCTURE FOR EXPLORING METAPHORS
Analogical reasoning is facilitated by using an ontological framework that provides a common terminology with agreed-on meanings for a domain of discourse. The function-behavior-structure (FBS) ontology (Gero, 1990; Gero and Kannengiesser, 2004)
provides such a framework for the design domain.
We use the FBS ontology (Gero, 1990) as a framework to represent and expand each of the three HBI
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metaphors:
• ”Function (F) of an artifact is deﬁned as its
teleology (i.e., what the artifact is for). It is
ascribed to behavior by establishing a teleological connection between a human’s goals
and measurable eﬀects of the artifact (Chittaro and Kumar 1998).”
• ”Behavior (B) of an artifact is deﬁned as the attributes that can be derived from its structure
(i.e., what the artifact does). Behavior provides
operational, measurable performance criteria
for comparing diﬀerent artifacts.”
• ”Structure (S) of an artifact is deﬁned as its
components and their relationships (i.e., what
the artifact consists of ). The structure of artifacts includes their form (i.e., geometry and
topology) and physical or virtual material.”
Qian and Gero (1996) proposed a formalism for design knowledge representation through FunctionBehavior-Structure (FBS) paths, as a basis for crossdomain analogy-based design. In such an analogybased design system, the FBS of a source design
in HCI provides a basis for designing the potential
FBS of a target design in HBI. In this section, we
describe three examples of analogical reasoning for
each metaphor illustrating how the FBS of a source
design can be applied to the target design of HBI.
Device: User-centered view. Smart devices such
as personal computers and mobile phones are now
commonly used by most people. Smart devices tend
to be multi-purpose ICT devices, operating as a single platform to access multiple application services
that may reside locally on the device or remotely on
servers. Smart devices tend to be personal devices,
having a speciﬁc owner or user. The main characteristics of smart devices are: interaction, mobility,
dynamic service discovery and intermittent resource
access such as concurrency and upgrading (Poslad
2011). To illustrate the analogical reasoning mapping based on the FBS framework, we use a smartphone as a source design. The smartphone design
provides, through multiple apps, multi-functionality

such as communication (e.g. phone call, text, SMS,
email), management (e.g. schedule, health, notiﬁcation), information (e.g. internet, map, shopping), and
entertainment (e.g. music, photo, video, game). In
a holistic view, a smartphone enables sets of applications performing diﬀerent tasks. Similarly, a building has multiple functions such as living service, security, and entertainment. These functions are a characteristic diﬀerence between the device and HBI, thus
each function from the source can be mapped to HBI
designs. For example, the major functions of smartphones are the communication service that is carried out through phone calls and text and there are
apps such as calendar, internet, and photo that are
involved with other functions. The major function
of a building is to provide intelligent living services
that are carried out through heating, lighting, and airconditioning. Recent buildings have additional functions such as a smart security system and smart interactive kitchens. The behavior matching between
the two designs would be carried out in a similar way
with the function matching in terms of access to individual app/system, control tasks, and display information. The function and behavior mapping would
lead the designer to come up with new structures of
HBI shown in Table 1.
Using the FBS framework, we map functions
of the smartphone to a target design as an example. The target design of HBI is an interactive
concierge which is a touch screen for providing virtual concierge services. The major function of a
smartphone is providing multiple applications on the
device thus the user can perform diﬀerent tasks using
a single device. This function achieved by displaying
icons on the home screen. Similarly, the major function of the HBI Interactive Concierge is providing multiple concierge services and this function is achieved
by displaying service icons and information screens.
The behavior of the two designs, smartphone and
concierge, are analogical in terms of both display
the information of multiple apps. The associated behavior variables, various apps and concierge services
mapped for the behavior matching between the two
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Table 1
FBS expanded
mapping between
a device and HBI

Table 2
FBS mapping
between a
smartphone and an
interactive
concierge board
design

designs. In addition, the structure elements are also
mapped. The most structure elements of the two designs, smartphone and concierge, use a generalized
graphical user interface (GUI) such as icons, buttons,
and windows. However, the map in the smartphone
is transferred to the ﬂoor plan in the concierge board
design as shown in Table 2.
Robot: Building-centered view. There are many
kinds of robots that have diﬀerent roles, appearances, and interaction types. For instance, some of
them are humanoid and use speech interaction, others have the shape of a machine and use physical
movement. The robot metaphor for HBI captures the
design space for autonomous features of building.
Autonomous robots are intelligent machines capable of performing tasks in the world by themselves,
without explicit human control (Bekey 2005). For this

metaphorical concept, we use a generic robot as a
source design and a smart autonomous building as
a target design. The source and target design are
analogous in terms of performing tasks and managing itself. The autonomous features of robot can be
mapped to target designs of HBI. For example, a kinetic facade which controls daylight automatically
can be adapted as a target design. One function
of a kinetic facade is providing optimal daylighting
and this function is achieved by detecting external
daylight, opening/closing the louvers, setting/controlling the optimal level of daylight. Table 3 shows
an expanded mapping between the robot and HBI
including various functions/behaviors/structures of
the source and target design.
Using the FBS framework, we map a function
from the robot design to the target design of a build-
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Table 3
FBS expanded
mapping between
a robot and HBI

Table 4
FBS mapping
between a robot
and a smart
building

ing. A function of a moving robot is self-driving
and this function is achieved by detecting obstacles,
steering using visual information, and setting/navigating locations. A function of a smart building is
maintaining security, achieved by detecting occupants/visitors, opening/closing doors, setting/control the security, and displaying visitors’ information.
The behavior of the two designs, robot and smart
building, is analogous since both designs detect conditions and control the system autonomously. The
associated behavior variables, driving information
and visitors information are mapped for the behavior matching between the two designs. Other associated behavior variables, steering and open/close
are also mapped as controlling behavior. The major
structure elements include mapping legs or wheels

of a robot to door locks in a smart building. The remaining structure elements, sensors and navigation
in the robot design are transferred to the structure
elements of the smart building, sensors, and smartphone, as shown in Table 4.
Friend: Activity-centered view. Friends who know
you well play various roles depending on the occasion (e.g. buddy, partner, colleague, and trusted adviser). The essential characteristic of friends for this
metaphor is the role a friend plays while interacting
with the building occupant. This characteristic role is
related to the occupants‘ routine activities in certain
spaces or situations and this metaphorical reasoning
can identify HBI that support occupants’ activities as
a person. This metaphor can be applied to building components (e.g. personiﬁed door or window) or
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Table 5
FBS expanded
mapping between
a friend and HBI

Table 6
FBS mapping
between a friend
and a personiﬁed
building

to a whole space/building (e.g. personiﬁed room or
building) to support certain activities in appropriate
situations. For instance, a personiﬁed meeting room
supports the meeting and a personiﬁed kitchen supports cooking. Table 5 shows an expanded mapping
from the friend in HCI to HBI.
In this framework, we use friendly HCI as a source
design and a personiﬁed building which provides
messages about sustainability as a target design. The
personiﬁed building character, the target design, is a
visualization system that presents relevant information in a particular space by the personiﬁed building
character for saving energy with changing behaviors
of occupants. The functions of friend are achieved
by having a conversation. Similarly, the functions
of personiﬁed building are advising and reminding
about sustainability behaviors. These functions are
achieved by displaying information with a personiﬁed building character. The behavior of the two de-

signs, friend and personiﬁed building, are analogous
in terms of both giving an advice and the relevant information. The associated behavior variables, identifying issues and detecting the proximity of occupants in a certain space are a mapping for the behavior between the two designs. The conversation
about issues from the friend is also mapped to displaying visual information in the personiﬁed building. In the structure mapping, the voice from the
friend is transferred to text message in the personiﬁed building and the expressions/gestures from the
friend are mapped to the character in the personiﬁed
building.

HCI FRAMEWORK FOR ANALOGICAL REASONING FOR DESIGNING HBI
We use an HCI framework comprising interaction
types, interface types, and aﬀordances to expand
the three metaphors from an analogous HCI design.
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While the FBS framework focuses on identifying speciﬁc behaviors and structures for new designs, the
HCI framework enables a systemic mapping between
a source and target design. Interaction types are the
ways a person interacts with a product or application (Rogers et al. 2011). Rogers et al. (2011) proposed four main types of interaction: instructing, conversing, manipulating, and exploring. We modiﬁed
the four main interaction types adding an interaction
type sensing to describe the interaction between ambient environments and users.

interaction between the user and the artifact based
on the perception of strong clues or signiﬁers about
the operations of the artifact (Norman, 2013). In HCI
designs, visual signiﬁers are widely used, such as buttons and icons. HBI designs require both types of
aﬀordances: physical signiﬁers for building components (e.g. door handle) and visual signiﬁers for digital components (e.g. screen images). We demonstrate the analogical reasoning mapping from the
HCI framework to HBI design for each metaphor with
the same source and target designs used in the FBS
framework.

• Instructing: Where users issue instructions to a
system, such as: typing in commands, selecting from menus, speaking commands, gesturing, pressing buttons, or using function keys.
• Conversing: Where users have a dialog with a
system. Users can speak aloud or type in questions to which the system replies via text or
speech output.
• Manipulating: Where users interact with objects in a virtual or physical space by manipulating them, such as opening, holding, closing, placing.
• Exploring: Where users move through a virtual
environment or a physical space. Virtual environments include 3D worlds, and augmented
and virtual reality systems.
• Sensing: Where users interact with ambient
environments in a physical space that includes sensors such as vision, motion, sound,
and smell.

Device: User-centered view. The interaction type of
the smartphone and concierge is instructing based
on the user giving commands by touching icons,
pressing buttons or voice. The interface type for a
smartphone and concierge is a GUI or voice so we
can apply a similar visual design from the source representation to the target design. In addition, the
interface type of mobile and touch used in smartphones are mapped to multimedia, shareable, and
touch. The smartphone includes various aﬀordance
elements such as icons, buttons, and maps. The general aﬀordances in the GUI thus can be transferred to
the HBI designs. In this example, the HBI design of
an interactive concierge includes a ﬂoor plan with the
general aﬀordances, as shown in Table 7.

Interface types describe the technology that enables and supports the interaction. There are numerous interface types and new types are designed regularly, for example WIMP, GUI, touch, speech, wearable, tangible, AR, and VR. Some of the interface
types primarily focus on a function, while others are
associated the interaction style used, the input/output device used, or the platform being designed
(Rogers et al. 2011). Aﬀordance refers to the perceived and actual properties of a design that determine how it is used. Aﬀordances emerge from the

Robot: Building-centered view. The basic interaction type of a robot is sensing: sensors enable
the robot to interact with its environment and perform tasks autonomously. Human intiatied interaction with robots include physical manipulation and
speech interaction. Similarly, a smart building system includes both types of interaction: sensing the
environment and user instructing and manipulating.
Examples of smart buildings that rely on sensing the
environment and user initiated interaction include kinetic facades, smart door locks, and automated lighting systems. For example, a smart door lock automatically detects approved occupants and opens the
door. However, the smart door lock will also respond
to an individual’s instruction to open or lock the door
using an app on a mobile phone. The robot and
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Table 7
Mapping between a
smartphone and an
interactive
concierge board

Table 8
Mapping between a
robot and a smart
building

Table 9
Mapping between a
friend and a
personiﬁed
building

smart building does not have aﬀordances for user interaction when they are fully autonomous.
Friend: Activity-centered view. The interaction
type for the friend metaphor is conversing. The conversing type of interaction transfers from the friend
to the personiﬁed building by using text messages
or speech. The personiﬁed building uses sensors to
detect occupants in addition to conversing. The interface type of friend can be multimodal including

speech and tangible interaction. The interface type
of personiﬁed building can also be multimodal including multimedia and information visualization/dashboards. In this case, the characteristic of friend
which is a conversation by speech is transferred to
the personiﬁed building as a conversation by speech
and/or visualization. A friend often uses diﬀerent
ways of talking and attitudes (e.g. consolation, compliment, and encouragement) in order to induce a recipient’s reaction. Similarly, the personiﬁed building
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can use diﬀerent ways of talking and attitudes (e.g.
an encouraging message, and cheerful stances of a
character) as aﬀordances.

CONCLUSION
Metaphor provides the foundation for a design tool
or guide for the conceptualization of new designs
in HCI and HBI. Metaphor can provide cues to users
about how to understand and interact with the design and can support designers as a tool for creative thinking. We have presented three categories
of metaphorical concepts and two frameworks that
enable analogical reasoning for HBI. Each metaphor
communicates diﬀerent types of building designs:
device, robot, and friend. Expanding on these
metaphorical categories using analogical reasoning
with the FBS and HCI frameworks provides guiding
principles for innovative HBI designs. The identiﬁcation of the metaphorical concepts along with analogical frameworks opens a new design and research
space for HBI. As computers become increasingly
ubiquitous their roles in architecture, embedded in
buildings to produce novel functions and behaviors,
are yet to be fully explored and understood. Computers embedded in buildings have the potential to
change the building from a static to a dynamic artifact, one that requires and produces interactions.
These interactions can be with the building’s occupants or among components within the building.
How to understand these interactions requires novel
approaches to both the design of buildings and their
use. This paper has outlined a novel approach to
the design and understanding of these interactions
based on the use of metaphors to drive analogies.
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HOPLA (Home Planner) is a computer-aided design system aimed at simplifying
customization of house design. It merges aspects of user-centered computer-aided
design with machine-centered computerized design, as defined by Negroponte in
The Architecture Machine. The tool was developed to fulfill mass-customization
principles without compromising mass production efficiency and to support users'
participation in design processes to help them formulate expectations and search
for design solutions. We describe the details of the system development and its
possible use in the process of mass-customization and participatory design of
single-family houses. The system consists of two core elements: an algorithm
based on a generic grammar responsible for generating design solutions in
relation to user input, and a Tangible User Interface allowing users to introduce
data and to control the process in an intuitive way. The main challenge in
developing the system was to synchronize the freedom of user's design decisions
with the rigor of machine's verification process.
Keywords: mass-customization, participatory design, tangible user interface,
house design, generative design

INTRODUCTION
Generative methods simplify the process of architectural design in response to parameters deﬁned by architects and clients. These methods allow us to ﬁnd
multiple solutions to a problem, but choosing the
solution that best meets deﬁned criteria is challenging. The challenge becomes even bigger when dealing with ill-deﬁned problems that may occur in the
process of designing a single-family house. Can we
program algorithms so that they generate design solutions that reﬂect the needs of their future inhabitants? Is it possible to quantify such needs? What
if the future inhabitants are not fully aware of their

needs? How can we - as architects - give these inhabitants a possibility to browse and understand diﬀerent design options?
One approach that tries to respond to all these
questions would be to make an extensive list of
parameters that characterize future dwellers along
with their needs and then associate these parameters with a form-generating algorithm. This approach
assumes, however, that we can represent all the information required to generate a design solution in
a numerical form and that we can develop a procedure generating answers that are always correct. Another way, not necessarily computerized and tradi-
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tionally used by many architects, would be to involve
future inhabitants in a process, in which the architect
presents her proposal and iteratively adjusts it based
on the clients’ feedback. This approach appears to be
more appropriate if the design task is at risk of being
ill-deﬁned, as in case of designing a house for people
who do not know exactly their housing needs. The iterative process it involves does not have to be based
exclusively on objective criteria but it can also be affected by subjective criteria expressed by individual
clients. The threat in this method is that the architect
can provide an undesired solution at the very beginning so that too much focus is put on modifying this
solution towards the desired outcome.

Friedman (2013), Khalili-Araghi and Kolarevic (2016)
show how mass-customization can be merged with
house design and how computer systems can support it.
In this paper, we present HOPLA (Home Planner):
a computer-aided design system aimed at streamlining customization of single-family house designs by
actively involving users in a computer-aided participatory design process. We describe details of the
proposed system that consists of a generative procedure, which automatizes the production of design
solutions, and a Tangible User Interface, which allows
users to introduce data and to control the process in
an intuitive way.

Participatory design

Human-Computer Interaction

Participatory design has a long tradition in architecture. It emerged in the 60s of the 20th century in different places around the world as a reaction to impersonality and monotony of mass-produced housing. John Habraken in the Netherlands (Habraken
1961), Lucien Kroll in Belgium (Hofmann 2014), Walter Segal in Great Britain (Blundell 2005), Oskar and
Zoﬁa Hansen in Poland (Hansen 2005) or Christopher
Alexander (Alexander 1969) are architects who noticed the importance of involving future users in design processes. Already at that time, many architects imagined that such approach could be partly
automated. Alexander, Hirshen, Ishikawa, Coﬃn,
and Angel, while working on El Proyecto Experimental de Vivienda, proposed a step-by-step description of what they called the combinational process
(Alexander 1969). About the same time, many researchers started developing ideas of how computers could support automatic generation of houses
(Mitchel 1974, Stiny & Mitchell 1978) and design participation (Cross & Maver 1973, Wrona 1981). Research in that area was fueled by the advancement
of computer technologies and the emergence of the
concept of mass-customization introduced by Davis
(1987) and later developed by Pine (1999). The works
of Duarte (2001), Benros and Duarte (2009), Huang
and Krawczyk (2006), Niemeijer (2011), Sprecher and

Negroponte in Being Digital (1996) criticizes contemporary advancements in human-computer interaction that are based on a mouse and a keyboard - especially in the context of architectural design. He also
claims, however, that there is no such thing as a perfect interface. What Negroponte defends is a multimodal approach to interacting with machines - a
one that would allow users to transmit the same information in many ways using multiple senses and
channels - by speaking, pointing, touching. Li and
Teng (2017) point out major drawbacks of contemporary CAAD tools. Excessive mathematical precision
limits ﬂexibility at early design stages and the use
of WIMP interfaces (windows, icons, menus, pointer)
makes design tools less capable of comprehensively
representing physical 3D objects.
It is hard to imagine designing a house using a
traditional WIMP interface that consists of labels, tables, sliders, dropdown lists, and buttons, especially
if a user is a non-professional involved in a participative process. It is true that a lot of information that
shapes a future house can be deﬁned with numerical data, but what is missing is an interface that enables the user to shape her house without deﬁning
this data directly. Such an interface should be intuitive and engaging. While interacting with it, the user
should be aware of the eﬀects her actions have on the
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ﬁnal outcome, so that she can verify the ﬁnal results,
make informed decisions and visualize them.
Quoting Li and Teng, design is an act of seeing,
thinking, and making, which involves eyes, brain, and
hands. Visualization is about more than just an image: it is about ﬁnding a balance between sensations, activities, and concepts. Evans in his book The
Projective Cast (2000) notes that sight is not the only
sense responsible for spatial perception. Already in
the 18th century, it was considered insuﬃcient to
perceive the third dimension without the assistance
of touch. We think that multisensory (or multimodal)
integration is substantial for humans to understand
their environment, take actions and respond to stimuli. Implementing touch in experimental interfaces
may be a crucial step towards a fully immersive interaction with a machine.
One of the means of human-computer interaction that can complement traditional WIMP approach
is Tangible User Interfaces (TUI), i.e. environments
in which the user interacts with the machine by manipulating physical objects. These objects are understood not only by the machine but also by humans
(e.g. as abstract or ﬁgurative representations of other
objects).
Research conducted by Kim and Maher reveals
that TUIs positively change designers‘ spatial cognition, and then these aﬀect the design processes
by increasing designers’ problem-ﬁnding behaviors.
(Maher and Kim 2006) Tangible User Interfaces may
also be a chance to eliminate the false dichotomy
between input devices (such as the keyboard and
mouse) and graphical output devices (monitors, projection, head-mounted displays). (Ullmer and Ishii
2001).
The Sayre Glove developed in 1977 by Daniel J.
Sandin and Thomas Defanti at the Electronic Visualization Laboratory and based on the idea of Richard
Sayre is believed to be the ﬁrst tangible device enabling human-computer interaction. [1] Other important examples of design interfaces that take advantage of the sense of touch include: Universal Constructor by J. Frazer 1981 (Fielding-Piper 2002), Ge-

ometry Deﬁning Processors from MERL 1989 [2] and
more recently the works developed at MIT Tangible Media Group, such as URP, Triangles, inSide or
Physical Telepresence. Ishii et al. (2012) propose to
try merging the tangible and the digital seamlessly,
what would result in what they call Radical Atoms.

METHODOLOGY,
WORKFLOW

PROTOTYPE,

AND

For the purpose of this research, we developed a
computer tool facilitating the participation of future
inhabitants in the process of designing a house. The
tool had to provide solutions that meet various users
expectations, support evaluation of the designs in relation to subjective criteria of individual users and allow for ﬂexible modiﬁcation of results. At the same
time, the tool had to eliminate incorrect solutions
and propose alternatives. We followed a concept
of computer-aided participatory design (Kwiecinski
et al. 2017) composed of 3 elements: design system, digital communication medium, and participatory design process. Similarly, HOPLA also consists
of three elements: a generative design system responsible for generating solutions in relation to user
input, a digital communication medium allowing
users to tangibly interact with the design system and
a participatory design process inviting people to
actively take part in shaping their houses.

Generative Design System
The generative design system that we implemented
is based on shape grammar developed during previous research (Kwiecinski et al. 2016). We implemented grammar rules using attribute grammars as
proposed by Homenda and Kwiecinski (2016) for controlling house layout customization.
The system operates on a list of 9 possible room
types (vestibule, toilet, kitchen, dining room, living
room, home oﬃce, master bedroom, single bedroom, and bathroom), out of which each may be used
multiple times. Each room’s dimensions are multiples of the base module of 60 centimeters. Possible rooms’ widths and depths are presented in Ta-
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Table 1
Possible room
types, ranges of
their sizes and
zones belonging

ble 1. Each room was assigned to one of three zones
(Table 1): the entrance zone (z_entrance), the semipublic zone (z_semipublic) and the private zone (z_private). Assigning rooms to zones corresponds to
their degree of privacy, as proposed by Christopher
Alexander in Pattern 127 - Intimacy Gradient (Alexander 1977). This allows to group the rooms and it prevents mixing of diﬀerent zones. Each room can be
placed in either of two house bays: north or south.
The accuracy of placing the rooms in the building is
being controlled by the grammar rules.

For the purpose of this research, we modiﬁed initial shape grammar rules to form a generic grammar,
deﬁned by Benros et al. (2014) as a formalism that
allows the design of diverse solutions, unlike a typical
grammar which focuses on a speciﬁc design language.
The decision had a double motive. First, we wanted
to include diﬀerent site conditions scenarios resulting in diﬀerent places of the vestibule in the structure of the house. Second, we wanted to increase the
level of user’s inﬂuence on the generated solutions.
Since we knew that we were going to use an interacTable 2
Non-contextual
grammar rules
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tive table, this selection oﬀered us more possibilities
for user involvement in the house design process. We
decided to allow users to specify not only type and
size of the rooms but also their preferred location. We
also wanted to use this system in the future for testing diﬀerent rule sets by verifying design outcomes
and users feedback. The implemented rules of the
non-contextual grammar are presented in Table 2.
The grammar rules allow placing each room in
the vicinity of any other room from the same zone
and they allow adding each zone in the vicinity of
any other zone. The rules were designed to allow
high ﬂexibility in conﬁguring the ﬂoor plan so that
we could analyze users’ design decisions in that aspect. A few conditions were added to eliminate undesirable solutions. Apart from constraining possible
locations of each room by deﬁning acceptable adjacencies (inclusion in a zone), we also constrained
the relative position of some rooms to the resulting building boundary by specifying whether a room
can be placed in a corner. In that respect, the toilet was prevented from being placed in the corner of
the building as this location was reserved for rooms
that may require more sun access. In order to allow kitchen, dining room and living room to form an
open space, kitchen could not be placed between the
dining room and the living room. An additional constraint was introduced to ensure that a zone is connected when rooms belonging to that zone are distributed in diﬀerent bays of the house. This condition
prevents dividing a zone by placing its rooms at opposite corners of the house.
We abandoned an initial idea to limit the plan to
a rectangular shape. This decision was based on preliminary studies, during which we realized that rectangular ﬂoor plan often made it impossible to ﬁnd a
correct design solution.
The ﬁnal solution is calculated taking into account - apart from the grammar rules - data deﬁned by the user: a list of desired rooms, their sizes
within given limits and their preferred location. Additionally, we developed a three-dimensional library
of models for diﬀerent types of rooms. The resulting

layout is automatically complemented with interior
and exterior walls, windows, doors, and sample furniture.

Tangible communication medium
In HOPLA users control the design process using a
custom TUI called InteracTable and a set of ﬁducial
markers that represent the rooms. InteracTable is
an aﬀordable TUI designed by Jacek Markusiewicz
in collaboration with the students of the Faculty
of Architecture at Warsaw University of Technology:
Jakub Andrzejewski, Damian Lachtara, and Kacper
Karpiński. It is a structure with a translucent glass
panel as the tabletop, a rear projector below it, and
a camera placed above to track markers that are
handled by the user. (see ﬁgure 1) The system
marks the continuation of the research described by
Markusiewicz and Krężlik. (2017).
The markers are physical wooden blocks diﬀerentiated by shape and each equipped with a unique
image that is optimized for computer vision recognition. Each marker is recognized by the system as a
representation of a speciﬁc room type. By changing
positions of the blocks, the user speciﬁes locations
rooms they represent, while areas of these rooms are
changed by rotating the blocks. All the necessary
information - such as room name or its size - is displayed on the tabletop next to the marker. The information is color-coded to further facilitate function
recognition. After placing the marker on the interactive table, the application recognizes the type of the
room and displays its name, its area and a circle ﬁlled
with a color representing the room’s type. The size of
the circle is proportional to the area of the room and a
black arrowhead informs the user about the rotation
angle of the marker.
The user can also control other aspects of the
project using the markers. The positions of the bays
of the house are deﬁned by changing positions of the
corner markers: the upper-leftmost marker for the
north bay and lower-rightmost marker for the south
bay. The user can control the location of the corridor
by changing the position of the marker representing
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Figure 1
Components of
HOPLA tangible
user interface:
InteracTable
interactive table,
tablet, physical
markers.

the vestibule.
The customized design solutions are displayed
in the center of the interactive table in form of a
plan. The rooms are rendered with furniture inside
and their ﬂoors are color-coded in relation to their
function. In order to facilitate the identiﬁcation of a
room with its marker, the application displays a curve
connecting the position of the marker and the center
point of the room on the plan. This curve signals possible diﬀerences between the user-indicated marker
location and the design solution proposed by the system.
At ﬁrst, we assumed that the entire conﬁguration
process would be controlled using only the physical
markers. However, while working on the tool, we noticed that not all information can be introduced using such interaction. We expanded the interface by
adding a tablet with a dedicated application. It was
paired with the TUI so that users can use it to begin
and ﬁnish the conﬁguration process, introduce initial data, browse detailed information on the project,

and verify important information on the conﬁguration they are working on. This information includes a
list of suggested rooms that need to be incorporated
in the ﬁnal design. The application displays current
area of each room and the total area of the building.
If any of the required rooms are missing, the application displays it in red, whereas if there are any rooms
included by the user but not required by the system,
it displays them in green.
All calculations are performed by a Grasshopper3d deﬁnition, while the applications enabling interaction for both InteracTable and the tablet was developed in Unity.

Participatory design process
In order to start the conﬁguration process, the user
needs to provide initial information using the tablet.
Based on this information, the software suggests a list
of rooms which should be incorporated into the design solution. In the next stage, the user can decide
whether she prefers to conﬁgure the building her-
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Figure 2
A user interactively
conﬁguring design
solution.

self from a scratch or to modify a suggested project.
In both modes, users are asked to place the physical
markers on the interactive table in order to express
their expectations regarding the design of the house.
The system collects data on the size of every room
and its preferred location and analyses it. If the proposed arrangement does not fulﬁll formalized design
rules, the system searches for a new conﬁguration: a
one that both fulﬁlls all the grammar rules and resembles the one proposed by the user to the greatest extent. Such calculated solution is being displayed on
the interactive table along with additional information supporting users informed decision.
If not satisﬁed, the user can modify positions of
the physical markers and have another solution pre-

sented by the tool in relation to the speciﬁed modiﬁcations. As the resulting conﬁguration of the house
does not necessarily correspond to the conﬁguration
of the markers (due to the system’s veriﬁcation process), the application displays a connection between
the physical position of the marker and the center of
the room that it represents. This way, the user is informed about all the changes the system makes and
can react accordingly. The user can either accept the
proposed design solution or keep searching for the
one that is fully consistent with expressed expectations. Figure 2 shows the process of interacting with
the system while ﬁgure 3 presents several conﬁguration results.

HUMAN-COMPUTER INTERACTION IN DESIGN - Volume 2 - eCAADe 36 | 165

RESULTS, CONCLUSIONS, AND FUTURE
WORK
During this research, we developed a computer tool
facilitating users participation in designing houses.
HOPLA consists of three elements: a generative design system, a digital communication medium and
a participatory design process. The tool provides
solutions to various users expectations expressed
through a TUI. Users interact with HOPLA using physical markers that represent diﬀerent functions of the

spaces in the house. They specify the functional
program of the house, the area of each room and
the rooms‘ preferred location in the structure of the
building. The algorithm based on attribute grammar
veriﬁes provided information with speciﬁed grammar rules and generates a design solution. HOPLA
is able to provide a solution even if the speciﬁcation
provided by the user is not fulﬁlling formalized grammar rules. It allows its users to confront their design
wishes with a generated outcome in real time. In
Figure 3
Exemplary houses
ﬂoor plans
conﬁgured using
HOPLA.
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the process, users can also formulate requirements
if they are not explicitly deﬁned. This way, HOPLA
engages users’ participation in the design process of
their future house and supports them in searching for
the desired design solution.
In the next stages, we are planning to validate usability of HOPLA. Usability tests will verify users‘ satisfaction with the design tool as well as with generated design outcomes. We want to use the system
as a research tool for verifying the concept of the
computer-supported participatory design process of
single-family houses. We plan to review whether
a tool like that can support mass customization of
house designs in relation to users’ needs. In that respect, we want to verify implemented grammar rules
and modify them if needed.
We believe that similar tools can shift the problem of meeting complex users’ expectations from illdeﬁned to goal-oriented. Such transition can be beneﬁcial for both architects, who would gain detailed
information regarding wishes of their clients in short
time, and the clients themselves, who express their
wishes in a more informed way. We think that HOPLA can support direct conversation between architect and their client, but it can also facilitate indirect
conversation on a distance. We hope that based on
our research other architects develop their own tools
allowing active participation of their clients. We also
hope that such approach might democratize design
by extending the scope of people who have access to
architectural design processes.
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Patten and Ishii (2000) discovered that people are employing more versatile
strategies for spatial distribution when using a tangible user interface (TUI) as
opposed to a graphics user interface (GUI) (Patten & Ishii, 2000). Besides, the
generated information outputs of conventional two-dimensional interacting
screens are currently almost entirely addressing the visual and acoustic senses but
lacking in other sensory stimuli - such as haptic, body equilibrium and sense of
gravity. With the experiment described here, the multi-dimensionality of both the
input on the interface and the output of the human interaction will be challenged.
This paper aims to introduce a method to a real world versatile three-dimensional
interface actuating a simulated spatial environment that substantiates the more
unconventional sensory perception mentioned above. A physical prototype using
an Arduino will be assembled to test the feasibility of the structure.
Keywords: spatial formation, virtual reality, tangible user interface, body
equilibrium, physical computing

ENVISIONED APPLICATION IN THE HUMAN ENVIRONMENT
Spatial Shaping for Virtual Reality
Digital information did not have any visual form until
the graphic user interface enabled people to visually
interact with information, which could be deﬁned as
a somewhat virtual reality in a broader sense. However, Ivan E. Sutherland (Sutherland, 1965) pointed
out that the visual interaction between information
and humans is only one of the other possibilities using sensory systems such as taste or smell. Sutherland (1965) also mentioned that the ultimate virtual
reality system would be able to create virtual tangi-

ble and mountable objects; he states “The ultimate
display would, of course, be a room within which the
computer can control the existence of matter. A chair
displayed in such a room would be good enough to
sit in.[...] With appropriate programming such a display could literally be the Wonderland into which Alice walked.” (Sutherland, 1965).Sutherland’s notion
of the ultimate virtual reality system is highly relevant to the recent idea of physical computing, which
means building interactive physical systems by the
use of software and hardware that can sense and respond to the analog world (Sutherland, 1965). The
user of the ultimate display in the analog world creates an analog input to the interface, then the ulti-
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mate display and ﬁnally the hardware does. Following this, it converts the analog input to digital, which
is processed in the software to create a physical output in the form of sensory stimuli to the user’s body.
This paper investigates a speculative prototype
according to Sutherland’s “ultimate display” (Sutherland, 1965) in the current world by implementing the
physical computing method. In order to realize this
vision, the development of a physical human computer interface which provides an internal enclosed
space and stimulates multiple senses for a richer spatial experience is necessary. The main focus is on
the interface to manipulate body equilibrium and the
sense of touch without using equipment directly attached to the body. This attachment to the body
could cause a less immersive feeling of the users by
requiring them to be conscious of movements that
happen attached or detached from the equipment.
Our interface can be classiﬁed as a virtual reality interface, which generates spatial experience by manipulating the human sensory perceptions with computational interface. On contrary to the so-called augmented reality technology, which alters the perception of the real world environment by overlaying the
sensory information onto the real world, virtual reality technology is oriented to completely replace the
reality by immersing the user in the virtual environment.
In the Cyberith Virtualizer (Cyberith GmbH, n.d.),
a locomotive device for virtual reality that the human
uses for immersion by mounting an approximately
one square meter platform and being locked in a
belt-like frame around its legs and hips. Through the
treadmill-like platform properties, the user can walk
in virtual reality but does not move oﬀ it in reality.
The platform does not tilt and through the climbing
equipment-like belt straps the human sense of body
equilibrium is taken away and held by the belt. At
this stage of the project only one person can mount
the device at a time in order to test the concept.
A sense of communal immersive experiences would
add an increase of complexity with focus on multiagent-interaction; whereby each participant would

take on the role of user and human interface to operate the structure.Immersion is the feeling of a physical presence in a non-physical environment. In virtual
reality, this immersive feeling is created through the
virtual world appearing in the virtual reality medium
such as goggles which does not coincide with the
space the person is located in.The computer scientist
Jonathan Steuer (1992) diﬀerentiates between two
components that immersion consists of [Figure 1].
One is depth of information and the second one is
breadth of information.The depth of sensory information “refers to the resolution within each of [the]
perceptual channels” (Steuer, 1992) like the resolution of a screen, the graphics quality, the quality of
the audio and video and so on.The breadth of information he deﬁnes as a number of sensory dimensions presented simultaneously. Those are the ones
addressing the human audio, visual and touch senses
to stimulate the human to get entirely focused on
the ‘new’ world they explore and forget their present
identity (Virtual Reality Society, 2017).
According to Bricken (1990) the essence of VR
is the inclusive relationship between the participant
and the virtual environment, where direct experience
of the immersive environment constitutes communication. In this sense, VR can be considered as the
leading edge of a general evolution of present communication interfaces like television, computer and
telephone (Kay, 1984). The telephone has enabled
humans to communicate with each other from a distance by transferring analogue audio signal along
the wire. The smartphone has enabled humans to
virtually communicate using multiple virtual (digital) information outputs such as pictures, videos, or
texts, following former interfaces as the telephone
or desktop computer. What is observed here is that
the communication interfaces have developed to be
able to transfer more and more forms of information
through history. Smartphones however do not enable users to share information spatially as they do in
physical reality; nor do they feel the presence of each
other as, for instance by sitting down at a table or running in a park - in the physical reality.
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Figure 1
Intensity of
immersion

State of scientiﬁc space simulation applications
Besides the current interfaces which transform information into visual stimulation, there has been
research on interfaces which transform information
into tactile sensation to hands, such as inTouch by
Scott Brave and Andrew Dahley (1997). InTouch is
a haptic feedback technology that transfers manual movement on one side of the tool to the other
geographically distant side. Patten and Ishii (2000)
discovered that people are employing more versatile strategies for spatial distribution when using a
tangible user interface (TUI) as opposed to a graphics user interface (GUI). After all, those interfaces are
not able to simulate spatiality induced by unconventional sensory stimuli such as body equilibrium or
sense of gravity, because it only targets the tactile
sensation especially on hands, thus still lacking in
sensory breadth of immersion (Steuer, 1992) of the
virtual reality experiences.
One example is the cable-driven parallel robot
developed by Fraunhofer IPA (Fraunhofer IPA, 2015)
is able to simulate gravitational acceleration up to
1.5 times. In the cable-driven simulator, the motion
of the simulator cabin is controlled by eight unsupported steel cables attached to winches. The use
of cables makes it possible to reduce the moving
mass and to scale the workspace to any required
size. A total drive power of 348kW allows the cabin

to accelerate at 1.5 times gravitational acceleration
along freely programmable paths inside a 5m x 8m
x 5m workspace. In addition, the cables can be reattached in under an hour to enable the simulator to be
adapted to diﬀerent cabins and thus used for a range
of scenarios.The cable-driven parallel robot has incorporated the ﬂexible interface that the user can be
inside. Although the main purpose of the project
is to develop an interface for ﬂight simulator, which
only needs to concentrate on the simulation of gravitational acceleration, some aspects of the interface
could be transferred into the development of a multisensory user interface, such as the simplicity of attachment to the existing space.However, seeing the
cable-driven parallel robot as a communication interface to transfer space, it lacks in the freedom of the
body of user mounted on it as the user is locked in a
seat belt. In addition, the cable-driven parallel robot
does not simulate tactile sensation as it is specially
developed for the simulation of gravitational acceleration. A synthetic approach combining diﬀerent sensory inputs and outputs is to be experimented in this
paper.

EXPERIMENT SETUP
Component Materials and Interdependencies
Initial form and ﬂexibility experiments were made
on the cubic frame by sequentially exchanging each
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edge of the cube for tensile elastics. The 15cm by
15cm cube is constructed from 5mm x 5mm wooden
sections in order to exchange and replicate them easily.Conventional rubber elastics in a thin polyamide
cover are ﬁxed to the rods by drilling holes into the
ends of them and tying the elastics through it. Testing to exchange multiple rods for tensile elastics, we
found a cube of six rods and six tensile elastics most
suitable for a high degree of ﬂexibility while keeping
two rigid opposite corners [Figure 2].

120°, meaning the wooden rods on their own form a
cube again. The stress in the elastic continues when
turning further into the same direction and again decreases when the rotation is at about 240° and then
360°.
In the next step we equipped the sides of the
cube with an elastic membrane to understand the
spatial formation the twist of the sides causes and
their intervention into the cubic inward.Firstly, stripes
of a 6% elastane and 94% polyamide thick and tightly
knitted fabric were sewed around the rods and tensile elastics and the rotation was performed, but this
composition was too inﬂexible for the underlying
stretch.Secondly, conventional 40 denier women’s
tights from 15% elastane and 84% polyamide were
equally applied. Yet, we discovered that this material
is not fully elastic according to what is referred to as
elasticity.
Landau and Lifshitz (1970) stated: “When an elastic material is deformed due to an external force, it experiences internal resistance to the deformation and
restores it to its original state if the external force is
no longer applied” (Landau & Lifshitz, 1970).

Figure 2
Working model for
the cube with six
rods and six tensile
elastics Photograph
from Fujii

Figure 3
Technical build-up
of the prototype
Pulling one of the rigid corners into the X, Y and Z directions from and towards the other one, the space
inside the cube transforms. The sides become rhombuses or hyperbolic rhombuses when moving away
into two directions.Adding a circular wooden section
as the diagonal axis between the two rigid corner
frames and turning one around the other, it was examined that the most shape-changing movement of
this particular structure is the rotation around the diagonal axis. The tests revealed that there are three
ﬁxed states within the 360° rotation of this instrument. Through the tension of the elastics, it is a rather
forceful action to rotate one rigid corner around the
other as the elastics will collide with each other and
the axis rod in the center of the cube.This tension almost dissolves when the rotation hits approximately

The fabric we used did not fully restore to its original state again, it becomes slightly lose by stretching and builds dents back it the unstretched state. As
a ﬁnal membrane, another again thicker fabric from
16% elastane and 84% polyamide was tested to be
stretched in the conditions of the rotational movement and chosen for the ﬁnal prototype instrument.
This membrane was applied to the frame like a trampoline, additional elastic bands tie the membrane to
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the holes in the frame at an interval of 2cm. Hence,
the ﬁnal experiment instrument for a versatile threedimensional interface actuating a simulated spatial
environment, is a cube of six rods, six tensile elastics
and a tangible elastic membrane [Figure 3].
Figure 4
Technical build-up
of the prototype
with Arduino
connection
Photograph from
Fujii

ever, for our physical build-up proposal of the tool,
the membrane stretches through the rotation movement. Thus, the stretch sensor would be stimulated
through a false stretch. The rotation will be driven
by a 5 Volt step motor on both rigid rod corners. Detailed joints for the wooden 5mm x 5mm wooden
strips to ﬁt onto the motor shaft as well as a motor
encasement were virtually designed and then threedimensionally printed. Both motor encasements are
also ﬁxed to a bigger cubic frame with a customized
joint design so that the instrument can freely rotate
inside [Figure 4].

Tangible Manipulation Scheme - Touch Action

Figure 5
Schematic build-up
of Arduino
connections

For an initial human interaction test we are investigating two options; a) pressure sensors were applied in a grid to the elastic fabric membrane on the
side. The Arduino build-up and mechanism is depicted in Figure 4 and 5. Subsequently the position of the activated pressure sensor and the degree
of pressure determines the degree of rotation. b) a
stretch sensor made out of conductive fabric such
as “Eeonyx Stretchy Variable Resistance Sensor Fabric - LTT-SLPA-20K” by Sparkfun could be incorporated to measure the strength of human touch. How-

According to the pressure and three-dimensional alteration of the membrane caused by a human provoked dent in it, the degree of rotation of the cubic
instrument is determined.The step motors on either
end of the cube diagonal can both individually rotate
clockwise and counterclockwise. An Arduino is used
to link the human force pushed onto the elastic membrane for spatial transformation. The pressure measured in the sensors will result as analogRead() values of the Arduino and shown in the computer script.
The calculation the pressure is set to a 10% accuracy.The highest pressure the sensor can detect is approximately 600 mbar which translates into 80 ADC
(analog to digital converter) in the Arduino script.The
slope of the ADC-mbar curve for the pressure sensor
is very similar to the slope of the stress-strain curve
of the membrane (Arduino, 2018) (Dhar, 2007). They
are both initially linear and then continue to be nonlinear as the pressure and stretch are easy to apply
in the beginning, progressively become more diﬃcult before they reach the plastic region of almost no
change in value to the previously achieved anymore
[Figure 6, 7]. In the ADC-mbar curve the maximum
pressure of about 600mbar is reached after a rather
stable run and the pressure read (ACD) measures approximately 58. It is important to calibrate the pressure sensor due to the fact that zero pressure does
not translate into zero voltage; there is an oﬀset of
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Figure 6
ADC-mbar curve of
Arduino pressure
sensor Arduino,
2018. Arduino
Playground SPX3058D

Figure 7
Stress-Strain curve
of elasticity

about 20mbar to 25mbar. In the case of the elastic
membrane, there is a shared zero point which is only
set after the membrane is spanned across the sides of
the cubic tool. This probably shortens the initial linear run of the stress-strain curve in the elastic region.
After that, the curve undergoes a kink from where the
elasticity is becoming weaker and the pure nature of

the material continues to employ the strain, therefore
it is called the plastic region. For our experiment, the
degree of rotation is set to be a linear translation of
the force, the graph will be deﬁned through the pressure on the x-axis and the degree of rotation on the
y- axis.
At this point of the experiment, the question
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Figure 8
Dependencies
between pressure
applied to the
membrane and
degree of rotation
of the tool.

about the intensiﬁed aﬀordance arose.
The term aﬀordance was coined by James J. Gibson (1979) in his book called “The ecological approach to visual perception”. He states:“ I mean by it
something that refers to both the environment and
the animal in a way that no existing term does. It implies the complementarity of the animal and the environment.” (Gibson, 1979).He pronounced the term
to signify the existence between the environment
and its actor whether that is a human or an animal.
This also means that the same aspect of the environment can create diﬀerent aﬀordances of diﬀerent people but also diﬀerent aﬀordances to the same
person but in a diﬀerent point in time. This means it
is not a ﬁxed value to a situation (Gibson, 1979).
Later, Norman (1988) reintroduces the term in
a design sense focusing on the distinction between
perceived and real aﬀordances (Norman, 1988). To
Norman, the inclusion of an object’s perceived properties that informs the user about its speciﬁed usage,
is aﬀordance.Thus, the design and nature of an object or the general environment should imply how
it can be used and occupied which depends on the
user’s ability and state to perceive it but also on the
physical, psychological and cultural concepts that inﬂuence this perception (Norman, 1988).
Referring to Gibson’s (1979) deﬁnition of aﬀor-

dance, the user of the multi-dimensional interface cubic tool just has the action possibility available in the
space, whereas according to Norman’s deﬁnition, the
user will probably only unconsciously perceive the
possibility to move within the space, but not control
the aﬀordance actively. The stretch sensor and algorithm as part of the Arduino script initiating the rotation of the tool is more of a perceiver and controller
than the human.

Spatial Formation Scheme - Rotation Movement
The elastic membrane changes its three-dimensional
form following the rotation on the diagonal axis between the two sets of rigid rods. The twisted membrane surfaces simulate the physical walls and ﬂoors
in various angles that for example appeal to be downhill for the user inside the instrument. The maximum
angle of the diagonal rotation is set to be 40° to avoid
extreme imbalance on the human body. [Figure 8].
A sudden fall of the human due to imbalance could
cause a decrease in the quality of immersion.

CONCLUSION AND PROSPECTS
As a prospect, improvements of the prototype in
terms of structural organization, joinery systems and
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materiality can be realized to develop a multi-sensory
spatial simulation device for virtual reality. In terms
of greater variety of spatial formation, additional degree of freedom through movable motor joints rotating along the horizontal plane needs to be incorporated.In order to test the eﬀect of the prototype on the body equilibrium of the user, the prototype needs to be scaled so that at least one person can mount the cubic inside. To track the possible body positions inside the structure, additional
equipment such as motion tracking sensors could
be incorporated into the further experiment. Simultaneously, the chosen materials need to be reviewed while maintaining the material’s properties.
For the membrane in order to withstand human
weight and movement, the material will be replaced
with a trampoline-like polyethylene knit. The horizontal membrane that is mounted by the human will
require even higher levels of strength and load bearing which is to be tested in additional experiments.
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In order to offer a novel approach towards the development of interactive projects
in architecture and design, as well as their tight integration in existing CAAD
toolchains, this paper presents Funken, an open-source toolkit that handles serial
communication for microcontrollers, aimed at simplifying the integration process
between CAAD tools and interactive devices, and allowing fast implementation of
human-readable user-specific communication protocols on the fly. Funken's
details and implementation are presented, as well as custom-developed interfaces
to Grasshopper, NodeJS and Processing. Funken is designed for building systems
that allow users to implement their own custom defined logic, without imposing
pre-determined behaviors. Within teaching, it allows to encapsulate complexity of
microcontroller programming, while still allowing to implement complex
behaviors through simple interfaces. The possibility of integrating Funken into a
variety of CAD and media design frameworks offers the possibility of adding
interactive functionality to a variety of projects.
Keywords: Serial Communication, Interactive Prototyping, Arduino, Physical
Computing

INTRODUCTION
Today’s built environment is constantly put under
pressure by the increased pace of change needed
to adapt to shifts in requirements of architectural
artefacts (Achten, 2011). In response to demands
of adaptivity and responsiveness for buildings, several researches have looked at possibilities of integrating interactive design and the use of microcontrollers, such as the Arduino tools ecosystem, into
built projects (Anshuman, 2005), interactive installations (Ahlquist, 2015), as well as in educational curricula (Abdelmohsen and Massoud, 2015). Despite this
expansion, current models of programming for re-

sponsiveness struggle to adapt to the speciﬁc needs
of architectural objects, such as the ability to program aggregated behaviours without need for individual unit programming (Beal et al., 2012), as well as
their integration into CAD platforms and algorithmic
design tools.
In order to oﬀer a novel approach towards the
development of interactive projects in architecture
and design, as well as their tight integration in existing CAAD toolchains, this paper presents Funken,
an open-source toolkit that handles serial communication for microcontrollers, aimed at simplifying the
integration process between CAAD tools and inter-
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active devices, and allowing fast implementation of
human-readable user-speciﬁc communication protocols on the ﬂy.

BACKGROUND AND RELATED WORK
When it comes to the development of digital tools expanding the technological possibilities of CAAD environments, it is crucial to be able to adapt or develop these tools further, as well as allowing the user
to do the same (Terzidis and Jungclaus, 2004). Indeed, many of today’s plug-ins in the vast ecosystem
of computational design emerged from speciﬁc and
narrow research questions, and hence their adaptability and reusability in other contexts is strictly dependent on the possibility of adapting these tools by
accessing their source code. For this reason, during
the development of Funken, attention has been paid
to two aspects: from one side, the development of
an open tool balancing ease of use and adaptability,
and from the other, the possibility of interfacing the
ecosystem to the widest possible variety of hardware
projects and software tools.

Open-Source Thinking in Design and Prototyping
As described by Raymond (1999), two main models
exist for the development of software: from one side,
the “cathedral” oﬀers a model where solutions are
sold or provided as closed black boxes, and users are
allowed to use the tool, but not understand its underlying functionality; on the contrary, the “bazaar” appears as a model where more fragmented solutions
for problems must be orchestrated in the right way to
solve a bigger problem. It is important to stress that,
due to the contingent nature of tasks in design and of
the use of programming within it (Kaijima and Michalatos, 2008), in most cases it becomes necessary to alter parts of tools and their source code in order to perform speciﬁc tasks. For this reason, the need for the
code to be available under an open-source license,
as well as the development of tools as open toolkits
(Mackey and Sadeghipour, 2017) is a much-needed
characteristic.

It is possible to notice that the idea of Open Source
struggles to take root within research and practices
related to the built environment. Indeed, due to economic and practical factors, most models seem to be
based around “cathedral” business models that need
to hide information or obfuscate pieces of software
in order to maintain their authority, even though the
tool or software is freely available. When it comes
to the realm of physical computing and interactive
prototyping, the continuous release of new hardware
and speciﬁcations challenges the “cathedral” to either meet the new requirements or simply ignore
new developments. Conversely, in a “bazaar” ecosystem, the numbers of solutions for problems will
highly diﬀer in quality and quantity, but the openness of the tools and their interoperability would allow to easily adapt existing solutions to novel developments (Von Hippel, 2001).

Electronic Prototyping Toolkits in CAAD
As already noted, current models of programming for
responsiveness are hardly adapted to the needs of architectural design, as well as lack integration within
existing CAAD packages. An interesting example in
this direction is Fireﬂy (Payne and Johnson, 2013), a
Grasshopper plugin which oﬀers possibility of controlling directly Arduino microprocessors from the
program interface, and link sensor readings to geometric behaviors. Despite these abilities, the Fireﬂy ecosystem is geared towards relatively simple interactive systems and supports few of the Arduino
compatible boards. This last factor is particularly limiting when thinking of large scale distributed systems, where the ability to use smaller and cheaper
boards than standard Arduino is relevant. Additionally, Fireﬂy is not provided as open-source tool, and
this limits the possibility of extending the language
for non-standard applications or use within other design toolkit. On the Arduino side, Fireﬂy relies on the
Fireﬂy Firmata which is a derivate of the Standard Firmata used in projects that rely on communicating via
the serial port with a microcontroller. Such Firmata
adds complexity and limitations to Arduino develop-
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Figure 1
Event-like structure
of Funken

ment, as it is not microcontroller independent and
uses a non-human-readable protocol.
Against sectoral approaches towards electronics engineering knowledge and aiming at allowing
creative and dynamic interaction with electronic systems, diﬀerent recent projects looked at modularization of component as valid strategy for increasing accessibility of such technologies to a wider audience. LittleBit (Bdeir, 2009) is a construction kit
based on modular electronic elements, connected
via magnetic pins to create interactive objects. The
combination of magnets polarity and color coding
of the units allows unskilled users to easily create
functional electronic prototypes by combining few
basic modules. Similarly, Cubelets (Grossand and
Veicht, 2013) utilizes cubic modules with magnetic
connection to create circuits and simple robotic systems. TinkerKit (Bellucci et al., 2014) provides a
suite of integrated hardware and software nodes,
with standardised connectors. Conversely, in order
to avoid limitations or relying on a single hardware
platform, Funken does not try to provide hard- and
software solutions for common physical computing
tasks. Rather, it aims at simplifying communication
within a distributed hard- and software system that
require the exchange of information like sensor data
or messages that inform about application states or
custom deﬁned process events. The exchange of information is done in human readable form and does
not require the use of binary or hexadecimal calculations. The exchange of simple strings provides the
possibility to self-explain their purpose in a software
architecture. This is especially valuable when used
in non-expert environments like architectural studies or industrial design. Parts of the application logic
could be externalized in the disciplines own toolset
like Grasshopper.

uses Arduino and needs to communicate with surrounding infrastructure, such as other hard- or software components. It simpliﬁes the communication
process and makes it easy to implement user-speciﬁc
protocols on the ﬂy. The proposed workﬂow consists of a core Funken library for the Arduino ecosystem, as well as interfacing solutions for diﬀerent creative coding and CAAD packages (Rhino/Grasshopper, Processing, NodeJS). Funken provides methods
to build application logic and could be used to remote control a ﬁnite state machine in a microcontroller program, stream sensor data or build robotic
end eﬀectors or custom tools.

Serial Protocol Toolkit
The aim of Funken is to easily enable event-based
functionality for microcontrollers, an approach that
is best comparable to event-based programming,
where an event object is associated with an event listening method (Figure 1). The event object is passed
to the listening method and the method body is
executed when a certain event is triggered (Faison,
2011).

METHODS
Funken is a toolkit that handles serial communication for microcontrollers. It has been optimized for
the Arduino platform (Mellis et al., 2007) and consists
of a library to include in any hardware project that

This process is comparable to the deﬁnition of speciﬁc keywords to encode more complex information
in a compact manner. By deﬁning speciﬁc call-back
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methods for events in Funken, and linking those to
speciﬁc keywords, it becomes possible to build interactive systems where simple calls trigger complex software behaviour, hence allowing to encapsulate complexity of microcontroller programming into
simpler macro-behaviours that are exposed to the
user. This makes it possible to build custom humanreadable serial protocols for Arduino, as well as to
easily implement macro style behaviour, such as using “AnimationStart” as a keyword to trigger the execution of a custom set of methods (e.g., a speciﬁc
pattern of LEDs blinks).
It is important to notice that, when communicating via a hardware connection, software processes
are incomparably faster than their underlying hardware infrastructure. Due to this, it is only possible to
send as much information as the recipient can process. Within Funken, serial messages, in the most
common case of an Arduino UNO, are written to a 64
Byte FiFo Buﬀer (Wilenz, 1998). The written bytes can
be taken from that buﬀer and processed directly on
the board (Figure 2).
Every internal main loop execution now reads as
many bytes from the input buﬀer as possible and decides on a byte by byte logic if a message is complete.
A message is complete when the ASCII EOL character is read from the input buﬀer. A common practice
when handling input via serial port. Funken uses 32
Bytes as an internal buﬀer for storing the incoming
bytes. The maximum size of one message is half of
the size of the internal Funken buﬀer, 16 Bytes.
When a message is identiﬁed Funken looks up
the ﬁrst characters in the message up until the ﬁrst
SPACE token and searches for these chars in array
containing all the commands we registered in the beginning of our program. This is typically done in Arduino’s own setup method. An identiﬁed message ﬁnally executes the associated method with the complete message as a char array as argument. This way
we could register call-backs and send messages that
in the internal handling of that char array mimic the
behaviour of arguments for that call-back.

Interactive Prototyping Workﬂow
A typical Funken implementation requires a small
number of Arduino commands to be deﬁned. After
setting up Funken in the Arduino IDE it is possible
to call the method “listenTo”, which links a text toker
(for example “DW”) to a speciﬁc call-back method
(for example “funkenDigitalWrite”). This way Funken
is informed that a message via the serialport that
starts with “DW” should trigget the execution of the
predeﬁned method “funkenDigitalWrite”. This association is stored via “listenTo” in array of a custom
struct which contains the message as a string and the
method that should be executed. An example implementation of a call-back method is as follows:
void funkenDigitalWrite (char *c) {
char *token = strtok_r(c, " ", &p);
char *pin = strtok_r(NULL , " ", &p);
char *state = strtok_r(NULL , " ", &p
,→ );
int pinint = atoi(pin);
int stateint = atoi(state);
byte debug = 0;
if(pin != NULL && state != NULL){
debug = 1;
digitalWrite(pinint , stateint);
}
}

When an incoming serial message in the form “DW 13
1” is received by Funken, this triggers the execution of
the method and switches pin 13 to high, for example
lighting an LED connected to the selected pin. In this
way it is possible to deﬁne very basic communication
protocol for the Arduino application under development.
Through such workﬂow, Funken allow users to
completely remote control an Arduino by remapping
custom Serial commands like “DW” (abbreviation for
digitalWrite) to Arduino built-in commands like digitalWrite(pin, value). This includes remapping pins
as inputs or outputs on the ﬂy as needed, a valuable
possibility when working with small boards with limited number of I/O pins. Registered callback methods
could also execute a set of standard Arduino functions. We send for example “ANIMATIONSTART” as a
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Figure 2
Structure of a
Funken FiFo buﬀer.

serial message and execute a complex blinking pattern for some LED’s that are part of the application.
Funken can be easily extended with custom
functionality without need for editing the core library. At the moment of writing this paper, a system of basic implementations is provided, serving as
best practices for developing communication protocols and implementing use of other external libraries.

Design Tools Interfaces
It is important to understand that serial messages can
come from every software layer that is able to connect to a serial port. Because serial communication
is one of the most basic interfacing processes between software and hardware layers, methods for it
are available in most programming languages and
coding frameworks. Additionally, due to the simplicity of the communication infrastructure, its implementation is relatively low in complexity.
At the moment of writing the paper, interfaces

for Grasshopper algorithmic modeling plug-in, for
the Processing coding toolkit and for NodeJS have
been developed and tested. More interfaces to other
common coding and CAAD frameworks are under
development (see Outlook section).
Grasshopper. The Grasshopper interface oﬀers the
possibility of fully remote-controlling any Arduinocompatible microcontroller through simple components. Through this process, it is possible to easily link
diﬀerent controller instances and pins to speciﬁc geometric and/or simulation-related values, computed
using the variety of tools available in the Grasshopper
ecosystem. The components allow to quickly convert the provided values into custom encoded commands in Funken, which are then streamed to the microcontrollers via serial communication, hence triggering the execution of the deﬁned behaviors (Figure
3).
At the current stage, the plug-in allows to create listeners for each serial port available, through
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Figure 3
Grasshopper
implementation of
Funken to convert
Rhino geometry
into Funken
commands driving
a 8x8 LED matrix.

which serial commands can be read and sent. This
allows to listen to an unlimited number of Arduinocompatible boards connected to the same computer,
hence allowing to build complex interactive systems
with simple and small boards. Additionally, each
board can be assigned a custom ID, in order to recognize it and send commands to the right board
within the same Grasshopper deﬁnition. The basic
set of components allows to mirror the basic functionality of Arduino code: pinMode, digitalWrite, digitalRead, analogWrite, analogRead. Additionally, it
provides a component to send custom commands,
which can be used to trigger custom Funken-deﬁned
callbacks, such as complex animations or readings
from sensors with more complex interfaces than basic Arduino read methods.
The plug-in is written in Python, taking advantage of the PySerial serial communication library, an
open-source implementation for serial communication within Python.
Other Interfaces. Due to the reliance of Funken on
serial communication, one of the most common interfacing methods for hardware, it is possible to easily develop communication interfaces and plug-ins
for various soft- or hardware frameworks used in
CAD and media-art workﬂows. As example, NodeJS
(Tilkov and Vinoski, 2010) was used to build a Webserver that renders a HTML Page with integrated
WebSocket functionality. Via this socket a chat of
connected users is possible. A special formatting

of messages doesn’t send messages to other connected users but routes these messages to a serial
connection on the server and control the connected
Arduino with Funken. This allows to remote control Arduino devices via the internet, with a minimal amount of coding knowledge required to implement the system. Similarly, a basic Processing (Reas
and Fry, 2006) implementation has been provided,
allowing to use the accessible coding environment
to build custom graphical interfaces to control electronic boards, without need to worry on how to implement communication protocols.

APPLICATIONS
The openness and ease of implementation of Funken
allow its application in a variety of cases within existing design and fabrication workﬂows, as well as
within CAD education courses. At the moment of
writing the paper, Funken is still under development,
but has been already tested as teaching aid in physical computing courses for architecture students, as
well as implemented in robotic fabrication processes
and in interactive projects.

Electronic Prototyping for Interactive Installations
The most direct application of Funken is the control of electronic devices to generate interactive
prototypes and structures. Within such context,
Funken simpliﬁes the integration between Arduino-
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controlled devices and other software and/or hardware components, allowing to quickly orchestrate
them and control the outcome in response to speciﬁc
design or performance requirements.
Figure 4
Funken-driven
RoboBar installation

ically for each project, and a framework to quickly
implement interactions is still lacking. Funken oﬀer
the possibility to be integrated with fast and low-cost
prototyping technologies (FDM 3D printing, lasercutting) to quickly design, manufacture and control
custom end-eﬀectors. Additionally, work is being
directed at implementing custom Funken processes
to interact with the open-source plug-in Robots, developed by Vicente Soler, for robotic programming,
in order to directly integrate microcontrollers actions and robotic motion into a single process. Currently, prototypes for an Arduino-controlled electromagnetic gripper and for a laser-bridge to monitor
assembly processes have been implemented.

Electronic Prototyping in CAAD Education
For a modular robotic installation designed
within the authors’ department, Funken was used to
synchronize robotic arm’s motion with a DMX network (Sid, 2001) of lights, allowing to control in realtime the changes in light color (Figure 5). This has
been possible by translating the DMX protocol, one
of the standards within the lighting design world, to
a series of Funken call-backs, which could be fed the
id of the desired lamp and the RGB channels for the
desired light color. Similarly, for a robotic bar installation, depicted in Figure 4, Funken has been used
to allow users to interact with a beer-serving robot,
by using a button to request a next beer, as well as
to orchestrate a series of sensors used to control the
whole process (beer location tracking via distance
sensors, openable beer availability via light sensor).

Interactive Processes for Robotic Fabrication
Within the prototyping of custom robotic workﬂows
for digital fabrication and assembly, Funken oﬀers a
fast way to deﬁne communication between robotic
control programs and external devices, through an
Arduino. This is an established process within architectural research of robotic fabrication (Braumann
and Brell-Cokcan, 2012). However, most solution rely
on custom software components developed specif-

As a teaching aid to introduce students to interaction design, Funken allows to present an easy-to-use
interface in a CAD software of choice (in our case,
Grasshopper), and to explain basic electronics programming concepts without need to directly interact
with microcontrollers programming languages. The
level of simpliﬁcation can be easily customized by the
course leader, by encapsulating complex behaviors
into a single Funken callback. Through this, students
can be exposed either to the same exact programming logic used in microcontrollers programming
(digital read and write, pin mode deﬁnition, delay,
etc.), or could be provided with high-level abstract
control functions to trigger speciﬁc behaviors (eg.
LEDs animations or performing readings from advanced sensors, requiring custom interfacing code).
Within a seminar taught by the authors, Funken
has been used as interface for a variety of project involving intercommunication between Grasshopper
and Arduino-based interactive devices. One exemplary project used Funken to link Grasshopper geometry generation with a violin player, by tracking
the position and pressure of the bow over the strings
with a distance and a pressure sensor and streaming the recorded data in real-time to a custom-built
Grasshopper interface. Another project used Funken
to orchestrate a variety of sensors and actuators, al-
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Figure 5
Modular robotic
installation with
Funken-controlled
DMX lighting.

lowing to build a Grasshopper-controlled physical
replica of a retro videogame, while at the same time
simulate the whole gameplay within the Grasshopper interface itself (Figures 6-7).

Modular Electronics
Within the realm of interactive design, Funken is being coupled with current research in modular design and discrete fabrication (Rossi and Tessmann,
2017), allowing to embed custom functionality into
individual modules, to be assembled into structures,
where diﬀerent modules can communicate and perform custom behaviors. This has been possible by
integrating Funken with developed methods for discrete design, trough the Wasp plug-in developed by
the authors, and by modularizing both design and
control commands generation (Figure 8). This makes
it possible to link geometric design features (e.g. distance from control geometries, position in the aggregation, etc.) to speciﬁc aggregated behaviors, which
are then routed through Funken to the speciﬁc control boards of each individual module.
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Figure 6
Exploded view of
Funken-driven
physical replica of
retro videogame
(Student: R.
Winkler).

Figure 7
Sketch and phyiscal
prototype (Student:
R. Winkler).

CONCLUSION
Discussion of Results
Funken is designed for building systems that allow
users to implement their own custom deﬁned logic,
without imposing pre-determined behaviors. Within
teaching, it allows to encapsulate complexity of microcontroller programming, while still allowing to
implement complex behaviors through simple interfaces. The possibility of integrating Funken into a variety of CAD and media design frameworks oﬀers the
possibility of adding interactive functionality to a variety of projects. With the aim of encouraging tin-

kering and experimental prototyping, Funken is explicitly readable from the outside and has no build
in safety mechanisms. This allows it to be open
and ﬂexible enough to allow users to quickly sketch
a system’s behavior and implement it on Arduinocompatible microcontrollers.
The toolkit has been tested in a teaching environment, as well as in some initial interactive prototypes
and robotic processes. It is planned to be released as
open-source project in the summer of 2018.

Figure 8
Modular
aggregation with
automatically
generated custom
Funken messages
for each module.
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Outlook
The next planned step is the complete documentation of the framework, as well as the provision of
exemplary implementations for a variety of devices
and interfaces. Additionally, the source code is currently being expanded to handle I2C communication, with the aim of oﬀering the possibility of building larger networks of more simple devices, without
the need of a microcontroller for each component
in the system. Lastly, development of interfaces for
other frameworks, such as OpenFrameworks, Raspberry PI, VVVV, MaxMSP, ROS, MatLab/Simulink, and
others is also possible. While the authors are planning to implement some of these in the future, the
hope is that releasing the framework with proper
documentation will encourage users to develop their
own interfaces and contribute them to the project.
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In the following paper, a description, a comparison, a series of reflections, and
future directions of two successful Contextualized Digital Heritage Workshops
(CDHW) will be presented. The workshops have been organized during the
eCAADe and CAADRIA conferences. The importance of architectural heritage as
an expression of a local history and identity in a world that is more and more
globalised is evident. Multidisciplinary and interdisciplinary approaches,
together with the use of digital technologies open new opportunities in the
comprehension, documentation, analysis, reuse and dissemination of
architectural heritage. The main concept behind a CDHW is to connect the event
(and its wide variety of participants) to a specific local context in a
multidisciplinary way. The paper defines and proposes a methodology to
critically evaluate the two workshops and their individual aspects in order to
identify and investigate ideas that can be explored during future CDHWs.
Keywords: digital heritage, workshops, context, design, collaboration

INTRODUCTION
In the following paper, a description, a comparison, a
series of reﬂections about two successful Contextualized Digital Heritage Workshops (CDHW) and future
directions will be presented. The workshops have
been organized during the eCAADe and CAADRIA
conferences. As far as we are aware, the CDHW represents the ﬁrst initiative to connect a digital heritage

workshop to the architectural heritage of a speciﬁc
local context in a multidisciplinary way (Di Mascio et
al. 2016). The importance of architectural heritage as
an expression of local history and identity in a world
that is more and more globalised is evident. Multidisciplinary and interdisciplinary approaches, together
with the use of digital technologies open new opportunities in the comprehension, documentation, anal-
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Figure 1
Photos of buildings’
facades along Daru
alley in Suzhou
(China) (Source:
personal archives of
the authors).

ysis, reuse and dissemination of architectural heritage. Usually, workshops organised during international conferences and events are strictly focused on
technical demonstrations and tutorials, or group discussions that are completely detached from the location where the events take place. This seems a lost
opportunity. Conferences and similar international
events attract to the same place scholars from all
over the world. Each scholar has a diﬀerent cultural
background, points of view and knowledge in terms
of digital technologies and methodologies. Hence,
each of those events can represent a precious opportunity for the workshops’ attendees, both organisers and participants, and for the local community
in order to share and investigate ideas, methodologies and tools around selected local architectural heritage.
The main aims of this piece of writing are as follows:
• To deﬁne a methodology to evaluate the two
CDHW;
• To critically reﬂect upon the two events and
evaluate the diﬀerent aspects that constituted the workshops;
• To elaborate and summarise ideas that can be
explored during future workshops.
Descriptions, comparison, reﬂections and deﬁnitions

of future directions for next Contextualized Digital
Heritage Workshops have several values that are not
limited to this series of workshops. The content of the
paper will be valuable to a wide range of scholars and
can inspire other events. The action and value of reﬂecting on the work done have been already highlighted in several publications, including in “The reﬂective practitioner” by Donald Schon (1991).

METHODOLOGY: A WAY OF CRITICALLY
EVALUATING TWO WORKSHOPS
The methodology described in this section was deﬁned in order to reply to the following question:
• How to critically evaluate two Contextualized
Digital Heritage Workshops?
First, all the available information for each workshop
was gathered, such as:
• The accepted proposals published on the respective conferences websites;
• All the materials and ﬁles produced during the
workshops days;
• Some reﬂections exchanged afterwards with
the workshops’ participants and between the
organisers.
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Once the material was collected, it was decided to reply to the above question by structuring the piece of
writing in four main steps, namely:
•
•
•
•

Descriptions of the workshops;
Critical evaluation;
Future plans;
Conclusions.

The two Contextualized Digital Heritage Workshops
presented some similarities but at the same time
some relevant diﬀerences. For this reason, in order to
compare and critically evaluate the two events, it was
necessary to describe them by following the same
logical order. The selected framework is constituted
by seven aspects that represent all the key features of
each workshop:
• Introduction: an overall introduction about
the event;
• Participants: general information about the
participants and their background;
• Aims: the main aims of the workshop;
• Presentations;
• Case studies: a general description of selected
case studies;
• Description and workﬂow;
• Outcomes.
By using the same framework in order to describe
each workshop, it is possible to evaluate and compare them in the section that covers the critical evaluation of the two events.

DESCRIPTIONS OF THE TWO WORKSHOPS
CDHW - Oulu (Finland)
Introduction. The ﬁrst Contextualised Dgital Heritage Workshop was held at the University of Oulu in
Finland over two days in August 2016 as a precursor
to the eCAADe conference paper sessions. To the authors’ knowledge, it was probably the ﬁrst such event
to connect a digital heritage workshop to the architectural heritage of a speciﬁc local context in a multidisciplinary way.

Participants. The workshop attracted eleven participants from several international institutions who
were able to introduce themselves and their research
interests linked to digital heritage as part of the
timetabled events. Support was also given by architects and academics from Oulu who shared detailed
local knowledge of the case study sites.
The workshop attracted a wide range of participants’ interests, which were later presented in the
paper sessions at Oulu University. These included
the use of photogrammetry and smartphone based
augmented reality as a low cost approach to documenting our built heritage (Gulec Ozer and Nagakura 2016) as well as high cost techniques such
as laser scanning (Webb et al 2016), immersive virtual reality (Kreutzberg 2016), methodologies for digitally reconstructing lost buildings (Di Mascio et al
2016), building information modelling (KepczynskaWalczak 2016), interactive software to enhance understanding of heritage sites (Lee et al 2016), the integration of computational design technology in undergraduate education (Varinlioglu et al 2016) as well
as Massive Open Online Courses (MOOC) in CAAD education (Kovács 2016).
Aims. The main aim of the workshop was to exchange and develop ideas during a contextualized
digital heritage exercise having no prior expertise or
knowledge in local heritage speciﬁcs.
Presentations. During the workshop, we had diﬀerent kinds of presentations. At the beginning of the
ﬁrst day, the event started with a general introduction to the workshop’s theme, goals and programme
followed by participants’ introductions. Each participant introduced their research interests in the topic
through a ﬁve-minute PowerPoint presentation. The
case studies were introduced by two local experts (an
architect and a student). At the end of each brainstorming session, each group presented its posters
to the other group. A ﬁnal presentation/discussion
summarised the event and closed the second day of
the workshop.
Case Studies. Two historical buildings were selected
for the workshop; Oulu cathedral and Oulu castle/ob-
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servatory (Figure 1), which were both located within
a walking distance of the conference venue. A local
architect involved in the renovation of the cathedral
and a local student with knowledge of the castle/observatory gave introductions about the two historical
buildings and guided the workshop participants during site visits. Oulu cathedral was initially built in the
late eighteenth century; however, the timber upper
structure was destroyed by ﬁre in 1822. The cathedral
was subsequently rebuilt in stone to the drawings of
Carl Ludvig Engel on top of the surviving stone foundation walls [1]. The evolution of the design from
timber to stone structure proved stimulating in workshop discussions. A castle in Oulu was established as
early as the fourteenth century, with an evolving design over the centuries. In the late nineteenth century, an observatory for sea captains was built on one
of the castle walls, which from 1912 to the present
day has been serving as a café [2]. During the site visits, a few participants documented the two case studies with panoramic 360 photos.
Description and workﬂow. The workshop aimed to
provide a balance of on-site visits, presentations and
brainstorming sessions. The ﬁrst day focused on introductions, which enabled initial participants’ positions and viewpoints to be heard, as well as case
study site visits where observations such as notes,
photographs and sketches were taken. In Oulu, unlike the second workshop in Suzhou, we did not digitally survey the case study sites and were instead using them as examples to suggest tools, techniques
and methodologies for later research. For the second day participants shared and applied their knowledge during three pre-planned brainstorming exercises (Figure 2) deﬁned by related research questions
using their speciﬁc and related knowledge:
• What and why: which are the most relevant
features of the buildings, whether in their existing state, or previous existing states, and
why is it important to study them?
• Approaches, methods and tools: which theoretical approaches, methodologies and digital
tools could be applied to document or ana-

lyze the previously selected features?
• Visual communication of the ideas: all the
ideas elaborated during the previous two
practical exercises should be visually organized for the ﬁnal presentations.

Outcomes. The workshop was particularly successful
in terms of networking and gaining detailed knowledge of practices used by researchers and educators
working in related digital heritage ﬁelds. Collaborating and brainstorming ideas using the two case studies also helped to highlight individual researcher’s
strengths and enabled the sharing of good practice.
This was achieved primarily through poster brainstorming, where ideas were documented in small
groups. For example, in the second pre-planned session suggesting approaches, methods and tools; participants could then investigate each of these themes
based on their own prior knowledge. Once completed, each group presented their ﬁndings to the
rest of the workshop participants. A PowerPoint presentation was also given later in the week during
the main eCAADe conference reporting on the workshop activities and ﬁndings, as an initial dissemination method. It is worth noting that the international
team, derived from various universities and diﬀerent
research background and methodologies built a signiﬁcant added value to the whole process.

CDHW - Suzhou (China)
Introduction. The second Contextualized Digital
Heritage Workshop was organized in Asia, and continued and merged the path started by two successful workshops held during the previous eCAADe
(Oulu, Finland) and CAADRIA conferences (Melbourne, Australia). It kept the central concept and
structure of the ﬁrst Contextualized Digital Heritage
Workshop and introduced some practical elements
inspired by the workshop (organized during the
CAADRIA 2016 conference) titled “Interaction design
for user engagement in Digital Heritage with Hyve3D” which was more focused on the technological aspects.
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Figure 2
(Left) Panoramic
group photo inside
Oulu’s Observatory;
(Right) Oulu’s
observatory
(Source: personal
archives of the
authors).

Figure 3
(Left) - Photo taken
during one of the
group discussions;
(Right) - A1 boards
produced during
one of the
brainstorming
sessions (Source:
personal archives of
the authors).

Participants. The workshop’s participants were
mainly local students studying architecture. Most of
the students were Chinese, but there were also students of other nationalities, speciﬁcally from Europe
and other East Asian countries. Among the participants, there were two academics from two diﬀerent
countries (China and Thailand). In total ﬁfteen people participated in the workshop, including the three
organizers.
Aims. This workshop proposed a brief scenario of
documentation, interpretation, as well as sharing and
dissemination of heritage information and personal
experiences, such as narratives. The recommended
workﬂow allowed participants to start the ﬁrst steps
in the creation of a portal of people’s information and
experiences in the form of a 3d navigable environ-

ment within a game engine and populate it with a
variety of information. Within this virtual environment, users will be able to experience the 3d virtual
heritage, interact with and enjoy the user-generated
content spread around it in a playful and more engaging way. This idea was inspired by the concept
of the Architectural Portal of People’s Narratives described in Di Mascio and Dalton (2017), while the
process of the photogrammetric modelling was inﬂuenced by another publication by Schnabel et al.
(2016).
Presentations. Several presentations were organized during the two days of the workshop. The
workshop started with a general introduction to the
workshop theme, goals and organisation. Then we
had an introductory lecture that gave an overview
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of the case study and provided a brief tutorial about
photogrammetry. The other three lectures (including an invited skype presentation), covered theoretical and practical topics linked with architectural heritage, Digital Heritage, representation and game design. Other interactive tutorials explained how to use
3D modelling software and UNITY.
Case Study. For the case study, we wanted to explore something diﬀerent from the case studies investigated during the previous workshop in Oulu. Together with the support of a local academic (in this
regards, special credit should go to Glen Wash, who
also supported the organization of the workshop),
we explored several options in Suzhou from gardens
(and their historic buildings) to historic streets. In
the end, after some reﬂections, a historic alley in
Suzhou’s old town was selected as a case study. The
ﬁnal choice was also inﬂuenced by several factors, including the day of the workshop, Sunday, when the
streets are usually very crowded. Daru alley (Figure 3)
is a small street vehicle accessible: when it intersects
the canal at one of the two far ends, it presents a small
pedestrian area and stone bridge that crosses the
canal and connects to another pedestrian alley that
is perpendicular to Daru alley. The street presents a
good variety of buildings’ facades on both sides; each
building has a diﬀerent number of ﬂoors and details.
Description and workﬂow. The workshop was split
into two days and presented several activities. The
main ones can be summarised as follows:
• Presentations;
• Site visit to have a direct experience of the architectural heritage and collection of information such as: notes, sketches, pictures, audio
ﬁles, videos;
• Photogrammetric modelling;
• Post-processing of 3d mesh models;
• Creation of a basic 3d navigable environment
with interactive elements in UNITY (the portal).

learning experience more engaging. After a general introductory presentation about the workshop
and before the site visit, the basic principles of photogrammetry and how to take proper sequences of
photos in order to create good meshes in Autodesk
Recap were introduced. During the site visit, participants collected several pictures of various facades
of the buildings along the street. Once back in the
workshop venue, after a short demonstration of Autodesk Recap, they used the software to explore
photogrammetric modelling of the facades of their
choice. Once the mesh models were generated, they
were exported into ﬁles formats that were opened
within diﬀerent 3d modelling packages. Participants
were asked to bring their laptops with the useful
software pre-installed. However, because they used
both PC and Mac, they had access to slightly diﬀerent
software packages. The mesh models were opened
within 3ds Max, Rhino, Cinema 4D and SketchUp.
Within the 3d modelling software, the meshes were
post-processed and textures applied. Once the 3d
mesh models were ready, they were imported into
the Game Engine UNITY for the creation of a basic 3d
navigable environment (the portal). Each participant
created a basic navigable environment where it was
possible to walk around their imported models. In
the end, all the main models were collected and imported into the same virtual environment in order to
create a virtual version of the street in Suzhou (Figure
4).
Outcomes. The ﬁnal outcome of the workshop was
constituted by a poster and a slideshow projected
onto the poster. The slideshow was constituted by
a selection of images (group pictures, pictures of the
historical street in Suzhou taken during the site visit,
photos taken during the presentations in the classroom, images of the photogrammetric models, wireframe images of the models within the 3d modelling
software, rendered images of the 3d mesh models,
screenshots of the virtual environment in UNITY).

The main idea was to balance and integrate diﬀerent kinds of activities and make the whole event and
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Figure 4
(Top) 3d models
produced in
Autodesk Recap
and ﬁxed in a 3d
modelling software;
(Bottom) image of
the virtual
environment in
UNITY (Source:
personal archives of
the authors).

CRITICAL EVALUATION

dents was higher than the number of academics.

The two workshops presented several diﬀerences on
various levels. The reﬂections focus on the same aspects presented in the description of the two workshops.

Aims. The ﬁrst workshop idea was to create a collective knowledge and expertise based on academics’
background and prior experience. Each participant interpreted the case studies diﬀerently and proposed ways of documenting and analysing tangible
and intangible aspects of the selected architectural
heritage based on their expertise. Moreover, the
brainstorming sessions allowed the development of
new ideas generated by the exchange of reﬂections
among people with diﬀerent cultural and academic
backgrounds, experiences and skills. On the contrary, the use of a well-deﬁned scenario in Suzhou allowed the participants to concentrate on exploring
and learning diﬀerent software packages and ways of
exchanging information between them.

Introduction. Both workshops were organized during two international conferences, one in Europe
(during the eCAADe conference) and another one
in Asia (during the CAADRIA conference). The ﬁrst
workshop held in Oulu was the ﬁrst of the series, and
it was useful in order to test the overall idea and format, and participants’ response. The second event
in Suzhou kept the main ideas from Oulu’s workshop
and merged them with elements from another workshop and research projects.
Participants. The ﬁrst workshop was mainly addressed to academics, and this led to interesting discussions and brainstorming sessions where each participant brought his/her own precious knowledge.
During the second workshop, the number of stu-

Presentations. Both workshops beneﬁtted from several presentations. Introductory presentations about
the event were similar to both workshops. Researcher presentations in Oulu were useful to under-
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stand each scholar’s experience and interest in the
topic. This also informed some of the other conversations. The presentations at the end of each brainstorming sessions triggered further discussions and
exchange of ideas. On the contrary, because students largely constituted the group of participants,
the presentations in Suzhou were more like lectures
aimed to provide information about speciﬁc topics
and give a theoretical background to the practical exercise. Moreover, because the workshop was more
focused on a practical application, it was essential to
provide a sort of tutorial sessions in order to allow
participants to perform their tasks correctly.
Case studies. Site visits characterise case studies.
Diﬀerent phases constitute each site visit and are inﬂuenced by the nature of the sites. Before the site
visit, there is a phase of preparation. The more formal (with PowerPoint presentations and sharing of
archival material) and interactive introductions (with
Q&A sessions) of the two historical buildings in Oulu
provided information that fed discussions and sites
visits. Each site visits in Oulu also triggered ideas
about ways of gathering, interpreting and representing information; all these elements fed the subsequent brainstorming sessions and generation of
ideas and digital outputs. The site visit of the historical alley in Suzhou was less structured and mainly focused on gathering photos and other kinds of information useful in the development of photogrammetric 3d models and the virtual environment.
Description and workﬂow. The workshop in Oulu
was mainly focused on brainstorming sessions that
were totally absent in the second workshop. On the
other hand, the event in Suzhou presented a scenario and practical uses of diﬀerent software packages that were missing during the ﬁrst workshop.
The use of several software packages, an online service (Autodesk Recap) and laptops with diﬀerent operating systems (Windows and Mac) gave a few challenges that slowed down the practical exercise.
Outputs. The brainstorming sessions undertaken
during the workshop in Oulu produced a good
amount of ideas explored and recorded on A1

boards, whilst the second workshop in Suzhou allowed the participants to explore software, methodologies and make models and a virtual environment
in a game engine. Both experiences had their beneﬁts. However, both workshops allowed participants
to see the selected case studies through new perspectives. While the ﬁrst workshop was researchbased and concluded with sharing collected expert
knowledge the second focused on practical technical exercise.
Challenges. Each workshop presents various challenges. The workshop’s location may trigger some of
them. The location of the case studies may not allow the use of speciﬁc equipment such as laser scanning technologies. Weather conditions may also limit
site visits. Access to speciﬁc hardware and software
may also be limited. Free software can be easily installed also during the workshop, but other software
packages may not be available because of costs, etc.).
During the workshops in Suzhou, we have experienced issues related to diﬀerent platforms (Mac and
PC) used by the participants and the availability of
certain software packages only on one of those platforms (for example 3ds Max not available on Mac).
Participants’ knowledge can also represent another
element to take into consideration. The brainstorming sessions beneﬁt from participants that have diverse cultural backgrounds, skills and experiences. In
this way, it is possible to explore more diverse ideas
and generate original approaches and solutions. To
some extent, a purely academic point of view, may
also be a limitation because sometimes it may be
linked to preconceived ideas, hence it may limit ways
of looking at a speciﬁc situation. In this regards, students may be open and bring alternative ideas.

FUTURE PLANS
Taking into account all the previous reﬂections, in this
section, a series of ideas that can be included and
investigated during future workshops will be presented. In the title we used the work “directions” because future Contextualized Digital Heritage Workshops can explore diﬀerent paths. Each category may
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inﬂuence the selection of aspects within the other
categories.
Introduction. Future workshops can be linked to
international conferences (eCAADe, CAADRIA, etc.),
connected to other events, or be an independent
event hosted by private or public institutions (Universities, City Councils, Museums, etc.).
Format and participants. So far, we always had a
two days’ event. However, there may be two parallel
sessions, one with only academics and another one
with both academics and students. Furthermore, the
two parallel sessions may also be split into two days,
the ﬁrst day with only academics and the second day
with both groups (academics and students). Another
option is that it may be a workshop led by academics
where students and/or academics beneﬁt as participants experimenting with new technologies.
Participants. The workshops can also engage other
participants besides academics and university students, such as school children under 18 and professionals (which can be linked to public or private national or international institutions such as RIBA CPD,
English Heritage, Museums and Galleries). The workshop should also be always open to multidisciplinary
approaches, namely professionals from other disciplines such as archaeology.
Aims. The event can have diﬀerent aims and explore
aspects that are more theoretical, practical, and technical (for example to explore the functionality and integration of diﬀerent software packages), or a mix of
some of all of them.
Presentations. The number and content of each presentation can vary considerably. Presentations can
provide useful information about speciﬁc topics, and
in this case, instead of presentations, we can talk
about lectures. Presentations of works produced during the workshops can foster discussions, exchange
and development of ideas. Other presentations are
more like tutorials, useful to explain how a speciﬁc
software package or process works. During future
workshops, for their introductory presentations, participants may also bring and present some of the dig-

ital tools that they applied to their research projects.
Another idea is to organise presentations of speciﬁc
digital technologies during site visits.
Case studies. Any building or place can represent a
possible case study to be investigated during future
workshops. A case study can be self-selected by the
organizers, selected with the help of other scholars or
via local knowledge (members of local universities or
other public or private institutions). The selection of
case studies may be inﬂuenced by any other aspects
such as aims, participants, local importance etc.
Each workshop can take shape from any of the
above points. Hence, there is not a single starting
point; the selection of any of them can inﬂuence all
the other aspects. The following meta-diagram summarizes the main components of a Contextualized
Digital Heritage Workshop (Figure 5).

CONCLUSIONS
This paper presented a comparison between the ﬁrst
two Contextualized Digital Heritage Workshops organised during the eCAADe and CAADRIA Conferences. To critically evaluate the two events a methodology was deﬁned. This reﬂective piece of writing is
useful in order to explore ideas and address possible future directions for next CDHWs. The idea is to
create workshops with well-balanced discussions, exchange practical and theoretical knowledge, and undertake practical exercises using digital tools.
One of the key factors while planning CDHW is
time. The concept must be carefully prepared to accommodate all activities in two days only. Thus, in
the open format of the event, presented by the Oulu
case, it was a level of uncertainty to what outcomes
it would lead at the end. On the contrary, in Suzhou,
it was far easier to predict outcomes since the task
was of technical nature and participants performed
similar skills. What is more, they knew prerequisites
and the range of software required to take part in the
workshop. In this respect, another conclusion might
be formulated that both, the prerequisites as well as
the way how detailed the task is formulated and tools
suggested inﬂuence the ﬁnal results.
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Figure 5
The main
components of a
CDHW.
The CDHW generate values for both the wider
audience and the ﬁeld of digital heritage and computational architectural design. The ﬁeld of Digital Heritage can still be considered, to some extent, novel
and emerging. There are several research paths that
still have to be deﬁned and explored. In this speciﬁc
ﬁeld, research through design (including collaborative and participatory design) and research through
contextual designing have not been explored to the
depth it deserves. Our research not only contributes
to this area, but has also shaped the deﬁnition of Digital Heritage that can be design-led.
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Museum as a cultural epiphenomenon reflects all changes occurring in cultural,
political, economic and technological fields. Nowadays, as new technologies
bring upon significant changes in the way we perceive space and time and open
up new ways in understanding the world and all things, the museum is perceived
as a network of potential things, a kind of web intersection that connects objective
with digital reality. New technologies within the museum's space form a new
relationship between the public and the cultural heritage objects, and offers new
approach perspectives by reinforcing revisionist trends as far as the role and
importance of the museum.
Keywords: metanarratives, digital museum, visual reality

INTRODUCTION
The museum is not a well-established institution but
a lively organization following all changes occurring within the cultural, political and technological
horizon of societies in the context of their historical evolution. In other words, it is a cultural epiphenomenon. Its transformations follow all changes and
greatest cultural disturbances due to the fact that
“within the space of a few years a culture sometimes
ceases to think as it had been thinking up till then
and begins to think others things in a new way” (Foucault 2002: 56), which leads to a complete redeﬁnition of the content of the world’s knowledge and understanding.
Nowadays, it could be claimed that the museum
is placed at the threshold of a new transition, a new
change which leads to a New museum Paradigm
(based on the meaning given to it by Thomas S. Kuhn)
which results from the meeting of digital technology
with the museum and cultural heritage.

The present proposal mainly places emphasis on
the new horizons broadened by applying modern
digital technologies to the way cultural heritage is
presented and perceived in the undeﬁned space and
time as far as digital museum is concerned.
The main questions that dominate the present
proposal are the following:
In what way do changes in the perception and
experience of the space due to the digital era inﬂuence our relationship with the cultural heritage objects and the museum’s metanarratives?
Under what prerequisites did digital technologies make their appearance, amend and overturn
well-established museum practices of approaching
cultural heritage as the latter were shaped during
modernity?
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EXPERIENCING THE WORLD AS A DIGITAL
NETWORK- THE MUSEUM IN THE DIGITAL
ERA
All changes induced by digital technologies regarding the way we perceive the concepts of space and
time pave the way for a new approach and understanding of the world and things. Michel Foucault
comments on the world of new technologies and
says that: “We are in the epoch of simultaneity [...]
We are at a moment, I believe, when our experience
of the world is less that of a long life developing
through time than that of a network that connects
points and intersects with its own skein” (Foucault,
Of Other Spaces: Utopias and Heterotopias, 1984).
In this kind of network, the person is a constant witness, a direct observer and an eyewitness of everything that happens all around the world since the
concepts of local and global tend to blend and coincide as both space and time restrictions no longer exist. “During the mechanical ages”, Marshall McLuhan
says, “we had extended our bodies in space. Today,
after more than a century of electric technology, we
have extended our central nervous system itself in
a global embrace, abolishing both space and time”
(McLuhan 1964). Space and time positions become
more and more non-successive and perceivable as
a network within the context of electronic, non- Euclidean, multidimensional space-time.
Le musée imaginaire- so called by the French intellectual and politician André Malraux- is a prelude
to modern electronic era oﬀering the possibility of
an instant navigation around the universe of culture
and civilization. It is a timeless image archive that includes in its imaginary space the universe of worldwide works through their artistic contemplation.
The use of camera led to the mechanic production of images which signiﬁed the beginning of a revolution. Thus everyone has now the chance to create its own musée imaginaire. Nowadays, this revolution being evolved to a digital multidimensional
and interactive space with multiple interconnections
of both people and objects in a worldwide network.
In the context of the emergence of digital societies

the museum can be perceived as a network of potential things, an exhibition place that needs no materials in order to legalize its existence, digital image
is enough for its operation as a substitute or supplementation of real objects. For example, websites
as CyArk, Google Arts & culture and Europeana, are
designed as access gates to digital cultural reserve.
Under this kind of concept, they create some kind
of digital-imaginary museum existing exclusively on
the internet.
One aspect of the museum’s online connection
with other places is the visual reuniﬁcation of exhibits
being scattered around diﬀerent museums all over
the world. With the use of the relevant database, a
reuniﬁcation of the Egyptian statue of Amenophis III
whose head is at the New York Metropolitan Museum
of Art while the rest of his body is at the Egyptian Museum in Cairo could be possible. The same applies to
the statue of Amasis whose head is being kept at the
New York Gallic Museum whilst his body is kept at the
Egyptian Museum in Cairo. Actually, the architectural
competition for the Grand Egyptian Museum, GEM,
placed between Cairo and the Great Pyramid of Giza
was held according to the aforementioned reuniﬁcation. A main prerequisite for this competition was
that the visitor of the museum could have the chance
to combine his navigation around the various rooms
of the museum with a virtual electronic navigation
around all Egyptian artifacts being placed at diﬀerent points of the museum so that he could be able
to form a full image and understand completely the
Egyptian civilization (Figure 1).
From now on, the museum is perceived as a web
junction participating to multiple spatial networks. In
other words, in the same building a “vertical” component is being exerted that connects it to space
whilst multiple “horizontal” components are exerted
to connect it to other places, hence joining objective
and digital reality together. So, within the framework
of its indeﬁnite digital space:
1. Contiguity no longer exists as a main component of the meaning of geometric space since
in cyberspace we experience a kind of twist-
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Figure 1
Visual reuniﬁcation
of exhibits (The
Great Egyptian
Museum,
International
Architectural
Competition,
Architectural Brief
and Competition
Rules, The Arab
Republic of Egypt,
Ministry of Culture,
Supreme Council of
Antiquities, Printed
in Italy, 2001,
p.20-21)

ing like the one existing in the topology of August Ferdinand Möbius. This kind of twisting
leads to some kind of contiguity between the
meanings of close and far and those of the inside and outside, through the same spiral. In
the internet environment the user and the object of cultural heritage can be found at the
same time everywhere and nowhere.
2. Another kind of penetration into information as well as another way of approaching
objects is formed and this has a direct impact on both objects’ classiﬁcation and the
way the visitor of a digital museum can perceive it through a historical and aesthetical
perspective. Within the context of digital
museum, well-established prioritizations of
the artworks being presented no longer exist as in its archives, artworks considered masterpieces may coexist with those being ignored or underestimated, placed at the sidelines of civilization. It often leads its users

to experience new relations among artworks
which were deliberately hidden from wellestablished artwork classiﬁcations.
3. Art is being democratized since it turns to be
a common experience shared by an increasing number of persons who can have access
to, process and exchange a greater number of
various kinds of information at the same time.
4. The original object turns to be a single part of
the whole experience and the connection the
person has with it.
Digital reality brings upon the following concern; an
image oﬀered by a digital means is read in a totally
diﬀerent way than the image of an object with which
there is direct, natural contact since the image offered by a digital means “is invariably a tele-image
- an image located at a very special kind of distance
which can only be described as unbridgeable by the
body” (Baudrillard 1990), extending thus all consequences predicted by Walter Benjamin: “In even the
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most perfect reproduction, one thing is lacking: the
here and now of the work of art-its unique existence
in a particular place” (Benjamin 1936).
Moreover, within the context of the limitless internet space of digital museum, coexistence of cultural objects coming from various places, eras and
cultures- often mixed with objects of everyday life,
materials and commercials- weakens their historical
dimensions. In Fredric Jameson’s point of view “this
approach to the present by way of the art language of
the simulacrum [...] emerged as an elaborated symptom of the waning of our historicity, of our lived possibility of experiencing history in some active way”
(Jameson 1991).
The aforementioned concern is somehow balanced with;
1. The satisfaction resulting from an interactive
navigation without spatial and time limits.
2. From the fact that the absence of “right here,
right now” a unique value that only the original artwork disposes, is replaced to a certain
extent by the oﬀer of a more integrated image
of the artwork exhibited.
3. From new experience, aspects and concepts
that digital technology can oﬀer regarding
the approach of cultural heritage and mainly
from the rising of new questions asking for
new answers.

“RESIDENCE” IN DIGITAL SPACES OF CULTURAL HERITAGE
Nowadays, analogue pictures of which ”Le musée
imaginaire” was comprised have been replaced by
online, three-dimensional and interactive depictions
creating new ways of approaching cultural heritage.
Hence, both spaces and objects of cultural heritage
”come to life” through a kind of virtual browsing. Today, with the use of special devices (Head Mounted
display - HMD) or in CAVE and Virtual Dome environment, immersive environments’ conditions have
been developed, namely conditions of the user’s isolation from his external environment. Thus, the user

becomes a temporary ”resident” of a virtual world.
This virtual world seems to take the form of a utopia
within the meaning that in three-dimensional space,
we can see ourselves where we are not, in a space that
is extended virtually. Thus, we perceive ourselves
where we are actually absent. In fact, it is a fundamental change in the way we perceive and experience the meaning of space and this aﬀects our relationship with the objects of cultural heritage as well
as the metanarrative character of the museum.
The danger existing in this kind of “made” version of the cultural heritage is to create its idealization setting. In fact, this danger becomes more serious, if “ethics” of the society which created these cultural heritage objects within a particular economic,
technological and political framework, is not taken
into consideration in the formation of a metanarrative speech which this reconstructed reality of the
three-dimensional narration is trying to send out. Besides, idealization of historical moments is not something new for the museum. For example, the modernist museum will get a particular place and meaning in the formation of nation states since it becomes
the space where their glorious historical moments
are promoted.
Another application of digital technology within
the museum’s environment is the one known as augmented reality. The aforementioned application offers the user a layer of digital data which complete
the real-material world in an indirect way. For example, the Netherlands Architecture Institute has developed the UAR application (Urban Augmented Reality) through which users by turning their smartphones at predetermined city points, can get images
of buildings or regions as they were in the past or
as they are planned to be in the future. Moreover,
there is the MOPTIL’s (Mobile Optical Illusions) application as far as sightseeing at archaeological places
in Greece is concerned. By setting this kind of digital device in front of monuments, the visitor has the
possibility to see through its screen how these monuments were when they were ﬁrst constructed and
thus, get a complete image of them.
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In case of the augmented reality, the user of this
digital application is in a constant dialogue and interaction with virtual objects just as happens with the
video game Pokémon Go (Figure 2); its users are looking for virtual creatures called Pokémon in the real
world. The user is the so-called ﬂâneur, the wandering spectator, and at the same time he turns to be this
critic person who will try his own approach “aiming
at a higher objective than that of a simple ﬂâneur, at
something diﬀerent from a temporary pleasure of a
moment” (Foucault, What is the Enlightment?, 1984).
The problem arising from the aforementioned applications is the fact that the material environment is
completed with a single constructed image. Thus,
the visitor is obliged to take this image for granted
and accept it as undeniable truth. Under this particular concept, the role of the application’s user is quite
passive.
Figure 2
Pokémon Go
(https://www.imore.com/pokemongo-stardust)

In cases of both augmented and virtual reality, the
main issue is not only the digital reconstruction of
an object having been damaged over the years, but
the user’s possibility to have an experiential contact
with the various historical, cultural and political layers being connected with the object depicted. Under

the aforementioned prerequisite, new technologies
would serve the personal research for deep knowledge which will not be deprived of the features of an
attractive digital game, a fact which is really important as a wider public of modern museums also looks
for -beyond knowledge- entertainment and amusement.

PARAMETRIC REASON AND MULTIPLICITY
OF MUSEUM METANARRATIVES
At this point of the research, the question arising is
the following:
Can the user with the help of new technologies
achieve personal interpretations which can be diﬀerent, even opposite to metanarratives possibly presented by the museum?
Can new technologies support the museum’s
narrations that are receptive to multiple meanings
and interpretations contrary to the museum’s modernist metanarratives which aim at presenting eternal and undeniable truths?
Answers to similar questions are given by parametric design. Parametric logic perceives the design
or approach of cultural heritage as a question or a set
of questions which do not have a single-meaning answer but many equal possible answers since a single
change in a single parameter is enough to inﬂuence with a new feedback- the whole information environment. It sets the user free from relations and quantities, from the fetish of wholeness and introduces
him to a network of relations among secondary elements and thus, to pluralism and the recognition
of values’ multiplicity. Therefore, the development
of parametric design is generally connected to the
values of postmodernism and reinforces its philosophical background. This means that there is not
a worldwide value or a single solution to a problem,
hence a global metanarrative, but ”clouds of narrative language elements” (Lyotard, 1984: XXIV) according to Lyotard which reﬂect polysemy of cultural
objects, the wealth and complexity of cultural codes.
Although we can easily accept J. Baudrillard’s opinion according to which ”nothing inscribed on these
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screens is ever intended to be deciphered in any
depth: rather, it is supposed to be explored instantaneously” (Baudrillard 1990: 54), we cannot easily
deny the fact that new technologies arise new questions. These questions bring to the surface what is
likely to exist just in front of us but we cannot recognize it since as I. Calvino says ”our eyes and brain get
used to choose only what ﬁts in our already tested
types of classiﬁcation”.

CONCLUSION
During the 19th century and when society perceived
history -under the scope of the inﬂuence of sciences
and the Darwin’s Theory- as a continuous line and
evolutionary procedure, then the museum turned to
be a means for the promotion of a single “truth”, without any doubts and a place where great metanarratives are being unfolded.
When society- through a technical reproducibility of the artwork- sent cultural objects massively to
the market for the ﬁrst time, then “Le musée imaginaire” was born which-as it was already mentionedbecame a prelude of the later onscreen and electronic era.
When society entered digital era, the historical
narration of modernity was torn apart in various aspects, meanings and metanarratives, a fact that resulted from the possibility oﬀered by digital technology as far as correlation of parameters and variables is
concerned. Nowadays, cultural objects are digitized
and transferred to a virtual environment while the
museum’s visitor can constantly move from one digital environment to another, namely from one culture
to another, from one continent to another and one
time period to another. As expected, all the aforementioned begun to aﬀect issues that support revisionist trends regarding the role and concept of the
museum as the latter was formed during modernity.
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Cultural Heritage is a wide concept. It's what remains of the past generations
Cultural Heritage includes tangible culture (such as buildings, monuments,
landscapes, books, works of art and artifacts), intangible culture (such as
folklore, music, traditions, language and knowledge) and natural heritage
(including culturally significant landscapes, and biodiversity). A good
preservation, restauration and valorization of Cultural Heritage embraces
tangible and intangible culture, actually not evaluated in an holistic way.Cultural
Heritage is not only an historical memory of the past, but the mirror of an
anthropological reality that characterizes our personal and collective identity
within a cultural context. The question is: How can we take into account these
thought categories? The model proposed would be an used methodology to
analyze the model for data acquisition, processing, modeling and implementation
of knowledge on culture and social context through ontologies. The purpose of
the research is to analyze the relationship between Cultural Context and Cultural
Heritage.The contribution proposes an original approach to Cultural Heritage
based on a social and cultural approach, transforming the user as an actor for
the acquisition of raw data and cultural knowledge, applying the model to the
Archaeological Complex of Casinum, in South Latium.
Keywords: Cultural Heritage, Context Knowledge, Intangible Knowledge,
Ontologies, Human Behavior Constraints

INTANGIBLE CONTEXT KNOWLEDGE IN
CULTURAL HERITAGE
Cultural Heritage is a wide concept. It’s what remains
of the past generations Cultural Heritage includes
tangible culture (such as buildings, monuments, land-

scapes, books, works of art and artifacts), intangible
culture (such as folklore, music, traditions, language
and knowledge) and natural heritage (including culturally signiﬁcant landscapes, and biodiversity) (Ceccarelli et al. 2017). A good preservation, restauration
and valorization of Cultural Heritage embraces tangi-
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ble and intangible culture, actually not evaluated in
an holistic way.
Cultural Heritage is not only an historical memory of the past, but it’s the mirror of an anthropological reality that characterizes our personal and collective identity within a cultural context. The question
is: How can we take into account these thought categories? Obviously, the BIM representation of buildings is not enough. Nor considering a “situated” action like Gero and Reﬀat proposed (2001), as physical context and designer-actor point of view are not
suﬃcient to explain the richness of human sensibility. An important parameter to do better cultural heritage analysis and preservation (and/or restoration) is
to take into consideration user feelings in built heritage environment, considering a building in unitary
term of humans and components plus spaces (Simeone et al. 2016).
An improvement to tackle these human sensibilities is to consider a broader meaning of “Context”.
It has entities related with climate, orography, surrounding, latitude, and place together with culture
and habit of people who make a building “living”.
The relationship between people and cultural heritage is crucial in these times as in a “global world”,
where ICT tends to overcome geographical limitation
and forces to blur edges, a restoration/preservation
project can clash with Cultural Context in which it
will be placed. In fact, people have a set of behavior,
attitudes and beliefs that are shared, sustained and
transformed by an identiﬁable Culture.
Globalization has led designers to interact not
only with the territory in which they live, but also in
other parts of the world. In this ﬁeld, the question
arises of how to combine abstract ideas with cultures
present in the place where the cultural heritage is located.
Italian territory is characterized by the presence
of an extremely considerable number of Cultural Heritage. Many of these monuments, artefacts, archaeological sites are widely studied and known, but many
of these objects are diﬃcult to access not by users.
The proposed work is based on the belief that

through a high degree of involvement it is possible
to improve the level of diﬀusion of Cultural Heritage
Knowledge and at the same time to acquire information and knowledge on a large number of goods
present on the Italian territory.
The proposed model starts from the studies
sponsored by the three faculties of Lazio, Universitiy of Cassino and South Lazium, Sapienza University
of Rome and The University of Rome Tor Vergata; in
particular in collaboration with the DART laboratory
(Data Acquisition and Survey).
The objective of the model is to study the relation between Cultural Heritage and Cultural Knowledge Context starting from a case study that studies
the citizen participation to the knowledge process approach. The diﬀusion of CKC would be useful to analyze less studied and unknown artefacts.
The citizen participation was developed exploiting social processes to provide information/knowledge on Cultural Heritage. The ambitious aim of the
model is to identify a form of involvement on the one
hand to interest the users that autonomously provide
a series of data to the model that can be processed to
increase the Cultural Heritage Knowledge (CHK) and
on the other hand the growing involvement could be
the driving system for dissemination of CHK, especially for those spread across the territory and of less
notoriety.
Cultural Heritage Knowledge Context (CHKC) is
an important model to give the possibility to predict
‘a priori’ if a restauration, preservation or valorization
project could be appreciated by citizens. The purpose of the research is to analyze the relationship between cultural heritage and cultural context.
The research has the aim to analyze the critical issues related to cultural context knowledge and built
heritage in order to improve the knowledge of the
heritage buildings taking into account intangible culture and the conservation of cultural heritage, in order to increase the degree of appreciation by the user
of the artefact.
The case studied focuses on the Archaeological
Complex of Casinum (Fig.1), that despite the inter-
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est of its monuments, still lacks of a structured survey that analyzes the area as a whole, integrating individual emergencies with the context. The methodological approach of the work will develop the analysis and the context knowledge of some monuments
through an integrated survey of the site, with the aim
of enhancing a complex landscape, between an urban and archaeological context.

CULTURAL HERITAGE, IT TOOLS AND INTANGIBLE CULTURE
Mitchell in The Logic of Architecture reviews the central themes of drawing theory through the use of
computers. The wealth of this kind of approach allows us to analyze the positions developed by a wide
range of theorists and philosophers from Socrates to
the present day. Mitchell ﬁrst examines how buildings can be described in words and shows how such
descriptions can be formalized.
CAAD instruments can be characterized by a series of possible technologies to represent drawings;
and a set of processes able to operate on representations. Furthermore, the design activity is characterized by a decision-making process dependent on
constraints and objectives, through exploration and
learning in diﬀerent contexts that can be analyzed according to the perception of that context (Gero 1990).
In this ﬁeld the various IT tools consider the context
diﬀerently (Chrabin et al. 2004; Gero et al. 2006;
Gursel et al. 2009; Wissen Hayek 2011; Wurzer et al.
2012; Carrara et al. 2014; Simeone et al. 2016), but
none of them analyzes the relations between the Cultural Heritage and the Intangible Cultural Context. To
be able to perform this type of analysis it was necessary to analyze the limits and potentials of existing
CAAD tools, ﬁnd a user-friendly method to stimulate
citizens to participate in the process of formalization
of cultural knowledge context related to the cultural
asset. The aim of the research is to analyze and ﬁnd a
method to formalize cultural context and behavioral
identity.
The development of the representations has
been oriented in diﬀerent ways through the / Cre-

ative Design / of Gero 2008 which is based on the
importance of situation, in fact the model is based
on agents modeled according to the behavior and
situated context, or through a representation model
KAAD (Knowledge Assistant for Architectural Design)
based on a structured Knowledge to deﬁne reasoning rules associated (Carrara et al. 1989), subsequently developed in the recent model BKM (Building Knowledge Model) (Carrara et al. 2014).

CAAD for Cultural Heritage Representation
and Analysis
Since the advent of CAAD, a wide number of researches has concentrated on the development of
digital methodologies to support built heritage representation with particular attention to digital acquisition and virtual reconstruction and communication
of historical/archaeological artefacts (Kalay 2004; Afﬂeck 2005). The introduction of laser scanning and
photogrammetry technologies allow to reach accurate reality-based levels of representation, both in
CAAD and BIM environments (Garagnani et al. 2013).
Among the others, Virtual Reality GIS (VRGIS) is currently considered the most capable system able to
integrate the geometrical representation of the artefact (i.e. data collected through laser scanner technologies) with the related semantics, allowing actors
and users to interrogate virtual 3D model in order to
gain data and information. Nevertheless, while this
system can be useful in representing consolidated information about the artefact after the heritage process, several limits arise when it is applied to real time
information management in heritage investigation
and intervention activities (Simeone et al. 2014).
The BIM requires that the objects that make up
the building are deﬁned through libraries, ie that
these components are typed. This aspect raises questions about the needs of the survey of historical architectures, where each element has its own historical
and architectural value.
The HBIM plug-in is a library of parametric objects created from historical data, also useful for mapping parametric objects on a point cloud and rel-
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Figure 1
Roman Casinum
City Area Today

evant image data. The HBIM process begins with
a collection of data from surveying and terrestrial
laser scanning or digital photogrammetric modeling.
The HBIM model manages the phases of analysis,
economic evaluation of the project and restoration
(Oreni et al. 2014), but this is not suﬃcient to formalize the cultural context knowledge related to the
artefact and its components. The aim of this research
is to expand current BIM abilities with intangible cultural context rules inference and rules-based reasoning on heritage context knowledge structure.
The research in progress proposes a model that
uses logics to ﬁnd the attachment of the citizen to
their belonging territory and to the ‘local’ Cultural
Heritage.

Citizen Participation Modeling
The term Citizen Science or participatory science
deﬁnes the active and conscious involvement and
participation of people of diﬀerent ages and social
backgrounds in a scientiﬁc research activity in which
students, simple enthusiasts and amateur scientists,
could interact with researchers to develop knowledge facilities able to collaborate to the preservation
of the ‘local’ cultural heritage. This is a voluntary collaboration aimed at collecting and analysing data,
developing knowledge and broadening the horizons
of application of science as conceived up to about a
decade ago. In order to improve the Cultural Context
Knowledge of Cultural Heritage, the proposed model
starts it’s developing by HeGo project (Fig.2).
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Figure 2
HeGO Project

gap between Cultural Heritage and Citizen does not
seem to be able to ﬁll the fragmentation of information and the lack of a structure of knowledge able to
be a guideline, to create a network as for a social Cultural Heritage development, based on Cultural Context Knowledge.

‘Local’ Identity and Cultural Heritage formalization

The HeGO - HeritageGO project is aimed at the enhancement and “socialization” of Cultural Heritage and
pursues an ambitious goal: to experiment with a gamiﬁcation procedure that guarantees a wide use of Cultural Heritage by unqualiﬁed users in a model of social
interaction, exploiting existing telecommunication infrastructures and digital tools of common use (smartphone, digital cameras, ipad etc.) through a speciﬁc
App (Cigola et al. 2017).
In identifying the most eﬀective technique for involving users, was analysed the marketing proposes
logics of interaction between goods and users that
focus on the creation of an experience linked to the
purchase. Among the forms of involvement, the
methods with the best impact are based on forms
of interaction linked to the game or Gamiﬁcation,
deﬁned as approaches that are based on the use of
mechanics and playful dynamics within non-gaming
contexts.
The task of the scholar is to deﬁne a process that
transforms part of the scientiﬁc problem into a game.
The user wins if he plays and obtains results and a certain score; the scholar wins because he acquires useful data for the research.
The research proposed has the aim to develop a
model for Cultural Heritage Knowledge Context that
takes into account people proposals for the conservation and/or restoration.
Although the digital and internet media substantially increase access to information that until a few
years ago were exclusive preserve of few experts, the

The information on the Cultural Context is important for the formalization of the Cultural Heritage, because it can be useful to respect and strengthen the
‘local identity’ and the character of the place, oﬀering interesting insights from which to start. NorbergSchultz (1969, 1971,1992) said that the cultural context, in essence, deﬁnes the relationships that exist
among man, genius loci (ie the spirit of the place) and
architecture.
Deﬁne the Context Knowledge (Gargaro et al.
2013) for Cultural Heritage involves the need to organize components that are diﬃcult to formalize, in
a structured model to reason, support and improve
Social and Cultural Context Knowledge.
The discipline of social psychology is valuable for
an analysis of context as its focus is precisely the dynamic relationship between individuals and their social context. In light of this, the social psychology
could be used to develop the cultural context considering social phenomena and cultural heritage that
is the focus of this paper. There are many ways to
conceptualize the notion of context; diﬀerent studies emphasize diﬀerent aspects of context, such as
the physical, social and psychological (Howarth et al.
2013).
The research would like to stimulate the interest
and the studing of cultural heritage though the developing of cultural context knowledge considering
a ‘social tradition’ (Howarth 2013) in terms of social
interest to the territory.
The representation of some cultural entities has
to consider historical and collective memory and culture to inform the model with people’s way of thinking. Therefore the developing model is going to ﬁnd
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relationship between cultural heritage and cultural
context.
One point to take care is the importance of ‘local’ identities. ‘Place’ is the central concept in environmental psychology (Lewicka 2008). Together
with the attachment to the place, the identity of the
place is another important concept that refers to the
bonds of people with places. The word “identity”
means two things (Jacobson-Widding 1983): identity
(continuity) and distinction (uniqueness), and therefore the term “identity of the place” should include
both aspects. We note, however, that the concept
of “identity”, when applied to a place, can have two
completely diﬀerent meanings. In the ﬁrst meaning,
“identity” refers to the term “place” and indicates a
set of characteristics of the place that guarantee the
distinctiveness and continuity of the place over time.
The concept of “genius loci”, used to describe the impalpable but generally agreed single character of a
place (Norberg-Schultz 1980, Stedman 2003), reﬂects
this meaning of “identity of the place”.

HERITAGE CONTEXT MODEL WORKFLOW
The proposed methodology to analyze and model
Cultural Heritage has the aim to deﬁne Cultural Context constraints for the implementation of knowledge on cultural heritage through the use of ontologies. Ontologies are used to store knowledge about
some domain of interest. The ontology describes the
concepts in the domain and also relationships that
link those concepts. The standard development language for ontologies is OWL of the World Wide Web
Consortium (W3C). We used Protégé (2013) which
makes concepts to be deﬁned as well as described
(Girardi et al. 2008). Then we used Jess Rule Engine
(2013) to infer predicate rules.
The Context Knowledge Modeling requires a detailed description of context entities and a structured
formalization of them. The detailed context entities
descriptions are stored and indexed in the model using keywords. These keywords were deﬁned using
the deﬁnitions present on IntesaGIS and formalized
though the implementation of cultural context con-

sidering the intangible knowledge. The eﬀectiveness
of the model will naturally depend on the quality of
the data present in the context knowledge model, as
well as on their management skills. This model allows
to insert not only information related to the context,
but also to formalize knowledge useful to make inferences related to the relationship between the cultural context and the cultural heritage. The proposed
model oﬀers new opportunities for the management
of existing heritage buildings, allowing the deﬁnition
of strategies for planning interventions useful for the
conservation and management of the cultural heritage considering the impact that the intervention
can have on the local community and therefore to
evaluate the possible guidelines for an appreciation
of the intervention by the citizens.
Cultural Heritage Context Knowledge workﬂow,
summarized in Figure 3, consists of four steps:
• Initial Context KnowledgeExtraction: The
ﬁrst step is the acquisition of context information from GIS, BIM, historical and documental
analysis.
• Cultural Context Knowledge Extraction:
Classiﬁcation of Cultural Context Entities for
the deﬁnition of the work domain and analysis
of the model though the use of BIM systems
(using some HBIM plugin).
• Cultural Context Knowledge Constraints
Domain Modeling: A constraint domain
technique is applied to ﬁlter out those restore/preservation solutions that do not pertain to the domain of interest. The resulting
solutions are used to ﬁlter with human behavior constraints.
• Pruning Process using specialist software

Initial Context Knowledge Extraction
The ﬁrst step is the acquisition of context knowledge
as explained in Gargaro et al. (2014) for the context knowledge taken from GIS and BIM tools, implemented with historical knowledge of cultural heritage developed in excel tabs and ‘populated’ with
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Figure 3
Work Packages

knowledge context formalized also using the data
coming from HeGO project.
The HeGO project uses an online platform or a
database designed for the collection of images which
is accessed through a speciﬁc app and through the
measurement of models through a totem designed
for the occasion. Through a guided tour is automatically guaranteed the creation of the tags necessary to
the system to recognize the photographed Cultural
Heritage and therefore the user has at his disposal the
essential elements to transform a simple photography
in an instrument useful to obtaining raw data that
can easily be transformed into metrically correct point
clouds. This information/knowledge once validated
through the comparison with the cloud of points acquired with 3d Laser Scanner and through the im-

port of the model in BIM tools, useful to assess the
level of uncertainty of the model obtained from the
photographic images, then imported into the Context Knowledge Model to implement it with Environmental and Cultural Context Knowledge.
In the case studied (Roman Archeological Site
of Cassinum), each photographic session focused on
diﬀerent points in the vast theatrical area, with random and automatic shots, which simulated the functioning of a user without any speciﬁc experience. The
ﬁles were processed individually to simulate the different days for the acquisition of data and then reassembled together to form a single point cloud imported into the Context Knowledge Model to perform analysis through the use of ad-hoc contextual
inference rules.
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Figure 4
Context Knowledge
Modeling based on
Cultural Heritage
and Citizen/Users
Knowledge

Cultural Context Knowledge Extraction.
The proposed model allows the analysis of the interaction between citizens/users and the analyzed asset
in order to evaluate their relations with the Cultural
Heritage. This analysis was implemented through
the study of the case study (archaeological area of
Cassino) and is currently under development.
The model was developed with the combination
of the analysis on the cultural heritage with social/cultural indicators (for example, relationships, users,
privacy, movement patterns). The results of the analysis were translated into variables to deﬁne cultural,
social, spatial and environmental descriptions and
constraints that were used to construct the idea that
the citizen/user has of cultural heritage (Figure 4).
This type of analysis model diﬀers from traditional methods because it takes into account citizen/user participation in the model development.
The citizen/users evaluation is going to be implemented using the ‘totem’ used for the acquisition of

environmental context knowledge.

Cultural Context Knowledge Constraints
Domain modeling
A constraint domain technique is applied to ﬁlter out
restore/preservation solutions pertain to the domain
of interest, obviously human behavior constraints.
For the assignment of the weights of the various
contextual entities it is important to analyze diﬀerent scenarios. In the proposed research weights have
been entrusted based on the analysis of the practices
currently used in the conservation / management of
cultural heritage (Figure 5).

Pruning using specialist software.
The results obtained can be improved using Solution
Optimization System (SLFV, Mancini et al. 2013). It will
be developed with the analysis of specialistic software optimized using optimization systems that will
also consider Cultural Heritage Knowledge Context.
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Figure 5
Optimization
Solution Workﬂow

This last step of the model was analyzed but not still
applied.

CONCLUSION
The Cultural Heritage Knowledge Context (CHKC)
aims to bring together heterogeneous data sets in a
single digital object that allows access and veriﬁcation in an integrated model. This includes data on
the type of building, performance and construction,
as well as material typically associated with the cultural heritage.
The novelty of CHKC is the formalization of the
cultural context though ontologies to analyze the degree of knowledge and appreciation of the cultural
heritage by the citizens / users, in order to verify the
strategies for its conservation/restoration.
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In the current context, access to daily realities is becoming increasingly mediated
and processed by maps, flooding us with spatial data that appears to be objective
but needs to be questioned, or even disputed. On the other hand, there are some
relevant aspects of the urban experience that elude the main maps provided by
apps or big data visualizing projects. So this article points out alternative ways of
mapping urban information in this context, by means of presenting and discussing
the methodology and results of a mapping workshop carried out at a German
university in 2017 with interdisciplinary groups of students. The aim was to
provide new insights and readings of the contemporary city. We explored and
invented the urban with a mix of creative research methods.
Keywords: urban mapping information, critical cartography, urban spirit,
cooperative urban exploration

INTRODUCTION
How we can analyze cities? Jane Jacobs, a recognized American urban researcher, proclaims: trust
your eyes and instincts by walking through the city.
In the sixties Jacobs was well known for organizing
grass roots eﬀorts to protect existing neighborhoods
from “slum clearance” Jacobs 1967). Today a global
community is continuing walks in the tradition of
Jacobs (janeswalk.org). Her deductive research approach aims to assess neighborhoods in terms of
their quality of living by collecting and evaluating
phenomena.
“A phenomenology of the city implies a multiple
dermatology of its skin” (Hasse 2015:p.22). Here, the
skin is the material culture, such as facades of build-

ings, streets, public design, etc., which protects people but at the same time reveals something about
self-expression. Like the skin that reﬂects traces of
life, the physical skin of the city is also a reservoir of
individual and collective experiences. Gibson (1978)
sees the external environment as a mixed layer of various surfaces, divided into semi-solid and solid substances, and into a medium which describes the atmosphere. Each surface functions as an information
carrier and conveys properties. Wherever we move
through streets, we receive a feeling for the whole of
this body, its topography. Vienna, Rome, New York they are more than the sum of the streets and houses.
A sense of style of a special kind is the “urban spirit,”
says Mitscherlich (1965:p. 31).
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Under these prerogatives, we assumed that a
theoretical framework about “mapping” and investigations of mapping practices would reveal interesting ways to urban representation. Aiming to contribute to this approach to urban realities, in the
way in which students would explore it, this article
presents and discusses the framework, methodology
and results of a workshop carried out at a German
university in 2017 with an interdisciplinary group.
This article is structured as follows. Firstly, the selected urban area is described, facilitating comprehension of some of its dynamics. Secondly, a theoretical and practical framework about mapping is
systematized. In the sequence, comments are made
on the applied methodologies in the workshop and
its results. And ﬁnally, some considerations regarding this approach and the workshop proposal are discussed.

STERNBRÜCKE AREA AS HETEROTOPIA
To analyze urban spirit Foucault (1990) created the
terminology “heterotopia” to describe the simultaneity of diﬀerent uses of the same geographical location: Heterotopia refers to competing spaces that
are non-existent without a place, but are not clearly
deﬁned by it. Heterotopias turn places into mutable spaces. The area around the Sternbrücke (Hamburg, Germany) is analyzed like a heterotopia.The
reason that this area was chosen as a research subject is the upcoming renovation of the bridge and
the subsequent shift in the neighborhood, including the shutdown of the nightclubs in the vaults under the bridge. The research area is characterized by
detailed, Wilhelminian-style, closed-perimeter developments. The densely populated streets form blocks
with warrens of courtyards. Two major roadways intersect with the railway tracks directly below the tram
bridge, home to four clubs. These two axes divide the
research area into smaller quarters. There is a colorful
mix of uses, with a strong structure of charitable initiatives, clubs and localities. The vibrant club scene
spills over into the neighborhood. Several levels that
warrant closer examination were identiﬁed:

• Lutheran churches, one of which serves as
a “culture church” in addition to its religious
purpose
• Tram station Holstenstrasse as a ﬂashpoint where drugs are sold and home to a
methadone clinic
• Concentration of formal as well as informal
graﬃti - Hamburg’s most prominent place for
graﬃti
• Concentration of stickers placed on diﬀerent
kind of surfaces, carrying textual and imagery
discourses
• Establishment of businesses as a result of the
club scene: high density of restaurants, bars,
cafes, kiosks, recording studios, tattoo parlors.
The Sternbrücke neighborhood is characterized by
the club scene, its residents and the alternative
charm that it radiates (see ﬁgure 1) The community is
well known for the political left-wing oriented mindset. The media has been talking for years about the
clubs dying out, and now more and more people are
becoming involved with the issue. One blog comment describes the atmosphere of today under the
bridge:
“Under the Sternbrücke in Altona, it is getting
loud. Howling engines, bicycle bells, the clacking of
pedestrian traﬃc lights. In the vaults at the Sternbrücke there are a couple of scene clubs. Every ﬁve
minutes a train rolls over the scene with a metallic
croak. With every turn some debris and gravel trickles onto the sidewalk in front of the club Astrastube”
Boris 2014).

“CRITICAL MAPPING” AS THEORETICAL
BACKGROUND
Within the context of growing interest in mapping,
this workshop aimed to explore a ﬁeld of research directed to reﬂect on (and to produce) spatial representations, more speciﬁcally, “critical mapping.”
Historically, mapping was considered an objective method of representing reality, as a translation
of spatial, geographical and natural conformations
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Figure 1
Sternbrücke area in
Hamburg Altona
(Source: authors)

into a graphic, visual or textual image. The premise
was the construction of an “elucidative” description
of territories, organizing them into a logical space, in
the sense of the domination of man over the environment. However, in contrast to a scientiﬁc view on the
notion of mapping as an objective device, mirror of
the real, we understand, referring to authors of different ﬁelds, that maps are not neutral; they imply relations of power and ideologies, and historical determinations. In this sense, we work with the notion of
“critical mapping.”
First, we understand “critical mapping,” following the concept of “critical cartography” (Crampton &
Krygier 2006), as a post-representational practice focused not on veridical representations of preexisting
realities, but on making assumptions, constructing
knowledge and disputing narratives about dynamic
situations and processes (Abrams & Hall, 2006). Second, “critical mapping” is linked to the notion of “cognitive mapping” (Jameson 1991) as a way to map: 1.
individually and collectively; 2. social and spatial information; 3. articulating existential coordinates with
abstract totalities in order to comprehend the realities we construct and live in. Third, “critical mapping”
practices originate from the arts, geography, philosophy, information science, cultural and social studies,
as well as architecture and design, or - and perhaps
most exciting - from interdisciplinary collective as-

semblages of diﬀerent actors and communities having in common their commitment to apply: 1. formal and informal knowledge (Ashley, Kenton & Milligan, 2006); 2. aesthetical experimentation with all
kinds of media one can use to connect data in space
(D’Ignazio 2009); 3. political signiﬁcance to the very
act of mapping critically (Crampton 2010).
Finally, “critical mapping” operates by correlation and spatialization of information that - by means
of aesthetical re-elaborations and approximations of
what is oﬀered to the perception in a diverse way could unveil aspects of the reality by assuming different critical positions.
In the contemporary artistic scene there are several works related to practices of “critical mapping.”
They are of interest to us due to their focus on the
representation of the city, its spaces and cultures, as
their modus operandi by exploring (im)mediate(d)
mapping according to some tactics - trajectoriesnarratives; visual archives; graphs-diagrams (Sperling, 2016).
Trajectories-narratives presuppose the body of
the cartographer involved and moving through
space. Everyday experience and unforeseen events,
decisions and contingencies, rules and deviations
are traced by the body itself in space in act. The
trajectories-narratives are of the order of microspaces, of the frictions between bodies, of discover-

INFORMATION TECHNOLOGIES IN CULTURAL HERITAGE - Volume 2 - eCAADe 36 | 217

ies. As a posture, the cartographer assumes the world
as a space to be inhabited in his upholstery, a spacebetween. These tactics include a whole lineage of
artists as urban walkers, the narratives that go back
to the ﬂanêur, the Dadaist visits and surrealist wanderings, and situationist psychogeographies. They
also include practices of and works by Richard Long,
Stalker, Cildo Meireles (Cords/30Km Extended Line
1969), Francis Alÿs (The Green Line, 2004), Christian
Nold (Biomapping 2004) and Jeremy Wood (Meridians GPS Drawing 2006), among others.
Visual archives are ways of mapping that, based
on immediate experiences or mediated by representations, document, collect and analyze information,
discriminate and organize, using procedures of approximation, association and assembly. They operate by the extraction of qualities in quantities. As
a posture, the cartographer assumes a world composed of information in excess and dispersion, which
must be selected and recombined. This line goes
back to Georges Perec and “An Attempt at Exhausting a Place in Paris” as well as the photographic works
by Bernd and Hilla Becher (Pitheads among others
1974), by Edward Ruscha (Every Building on the Sunset Strip1966) and by the Boyle family (Journey to
the Surface of the Earth, 1970). Cartographies-visual
ﬁles also include works by Hans Hacke (Shapolsky
et al. Manhattan Real Estate Holdings, a Real-Time
System, as of May 1, 1971), and more recently by
Hans Eijkelboom (People of the Twenty-First Century
1995>), Antoni Muntadas (On translation: The Bookstore 2001) and Antoni Abad (megafone.net 2004>).
In turn, graphs-diagrams are ways of mapping
that draw similarities with the visible world by means
of abstract lines or similar contours; they select
ﬁelds of action and draw outlines of (always) partial total-ities, of conﬁgurations in motion and in
(un)articulation. As a posture, the cartographer assumes a world composed of connections in space
and time between agents and powers, states and
powers, the present and its becoming. Here one
can identify works by Öyvind Fahlström (World Map,
1972) and Aliguiero Boetti (Mappa 1979-85), as well

as by Mark Lombardi (dentre outros, George W.
Bush, Hark-en Energy and Jackson Stephens 1979-90,
1999), Bureau d’Études (Wartime Chronicles 2001),
Icon-oclasistas (Talleres de Mapeo Collectivo 2006>)
and Counter-Cartographies Collective (Disorientation Guide 2006).

THE “LAYERS OF CITY” WORKSHOP
METHODOLOGY
The “Layers of City” workshop was oﬀered to BA students from the cultural studies department, with a
concentration in urban and cultural area research led
by one German Professor for Architecture and Digital Culture and by one Brazilian Professor for Architecture, Arts and Visual Languages. About 20 students, introduced to urban representation by 3D digital modeling in a previous seminar, took part, attending a total of 25 hours on six days over the course
of three weeks. Schematically, the workshop consisted of one day for a theoretical introduction to
mapping topics, providing an overview of the research ﬁeld; one day for ﬁeld research in the selected
urban area; three days for working in the lab; and the
last day for ﬁnal presentations.
After the deﬁnition of the area to map and the
main question concerning the project - urban cultures and their coexistence and tensions with urban
transformations - were discussed, some mapping layers were chosen, one by each group of students:
political attitude represented by stickers; origins of
stickers in the area; representation of gender in urban space; objects lost and found in the area; urban
objects as sculptures.
The adopted methodology for critical mapping
could be synthetized by three actions: to collect, to
connect and to spatialize information. To collect is
related to a hybrid mapping process, i.e. that necessarily includes “non-mediated mapping” - the collection of information through direct contact with the
phenomenon, observing, walking, procuring materials, capturing georeferenced images and “mediated
mapping” - the collection of information on the area
and its layers appearing in the media and on the in-
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Figure 2
“Representation of
gender in urban
space” - detail of
the visual archive
(Haugwitz, Kobrock,
Mangels 2017)

ternet.
For the collecting part, the idea, based on the
strollology theory from Lucius Burghardt (2006), and
on the trajectory-narrative mapping tactic, was walking, looking, taking pictures and talking about what
we had seen. The overall idea is ﬁrst to go into the
city, looking and capturing the iconography of buildings and the urban environment and to think about
what we can learn about the neighborhood by reading the city with all the formal and informal culture
material. Next we went to six places close to the intersection Sternbrücke, which represent this area. Here
the students were asked to create a sticker for each
place which focused on the places´ identity. On the
following day, in the computer lab, each group collected information on the internet related to its layer,
ﬁnding more material to better understand the respective layer.
To connect is related to heuristic actions to process the mediated and non-mediated collected information, analyzing, selecting and approximating it.
Firstly, photographs and the produced stickers were
placed in the Google My Maps of the project. A cloud
of pins generated by these pictures was analyzed by
topics as recurrences and speciﬁcities, number and
relative positions in space of each layer of photos.
Secondly, each students group placed all of its photographs in grid panels, creating series and rearticulating them in order to discover new meanings, as a
visual archive mapping tactic (see ﬁgure 3).
To spatialize is a graph-diagram mapping tactic,
related to designing maps in an expanded sense, involving some aesthetical experimentation as “information spatialization”: diagrams, timelines, collages,
lists of words, 3D digital models, etc. Each group created a 2D and a 3D spatialization as a graph-diagram
mapping tactic.

not readily apparent in the city.
For the group researching the “political attitude
represented by stickers,” taking a great amount of
pictures was the ﬁrst step to capturing as many political positions and speeches as possible in the form of
stickers. Analyzing the collected material revealed a
discursive structure: for or against; left-wing or rightwing. Then, a map that functions as a compass was
chosen to spatialize the stickers according to their
political position. This map was the key to recognizing that there is a huge political debate surrounding
the area, but only from people with left-wing views.
For the group focused on “representation of gender in urban space,” structuring extensive and categorized visual archives was decisive in visualizing
that, even in a urban territoriality of young and progressive people, there is a signiﬁcant amount of images (graﬃti, company advertisement, local events
promotion, street signs) in the area that represent
gender in a sexist manner: 1. by presenting male
and female gender diﬀerently (e.g. men as strong, superior and aggressive, and women as sexy, revealing
and dressed up); 2. by using male and female gender
for diﬀerent intentions (e.g. men to show strength
and normal people, and women to show beauty or
to promise fun) ; 3. by showing stereotypical activities (e.g. men as lawyers or politicians, and women
as mothers or nurses ; 4. by representing more men
than women (street names and signs); 5. by demonstrating the heteronormative family (the ideal family
in an ideal world) (see ﬁgure 2).

REMARKS ON RESULTS OF MAPPING
The steps of creating visual archives (to connect) and
graph-diagrams (to spatialize) were keys to the students to discover, realize and make visible to others
some characteristics of the Sternbrücke area that are
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These two maps function as links for ideas, dreams
and relationships that could get lost: “objects belong to the material property of people (see ﬁgure 5).
But the question ‘What could get lost’ deals with the
topic of losing old buildings which could fall victim
to the renewal of the Sternbrücke as well as the night
clubs which have to move out and also the possible
change in the atmosphere of the whole area around
the bridge and similar issues” (Häußler, Klein, Oelze,
Reiners 2017).

Figure 3
Field research June
2017, pin clouds
colored by layers on
MyMap, photo of
the origin of stickers
layered on MyMap
(Source: authors)

Figure 4
Chateaubriand G
1990, série Milton
Machado teórico
(Source
photograph:
authors Rio de
Janeiro 2017)

The “lost and found” of the bars in the area was
the metaphor to start the project on urban changes
through renewal. Three visual archives were structured. The ﬁrst was composed of photographs of already lost objects in the urban space and the second
was composed of social media posts of found places.

The work continued with a third archive, composed
of a series of interviews with people who live there
and who don’t, juxtaposing their photos and diﬀerent views of the situation. At the end they conclude:
“It would be too easy to say that losing is something
negative and ﬁnding something positive. Also lost
and found shouldn’t just be seen as a dyad: there
is a third aspect, something not really clear, proba-
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Figure 5
“Lost and found” visual archives:
objects, places and
relationships
(Source: Häußler,
Klein, Oelze, Reiners
2017)

bly a product of the process of losing and ﬁnding”
(Häußler, Klein, Oelze, Reiners, 2017).
The act of looking at urban objects as sculptures is a factor of the sculptures’ ”expanded ﬁeld”
(Krauss 1979), by which other interrelations between
the terms sculpture, architecture and landscape are
established. By a dislocation, the perception of some
functional objects, urban furniture and abandoned
structures changed. A catalog of urban art emerged
from a visual archive.
As another way to spatialize information, students are asked to create montages by placing image collages into a 3D model of the area, interpreting their layers’ themes. Three cases are commented
here.
For the “Origin of stickers” students, it was essential to distinguish and fuse the most relevant icons of
the area: “The St. Johannis church and the stickers
are distinctive for the local identity and the cityscape
of the area surrounding the Sternbrücke. Whereas
the stickers are characteristic of the subculture, the
church and its function as a cultural facility is assimilated as a sign of the high culture. But this discrepancy is only superﬁcial. For example, the church
hosted a Tokio Hotel concert and a boxing match.
Therefore, it is a dynamic place of change and opening. St. Johannis as well as the stickers are components of urban design and expression of origin. The
church was the only location where we could not
ﬁnd any stickers” (Beythien, Claassen, Weseloh, Yilmaz 2017).
The art object of Milton Machado - a hommage
to the conceptual piece “One and three chairs” of
Joseph Kosuth - was used during our workshop as a
reference for the research steps collecting and connecting. Three representations of the object “chair”
are extended by a fourth (see ﬁgure 4). The “lost
and found” objects here are represented as words like
feelings, dreams and memories and as trash like forgotten, discarded and maybe stolen thinks.
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The “Urban objects as sculptures” urban model was
conceptualized as an art gallery, where pictures of ordinary objects were exhibited as land art. In this case,
limits between gallery and city, or between ordinary
objects and art works are tested.
In the “Lost and found” 3D model, facades as surfaces and mediators are covered by images of the
three strategies the students used to access the processes of losing and ﬁnding in the area: pictures of
lost objects, collected comments from the internet
and interviews. Three levels of communication between people in the city are mapped on the facades
themselves. The facade as a face of the building as
well as a face of the inhabitants.

DISCUSSION AND FINAL REMARKS
The city was initially considered a complex phenomenon of interrelations of components that includes symbols, meanings and values. From the
point of view of Foucault (1990) as long as there
are certain rules and they are followed by the members of a society, heterotopias are eﬀective and can
change attitude in one place. We observed the
rules and how they were broken, which can lead to
the appearance of a heterotopy around the Sternbrücke. Foucault expresses six premises of heterotopia, which, however, need not be fulﬁlled at the
same time. 1. Heterotopias are universal. They exist
in all cultures. 2. Heterotopias are subjects to reinterpretations within a society (over time and coincidence).

There are in the neighborhood the cultural center
“Rote Flora,” in former times used as a cinema and a
department store, an institution for political left-wing
events and a so-called “political troublemaker” and
the reuse of the vaults for clubs. 3. In one place several
incompatible placements are possible. Here, for example, the sound of the diﬀerent layers of traﬃc noises
in combination with live music. 4. Heterotopias are
often bound to time leaps (heterochronies), examples
of which are museums that ‘save time´. In the area of
the Sternbrücke the diﬀerent types of buildings and
their uses are examples of saving time. The stickers
and graﬃti are also stamps of a contemporary time.
5. Heterotopias exist in a system of openings and closures, for example in terms of the aﬃliation and accessibility of heterotopia. Before the rooms in the vaults
were used by the clubs, they were used by the railway company and a factory producing weights. Once
the bridge is renewed, this heterotopia will close. The
stickers show this change in advance. 6. Heterotopias have a function over the remaining space (Foucault 1990). The material culture, for example the
sticker, acts on several levels: on the one hand on
a rational purpose, meaning-fulﬁlling basis, and on
the other hand on the basis of its pure symbolism.
Against this backdrop, the neighborhood appears in
the semiotic sense as a cultural sign that can be interpreted as a socially and culturally inﬂuenced structure. So this is a way to discover the “urban spirit” of a
quarter. There are two more components to consider
when reﬂecting on the results. One is to look what
kind of information you cannot ﬁnd in this neighborhood and the other is to look into comparable neighborhoods. For example, we saw people removing
stickers from political right-wring oriented organizations, which could be interpreted as a rule inside this
kind of heterotopia.
The main eﬀort for the students was to go into a
known part of the city, looking, capturing and thinking about and working with the material related to
the chosen topic. To put all the results together was
like creating a collage about this urban spirit. To
know the urban spirit of a place is an important issue
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Figure 6
“Lost and found” visual archives:
objects, places and
relationships
projected on the
facades in a 3D city
model (Source:
Häußler, Klein,
Oelze, Reiners 2017)

for architects. Architects should interact sensitively
with this special urban ﬂow to ﬁnd the suitable design and to receive acceptance for it from the neighbors.
Some mapping results were expected and others less. For example, the result about the representation of gender shows almost stereotypical images.
The identity of this area was not represented. On the
other hand, the political analysis mirrored exactly the
known political statement of this area and gave an indication about what happened two weeks later. Here
we found only stickers against the G20 summit and
only stickers for one football team, which has a strong
political left-wing oriented fan club, with the exception of the area around the church, where no stickers were found. During the G20 summit in Hamburg
this area changed into a special heterotopia with brutal street ﬁghts and destruction near the Sternbrücke.
So the urban spirit in general, but also related to the
current event, was visible.
The critical mapping methodology used, based
on three steps (to collect, to connect, to spatialize) related to practices of mapping encountered in
the contemporary arts (trajectories, narratives, visual
archives, graph-diagrams), oﬀered students a way to
articulate urban information applying inventive systematics. Linking and correlating geolocated maps,
ﬁeld research, photographs and interviews, among
other mapping inputs, revealed the speciﬁcities of
the chosen representations to access layers of the
city. The process delivered some interesting outcomes in general: 1. Critical mapping activates an investigative way of looking at the urban space; 2. Unexpected modes of correlation of information could
unveil some faces of urban realities; 3. Connecting
mediated and non-mediated information opens up a
critical view of diﬀerent ways to perceive and think
about cities; 4. Visual articulation helps to understand the realities we construct and in which we live.
Critical mapping is a way of thinking and a way
to gain access to the ﬁeld besides analyzing buildings
and information from the neighbors.
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This research developed an immersive, multi-dimensional Virtual Experience of
the `Gordon Wilson Flats', a Modern apartment block constructed during the
1950s in Wellington, New Zealand. The project explored methods to virtually
reconstruct the spatial qualities of the building and document the flats in both
their current and original states within the context of Wellington City. This digital
heritage project documents both the tangible and intangible characteristics of the
building to inform public discussion focused upon the flats. This approach was in
an effort to capture the effect of time on the buildings tangible elements, and with
the addition of oral histories, develop a narrative which is intended to facilitate
architectural understanding and heighten engagement within the immersive
virtual environment. This paper presents a digital methodology for the creation of
a digital heritage experience with the purpose of engaging and informing public
discussion.
Keywords: Digital Heritage, Virtual Reality , Immersive Environments , Modern
Architectural Heritage, Digital Methodology

INTRODUCTION
The perception of Modern architectural heritage is
deﬁned by an unawareness of the period’s architectural and historical origins. As a result, the technical and aesthetic innovations of Modernism, and the
times of social change these advances represent are
unrecognised. Instead, degradation of these buildings caused by unforeseen issues with experimental
techniques and materials creates concern among the
public. Today, these buildings are perceived as an
eyesore within an urban landscape (Guillet 2007).

Immersive experiences provide an opportunity
for public engagement with architectural heritage
(Mortara et.al. 2014). They facilitate an experiential
understanding of historically signiﬁcant sites which
are not accessible, however of interest to the public (Champion 2008). The documentation, and subsequent representation of Modern architectural heritage within virtual environments, results in the dissemination of the experience of buildings originating from this architectural period. The virtual reconstruction of these buildings thus provide a means
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Figure 1
Methodology
outlining the
documentation,
representation and
dissemination of an
interactive
multi-media virtual
environment

to enhance and engage the public’s interpretation
of heritage, contextualising the heritage in relation
to the present (Aﬄeck and Kvan 2005). As a result, the perception of modern architectural heritage
- created only by a building’s current state of decay - is informed by the of information about the
heritage within an immersive Virtual Environment.
The contextualisation of Modern architectural heritage can be achieved through gamiﬁcation applied
within the context of virtual heritage environments,
towards the creation of a virtual experience of Modern architecture. This considers the reconstruction
of heritage within the framework of a game, leading to greater engagement, and thus value derived
from the experience. This is achieved through interactive storytelling, to engage experiential interaction
with digital heritage (Malegiannaki and Daradoumis
2017). The methodology of a digital heritage experience follows three stages: documentation, representation, and dissemination (Rahaman, Haﬁzur and

Beng-Kiang Tan 2011).
The documentation stage aims to record the tangible and intangible characteristics of the architecture. This is in an eﬀort to recreate the context for the
deterioration of this architecture, the documented
characteristics of the building are to be considered
over a buildings lifetime. In the representation phase,
the complexities of the tangible and intangible are to
become explicitly connected. In our case, to produce
an experience of modern architectural heritage. This
communicates the evolution and deterioration of the
period of this architecture, for dissemination within
the narrative of the game - which can be experienced
through various virtual realities.
The aim of this methodology is to facilitate the interpretation of architectural heritage, resulting from
the contextual information about the building provided to the viewer within an immersive environment. The range of information given relating to the
tangible and intangible, and the freedom of virtual
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environments, allows for various interpretations of
the building and its heritage signiﬁcance. Where the
interpretation of the resulting disseminated experience depends on the ideology and background of a
user, the virtual environment leads to an opportunity
to inform public perception of heritage (Rahaman,
Haﬁzur and Beng-Kiang Tan 2011). From which authenticity is created by a range of interpretations the
virtual medium provides (Aydin and Schnabel 2015).
Figure 2
Output of
completed laser
scanning,
represented as
point cloud data.

CASE STUDY AND METHODOLOGY
Following contemporary criticisms of Modern architecture amongst the urban landscape, this paper
will investigate the case of the ‘Gordon Wilson Flats’,
a modern apartment block constructed during the
1950s in Wellington, New Zealand. It will follow
the process of the previously discussed theoretical
methodology, to redeﬁne this within the context of
a digital methodology (ﬁgure 1).

DOCUMENTATION
The documentation of the tangible and intangible aspects of the Gordon Wilson Flats. This section outlines the methods that were undertaken in order to
gather information to implement inside the Virtual
Space. It includes CAD modelling, laser scanning and
photogrammetry as means of gathering information.

CAD Model of the Gordon Wilson Flats
To begin this project, we took original plans from
the 1950s, and recreated these in Autodesk AutoCAD.
These recreated plans had to be identical to the original drawings in order to ensure that all the ﬂoors lined
up with each other in the 3D CAD model. A problem that arose around this was that the original plans
were measured in feet and inches, whereas Rhinocerous3D measures in meters and millimeters. A precise
conversion had to be made so that we could ensure
that all of the ﬂoors were the same size. By recreating
these drawings in AutoCAD, it allowed us to have the
plans to scale in DWG format, and then export them
from AutoCAD into Rhinoceros 3D.
From here, we began extruding walls and risers
to create each ﬂoor of the apartments. Ten ﬂoors
were created - each one eventually being stacked
on top of another to create the full apartment block.
Once these were stacked on top of each other, many
touch ups had to be made to create a detailed exterior model. Interior models of each of the apartments
were created using the original drawings and photographs from a 2017 site visit. These interior models had the details of the apartments right down to
the balustrades and door knobs. Of the three people
working on this project, we were each tasked with the
modelling of one of these apartments.
A separate model of the whole apartment block
was also made in less detail than this one. This model
only had the exterior of the building, along with internal walls. The use of this model was an interactive
modular apartment block, in which the user could
drag out the separate apartments and begin to understand how the construction of it actually works by
interacting with the model.

Laser Scanning with a LiDAR Camera
The laser scanning (Figure 2) for this apartment was
done using a state of the art Matterport Pro 3D laser
scanner using LiDAR technology. This device incorporates three diﬀerent lenses, each taking in a diﬀerent piece of data. These three lenses are an infrared
camera, a normal camera which takes photographs
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in order to texture the model, and a camera which
calculates how far an object is away from the camera. In order to get enough detail in the 3d model,
around 50 or 60 scans have to be taken of each apartment. This information is then sent away to an external company for processing. When they are returned,
they come in the form of point cloud data and separate texture maps. We are then able to take this information into ReCap Photo and edit it further if necessary. When these 3D models are placed in the virtual
reality experience, they reﬂect the current state of the
ﬂats, and thus lets people explore them at a 1:1 scale.

were used. Once we took all of the photos, we processed them in ReCap Photo to create a detailed 3D
model with realistic textures (Figure 3). Drone ﬂights
were also used to take photos for the photogrammetry of the building. With around 1000 photos, this allowed us to create a 3D model of the entire exterior
of the building in its current state. Since we were only
able to process a maximum of 100 photos at a time in
ReCap Photo, we had to make a number of separate
models and then stitch them together in the software
to create something that resembled the full building.

REPRESENTATION
The collection of tangible and intangible documentation, represented within virtual space. This section
outlines the method for creating the virtual space in
which the user interacts with.

Creating the Virtual Reality Experience in
Unity
The game engine, Unity, was used as the platform for
creating our virtual reality experience. Using Unity
gave us the freedom to import 3D models, download
premade assets from the Unity asset store, and use
C # programming language to code both the controllers and the environment around the user. This
programming allowed us to be able to switch between diﬀerent scenes using the controllers that the
user navigates the game with. It makes for a more autonomous and continuous experience through the
history of the ﬂats.

Introduction Scene
Photogrammetry of the Gordon Wilson
Flats
The process of photogrammetry is similar to the process of laser scanning. It is a way of making measurements from photographs, and as a result, creating a
3D model from the photographs. We began the process by taking photos of an exterior or interior aspect
of the ﬂats. Depending on the size of the object we
were photographing, a range of 20 and 100 photos

In the introduction scene of the experience, we ﬁrst
greet the user with a basic description of how the
controllers work and what the diﬀerent buttons/trigger do (ﬁgure 4). We allowed these buttons / trigger to do diﬀerent things by using C # and applying the codes to the controllers in the Unity SteamVR
plugin. We then draw people down a small path in
which they can see old construction drawings of the
ﬂats from the 1950s. This whole scene was put together inside Unity itself using diﬀerent tools inside
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Figure 3
Photogrammetry
gives a 1:1 realistic
impression of the
current exterior
condition.

Figure 4
Introduction scene
of the virtual reality
experience,
outlining
instructions on how
to use the controller
and basic
information about
the ﬂats.

Figure 5
This scene outlines
and details the
construction to
introduce the user
to the beginnings
of the Gordon
Wilson Flats

the game engine. Once they reach the end of this
path, the user is told to press the ‘begin’ button, taking them to the construction scene of the experience.

Construction Scene
This scene consists of a 1:1 remodelling of the piling system used for the building, along with a construction oﬃce with small scale models of the ﬂats
outlining the construction process (Figure 5). These
models were created in Rhinoceros 3D using original drawings of the ﬂats, along with photos from a
2017 site visit. Inside the construction oﬃce, along
with the small scale models, there is also a variety
of information surrounding the construction of the
building. This information includes letters and newspaper articles, applied in Unity itself in order to give
a deeper understanding of the construction process.
At the end of the oﬃce, the interactive model allows
the user to pull the individual apartments in and out
of the concrete walls and ﬂoors. This gives people
a greater understanding of the modular system that
the ﬂats consist of and how the apartments were constructed.

Lobby / Apartment Scenes
Once the user has exited the construction oﬃce, they
are transported to the lobby of the Gordon Wilson
Flats. In this lobby scene, the user is able to experience the space in a variety of ways. Using C # programming, we coded the controllers so that the user
can switch between the built CAD model, and the
laser scan that we took of the space. This interactive
way of being in the space gives the user more autonomy of how they would like to perceive the building.
From this scene, there is also the option to go to the
interior apartment scene modelled at a 1:1 scale. In
the apartment scenes, they also have the ability to
switch between the CAD model and the laser scans
taken of the interiors (ﬁgure 6). Along with this mobility between scene types, there is also the ability to
turn furniture on and oﬀ and understand what the
building was like in a variety of diﬀerent states.

Flythrough (Original colours and laserscan
/ photogrammetry)
The ﬂythrough scenes that we incorporated into the
end of the experience gives the user the ability to
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Figure 6
The representations
created by laser
scanning,
photogrammetry
and 3D modelling
presents
contrasting views
for the user.

ﬂy around the building at a 1:1 scale (Figure 7). The
two ﬂythrough scenes include a CAD model of the
entire building in original colours from the 1950s,
and a laser scan/photogrammetry model showing
the building in its current state. The CAD model was
modelled in a very high amount of detail, as when ﬂying through this scene, the user has the ability to get
very close to the building. This means that if anything
seemed out of place or not detailed enough, it was
very easy to tell. When the laser scan/photogrammetry scene is ﬁrst entered, only the laser scan data of
the interior of the apartments is able to be seen. The
user is then able to turn on and oﬀ diﬀerent pieces of
exterior photogrammetry data, understanding how
each piece of this data ﬁts together around the rest of
the building. The way that this ﬁts together provides
a puzzle-like interface while maintaining a game environment necessary for the informing of the building’s heritage signiﬁcance.

DISSEMINATION
The interaction of the user with the virtual space. This
section outlines the diﬀerent programs that were
used to immerse the user within the created virtual
space and the diﬀerent experiences that these programs can create.

HTC Vive
Experiencing the Gordon Wilson Flats through immersive virtual reality with the use of a headmounted-display proved to create a variety unique
experiences of the environment per individual (Figure 8). This technique gave each viewer the opportunity of freedom to explore any particular area of the
environment they wished to see with small guidance
from the curator’s scene structure. This allowed them
to derive their own interpretation of the building and
its context. An experience such as this turned out to
be quite isolated as there in no one appearing to be
in the same virtual environment as the viewer, the
viewer sometime seems uncomfortable being put on
the spot to experience this, depending on their personality. This caused for them only spending a short
amount of time within the spaces compared to other
more conﬁdent viewers.

Hyve3D
This type of presentation presents an immersive 3D
Virtual Environment without the need to wear any
virtual reality headsets and trackers. It is designed
to be lightweight and portable (Figure 9). It is designed for local and remote collaboration of digital
models with real-time sketching. The Gordon Wilson
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Figure 7
Building in its
original condition
as represented with
a CAD model. This
is experienced at
1:1 scale within
virtual reality.

Flats various exterior photogrammetry models were
imported into the Hyve3D as OBJ ﬁles along with textures and material deﬁnition ﬁles. This allowed for
collaborative semi-immersive viewing of some of the
curated data, rather than an isolated fully-immersive
virtual reality experience with the HTC Vive. This, as
a result, invokes engagement with multiple people
at one time, in the same space. Members of the public, therefore, experience the ﬂats within social virtual
reality, which provides a collaborative medium to encourage discussion (Schnabel, Aydin, Moleta, Pierini
and Dorta, 2016). The result is an informative experience that provides a collaborative medium to encourage discussion of interpretations during the experience. In order to formulate judgments about the
heritage signiﬁcance of the Gordon Wilson Flats and
the building’s place within Wellington City.
Figure 8
Singular experience
to form an
individual
interpretation of
the heritage.

Figure 9
Social Immersion
within the Hyve3D
allows for
interaction with the
heritage.

CONCLUSION
Following the contemporary perceptions of Modern
architectural heritage, the purpose of this research
was to create an experience of the Gordon Wilson
Flats, in order to engage and inform public discussion
surrounding the ﬂats. This paper has presented a digital methodology for the virtual recreation of modern architectural heritage. This methodology highlights the documentation, representation, and dissemination phases in the creation of an experience
to encourage engagement with the context of Modern architectural heritage. The experience has been
achieved with the use of digital tools. Within this
process, the documentation collected both tangible
and intangible histories of the ‘Gordon Wilson Flats’.
Following this, we collected information about the
architecture to be represented within reconstructed
virtual environments. These environments were depicted using the methods of CAD modelling, laser
scanning and photogrammetry. They juxtapose conditions of the ﬂats over time and therefore highlight
diﬀerent states of deterioration - contributing to a
narrative of decay. The dissemination of these environments, within the creation of a gaming context,
allows for greater engagement with the architectural heritage. Furthermore, diﬀerent dissemination
modes of immersion provide diﬀerent experiences,
and hence new interpretations of the architecture
and its signiﬁcance. The dissemination, therefore, allows for access to an otherwise inaccessible building.
In that, the representations lead to novel interpretations about the history of the ﬂats - these inform
the perceptions relating to the decay of the Gordon
Wilson Flats as Modern architectural heritage. Ultimately, this leads to contextualised public perception, hence informed discussion and decision making.
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With a view to design-led digital applications that meet the material world, we
create hybrid spaces, where the user/visitor is active and takes part in one action
in the material and virtual world. So, today, museums all over the world face the
opportunity to re-invent themselves and their relationships with their visitors.
They establish a complex non-linear dynamic ecosystem. Τhis transformation
brings out series of queries, such as the role of the architect that redefines the
museum process and the new terms in the museum context. This paper refers to
the dynamic changes that define a hybrid environment, describes the
transformation into a user-centric museum and the approach to create
visitor/user-centered museum and how this was applied into the Archaeological
Museum in Chania, Crete. A museum that places visitors at the center of its
mission.
Keywords: user-centric museum, hypersonalisation, museography, experience,
architecture

INTRODUCTION
DEFINING NEW SPACE
Nowadays there is massive progress in technology
and in the way, we use data. Services that required
complicated infrastructure years ago, they are both
simple to use and set up now, yet the most important, they are easy to create the environment not
only to extract value fast but also to be able to optimize the oﬀered service or product faster and better than ever. We are in an a so-called hybrid environment, where the information and the physical
space are combined and interact with each other. In a
multiple-scale emerging society, where the physical
space coexists with the digital one in an eﬀort to set
up common communication codes. Architects are re-

quired to interpret the relationship between virtual
and physical and “create” their involvement. Thus,
the question is how we can combine the architecture whose foundations are based on locality, history,
memory and geometry with digital forms of which
characteristics are nonterritorial, uncountable, continuous and the lack of a material form in order to
develop a hybrid architecture that responds to the
needs of today’s society.
The space, in an analogue approach, is a factual event, energy, communication way, whereas
in digitization is deﬁned as information and metacommunication or network. The movement inside
the space is approached in a new way. The result is
an object that expresses the idea of change, which
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characterizes the way of creation, an “object-event”.
Digital culture is linked to the continuous increase
of interfaces between the physical and digital space.
The aesthetic depiction of these interfaces lies in the
uniqueness of each user and becomes more personal, aimed at interacting with other users. In this
paper, we will focus on the change from entities of
users, objects and space, in the relationships that are
created between them. Architecture, as a part of
the society and culture, is always inﬂuenced by techniques of its era, and therefore its technology. Using
a new tool, a new architecture is inevitably created
and as a result, new meanings are being used.
Time is enrolled in space and the space is the information transmission mean through time. An architectural design is an “assemblage” of spatial and
material symbolisms, which can be decoded. The
destabilization of architecture resulted in change of
the ontological basis of architecture design, from
a representation to an “organism”. From a twodimensional entity to a three-dimensional or fourdimensional one. From a picture to an event.

REDEFINING MUSEUM SPACE
“Go through things as they change” ( Miralles1994)
In some cases, autonomous spaces, “heterotopies” -term by Michel Foucault (1984)- are used in
parallel, and not in direct dependence, by their urban social environment. There are many cases of
buildings that exceed the strict limits of the space indoor and outdoor- and make use of transformable
spaces. Τhis choice is a key factor in the development
of the museum narration. Departing from the Kantian view, which considers space a structure of the
human mind, we accept the dynamic interaction between human and spatial environment which is affected by the cultural characteristics of social groups.
In a world of information, entertainment is becoming increasingly digital, leading museums and cultural institutions to adopt the idea of a “museum in
progress”.
Identifying the museum space today, it is much
more than a dynamic situation, it is an organism. The

museum of the 21st century is characterized by its
digital content and the use of digital media, with the
aim of involving the visitor: the visitor as a user, usergenerated content, social networks, and global access to collections are some of the features of the new
era.
The museums are made relevant to a broad
range of visitors of varying ages, identities, and social
backgrounds. Nowadays, they become interested in
its outward image, and so the concept of the visitor
as a “consumer” gradually emerges.
The museum is no longer the voice of authority for the visitors through the exhibitions, but it
has been transformed into a multifaceted experience
that invites them to discuss and interact rather than
to a simple storytelling.

FROM COLLECTIONS TO VISITORS
MUSEUM PLACE, A PLACE OF HUMAN ACTION
Maurice Merleau-Ponty is referring about space, “it’s
the whole body and not only the eye that sees”. Our
understanding of museum space is inﬂuenced by
some characteristics, like the atmosphere, the reverberation of the voices, the sense of walking on a hard
ﬂoor, the colored surfaces, the smells. So, the choreography of a space is decoded by each user, by using
personal collective tools. Visitor actions are enrolled
in this.
When a visitor enters a museum, he perceives the
space with all his senses, decodes it with his personal
and cultural experience and eventually collides with
him, attempting to impose upon it his actions, his
own practices and meanings. In other words, he experiences his own “place”.
This distinction between the physical and the
living place, based on Martin Heidegger’s thought,
is an essential tool for apprehending the spatial dimension of educational museum activities. In other
words, we should approach the museum space not as
an individual aesthetic expression of a creator/artist,
but as a product with a social context, as a reﬂection of visitor’s behavior. At the same time, the so-
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lution come through changing the current management strategy, from an “artifact-centric” model, towards more participative models, to a “user-centric”
model.
Furthermore, the intention of increasing the
number of visitors has enriched the museum’s program. The idea of a public square, which includes works of art and is expanded with facilities
such as restaurants, libraries, bars, shops, meeting
spaces while periodical performances or speeches
take place, increases the ﬂexibility in temporal and
spatial planning of museum events in a speciﬁc controlled area.
Museums mean diﬀerent things to diﬀerent people. People connected to the museum are the visitors
and the staﬀ. It is a fact that museum directors, curators, exhibition designers are at center stage in a dialogue with visitors. Ultimately, the subject is focused
on the idea of a visitor-centered museum: a museum
where visitors matters as much as collections.
“But who’s our audience and what do they need
from us?” For a visitor-centered museum, this question is the starting point. This new view includes the
need to exam multiple voices and multiple sources
of knowledge. Furthermore, considering the variety
of needs that come with a more diverse public, opportunities or “entry points” for connection with the
public is vital. Understanding where visitors are coming from, their preferences and expectations helps
museums to engage them in a dialogue with the artworks. It is believed that visitors are a population that
museums have historically been happier to speak to
than to listen to-and that two-way communication is
what visitors have to get.

“USING” COLLECTIONS OF MUSEUM
Nowadays, there is the design of the diﬀusion of computing power in a number of cooperating points distributed rationally in physical space. So, part of the
design of the museum space is the design of this allocation. Small digital units are distributed in the physical space, and they collaborate to create functional
sets to support the activities that are already taking

place in this space. In this way, digital technologies
interfere with the existing localities. The museum absorbs the digital technologies. It is the “ground” to
receive the “Digital Ground”.
Furthermore, the artworks are coded power objects. They are either the mean into profound experience or are simply objects in space. The power of
artworks is to create a narration, through its scale and
its capacity, to involve not only our physical bodies in
real space, but also our mind and feelings. As a result,
we have to create a multimedia program with interfaces that can extend beyond what we are used to
and evolve some of the qualities of scale, texture, approach that we use in experiencing artworks in real
time and space.
Meanings are created through relationshipsthrough insertion in a network of references. Obviously, one primary way of presentation is with texts
-the wall label- and preferably with images, videos,
animations, and other artworks as well. Each of these
kinds of association has already been included in the
cultural multimedia practice. New technologies enable us to create relationships and references beyond what is visible in the gallery. The practices of
the museums are about connecting past objects with
present issues, inviting visitors to co-create exhibitions, providing new ways of looking at artworks.

NEW MUSEOGRAPHY
HYPERSONALIZATION
Museums up to now were places where change and
adaptation of new services had a slow pace, but this
seems to have changed since they can be more relevant to the user/visitor. In the industrial world, all the
major organizations work on how to transform and
optimize their services by using the relevant technology. This paper intends to deﬁne and present the
term ”hypersonalisation” in relation to modern museums as well as to its users’ museum understanding.
In order to do so its essential to understand why people visit museums and as a result map the reasons behind it.
Numerous works and researches illustrate the
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“museum visit and usage” as a form of leisure activity, as famously portrayed in Falk and Dierking (1992).
People visit museum for various reasons, accompanied by children or alone as recreational activity; encouraged by the reputation of a museum or by an
exhibition, out of interest (in the exhibition/museum/event) (Durbin 1996) or simply because they are
in need of an activity in a controlled environment
(Falk 2009). Falk, based on an extensive and in depth
research in this ﬁeld, and came to the conclusion that
the notion of identity is important for understanding
the reasons that stimulate a person to visit a museum
and to fully grasp their goal. Five major categories of
identity-related groups are considered: the Explorer,
the Facilitator, the Experience seeker, the Professional/Hobbyist and the Recharger. Nowadays, we observe a transformation in subject, from “the visitors”
to “the users” in relation to a museum. The users appreciate the content of a museum, as well as the way
in which it eﬀects the ecosystem.
Falk put major emphasis on whatever the visitor sees or does is inﬂuenced by the combination
of their identity, their personal context (prior knowledge, experience and interest), the physical context
(the speciﬁcs of the exhibition, the artefacts, the ﬂow,
the way the information is shared) and the socio- cultural context (the within- and between-group interaction that occurs in the museum). Consequently,
museums should aim to address visitors/users’ context, expectations and personalization while they are
visiting the museum. The main objective is to explore
a conceptual and technological framework which will
allow the user to experience customized interactive
stories along with the validity of the speciﬁc cultural
content. Big Data Analysis can now play a key role
in augmenting the cultural experience. Each visitor would be able to have a unique tour and experience an exclusive ”spatial episode”. The new space is
constantly transformed according to the customized
needs of each user.
The personalization aims to adapt the cultural
experience with the experience, interests and knowledge of each visitor. In this context, the technology is

utilized, ﬁrst, to record details of user behavior. This
recording is usually done with the user classiﬁcation
in a proﬁle (persona), based on responses of questions. A second type of recording includes the total
number of the user’s visits to cultural sites (what kind
usually visits museums, how museums visited in his
life, etc.). A third way of recording the behavior and
preferences of visitors based on content that the visitor publish (user generated content) on social media.
A fourth case concerns the dynamic recording of visitor behavior while moving in this museum, which focuses on the kind of exhibits that the user prefers, the
time that passes in front of them, although returns to
some exhibit, if seen in the order etc. These recording
modes of behavior are indicative and are often used
in addition more than one way of gathering data.
The museum narration will take its ﬁnal form
from the way that each visitor moves through space
and time. Considering that people primarily perceive
the space through their movements, we will realize
that the visit is not a set of ”stops”, but a continuous
move with entry and exit points. At the same time,
meetings with people and objects take place into the
exhibition. There are several attempts and technologies that have been proposed to record the movement of each visitor within a given museum space
and the way that it changes when some of the spatial elements are diﬀerentiated. Detailed recording
of the visitors’ movement in diﬀerent museums has
given interesting facts about the way in which spatial
data inﬂuence the route followed by visitors, which
sections to visit, in what order, how much time will
spend on each of them.
Falk and Dierking developed a holistic methodology, “Personal Meaning Mapping,” which investigate how a particular experience aﬀects the user and
the process of producing meaning and attempts to
evaluate the depth of visitor learning and not just
its quantity. During and just after the visit, the visitor constructs meaning from the experience, in relation to the user’s identity. If a method is to improve
the visitor’s experience, it is achievable by taking
into account the “visitor type”, their personal context
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(prior knowledge, experience and interests), their social background, their expectations, their behavior
and digital footprint on other platforms of the museum’s physical context. To our understanding there
is a very big amount of research on what deﬁnes and
describes the experience within a museum. But the
majority is focused on simply addressing how technology can be used in order to serve museums and
their purposes. The approach was to create, through
the use of cutting edge technology new services,
new products and new ways visitors could experience museums.
Until now, by taking into consideration visitors’
average time, museums can make people either consume more information or make sure that the visit
will address their expectations. An event which was
not connected to visitor’s life and moments of truth
before or after the visit.
Therefore, it becomes important for museums to
be more and more relevant to users’ context. And in
order to achieve this they need to understand that
relevancy is the result of how well we understand
users (See Formula 1).
RELEV AN CY = f (t, c, i, s, a, l)

(1)

• t, for time; on the available to spend time
• c, for commitment; how committed museums
are to interpret people’s needs and expectations. Therefore, it becomes important not
only to thoroughly map the proﬁles of the museums users but also their likeliness.
• i, for insights; how well they work with data to
understand peoples’ journey to and from the
museum
• s, for speed; on how fast they are to understand the insights, and connect the dots between peoples’ expectations, there and their
context
• a, for agility; on how agile they can adapt to
new technologies, new ways of working and
of course to experiment with dynamic models
of addressing users needs and expectations
• l, for lean; how the processes they have in

place are built around what users need and
not what the technology or the trends are

IMPLEMENTATION IN ARCHAEOLOGICAL
MUSEUM OF CHANIA
Having information about the position, the interests
and the movement of each visitor, museum would be
able to oﬀer a unique tour and experience an exclusive “spatial episode”. This environment information,
together with the inferred relative movement of the
user, is compared against the digital maps, produced
by machine learning algorithms on a platform, to obtain the user’s precise location. Using an indoor positioning system is a great way to engage museum
visitors in a new, interactive way.
Indoor Atlas has been utilized in a number of
case studies in retail, healthcare, public venues,
transportation, government organizations and many
other ﬁelds. We see a great potential in combining an
Indoor Positioning System with Big Data Analysis in
cultural heritage and more speciﬁcally in cultural institutions. So, the last part of our research is the use
of information mapping with the indoor positioning
systems in the Archaeological Museum of Chania, in
Crete (Figure 1). It is a museum located in the center
of Chania, which is going to transfer its collections in
one or two years in a new built space.
Until then, it would have been valuable to collect information on how and where visitors are, depending on the exhibits, so that this information can
be used in the museological studies that can specify how the collections will be set up in the new museum.
The Indoor Atlas is a geomagnetic hybrid indoor
positioning technology. Indoor positioning systems
(IPS) locate people or objects inside an existing space
using radio signals, geomagnetic ﬁelds, inertial sensor data, barometric pressure, camera data or other
sensory information collected by a smartphone device or tablet (Figure 2). The case of having a hyperconnected, personalized “lifelong” user model provides a starting point for personalization. So far, we
could understand users‘ conducts from the past, an-
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Figure 1
Indoor view,
Archaeological
museum in Chania

alyzing their behavior prior and after their visit and
comparing it with other users trying to ﬁnd common
points. Hence, allowing museums to design their
events based on studies conducted. Our approach
allows to create a model where the most pivotal element is relevancy and how quickly museums can address the needs and adopt to the users’ expectations
in the most fulﬁlling way. By taking advantage of the
state of the art technology, users, carry with them,
and museums have access to.
The approach is experiences that use interactive
digital systems, which meets the personal narratives
convey visitors (needs, desires, familiar places). Since
visitors pass through the exhibition without being
engaged, museums are leaving major potential unused. Also, what the visitors get to listen to is not always what they are interested in, sometimes resulting in visitors cutting their tour short. Furthermore, in
large exhibitions, ﬁnding one’s way around the building or to certain destinations can be quite challenging. In the Museum of New Data there is no linear
presentation of the exhibition, but there will be many

entrance points from which a visitor can begin his
movement around the exhibition area.
To focus on this, visitors can submit, in special places within the exhibition (stations), their own
views. Similar functionality is also being built into the
drag-and-drop relationships which is embedding in a
timeline. Through an Interactive Experience Model,
the visitors have to select the artworks and encourage the artworks to “talk” with each other. Some
ideas we’re using with beyond normal pan-and-zoom
tools include a life-size detail of an artwork, scaled to
the size of the monitor display, and shot with enough
light to see and feel the surface texture.
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Figure 2
Interactive Indoor
Navigation App for
Museum Visitors

Figure 3
Veron & Levasseur’s
museographic
typology

Also, a proposal for the museum design activities
suggests the adaptation of the content according to
the learning style, which is diagnosed by the visitors’
movement to the space. For example, the distinction

of diﬀerent models of movement can be made based
on Veron & Levasseur’s proposal (1983), which distinguishes museum visitors in those who follow a linear
motion and spends a lot of time observing the exhibits (ants), those who often change direction and
make stops frequently (butterﬂies), those who move
to the center and try to get a general picture (ﬁsh) and
those who have a preference for preselected exhibits
and spends a lot of time observing them while ignoring the others (grasshoppers) (Figure 3).
For “ants” visitors, the educational material and
narrative stories are organized linearly, for “butterﬂies” there is provided a non-linear organization of
the educational material and alternatives for independent information about the exhibits; for “ﬁsh”
general information on the exhibition is provided
and the top-down organization of information is supported, and more detailed information on exhibits
and route suggestions is proposed for “grasshop-
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pers”. This proposal aims primarily at content and organizing activities during the movement rather than
activities that require more complex interaction with
museum objects.
Another way to use these tools is by inviting visitors to participate actively in creation of the exhibition. This can happen with a visitor card used to activate informational stations within the exhibition. If
the visit card has a password, then the media seems
to talk with each visitor individually. This method can
be used to provide additional information, bibliography, and every visitor can have a personalized visit.
Other uses may be, for example, the transfer of information organized by static means into presentation
software, interaction with simulations (the shadow
eﬀect) where the user/visitor can observe diﬀerent
results to be produced by altering diﬀerent parameters by computer, follow a story through space movement, interacting with digital characters, or ﬁnally interpreting data provided to deﬁne the next point of
navigation in space.
Indoor navigation within the new Archaeological museum, 2D/3D building maps, geo-based triggering of media content and diﬀerent multimedia
prototypes can be developed at an exhibition, such
as interactive video production tables embedded
in each of the exhibition themes, an iPAQ ( International Physical Activity Questionnaire) Gallery
Explorer PDAs (personal digital assistant) handheld
with video clips of artists, a Make Your Own Gallery
application where visitors can be invited to attend
their own exhibition and comment on a kiosk based
on a program that treats artwork on the screen as well
as on them. The artworks have no borders. Moreover, the key factor of this technology except for education, would be the connection of other services,
as commerce and research facilities.

Figure 4
Examples of
recording museum
visitors’ type based
on their behavior
during a visit, Tsvi
Kuﬂik, Zvi Boger
and Massimo
Zancanaro, The
University of Haifa,
Israel

CONCLUSIONS
The relevancy framework we described above that
came into research has been conducted according
to the angle of lifelong. Falk (Falk,2009) emphasizes
that the museum visit experience involves several
personal, physical, and social contexts, which interact with the visitor’s proﬁle. The physical context is
given and well described by the museum and the set
up. The environment if it is carefully examined, it reveals the aspects of the physical context which can
be used to enhance and modify the visit experience.
The social context itself may be supported by understanding the user’s relationship and activities relevant to the themes and entertainment a museum can
oﬀer. It is advisable of museums to apprehend conversations people might participate in. Nowadays, it
is essential to consider an additional aspect to deﬁne users‘ experience and excitement during a visit
in a museum; where users’ digital footprint and digital twins exchange data with various services, search
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engines and AI engines. Digital twins are the formation of identities based on our peoples‘ interaction
with various services and the data that are generated
by them. The digital twins from unformed based on
data entities, can form the projection of physical entities into the web and start conversations with AI engines in an eﬀort to improve in an immersive way, the
way we, humans experience the physical and digital
world. As a result, museums do not only access technologies capable of allowing them to be more relevant to their users’ context, but also to make sure that
they design hyperpersonalised experiences in order
to address the needs of our physical selves as users, as
well as the conversations our digital twins have with
various search and AI engines. Therefore, the challenge museums face is not only to address the various contexts but also to ﬁnd a way to become part of
an non-linear dynamic journey of humans/users life.
In order to do so, museums should start employing technologies to oﬀer new services of products
to their users but also to address actively the conversations and engagements the physical and digital beings undertake. The case of having a hyperconnected, personalized ”lifelong” user model provides a
starting point for personalization. Starting from connecting visits to a particular places, context and behaviors. So far, by following the lifelong approach,
we could understand users’ conducts from the past,
analyzing their behavior prior and after their visit and
comparing it with other users trying to ﬁnd common points (Figure 4). Hence, allowing museums
to design their events based on studies conducted.
Our approach allows to create a model where the
most pivotal element is relevancy and how quickly
museums can address the needs and adopt to the
users’expectations in the most fulﬁlling way. By taking advantage of the state of the art technology ,
users, carry with them, and museums have access to.
Multimedia attempt not to link objects together but
give visitors the opportunity to focus on their interests by pursuing an interactive dialogue with the museum. The traditional museum is a building. Τhe museum of the future will be more of a process or an ex-

perience.
Characteristics of the Next Generation Museums:
• Scale_ vary in size and scale. They can be represented either alone or with expandable facilities and there are no restrictions in space.
So, museums can display objects on walls, in
rooms, or by creating innovative approaches.
• Environment_ exhibitions in one or two buildings, while other outdoor ones.
• Flexibility and Evolution - change is a continuous process in next generation museums. Visitors have to realize that museums
are evolving very quickly in new environment.
Diﬀerent museums, diﬀerent shapes, spaces,
rooms, with more or less collections and exhibitions.
• State-of-the-art facilities - Visitors are in contact with high technology. Through a threedimensional graphical environment, people
make use of technological media, and interact with the enhanced environment, physical
and digital.
• Visitor Commitment - the main objective of
each Next Generation Museum is to convince
its visitors that they really deserve to spend
some time on it, to experience various situations, and most importantly, to persuade
them to come back to give them more experience.
• Social interactions - museums are places
where visitors have many opportunities for
social interaction. The visitor can relax in a
cafe or a shop, meet other visitors, exchange
ideas and views on existing exhibitions, discuss about art and generally get in touch with
others.
• Various types of collections_ people can visit
or not with physical presence and time constraint.
• Targeting the audience - trying to gather information about visitors’ identities. In addition to measuring the number of visitors and
encouraging them to leave comments in the

INFORMATION TECHNOLOGIES IN CULTURAL HERITAGE - Volume 2 - eCAADe 36 | 241

guestbook, there are ways via technology and
social platforms that the museum can learn
more about its visitors.
In conclusion, the museums of the future will have
spaces - nodes that will function as collective housing
areas that will act as creators of social relations. Units
/ spaces will consist of a ﬁxed framework of uses, necessary for the operation of the unit, but also of other
uses of (co) designing with the participants. The userfriendly framework will include auxiliary spaces, electrical / mechanical facilities, and one or more spaces
capable of hosting a variety of diﬀerent uses (projections, performances, lectures, seminars, discussions).
Visitors/users should go beyond the physical boundaries of the museum, adopt new perspectives and
promote their social activities.
The museum attempts not only make an audience that will co-modify its museum experience, providing many levels of knowledge, but also to make a
common participant in setting up exhibitions according to their desires and ﬁnally bringing visitors back in
the museum again and again. It is perceived that the
above reﬂects wider social and cultural trends, most
of which come from the visitor, which we can now call
“user”. In the 21st century it seems that the museum
is the mean.
The traditional museum is a building. Τhe museum of the future will be more of a process or an experience.
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This paper aims at proposing a model for designing a virtual reality experience
through the case of TeosVR, in which our interdisciplinary research group created
a three-dimensional repository of the architectural heritage of the ancient city of
Teos. It offers a three-dimensional modeling and representation system
incorporating archeologists` interpretations of an excavation site with limited
restitution data. The intention is to test the archeologists' hypotheses using digital
tools. Thus, the application created a platform to enhance interactions among
experts, including archeologists, architects, engineers, and historians. This paper
presents partial findings of our project, which provided the opportunity to
observe communication between individuals from interdisciplinary backgrounds.
Keywords: digital heritage, virtual reality, digital reconstruction, boundary
object

INTRODUCTION
Digital Humanities, i.e. the integration of digital tools
and computational technologies into traditional approaches in Social Sciences, is now considered as an
academic ﬁeld in its own right. Studies on Digital Heritage -an integral component in the ﬁeld of Digital
Humanities- provide a common ground for research
across disciplines, as computational practices oﬀer
new possibilities for the documentation and representation of heritage data. Studies on Digital Heritage oﬀers an interdisciplinary approach to historical
sites, buildings, and artifacts, incorporating archeology, restoration, and architecture. Digital and computational tools, combined with applications of Virtual Reality (VR), are changing the traditional practices of archeology in the areas of documentation,
analysis, and presentation. Following an interdisciplinary approach, in this paper, we present the ﬁndings of a research project, Digital Teos. This involved
the creation of digital tools and representations -

known as TeosVR, designed to support the ongoing
excavations in the ancient city of Teos.
There has been a major reconsideration of the
potential for the use of emerging computational and
representational practices in the ﬁeld of archeology.
Recent developments include three-dimensional or
computational archeology, in which digital tools are
able to provide a new perspective of archaeological excavations. Cases of three-dimensional archeology, including Catalhoyuk, show the feasibility of archaeological data collection, analysis, and visualization (Forte et al. 2012). Advances in the Catalhoyuk
Project have been achieved through digital scanning
and modeling tools in documentation and visualization, which support an enhanced analysis and interpretation. In an earlier study, researchers explored
the opportunities in reconsidering the archaeological site within a diﬀerent realm, namely, the virtual
reality environment of Second Life (Morgan 2009).
Catalhoyuk has been a testing ground for a variety of
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investigations concerning the link between archaeology and emerging technological capabilities. The
installation by media artist R. Anadol, for instance,
utilizes artiﬁcial intelligence algorithms to ”virtually
depict” 25 years’ worth of archeological data excavations, which includes 250,000 pieces [1]. In contrast
to the progress made in the case of Catalhoyuk, the
computational applications in archeological sites in
other parts of Asia Minor are still in their infancy due
to limitations of access and ﬁnance.
Two-dimensional depictions are still mainstream
representations in literature, and three-dimensional
visualizations generated by digital tools are not
widely used as primary means of scholarly documentation and representation. Some studies, however,
acknowledge the vital contribution of digital modeling practices, exploiting the capabilities of parametric modeling tools and techniques to serve particular practices, particularly in cases where visualizations need to be rapidly updated and re-interpreted
in an iterative manner, in accordance with ongoing data collection. Brieﬂy, the parametric systems
are proven a good ﬁt for generating and representing types, dimensions, and proportions of particular building components. Then these components
can be further manipulated following further data
from excavations. Examples of investigations which
virtually reconstruct historical phenomena include
Project RomeLab -which provides a good example of
a visualization of complex architecture as it evolved
over time-, Digital Magnesia -aimed at creating a digital model of Menderes Magnesia- (Saldana and Johanson 2013), and other studies focusing on parametric modelling and the analysis of underwater heritage (Varinlioglu et al. 2014). Coutinho and others (2011) add a further dimension by oﬀering a procedural modeling based on an in-depth analysis of
shape grammar for particular building components
in Alberti’s architecture. We consider the projects
mentioned above as key in the transition from laborand time-intensive solid modeling practices to procedural modeling, and also results in visualizations
which are both relatively low-cost, and more exten-

sive in their coverage of historical environments.
This paper aims at proposing a model for experience design studies by presenting the case of
TeosVR, in which our interdisciplinary research group
created a three-dimensional repository of the ancient city’s architectural heritage. For this excavation site with limited restitution data, it oﬀers a threedimensional modeling system proposal, allowing the
incorporation of archeologists‘ comments and interpretations. The intention is to use digital tools to
test the archeologists’ hypotheses. Furthermore, as
well as traditional practices including data gathering,
documenting, indexing, and analysis, the tools of the
project are also employed in generating virtual experience. Thus, the created platform was able to enhance interactions among experts, including archeologists, architects, engineers, and historians. This
paper presents partial project ﬁndings, which provided the opportunity to observe the interaction between individuals from diﬀerent disciplinary backgrounds.

INTERDISCIPLINARY APPROACH
In order to frame our interdisciplinary approach,
we refer to a long-standing conceptualizing that
emerged from the literature on Social Studies in Science. In their article, Star and Griesemer (1989) question the nature of interdisciplinary collaboration and
focus on convergent and divergent viewpoints in
heterogeneous scientiﬁc practices, which consider
the diversity of intersecting social worlds. Following this approach, in this paper, individuals such as
archeologists, architects, and software developers introduce their disciplinary tools, methods, and processes to generate interdisciplinary knowledge.
The case presented by Star and Griesemer identify two key activities -including standardization of
methods and development of “boundary objects”to facilitate a form of communication and negotiation among participants with diﬀerent backgrounds
and interests (Star and Griesemer 1989). For methods
standardization, these authors demonstrated a case
where the generation of a protocol had “established
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a management system in which diverse allies could
participate concurrently” (Star and Griesemer 1989,
p.392). Following a parallel approach, the current
project aimed at developing a protocol to allow rapid
feedback by team members. Our initial vision for this
shared platform included standard methods for data
collection, interpretation, and generation of representations/visualizations, feedback mechanisms, calibration, and re-representation.
Star and Griesemer introduce the concept of
“boundary objects” about the management of diversity and cooperation in interdisciplinary practice.
Star and Griesemer use this term to deﬁne “objects
which both inhabit several intersecting social worlds
and satisfy the informational requirements of each
of them” (Star and Griesemer, 1989:393). They continue the deﬁnition, stating, “boundary objects are
objects which are both plastic enough to adapt to
local needs and the constraints of the several parties employing them, yet robust enough to maintain
a common identity across sites” (Star and Griesemer
1989, p.393). The hybrid territorial/ecological maps,
which they elaborated in their case, provides an example of a boundary object, which reﬂects a multitude of interests of engaging parties.
The concept of “boundary objects” framed our
approach in developing and utilizing our tools in Digital Teos project. The series of representations created through digital media maintained their “boundary” character through their evolution following the
input provided by participants with diﬀerent disciplinary backgrounds.

METHODOLOGY
Contemporary museology suggests a new concept,
in which the focus shifts to a more comprehensive
understanding of museum visitor experience. Rather
than considering themselves elitist, or targeting particular social strata, museums aim to reframe the relationship between the observer and the observed
and reach out across communities and generations.
Accordingly, in a growing number of cases of exhibitions and/or installations, interaction, participation,

and learning are key concepts. This new generation
of exhibitions -generally known as digital, virtual, or
hyper museums- oﬀer a new level of engagement
with historical phenomena. While creating platforms
for enhanced participation on the exhibition front,
these new institutions also oﬀer new techniques for
preservation, visualization, and academic-caliber research.
Rheingold comprehensively introduces the virtual reality experience, in which physical, tactile, and
visual dimensions of reality are generated through
computer-based applications (Rheingold, 1991). As
a project, virtual reality aims at creating platforms
enabling interaction with digitally modeled environments analogous to real-world settings. Initially,
well-funded institutions operating in domains such
as military research, medicine, and space employed
the virtual reality applications. As these technologies
become more accessible, they are increasingly used
by researchers from other disciplines, and the potential of virtual reality practices are becoming acknowledged in cultural heritage and archeology studies; for
instance, Barcelo (2007) frames the discussions concerning the evolving relationship between virtual reality, artiﬁcial intelligence, and archeology. Advancing the discourse on computation, Bruno et al. (2010)
oﬀer an elaborate method for the digital exhibition
of archaeological phenomena, through a platform
for experiencing archeological settings. Sürücü and
Başar (2016) propose a diﬀerent perspective on the
virtual reality applications in cultural heritage studies. In parallel to the studies mentioned above, we
aim to create a platform for virtual reconstruction, scientiﬁc analysis, and virtual exhibition for Teos archeological site. We also focus on raising the level of public awareness of the cultural heritage by facilitating a
remote (ex situ) experience.
Digital Teos Project brings together a team of researchers with diﬀerent backgrounds to create a software for educational purposes in the ﬁelds of archeology, history, cultural heritage, and heritage preservation. Central to the project is the concept that research, documentation, and digital modeling based
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on actual architectural features constitutes a vital dimension to the preservation eﬀorts in Teos. As well as
creating archaeological and architectural value, the
set of representations produced in the animation of
the site’s buildings will lead to enhanced scholarly interpretations of the cultural heritage. These achievements of the TeosVR are facilitated by standardization of methods and development of “boundary objects”, allowing an interdisciplinary team to ﬁlter the
archeological data, which can then be utilized both
for conservation studies and for pedagogical purposes.
TeosVR represents the celebration of the ancient
city of Teos in all its grandeur through a modern age
resurrection. As shown in Figure 1, based on accurate archaeological data from the archaeological excavation, virtual reality reconstructions of the original
buildings have been generated in various 3D modeling software. Based on the historic fabric of the buildings, the carefully adjusted texture is applied to the
reconstructions in Unreal Game Engine. As well as
these reconstructions, using Unreal Engine, the VR
scene has been integrated with photo models displaying the ruins’ existing conditions in a mini sandbox game. This VR experience with HTC Vive allows
the user to physically explore the ancient buildings,
to examine the ruins at their own pace, and to learn
their history. In this new age of education for school
children through learning by playing, the goal is to
become totally immersed in photo models of the ruins to make horizontal or vertical jumps at the click of
the trackpad.

Modeling
The protocol to generate models of the architectural
structures within the city of Teos was created to accommodate the geometric variety and complexity
seen in the components, as they now exist, and accordingly, the reconstruction suggestions from archaeology experts. Due to ﬂaws in actual construction processes, and to natural disasters, including frequent earthquakes in the region, the geometries of
the components under focus were determined to be

diﬀerentiated over time.
The initial key decision was to identify the source
geometry following the feedback provided by experts working in the ﬁeld (Fig. 2). The next step in
modeling protocol involved utilization of this source
geometry to generate components for selected architectural structures. Following the planned strategy, after modeling the architectural components including columns, reliefs, rooﬁng details, etc...-, and
the team combined these as entities to act as repeating modules within the larger model. The critical consideration at this stage was to determine the level
of detail needed for these repeating components, as
the ﬁle sizes become an important parameter in processing within the visualization phase. A consensus
was reached on the level of detail after trials, and
the team then created digital models for four distinct
structures in Teos: the theater, the temple Dionysos,
the cistern, and the southern port.

Visualization
The visualization stage involved matching surface
and material qualities with geometries of architectural components created in the modeling phase.
The rendering protocol for this stage included calibration of properties including light and shadow,
reﬂection and refraction, depth, transparency, and
opacity. For this stage, feedback from the team’s visualization experts and architects was particularly important in guiding the rendering of structures. In
addition to architecture, also included in the digital
model were atmospheric conditions and historic environmental features -creeks, sea, and trees. In order to optimize photorealistic representations, our
team utilized a multi-texture plugin that enhanced
our ability to accommodate variations in light and
texture.
The initial model set was processed in a software that allowed calibration of the details of architectural components. The revised geometries were
then used as a base for three-dimensional mapping
which allowed the accurate detailing of Ionic and
Doric style architectural components. Accordingly,
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Figure 1
Diagram for
designing the
virtual experience
of architectural
heritage

the team optimized the polygon count to resolve issues in the graphic display before running the UVW
map settings. However, the team experienced visualization problems for several architectural structures,
which could be not resolved with UVW modiﬁers.
The team, therefore, remodeled the components utilizing a multi-texture plug-in to generate particular
materials for the models. The ﬁnal steps in visualization phase included the calibration of the HDRI map
and the edits (colors, brightness, and contrast, etc...)
in an image processing software.

Virtual Reality
Concerning the VR applications, the interdisciplinary
team decided that after the assessment by experts
in archeology- the digital models should be further
processed in a ﬂexible game development engine;
namely the Unreal Engine 4 (UE4). The team utilized Visual Scripting Environment, which was part
of the set within the UE4, to develop the VR application. The operations with models in UE4 tools included scaling, setting the navigation boundary box,
and checking for collisions. In order to facilitate motion and interaction capabilities within the VR environment, the team developed the set-up for mo-
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Figure 2
Workﬂow of the
restitution of Teos
ancient architecture

tion controllers, locomotion pawns, and motion controller pawns. These interactive capabilities, combined with features including visibility and levels, resulted in the ability to interact with the archeological remains within the VR environment. The VR enabled environments for the project included the theater and the temple structures, which can be experienced with the HTC Vive equipment (Fig. 3).

DISCUSSION AND SUGGESTIONS
The interdisciplinary collaboration presented in this
paper generated further issues to be explored and investigated. One of the key areas for further research
involves in-depth studies on formal properties of architectural components from this site and comparisons with other examples from the literature on ancient architecture. The growing body of publications
in shape grammar (Stiny, 2006) and procedural modeling (Smelik et al., 2014) provides two distinct research routes concerning the possible uses for the
current data set. The established methods in existing studies may suggest particular rules in compositional strategies, or key parameters within a formal
variety of architectural components. Further investigations at diﬀerent scales (components, layouts, site
planning etc...) will obviously require an interdisciplinary approach to ensure the integration of the variety of disciplinary knowledge, including architecture, history, and design computation.
TeosVR experience allows users with a ﬁrst-
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Figure 3
A scene from the
TeosVR

person perspective to wander the ancient streets, to
discover the ruins at their own pace, and to learn
the history of Teos. The VR experience was put on
display for students, archaeologists, and interested
parties and feedback from showed that the interactivity with the archaeological heritage enhanced the
learning of information that was revealed in the reconstructed scenes. Through bodily immersion into
the real world, improved information retention is
achieved due to the nature of experiential learning.
For the interpreters, i.e. archaeologists, the TeosVR
system served as a test site for their 3D restitutions
hypothesis. However, it is important to note that a
weakness of the system is the time and personnel
needed after an archaeologist submits an update of
their restitution.
Solid modeling is diﬃcult to make adjustments
to, therefore, parametric modeling is emerging in
its place in architectural heritage. BIM aims to ensure the eﬃciency of construction, management,
and monitoring of the designed building. BIM has
to a certain extent become the boundary object between the architect and related engineers. Historic
Building Information Modeling (HBIM), i.e. the use
of BIM in the heritage ﬁeld, should be included in
this VR experiences. Several recent studies have addressed the integration of HBIM and VR technologies
(Barazzetti and Banﬁ 2017). HBIM can build the basis of interdisciplinarity between archaeologists and
architect/computer engineers to show the lifecycle
of the archaeological excavations at each stage of
the data gathering. With the integration of H-BIM to
TeosVR, archaeologists will be able to work on a visualization of the same model in diﬀerent geographies.

CONCLUSION
The path of archaeology development is now inextricably linked to applied modern technologies. It is
no longer possible to conceive of a research project
without support informatics, or an excavation without extensive use of an electronic or computerized
survey. All these tools are accepted as the standard,
but unfortunately, few professionals are able to use

them eﬀectively, and even fewer have the necessary
skills to develop such tools themselves.
TeosVR enabled the reanimation of archaeological artifacts through the collaboration of an interdisciplinary team. Thus, archaeologists were able to
animate their theories, expressing them in texts and
with the support of restitution models, in three dimensions. The contribution of the developed system
is that it can equally be applied to other archaeological sites with similar architectural ﬁnds. The visualization of the various types of destruction and alterations in the constructions that took place during different periods will help to document history, as well
as raise awareness of the local government and the
public. By presenting archaeological sites, which are
usually diﬃcult to reconstruct in the imagination in
modeled virtual reality environments, the interest of
both young and adults will be increased by creating
the experience of being physically present. The integration of an interactive environment, which is especially suitable for contemporary history and archeology lessons will lead to the formation of a new generation of motivating and engaging educational materials.
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Low-cost programmable materials such as wood have been utilized to replace
mechanical actuators of adaptive architectural skins. Although research
investigated ways to understand the hygroscopic response of wood to variations
in humidity levels, there are still no clear methods developed to track and analyze
such response. This paper introduces a computational method to analyze, track
and store the hygroscopic response of wood through image analysis and
continuous tracking of angular measurements in relation to time. This is done
through a computational closed loop that links the smart material interface (SMI)
representing hygroscopic response with a digital and tangible interface
comprising a Flex sensor, Arduino kit, and FireFly plugin. Results show no
significant difference between the proposed sensing mechanism and conventional
image analysis tracking systems. Using the described method, acquiring
real-time data can be utilized to develop learning mechanisms and predict the
controlled motion of programmable material for adaptive architectural skins.
Keywords: Hygroscopic properties of wood, Adaptive architecture,
Programmable materials, Real-time tracking

INTRODUCTION
The development of adaptive and kinetic systems
in building facades has typically relied on rigid and
complex mechanical systems (Fox, 2016). Current
research eﬀorts are in support of alternative passive solutions that substitute mechanical actuators
and rigid systems, calling for a paradigm shift in the
development of adaptive architectural skins and kinetic structures. As described by Fox, the “End of
Mechanisms” paradigm advocates for the use of so-

lutions including smart materials which were introduced due to their ability to passively mimic natural
systems. A signiﬁcant challenge however in working
with passive solutions, natural actuators, and smart
or programmable materials is achieving a high degree of precision and control over the behavior of
those materials to obtain a desired type and magnitude of motion, especially when the required objective involves regulating building façades that respond to speciﬁc and quantiﬁable factors related to
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daylighting, shading, solar exposure, ventilation, or
the like.
Several research eﬀorts have been done to deﬁne and analyze the behavior of smart or programmable materials, and their utilization in developing adaptive architectural skins. Programmable
materials are generally known by their embedded
system properties, through their ability to sense,
compute and actuate with a continuous and reversible motion (Knaian, 2008). As stated by Kretzer
(2017), evaluating the response of smart materials relies on studying the relation between the value of
transformation and the duration needed to complete
a full cycle of transformation. According to Lefebvre
et al. (2015), materials that have the ability to change
their properties as a response to external stimuli are
known as stimuli-responsive materials (SRMs), while
those materials that respond for a limited number
of cycles are known as functional or semi materials.
Addington & Schodek (2005) used ﬁve main characteristics to diﬀerentiate between smart and traditional materials, including transition, selectivity, immediacy, self-actuation and directness. In addition to
their unique ability to change in proportion and size,
response to external stimuli with reversible, continuous and bi-directional response and change has been
demonstrated as a signiﬁcant feature (Ritter, 2007).
lyer & Haddad (1994) analyze the behavior of
smart materials as a dynamic system that encompasses sensors to sense external stimuli, a communication network, or memory function, that is responsible for connecting signals from sensors to a processor, which resembles decision making devices, and ﬁnally the actuator function which is represented as a
transformational output that is inherent in the material itself. Smart materials have been shown to function in architectural building envelopes through their
sensing and actuation properties, for example using
shape memory alloys or electro-restrictive materials
to regulate solar exposure or radiation (Addington
& Schodek, 2005). These features related to memory and the formal capture of the material have been
demonstrated mostly in alloys and similar materials
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that exhibit a certain response to electricity, heat or
other factors.
With a natural material such as wood however,
and particularly with respect to the hygroscopic response of wood to diﬀerent variations in humidity
levels, this has not been suﬃciently exploited. It is the
aim of this paper to develop a method to track and
analyze such response in real time, with the future
objective of utilizing such data to develop learning
mechanisms and prediction models pertaining to the
controlled and regulated motion of programmable
materials for adaptive architectural skins.

RELEVANT WORK
Recent research eﬀorts related to the programming
of hygroscopic properties of wood encompasses
three aspects: (1) controlling and programming the
hygroscopic behavior of wood, (2) architectural applications of the hygroscopic behavior of wood, and
(3) methods used to track, analyze and evaluate the
motion of the material.

Controlling and Programming the Hygroscopic Behavior of Wood
Wood has been studied as a programmable material
due to its hygroscopic properties; that is, it has the
capacity to change in size in response to changes in
moisture content (Correa et al., 2015). Several studies have been conducted regarding the hygroscopic
behavior of wood and the hygromorphing properties
that allow for developing kinetic and adaptive structures, especially eﬀorts done at the Institute for Computational Design (ICD) at the University of Stuttgart,
and the Self-Assembly Lab (SAL) at MIT. Other efforts used synthetic composites inspired by the hygroscopic behavior of wood to self-shape into programmed conﬁgurations based on external stimuli
(Erb et al., 2013).
Several hygroscopic design parameters are responsible for controlling the response of wood to differences in humidity levels such as the type of wood,
grain orientation of wood ﬁbers, material thickness,
dimensional proportions, and the type and nature of

lamination (single, double or multiple cross lamination). Reichert et al. (2015) described the factors affecting the response to wood to humidity to be grain
orientation, shape, and dimensional proportions of
its samples. Holstov et al. (2016) further investigated
and tested four types of wooden composite material fabrication techniques in relation to the speed response of wood and the magnitude of sample deﬂection. These were gluing, mechanical ﬁxing, spot gluing and direct lamination.

Architectural Applications
The architectural applications of the hygroscopic behavior of wood can be classiﬁed into two groups of
applications; responsive and kinetic building façade
skins, and architectural pavilions that respond to differences in humidity levels. The primary objective in
most examples relies on achieving a speciﬁc type of
passive motion that is triggered by variations in humidity levels. Menges & Reichert (2012) used material behavior testing to fabricate ‘Hygromorphic
Skin’, a large-scale responsive façade. Studies were
conducted to control diﬀerent variations in aperture
openings and the response time of wood in relation
to variations in humidity.
The Institute for Computational Design (ICD) at
the University of Stuttgart studied and documented
the behavior of wood in response to humidity and
fabricated the ‘Hygroskin’ and ‘HygroScope’ largescale architectural prototypes (Reichert et al., 2015).
The two models were programmed in an opposite
condition in their response to humidity. ‘Hygroskin’
is a pavilion that opens upon increase in levels of humidity, while ‘Hygroscope’ closes upon increase in
levels of humidity. The ‘Hygroscope - Meteorosensitive Morphology’ pavilion exhibited in the Centre Pompidou utilized the dimensional variations of
wood to construct a climate responsive architectural
morphology, where the pavilion opens and closes in
response to climatic changes while being suspended
in a humidity controlled glass case.

Methods used to Track and Evaluate Material Motion
Tracking the hygroscopic motion in materials such
as wood has been studied widely. Bridgens et al.
(2017) proposed a monitoring and tracking method
for laminated wood samples in an outdoor condition through a one-year experiment, using a weather
sealed GoPro camera, weather station and transparent curvature charts. The parameters under study
were material degradation, mechanical decomposition and color change, conducted in weekly and
monthly assessments. Holstov et al. (2017) used
a one-year duration experiment to measure the response speed and curvature of wooden laminated
samples, using a DSLR camera and transparent reference charts for the sample curvature analysis. The
achieved degree of precision in these experiments
would typically work well under normal circumstances. However, for wood veneer samples with
a multitude of parameters, including type of wood,
grain orientation, material thickness, and single or
double lamination, and response parameters such as
changes in sample length, height, deﬂection value,
and radius of curvature through time, a more robust
method for capturing and tracking response and motion is required for an accurate representation that
can be translated to a 3D modeling tool.
Several input devices have been generally used
to sense and manipulate the deformation and curvature of surfaces. Older versions include the Shape
Tape, which is a rubber tape that could sense adequate deformation through ﬁber optic sensors. The
shape tape was linked with the Maya 3D modeling and animation software, and was set to control
NURBS curves in Maya (Balakrishnan et al., 1999).
More recent devices include the use of Flex sensors in
conjunction with microcontrollers as a low cost and
safe method to track angular measurements. For example, Beyaz (2017) studied the posture movements
of human arms and legs using ﬂex sensors as input
devices with Arduino Uno as a processing unit and
image analysis software for angular measurement. A
capacitive ﬂex sensor consists of dielectric material
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that separates two metal conductive layers. Its working mechanism depends on the dielectric material
that reduces the resistance between the two layers
involved in the deﬂection process (Sreejan & Narayan,
2017); an important feature when it comes to measure linear, angular and deﬂection values for both single layer and multi-layer wood veneer samples.
Tracking the motion of materials has been conducted by image analysis methods and software.
Previous research investigated the behavior of shape
changing material, and in particular tracking the response of wood to the diﬀerence in humidity levels through image analysis techniques. Using these
techniques, the response of wood to humidity is
tracked by means of assigning color codes on the four
edges of the wood sample to facilitate image recognition of the response motion. This method studies
motion through the relation between response time
and deﬂection value of the wooden sample under
diﬀerent humidity level conditions (Baseta, 2015).
Another experiment was conducted by Bridgens
et al. (2017) for a one-year duration to test the longterm eﬃciency of wood motion through its hygroscopic properties. Diﬀerent levels of material analysis were performed such as the range of motion of
the wood samples, fatigue value, and material deterioration. The motion of the material was captured through a weather sealed GoPro camera and
analyzed through weekly and monthly check points.
The tested parameters were curvature, erosion, color
change, delamination, waviness and curvature uniformity. Image analysis was also used to test the
strength of Carbon Fiber Reinforced Polymer (CFRP),
also an anisotropic and brittle material, by means of
fracture and strain distributions (Yokoyama & Matsumoto, 2017).

design that can be programmed to predict and control the response behavior of wood to the variation
in humidity levels. Diﬀerent prototypes of adaptive
wooden façades were fabricated to control the type
of motion needed and tested under diﬀerent humidity levels to predict their passive motion response.
The focus of this paper is to develop a computational
closed loop that allows for real-time tracking, analyzing and recording of the response of wood to humidity levels.
Tracking and analyzing the motion of wood in
this paper is divided into two parts; the computational proposed tool and image analysis tool, as illustrated in ﬁgure 2. The main challenge in studying
the behavior of wood as a programmable material
due to its hygroscopic properties is the procedures
of real time physical experiments. Hygroscopic motion parameters such as response time and deﬂection angles are measured by the proposed computational method then compared to the image analysis
software “Kinovea” to identify any percentage of error between the two tracking methods.
The image analysis software “Kinovea” has been
widely used to track diﬀerent kinds of motion. Kinovea has been identiﬁed as a valid and reliable
tracking software for human motion analysis for
sports and scientiﬁc purposes. It has also been validated in measuring and tracking time-related variables through using reference points. It has also been
explored in measuring and tracking angular and displacement variables in athletic and clinical studies
(Puig-Diví et al., 2017). This paper uses the capabilities of Kinovea to measure motion parameters such
as angles and distances in the required analysis in relation to the motion response of wood under diﬀerent humidity level conditions.

METHODOLOGY AND PROCEDURES

Image Analysis Method

The work in this paper is part of an ongoing research
project that aims to utilize the hygroscopic properties
of wood in designing adaptive facades, as illustrated
in ﬁgure 1. Several physical experiments were conducted to understand the parameters of hygroscopic
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Tracking and analyzing motion is typically found in
diﬀerent disciplines such as material sciences, medical studies, engineering and physical studies. The use
of the image analysis method to analyze kinematics
is known as a low-cost analysis technique. Analyz-

Figure 1
Framework of
research

Figure 2
Research
methodology
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ing motion using image analysis relies on diﬀerent
techniques such as the evaluation of center of mass
displacement or body motion, such as in Ubersense,
Nintendo MarkWiiR remote and Microsoft Kinect. Kinovea software, created in 2009 (Puig-Diví et al.,
2017), is a free 2D software that analyses motion by
means of evaluating angles and distances in a frameby-frame fashion. It can also use diﬀerent perspective
angles in the analysis due its capability to calibrate
non-perpendicular planes and non-accurately positioned views, and its ability to deﬁne ﬁxed marker
points and moving markers in any view. Kinovea has
been widely used in diﬀerent types of studies for image analysis and tracking, and is generally characterized by its friendly interface, frame-by-frame recognition, and tracking of the same object under study
using diﬀerent views. The tracking and analysis process typically follows these steps:
1. Adjusting the marker position: The process
begins by selecting the best frame to start tracking,
then putting “Marker” signs to the selected points
that will be either tracked in motion or in static position for measurement extraction. Markers need to
be clear and unique for the software to capture them
easily and accurately.
2. Taking measurements: In this experiment,
measurements are conducted through the “Angle”
component. This is done through deﬁning three
points. One of them is the center point and the two
other points are the points enclosing the measured
angle. These points are conﬁgured by the “Marker”
component.
3. Tracking: The “Start Tracking” component is
applied on the markers to initiate tracking and calculations. When playing the video, the angle is tracked
in each frame as a movable point, thus resulting in
an automatic tracking and measuring of the angle in
real-time, as illustrated in ﬁgure 3.
4. Recording the output angles: The measured
angle is automatically tracked in each frame and the
angles are recorded in a Microsoft Excel sheet.
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Figure 3
Tracking the motion
of wood through
image analysis: (a)
Humidiﬁer; (b)
Temperature and
humidity sensor; (c)
Metal clamp; (d)
Tracked angle; (e)
Fixed marker point;
(g) Tracked frame

Motion Sensing Method
The proposed computational closed loop links the
smart material interface (SMI) with a digital and tangible interface. SMI is represented in the detection, programming and controlling of the response
of wood to the diﬀerence in humidity levels due to its
hygroscopic properties. The tangible interface comprises the physical setting of the experiment, including a humidiﬁer, a controlled humidity chamber, ﬂex
sensor, circuits, in addition to an Arduino Uno microcontroller kit. The digital interface consists of the
Grasshopper parametric modeling interface and the
FireFly plugin, its physical computing interface. The
proposed method for tracking and monitoring the response of wood to the change in humidity level is illustrated in ﬁgure 4.
Figure 4
Computational
method for tracking
wood response: (a)
Wood sample; (b)
Flex sensor; (c)
Arduino Uno; (d)
Breadboard; (e)
Grasshopper; (f )
FireFly deﬁnition

Figure 5
Fixing the motion
sensing system in
between the bilayer
wood sample

Figure 6
Experiment inside
humidity chamber:
(a) Chamber; (b)
Humidiﬁer; (c)
Humidity and
temperature
sensor; (d) Clamp;
(e) Bilayer wood
sample

The physical experiment utilized a circuit with a ﬂex
sensor to sense the curvature of the sample and an
Arduino-Uno microcontroller kit as a microprocessor,
as illustrated in ﬁgure 5. The proposed process for
the experiment aimed to measure and capture the
response of wood motion in relation to changes in
humidity levels. The experiments were conducted
in a transparent controlled humidity chamber on a
4*11cm beech veneer wooden sample with a tangential grain orientation. The ﬂex sensor was ﬁxed on
the wood veneer sample and connected to the Arduino Uno kit to measure the bending of the wooden
sample. The motion response of the wood was captured by the ﬂex sensor, and then processed using
the Arduino microcontroller. A humidity sensor was
located inside the controlled humidity chamber to
demonstrate variations in humidity levels. This experimental phase is divided into four main steps:
testing the eﬀect of humidity of the sensor in the
chamber, ﬁxing the sensor to the bilayer wood sample, ﬁxing the bilayer wood sample in the controlled
humidity chamber, and recording and evaluating the
motion of the bilayer wood sample using the digital
interface in Grasshopper and FireFly. These steps are
described in detail as follows:
1. Testing the eﬀect of humidity of the ﬂex sensor alone in the controlled humidity chamber: It was
demonstrated that the ﬂex sensor is not impacted
by the diﬀerence in humidity levels. It was necessary to isolate this factor from the beginning of the
experiment to ensure an accurate representation of
the readings of the wood sample without any noise
in the measure data from other sources. The water
resistance-based glue was also important to use so
that it does not impact the integrity of the experiment.
2. Fixing the ﬂex sensor to the tested bilayer
wooden sample: A bilayer sample was used in this
experiment to simulate the response eﬀect of wood
upon variations in humidity levels. Beech (hardwood) veneer acted as the active layer responsible for
the motion of the wood sample, while ﬁr (softwood)
veneer acted as the passive layer that regulates or re-

sists the motion. The two pieces of wood were glued
from their two edges with polyurethane glue (water
resistance based glue to avoid any impact of humidity on the sensor and consequently on any measurements or readings of the experiment). The ﬂex sensor
was then inserted in between the two samples and
connected with the Arduino Uno kit, as illustrated in
Figure 5.

3. Fixing the bilayer wood sample in the controlled humidity chamber: The bilayer wood sample
was then ﬁxed using a metal clamp to maintain location and position and located inside the controlled
humidity chamber, as illustrated in ﬁgure 6. The experiment was run with humidity variations between
65-95%. The ﬂex sensor was connected to the Arduino microcontroller and the Grasshopper interface.
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Figure 7
Grasshopper script
developed to track
the response of
wood

The motion of wood was therefore recorded in the
digital interface through angle variations. The motion of wood was also recorded using a video camera
to validate the motion sensing method.
4. Recording, analyzing and evaluating the motion of bilayer wood sample: The Grasshopper script
was responsible for storing the variations of angles
and tracking and analyzing the response behavior of
wood. The digital interface was used to map, store
and evaluate the motion of wood. The tangible interface was read by the Fireﬂy plugin using Grasshopper. Fireﬂy transmits the real-time motion response
of wood to Grasshopper. A parametric Grasshopper
script was generated to evaluate, analyze and store
the motion of the sample, as illustrated in ﬁgure 7.
The ﬂex sensor output readings were remapped
in Grasshopper to generate the sample bending angle. The resistance value acquired from the sensor
was then captured by Fireﬂy, and a parametric model
for was generated in Grasshopper according to the
remapped angles. The output of Grasshopper introduced both a numerical and graphical record of the
wood response motion. The numerical output is the
deﬂection value of wood and the response speed at
each humidity level. The graphical output is a 3D animated model for the real-time motion of wood. The
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process is stored as a digital real-time analyzed video
that can easily be integrated in spreadsheets.

RESULTS AND DISCUSSION
Experiments were conducted on two phases; the image analysis phase and the motion sensing mechanism phase using physical experiments. Three experiments were conducted for each phase on the bilayer
samples for increased accuracy and calibration and
to extract average readings for the angles of motion
in wood in response to humidity, as illustrated in table 1. Readings were taken in 1-minute intervals for
both phases. For the image analysis phase, the motion range was from 2.3 degrees to 29 degrees for a
full duration of 20 minutes. The second phase of the
study was conducted in a controlled humidity chamber with a bilayer sample of wood (Beech + Fir veneer). Both samples were of a tangential cut with a
sensing input element (ﬂex sensor) in between the
bilayer sample. The motion range for this phase was
from 0 degrees to 29.2 degrees.
As the image analysis method is typically a wellknown method for 2D motion tracking, the image
analysis readings were used as a reference for comparison of results of the motion sensing method. By

Table 1
Average readings
for deviation angles
for bilayer wood
samples in relation
to the increase in
the level of
humidity for both
the image analysis
and motion sensing
methods

comparing the readings of the two conducted methods (as illustrated in table 1), it was found that the
maximum diﬀerence in angle measurement was 2.3
degrees (only at the onset of the experiment, due to
calibration logistics, while the maximum diﬀerence
across the 20-minute duration was only 1.1 degrees),
while the minimum diﬀerence was 0.1 degrees.
Figure 8 shows the exact angle measurement per
minute for the average readings of three experiments
for each of the experiment phases. By conducting a
T-test with a two-tailed distribution and two-sample
unequal variance for the image analysis method and
motion sensing method results, a value of P = 0.87
was concluded (large p-value >0.05), indicating weak
evidence against the null hypothesis of no diﬀerence,
and therefore indicating no signiﬁcant diﬀerence between both methods. This validates the proposed
motion sensing mechanism as a method to measure
angle deviations determining the response of wood
to diﬀerence in humidity levels, as there was no signiﬁcant diﬀerence in relation to the image analysis
method.
There were some limitations however in the implemented method in this paper. The Analog to Digital Converter (ADC) on the used Arduino Uno board
has a 10-bit resolution. This limits its diﬀerentiation to 2ˆ10 (1024) diﬀerent levels for an analog in-

put. There are some methods however to improve
this resolution depending on the required complexity. Most methods will probably get realistically the
equivalent of 2-4 additional bits of resolution (1214 bits total) such as using the Arduino Due or the
Arduino Zero. A separate ADC chip however could
get an additional 14 bits (24 bits in total). Future research will consider this limitation and use appropriate measures to acquire higher resolution for the implemented tangible interface.
The used sensing system is limited to twodimensional and unidirectional motion and could
not sense three-dimensional motion such as twisting for example when the grain orientation for a
wood sample is at 45°. Further research and development in this area will include tracking more sophisticated types of motion for wood that can be acquired through diﬀerent fabrication techniques of bilayer samples. This requires investigating diﬀerent
hygroscopic design parameters such as grain orientation, material thickness and diﬀerent types of wood.

CONCLUSIONS
This paper proposed a motion sensing mechanism
to capture, analyze and store the real-time motion
and response of wood to diﬀerences in humidity lev-

Figure 8
Comparing the
angular readings
between the image
analysis method
and motion sensing
method
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els due to its hygroscopic properties. This mechanism introduces a way to link the tangible interface of the material to a computational interface that
records real-time accurate measurements with respect to time and relative humidity. Results of the
experiments conducted on bilayer wood samples of
beech and ﬁr veneer showed no signiﬁcant diﬀerence between the implemented mechanism and image analysis methods, with the added value of a more
grounded precise capturing of actual material motion, accurate digital representation for further operation in 3D modeling, analysis and simulation tools,
acquiring numerical data related to wood deﬂection
and response speed at each humidity level, and animated documentation of real-time motion of wood.
Further research aims at utilizing the tested motion
sensing mechanism to develop learning mechanisms
to predict the controlled motion of wood for use in
adaptive architectural skins.
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Exploring the material properties from the point cloud data of the existing
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The utilization of point cloud as a 3D laser scanning product has reached across
multi-disciplines in terms of data processing, data visualization, and data
analysis. This study particularly investigates further the use of typical attributes
of raw point cloud data consisting of XYZ (position information), RGB (colour
information) and I (intensity information). By exploring the optical and thermal
properties of the given point cloud data, it aims at compensating the material and
texture information that is usually remained behind by architects during the
conceptual design stage. Calculation of the albedo, emissivity and the reflectance
values from the existing context specifically direct the architects to predict the
type of materials for the proposed design in order to keep the balance of the
surrounding Urban Heat Island (UHI) effect. Therefore, architects can have a
comprehensive analysis of the existing context to deal with the microclimate
condition before a design decision phase.
Keywords: point cloud data, material characteristics, albedo, emissivity,
reflectance value

INTRODUCTION
The utilization of point cloud as a 3D laser scanning
product has reached across multi-disciplines in terms
of data processing, data visualization, and data analysis. In engineering domain, for example, it is predominantly used for surveying and mapping or modelling
the construction project like dam or road surface (Fujita et al. 2014). It also starts taking over the building scale by performing further the 3D reconstruction of the mechanical, electrical, plumbing (MEP) in
the building system (Shih 2002). White (2013) speciﬁcally pointed out that point cloud stands as a discrete
three-dimensional location that can have additional

metadata associated with each record. According to
Feng (2012), the metadata properties, later the socalled attribute information of point cloud may deliver four functions of information: geometrical information (size, roughness), physical information (mechanical properties, physical identity), visual information, and spatial information (position and orientation).
Drawing the above considerations, we can identify the potential application of point cloud data
which not only corresponds to a data representation
but also drives further into the performance analysis
in architecture. This study particularly investigates
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further the use of typical attributes of point cloud
consisting of XYZ as position information, RGB as
colour information and I stands for intensity information (Weinmann 2016). Kobayashi et al. (2011) employed the colour information of point cloud to detect the road signage in Japan by calculating the Hue
(H) and Saturation (S) values of the given RGB colour.
Meanwhile, the intensity information can be used to
identify the cracks of damaged concrete in the tunnel or caused by natural disaster (Kashani et.al 2015).
The position information automatically attached to
both colour and intensity values for marking the coordinate locations of each point.
The use of these attributes attempts to address
a blank spot in the site analysis of the existing environment. By exploring the optical and thermal properties of the given point cloud data, it aims at compensating the material and texture information that
is usually remained behind by architects during the
conceptual design stage. Further, calculation of the
albedo, emissivity and the reﬂectance values from
the existing context speciﬁcally direct the architects
to predict the type of materials for the proposed design in order to keep the balance of the surrounding Urban Heat Island (UHI) eﬀect. Therefore, architects can have a comprehensive analysis of the existing context to deal with the microclimate condition
before a design decision phase. Of importance factor
is keeping the mutual relationship between the new
building design and its surrounding environment.
This paper is then formulated into several parts:
Part 1, it contains the overview of addressing the
point cloud data attributes into the architectural design phase. Part 2 describes a dataset collection. In
Part 3, the proposed method and its application into
the architectural context. Part 4 contains the result
and discussion of the material database.

DATASET COLLECTION
This study demonstrated a small sample of datasets
to run the proposed workﬂow (see Fig.1). The dataset
comprises a small portion of building facades from
the data scanning of the Middlestum Church in
Groningen, Netherlands. This dataset was collected
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by using Faro Focus 3D laser scanner with wavelength 950 nm and coupled with a Nikon D5300 to
proceed the colour points. The collected dataset
used Terrestrial Laser Scanning (TLS) technique so
that the material and texture representation of the
real context can be accurately visible in comparing
with the dataset from Airborne Laser Scanning (ALS)
technique. The TLS dataset also allows the architects
to capture an isolated place like underground, interior or building areas located under the dense tree’s
canopy.
Furthermore, this study focuses on exploring the
information of XYZ, RGB and Intensity values contained in the raw dataset. Having set these attributes,
the proposed procedure in this study is possible to be
implemented in another case.
Figure 1
The 3D point cloud
datasets: A
(cropped facades of
Middlestum
Church) and B (3D
scanning process
on site)

METHOD
In order to map the material database of the existing environment, the proposed method in this study
lies in the two main investigations: the thermal properties and the optical properties. The steps of each
procedure are illustrated in Fig. 2.

Thermal Properties
Investigation of the thermal properties refers to the
emissivity parameter which constitutes a measure of
the heat radiation emitted by the surface of the material (Ashby et, al 2008). It is important to note that
the emissivity is not only depending on the material
but also on the nature of the surface. In this case, the
black body will be assigned for 1.0 emissivity value.
Principally, the emissivity shares the similar direction
with the intensity information contained in the point

Figure 2
The overview of the
proposed workﬂow

Figure 3
The comparison
between intensity
values and
emissivity values

Figure 4
The intensity
correction of the
dataset: A (before)
and B (after)

cloud data. The intensity attribute constitutes the
amplitude of the return signal which refers to the
laser beam that bounces back from the scanned object (ArcGIS 2016). Accordingly, both the emissivity and intensity consider the material properties of
the object’s surface to record their values although it
works inversely (see Fig.3). The intensity values assign 1.0 on the white/bright surface. Thus, we should
assign the intensity values of raw point cloud data the
other way around to set the correct values of the thermal property.
Before proceeding the intensity values into the
thermal properties, the data representation of the intensity should be checked ﬁrst. It aims at identifying what level of intensity correction is needed. According to the level of intensity processing (Kashani
et al. 2015), the dataset only requires Level 0 which
is checking the format of intensity. This is because
the intensity properties of the dataset correspond already with the correct areas such as the high values
refer to the bright and smooth surfaces. In this case,
we convert the intensity values of the dataset into

range 1.0 in order to match with the input requirement of the thermal properties. The conversion process is necessary due to diﬀerent format produced
by the 3D scanning tools. In Figure 4 below depicts
the alteration of colour values from range 0 - 2048
(shown in Figure 4A) into the range 0 - 1 (shown in
Figure 4B).
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Optical properties
The section of optical properties corresponds to the
reﬂectivity parameter. The reﬂectivity stands for the
amount of reﬂected light from the material related to
the total of incident light that reaches the surface of
the material (Ashby et, al 2008). In order to get the
value of reﬂectivity, the reﬂectance should be calculated ﬁrst. Calculation of these parameters requires
the RGB colour as the main input. In this case, we only
account the reﬂectance values in the given dataset
according to the opaque material properties.
In parallel, we also calculated the albedo values
to identify the percentages of the global reﬂection
coeﬃcient in the surface material. It is done by computing the average values of RGB colour for each
point contained in the datasets. Afterwards, the generated albedo (in the format of ASCII) can be aligned
with the geometrical 3D point cloud (in the format of
e57) to detect the designated areas. In the broader
urban context, the possibility of calculating the increment of global albedo is available in accordance with
the surface distribution of each urban element.

COMPUTATIONAL WORKFLOW
In general, this study consists of three phases of
data processing coupled with its digital tools. First,
dataset collection. This phase aims at processing the
raw dataset and preparing it in order to be legible
in the 3D modelling tools. The tasks speciﬁcally include ﬁltering the outlier, cropping the designated
areas, activating and checking the scalar ﬁeld of intensity values, merging the partial data scanning, and
exporting the dataset into the format e57 and ASCII.
These tasks are supported by using Cloud Compare
(CC).
Second, calculation of the attribute properties.
Due to a signiﬁcant amount of point data, the selected dataset is divided into two format. It uses e57
format for handling the geometric of 3D point cloud
and ASCII format for adjusting the values of each attribute. The ASCII format is then used to calculate the
albedo and the reﬂectance values. This phase employs Rhino and Grasshopper components.
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Third, the material selection. This phase aims at identifying the type of the material according to albedo,
emissivity, and the reﬂectance values. The selected
values are then inputted into the CES Edupack to ﬁlter the matched material.

RESULT AND DISCUSSION
As the result of this study, we presented the following
three items:
First, we segmented the areas based on intensity values in order to identify the surface distribution in the dataset (see Fig. 5). The selected areas are
then converted into the emissivity values. It is useful
for identifying the material characteristics in terms of
thermal properties.
The Figure 5 illustrates that the largest portion
captured in the intensity is shown in the range between 0.2 - 0.3 (40.7%). It refers to space in-between
the exterior and interior wall of the Church. According to the intensity properties, the selected areas indicate a rough surface with a diﬀuse reﬂection and
less glossy surface. It can be proved by observing the
color of the areas and its location which is diﬃcult
to reach by the 3D scanner. This area, consequently,
shows a massive noise of points and undeﬁned geometrics. On the other hand, the characteristics of this
area correspond to the range 0.8 - 0.9 of emissivity
values.
The least portion of intensity is demonstrated in
the range 0.8 - 0.9 for only about 0.7 % of the total density of points. Although this area shows a
high-intensity value, in contrast, it designates the low
emissivity value which is around 0.1 - 0.2. It means
that this surface only emits one or two tenth the
amount of energy of a blackbody at the same temperature.
Second, we calculated the albedo values according to the available RGB colour information contained in the dataset. By searching the average values of each point and then dividing it into 255 colour
unit, we can list each albedo attached to each point
data. Figure 6 illustrates further a classiﬁcation of the
dataset based on the albedo values. It is coupled with

Figure 5
Surface distribution
of the dataset
according to
intensity and
emissivity values
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the calculation of total albedo and reﬂectance values
corresponding to the percentages of the covered areas. The total (Δ) albedo allows us detecting the possibilities of albedo modiﬁcation in certain areas related to the selected properties. For example, we can
modify or substitute certain areas of the pavement
by placing trees in order to reduce the temperature
of the surfaces. This then can be useful to reduce the
global heat island eﬀect by focusing the increment
albedo on the selected urban elements.

The inclusion of reﬂectance (solar reﬂectivity)
shown in the graphics (see Fig.6) demonstrates the
characteristics of the surface dataset in determining the material types. For the conceptual clarity,
yet the calculation of reﬂectance values accounts the

268 | eCAADe 36 - MATERIAL STUDIES - Volume 2

opaque material properties according to the portion
of given available dataset. The reﬂectance ranges
indicate the similar pattern to the albedo values.
The albedo range 0.1 corresponds to the average reﬂectance values of 0.078 which represent the smallest values. On the other hand, it designates that the
black surface on the dataset corresponds to the small
reﬂectance values. The Figure 6 also illustrates that
the albedo values 0.2 represent the largest portion of
dataset indicating around 40 % of the total dataset.
This number simultaneously refers to the low range
of reﬂectance values, 0.119.
Third, identiﬁcation of the material according
to its emissivity values. This process is conducted
by exploring the architecture materials contained in
CES EduPack 2017. Having set the selection stage
through the chart media, we can ﬁlter the list of materials that meet the required criteria. As illustrated
in Figure 7 A, only 93 of 127 materials are available
for the emissivity results. This result is then only consisted of 9 type of materials starting from the most
reﬂective materials up to the dull and black surface:
metal, ferrous and non-ferrous (0.02 - 0.7), glass (0.1 0.95), technical ceramics (0.23 - 0.95), polymers (0.38
- 0.97), concrete, stone and brick (0.44 - 0.97), foam,
fabrics and ﬁbers (0.53 - 0.98), wood, plywood, glulam, bamboo, straw and cork (0.81 - 0.93) and elastromers (0.86 - 0.96).
Furthermore, Figure 7B illustrates the speciﬁc
sample of materials from the emissivity range between 0.0 - 0.1 which is also included in the category
of metal, ferrous and non-ferrous. There are at least
17 materials identiﬁed in this range. To the following
emissivity range, the same selection mechanism can
be performed. In general, these identiﬁed materials
correspond to the values extracted from the dataset.
It provides us variety of options related materials contained in a certain surface dataset. For architects, the
material properties of the existing environment are
used to identify the proposed materials in the new
building design. It allows architects considering the
material selection during a design decision phase.

Figure 6
Surface distribution
of the dataset
according to the
albedo and
reﬂectance values

Figure 7
The material
selection based on
the emissivity
values
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CONCLUDING REMARKS
This study investigates the attributes of point cloud
data contained in the raw dataset for identifying
the material characteristics in the existing environment. It speciﬁcally addresses the use of intensity
and RGB colour information to determine the emissivity, albedo, and the reﬂectance values. The thermal and optical properties drive further into the series of analysis of the surface dataset that can be applied in the larger urban context. In so doing, architects can calculate and predict the material performance of the existing environment that can aﬀect
their conceptual design. The ultimate aim is to maintain the quality of the built environment between the
existing context and the proposed design.
There are, however, some limitation that should
be considered further such as calculation of the reﬂectance values that only relies on the opaque material properties due to the dataset availability, the material selection (shown in Fig.7) should account not
only from the emissivity parameter but the albedo
and the reﬂectance values also need to be synchronized together. Thus, the material properties can
yield the optimum values from the intersection of
those set parameters.
For further study, it is recommended to test the
proposed method into the larger scale of the urban
context. Thus, we can map the material properties
of the existing environment in combination with the
complexity of the urban morphology and the building functions. In the future, the calculation of refractive and the transmissivity values of the material properties also needs to be addressed due to
the identiﬁcation of light visibility onto the surface
dataset. At last, the inclusion of the proposed workﬂow into the environmental simulation during the
conceptual design process.
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Bioplastics are by their very nature parametric materials, programmable through
the selection of constituent components and the ratios in which they appear, and
as such present significant potential as architectural building materials for
reasons beyond sustainability and biodegradability. This paper presents a system
through which rigid three-dimensional doubly curved hyperbolic paraboloid
shapes are automatically formed from two-dimensional sheet casts by harnessing
the inherent flexibility and expressiveness of bioplastics. The system uses a
gelatin-based bioplastic supplemented with granular organic matter from food
waste in conjunction with a split-frame casting system that enables the
self-formation of three-dimensional geometries by directing the force of the
bioplastic's uniform contraction as it dries. By adjusting the food waste added to
the bioplastic, its properties can be tuned according to formal and performative
needs; here, dehydrated granulated orange peel and dehydrated spent
espresso-ground coffee are used both to impart their inherent characteristics and
also to influence the degree of curvature of the resulting bioplastic surfaces.
Multi-material casts incorporating both orange peel bioplastic and coffee
grounds bioplastic are shown to exert a greater influence over the degree of
curvature than either bioplastic alone, and skeletonized panels are shown to
exhibit the same behavior as their solid counterparts. Potential developments of
the technology so as to gain greater control of the curvature performance,
particularly in the direction of computer-controlled additive manufacturing, are
considered, as is the potential of application in architectural scale.
Keywords: Bioplastics, Composites, Fabrication, Materials
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INTRODUCTION
While contemporary plastic manufacturing is readily available and relatively cheap, it does not attend
to environmental issues. With the growing global
demand for energy, chemicals and materials, bioplastics oﬀer several advantages including sustainable production and consumption, using renewable
raw materials to meet global targets. Food waste
contributes to excess consumption of freshwater and
fossil fuels which, along with methane and carbon
dioxide emissions from decomposing food, impacts
global climate change. With the goal of a sustainable bioplastic, this paper explores a programmable
food waste composite, thereby using waste relative
to local production. The fabrication methods used
include embedding self-assembly properties within
the material program to create semi-autonomous
plastic panels as a result of dehydration. Such panels
can be used in various scales from product design to
large scale, temporary, local ephemeral architectural
applications. This study focuses on the exploration
of the programming of material intelligence via digital and physical simulations, using food waste deposition to trigger a self-assembly response in bioplastic.
Previous work on biodegradable plastics has
been researching diﬀerent mixes for enhancing mechanical properties (Kretzer, et al. 2013) but as well
as variation of mechanical properties in anisotropic
surfaces based on multi-material deposition. The current research additionally focuses on self-assembly
processes based on the material properties of the
new composite.

METHOD
Exploration of the potential of bioplastic as a computationally designable and digitally fabricable material was conducted along two distinct but interrelated axes: investigation of the components comprising the bioplastic and their proportions - the recipe was performed concurrently with the design of processes and equipment for fabrication using the material. A recipe and a process which, when applied
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together, form a system with a unique performance
and the potential for application in the fabrication
of low-cost, large-scale complex geometric architectural surfaces.
This system enables the automatic formation
of a rigid bioplastic three-dimensional hyperbolic
paraboloid from a two-dimensional sheet cast. Materially, the system combines a gelatin-based bioplastic with granular organic matter from food waste,
which confers speciﬁc characteristics depending on
the type used. This material is cast into a ﬂat frame
laser-cut from medium-density ﬁberboard, which is
split at two points to enable the bioplastic’s selfformation into a three-dimensional doubly curved
panel.
Experimentation was performed with the aims of
achieving control over the degree of deformation of
the material and, in parallel, empirically quantifying
this action in relation to its informing variables in order to develop a parametric model and simulation
with which to investigate formal possibilities and potential architectural applications.

Base Bioplastic Composition
Extensive testing of bioplastic recipes was performed, with particular attention paid to interactions with potential food waste particles and fabricability through a variety of methods including twodimensional casting, three-dimensional casting and
syringe extrusion, all at a variety of scales. (Figures 1
& 2). As the tests of both material and technique iteratively converged on the system described above,
the following base bioplastic recipe - adapted from
Materiability (Rodriguez 2012) with the addition of
vinegar - was found to oﬀer the most synergistic
pre-casting, post-casting and post-curing properties
among those tested:
•
•
•
•

20 parts (by mass) water
4 parts dry gelatin powder
1 part glycerin
1 part vinegar

Figure 1
Material Recipes

Figure 2
3D Printing Recipes

Figure 3
Orange Peel
Deformation
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To prepare the bioplastic, these ingredients are
added to a pot in the order listed and heated on a
hot plate while being stirred continuously until the
gelatin becomes amorphous (between 40 and 60 ºC).
The process of deriving this recipe emphasized
the parametric nature of plastics: each constituent
played an observable role in the outcome of the material. For this recipe, gelatin and glycerin form the
basis of the plastic, lending among other qualities
transparency and cohesion respectively, while vinegar rigidiﬁes the cured result. Previous iterations
using ingredients such as corn starch and silicone
in large proportions were also revealing of plastics‘
ability to take on their components’ characteristics,
though their eﬀects were not always desirable. For
example, starch-based recipes remained glutinous
despite weeks of curing time and attracted populations of Drosophila, while recipes containing silicone
were not evenly miscible and readily became moldy.
Overall, the gelatin-based bioplastic conferred the
best mix of characteristics among the recipes tested,
and was chosen for its stability, transparency, postcuring rigidity, and compatibility with the split-frame
fabrication system.

Addition of Granular Organic Matter from
Food Waste
The addition of organic particles to the bioplastic was
initially investigated as an avenue by which to augment its characteristics through incorporating those
of other materials. Granulated orange peel, for instance, was trialed as a means to integrate the structural properties of cellulose - namely strength (Genet,
et al. 2005), rigidity (Bayer, et al. 1998) and bulk through the use of an abundant and largely unused
food waste. Simultaneously, spent espresso-ground
coﬀee was tested with the aim of enhancing the water resistance of the bioplastic via unextracted ﬂavor
compounds, which are hydrophobic (Wouda 1981).
Tests of bioplastic samples impregnated with
granulated orange peel and spent coﬀee grounds hereinafter referred to as orange peel bioplastic and
coﬀee grounds bioplastic respectively, for brevity -
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were performed in parallel on samples containing increasing amounts of dehydrated food waste (ﬁve, 10
and 20 percent by mass), alongside a control containing no food waste. Each test was performed on a
sample created by casting into a 100 mm square, 3
mm deep MDF mold..
Among the tests performed, two in particular revealed generalizable results. Subjecting the samples
to one minute of heating from a 600 ºC heat gun
from a distance of 100 mm exhibited deformation inversely proportional to orange peel content and casting in a diagonally split frame exhibited deformation
proportional to food waste content upon drying, for
both orange peel bioplastic and coﬀee grounds bioplastic - though the latter showed more acute deformation. (Figures 3 & 4)
In this way, the added granular organic matter
from food waste became a major parameter in its
own right, with both the type of waste used and the
amount used inﬂuencing the characteristics of the
bioplastic.
Additional testing revealed structural potentials
in the orange peel bioplastic. Three equilateral triangular sheets with a side length of 150 mm, cast at 5
mm thick and containing food waste particles, were
suspended from their vertices and allowed to dry
into catenary arches - as in Gaudi’s technique (Huerta
2006) - and inverted. Load was incrementally applied using weights, with the arch containing 30 percent orange peel successfully bearing 18.45 kg without collapsing, and rebounding to its original shape
within 24 hours (Figure 5).

Split Frame Design and Automatic Formation
The automatic formation of a doubly curved panel in
this system is a result of the bioplastic and the frame
in which it is cast working in concert. As the bioplastic
dries, the egress of water through evaporation causes
the material to contract. Left unconstrained, this contraction occurs anisotropically and to a degree proportional to the bioplastic’s food waste content (Figure 6). However, if the bioplastic is cast into a frame

Figure 4
Coﬀee Ground
Deformation

Figure 5
Strength Test
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such that its edge conditions are regulated, then it is
possible to passively exert control over the result of
the contraction.

By casting the bioplastic into split frames laser-cut
from medium-density ﬁberboard, an axis of freedom
which dominates the bioplastic’s natural anisotropy
can be established. This eﬀect is a function of both
the frame’s material and its geometry. Because the
bioplastic adheres to the porous ﬁberboard, its edge
condition is regulated where it contacts the frame,
thereby constraining the material’s contractive tendency. Any points of weakness in the frame therefore
become outlets for the force of contraction - thus, by
splitting the frame at two points, an axis of freedom is
inscribed between them, around which the material
is free to bend as it contracts (Figure 7).
Experimentation has revealed a number of
points to consider pertaining to this technique.
Firstly, the bioplastic should be cast upon a minimally
porous surface for ease of release. Testing has shown
that a cast bioplastic surface, once suﬃciently solidiﬁed as to be non-liquid - typically after one hour of
drying - can be peeled from the casting surface and
hung up vertically to cure with minimal eﬀect from
gravity on the geometry of the result. Secondly, the
curvature of the edges of the panel is inﬂuenced by
the rigidity of the frame; for a given panel size and
to a limit, a frame cut from thicker ﬁberboard yields
straighter edges.
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Investigating the Nature of Contraction
With a technique enabling the formation of threedimensional hyperbolic paraboloid surfaces from
two-dimensional panel casts established, experimentation was performed to explore methods by
which the degree of bending might be controlled.
Early split frame tests indicated that, for a given
proportion of food waste matter, panels cast from
coﬀee grounds bioplastic contracted more than
those cast from orange peel bioplastic. To investigate whether the materials’ diﬀerent contraction
rates could be leveraged to inﬂuence the curvature of
a panel, contrasting multi-material casts were made:
one featuring a strip of coﬀee grounds bioplastic running from one corner split to the other with orange
peel bioplastic comprising the rest; and another with
the same materials in the opposite orientation. The
results of the test were dramatic: at a 100 mm square
panel size, the coﬀee grounds panel with the orange
peel strip contracted to roughly a 100 degree angle
when viewed from the side, while the opposite panel
contracted to only approximately 30 degrees. This
contrast is considerably more marked than that between mono-material panels, indicating that the two
bioplastics can be used in conjunction to either amplify or temper the automatic formation eﬀect (Figure 8). Tests with larger scale panels revealed the potential of the multimaterial in prescribing geometric
formations to the panel (Figure 9).
In addition, tests were performed to assess the
geometry of the contraction itself, with a view to parameterizing the deformation. In the next series, the
grid was skeletonized - that is, a mold was created so
that the bioplastic was cast only on the grid lines, at a
width of 7.5 mm, with the cells of the grid left empty
- to observe whether the introduction of void space
aﬀects the pattern of contraction. Both series of tests
showed that both bioplastics contract uniformly on
a per-material basis, with neither the edges nor the
center of the panels contracting materially faster or
more than the other.

Figure 6
Bioplastic
Contraction Tests

Figure 7
Split Frame
Assembly

Figure 8
Multimaterial
Contraction Rate
Comparison
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Figure 9
Multimaterial Large
Scale Panel

FURTHER WORK AND CONCLUSION
The research performed to this point establishes a
system to produce a material performance - the automatic formation of a rigid three-dimensional doubly curved bioplastic panel from a two-dimensional
sheet cast - with a number of possibilities for further development. Having shown that a skeletonized
panel exhibits the same contraction and automatic
formation behavior as a solid panel, there exists
signiﬁcant potential for the employment of additive manufacturing techniques in the fabrication of
lightweight, geometrically tuned panels. Printing
the bioplastic rather than casting it would allow for
precise control of the geometry, particularly if informed by a parametric model negotiating the transition from two dimensions to three. In particular, computer-controlled fabrication using a six-axis
robot in concert with an air pressure extruder would
potentially enable the fabrication of large-scale selfforming panels for architectural applications.
However, the biological nature of bioplastic must
not be forgotten. Organic matter decays as it biodegrades, presenting the challenge of designing materials that are strong and durable enough to be architecturally valuable, but not so robust so that they
remain in the environment after they are no longer
needed. Indeed, the ephemeral nature of biological materiality proposes an ephemeral architecture,
subject to change over time under the processes of
metabolism and decay. In this sense, a construction
material made from food waste has a role to play
in urban strategy by diverting waste products away
from landﬁlls and into value-added goods.
In digital materiality, there is an intrinsic link between technology, material science and organic form
(Gramazio and Kohler 2008). Digitally fabricated selfforming panels bioplastic derived from food waste
present the potential for design and industry alike
to engineer functionally graded materials at low cost
using abundant and largely untapped material resources. This research demonstrates the potential
presented by food waste as a future sustainable
building material.
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The paper aims to address methods of creating a system for design through
material studies that are employed as feedback on a computational digital model.
The case study described in this paper is the output of an exploration that has
investigated physical transformation, interaction and wood materiality over the
period of two weeks of the international architecture programme AA Athens
Visiting School in Greece. Real-time performative form-responsive methods
based on bending and stretching have been developed and simulated in an
open-source programming environment. The output of the simulation has been
informed by the results of material tests that took place in parallel and have
served as inputs for the fine-tuning of the simulation. Final conclusions were
made possible from these explorations that enabled the fabrication of a prototype
using wood veneer at one-to-one scale. From a pedagogical aspect, the research
main focus is to improve the quality of architectural education by learning
through making. This is made possible using advanced computational techniques
and coupling them with material studies towards an integrated system for
architectural prototypes within a limited time frame.
Keywords: materiality, computation, 1:1 scale prototyping, simulation,
fabrication

INTRODUCTION
‘The organization of a system does not specify the properties of the components....it only speciﬁes the relations
which these must generate to constitute the system as
a unity’ (Spuybroek, 2004, p.7).
After a long history of ﬁxed architectural thinking
and rigid ediﬁces, architects have begun to diverge
from the static expressions of their thoughts and realizations. Following the revolution during the 1960s
that gave rise to cybernetics, systems and informa-

tion theory, architects like Chuck Hoberman developed transformable, dynamic systems or architects
like Sanford Kwinter formulated the concept of soft
systems. Situating itself within the paradigm of a
system that is ﬂexible, adaptable and evolving the
research investigates methods of realizing computationally generated forms that exhibit attributes of
transformation on a one-to-one scale using a singular material system as base.
The research presented in this paper is part of the
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Figure 1
The digital
investigations
through code are
coupled with
analogue material
systems

output from the architectural explorations of the programme AA Athens Visiting School that took place in
Athens, Greece from the 12th till the 22nd of June
2017. It is an educational programme that explores
form-ﬁnding through digital design and simulation
and applies its ﬁndings in material systems, creating architectural built prototypes. The participants of
this programme, together with their CAD proposals,
are encouraged to learn by actively engage in making physical models while maintaining a certain rigor
in their investigative ways, in other words getting exposed to analogue computation [Figure 1].
The main objective of the research is therefore,
coupling analogue computation within the evergrowing eﬀectuation of digital simulations. While
advanced physics calculations have been used in
the computational simulations, attention was given
in implementing physical experiments in a rigorous
manner. One that was documented and acted as a
feedback loop; physical materiality became an active
informant for both the design and fabrication processes [Figure 2]. As such, it is argued that both physically and digitally exhibited properties are equally
critical that provide a reciprocal review during the initial stages of the form-ﬁnding.

Figure 2
Close-up view of
Interlace, the ﬁnal
prototype of AA
Athens Visiting
School 2017

METHODOLOGY
A research methodology has been set in order to
address the objectives of the design investigation.
The design brief called for a design and construction proposal of a one-to-one scale partitioning system that can exhibit properties of transformation and
that is made from wood veneer and ﬂexible fabric. The setup for this proposal was to be realized
within a limited time frame. Initially, real-time generative form-ﬁnding techniques based on bending
and stretching were formulated and simulated in the
open-source programming environment Processing
[Figure 3]. Key inﬂuences in working with bending
and stretching forms have been their direct properties correlations to the materiality of wood and fabric in combination with the ability to examine the
various digital tests in a respective analogue method
with ease.
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Figure 3
Tensile simulation
of a single surface
in Processing.

The various experiments have been inﬂuenced by the
analogue computation work of Frei Otto. Similarly
to Otto’s and his team’s work during 1960-1990 at
the Institute of Lightweight Structures, the approach
was developed based on material studies. Through
the interaction of various elements as well as external stimuli the outputs of these studies were complex and demonstrated variable transformations. Initially, thin paper was used to create scaled models
that were still able to depict how material properties

might work in certain conditions and under speciﬁc
forces. The research continued promptly in testing
with wood.
Figure 4
Matrix of wood
veneer deformed
while coated

Figure 5
Material
explorations of
wood veneer at AA
Athens Visiting
School 2017

Students focused on using wood veneer as their main
building material. In an eﬀort to move beyond its
superﬁcial usage as a thin ornament, the studies focused on the structural limits of the veneer. A series
of manual bends and twists were made on a set of
equally sized veneer pieces. These were applied on
basic forms rather than complex formations in order
to have a clear understanding of the material reaction
to external forces. Spring back and breaking points

were documented and a new set of experiments that
included the chemical treatment of veneer followed.
In that regard, the aim was to empower the wood
veneer beyond its natural capabilities and achieve a
degree of control on its rigidity versus its ﬂexibility.
In detail, options that included coating the wood veneer with water, and with adhesive and with adhesive diluted in water was applied [Figure 4].
These explorations were elemental to the outcome of the research since they demonstrated the
way by which the material properties may lead the
form-ﬁnding process rather than imposing a form on
matter. Speciﬁcally, diﬀerent types of materials were
used for diﬀerent purposes. Eventually, partial largescale models were put together using wood veneer
in order to examine the real performative aspects of
what the ﬁnal piece was going to be made of. These
large-scale model explorations provided direct feedback for adjusting the parameters of the simulating
digital model. Hence providing the ability to ﬁnetune the simulation and generate a prototype that is
both anticipatory in its formation process and participatory in its aim [Figure 5].
In the context of this research, the studies focused on creating a design system that is made
out parts and designed through a bottom-up process. Rather than having a global design concept, the process pieces together systems to enable
more complex systems to emerge. The focus thus
became the interrelationships between the system
parts rather than the whole. The studies explored
on creating design rules that would specify the interactions between lower-level components. More
speciﬁcally, wood veneer was cut in lengths of circa
40cmx4cmx2mm. These stripes were tested in terms
of their ﬂexibility when bend and twisted while being connected to each other. Diﬀerent sequences of
connection were explored resulting the use of the diamond shape as the most eﬃcient option for the ﬁnal prototype. Following the brief of the programme,
the architectural prototype is to exhibit characteristics of transformability, ﬂexibility while its form is
derived from design variables. Hence rules for de-
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sign were set; these included the number of connections for each stripe with their neighbor, the ability of
the stripe to deform and revert to its‘ initial form, its’
ability to stand and hold additional weight, and the
possibility to expand in a three-dimensional manner.
The design rules were conceived in a way that they
all inﬂuence the ﬁnal structure on its performance
more than its appearance. As such these rules -same
as in biological systems where self-organization is
observed- rise from local information, without the
interference of external directing instructions (Weinstock 2004).
During the simulation processes, various iterations were formulated. These iterations varied based
on the degree of bending, the level of softness in
stretching surfaces and the adeptness to conform to
a high degree of freeform geometries. Initially, static
forms were created in the three-dimensional modelling software, McNeel Rhinoceros. The forms’ isocurves were extracted; they were divided into a speciﬁc number of points of speciﬁc ID. These were then
categorized in export groups and imported into Processing. In Processing, through the use of physics
simulation it was possible to recreate the forms and
animate those using simulated forces for rotation,
tension as well as gravity. The simulation was set by
developing speciﬁc parameters that controlled the
gravity force, the strength of spring eﬀect on the imported curves and their stretching length. The simulation had a dual role; one to give insight on the
stability of the structure and the other to demonstrate the limits as well as the possibilities for humanstructure interaction. The simulated movements of
the model were set to follow scenarios of interaction with a kinetic reaction from the physical prototype [Figure 6, 7]. Thanks to the properties of the
wood veneer the structure is light-weight and can
also bend in diﬀerent directions without breaking
while attached fabric is adding to the eﬀect of movement. As the physical experiments provided insights
to adjust these parameters, the digital experiments
that were closer to the desired aim were then exported and imported back into McNeel Rhinoceros
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for the fabrication stage. In the concluding stages of
the construction stage, the sequence of assembly became the driver to workﬂow for the realization of the
ﬁnal prototype. The lower-level components were
pieced together into larger parts and the ﬁnal structure was created while following a layered sequence
for assembly. Being over 2 meters tall and spanning a
length of circa 7 meters the prototype was completed
in a period of less than 5 days [Figure 8].
Figure 6
Simulation of wood
bending in
Processing.

Figure 7
Matrix of physical
tests with wood
veneer.

Figure 8
The participants
working together
towards the ﬁnal
prototype.

Figure 9
Interaction scenario
simulated within
Processing.
Structure is
activated based on
motion detection.

RESULTS

Figure 10
Interlace, the
kinetic based on
material properties
architectural
prototype of AA
Athens Visiting
School 2017

The design and construction procedures have shown
the high level of interdependence among the analogue and digital expressions in architecture. Whilst
the digital computational model operated in realworld constraints, these were executed in an abstract
variant. Hence the input from the physical explorations were critical in the proper anticipation of how
the end-result may perform [Figure 9]. Anticipation
that would not be feasible by mere computer simulations. Due to temperature changing conditions
and the connection nature of the components, the
structure performed stronger in regards to its structural ability in some parts compared to other parts.
The ﬂexibility of its transformational parts was also affected.
The customized interoperability of software was key
to the methodology of this research. The structure’s

form-ﬁnding evaluation points have been mainly in
terms of its transformation performance and its interactive architectural scenario. The ﬁnal output as well
as the initial design proposals were created using a
series of computer programmes, including Processing, Rhinoceros 3D, Grasshopper for Rhino, Arduino
and more. Thus, the design did not conﬁne its‘ process to a single software but exploited strengths of
various design platforms all together. While the initial form was created in Rhino, its performance was
tested in Processing, following a non-linear setup.
Speciﬁcally, the forms were distinguished in ﬁxed
and non-ﬁxed groups and exported as such from
Rhino through Grasshopper. They were then able to
be imported into Processing while maintaining their
group IDs and being respectively assigned to movement simulation as previously described. In this way,
the initial design went through iterations prior to being constructed. Data exchange of the forms also allowed for the prototype to be shared among a large
number of team members while maintaining its initial attributes [Figure 9]. Simultaneously, the actionbased interactive scenario was being tested physically through the use of Arduino mechatronics devices. Distance sensors were used to detect motion
and the information was used to activate movement
through rotary servos. The scenario aimed at creating a sensory partitioning system that would twist
and turn certain parts when detecting people moving within its’ area.
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and the constant ﬂux of activities existing in it the
goal is to improve our relations with and through the
built environment.
Besides having potentially positive eﬀects on the
human condition, this adaptive construction logic
that follows a responsive design process could enable a structure to be reconﬁgurable throughout its
lifecycle hence improving its use by expanding its potential applications.
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interaction and transmutation, adaptability and participation.
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Synthetic biomaterials are not only widely explored in tissue engineering, but also
present important opportunities in responsive architecture, especially soft
structures and skins. In this paper we present how water-containing hydrogels
can be adapted to digital fabrication techniques to design a soft responsive skin
with integrated skeleton and surface. This research project details preliminary
investigation into how tough hydrogels with different material properties can be
designed and incorporated into laser-cutting and 3D printing methods typically
used in architectural design. The outcome of this research produces an early
prototype of thermally sensitive, tough hydrogel skin that responds to
environmental stimuli such as temperature and moisture. Our work provides
initial insights into how a soft responsive ``bio-structural'' architectural skin can
be designed by integrating actuation, structure, and skins.
Keywords: Biomaterials, digital fabriication, hydrogel, responsive architecture

INTRODUCTION
For centuries, materials were subordinate to architecture that followed the form, structure and function
of buildings. Although building technologies and
construction methods were improved, building materials used in architecture remain traditionally rigid
(Konarzewska 2017). Advanced responsive materials
oﬀer radical changes in architectural design because
of novel properties and functions (Aksamija 2016).
Some of these materials have been shown to respond
to diﬀerent stimuli such as light and temperature and
undergo structural changes (Ritter 2007). While a
number of material systems were investigated previously in architecture such as shape memory alloy for
Blanket (Khoo 2012), most of them are not capable of

interfacing with biological matters, since they do not
contain water.
In this paper we aim to explore hydrogels, synthetic biomaterials that contain water to prototype a
soft skeleton that can be potentially used in responsive and kinetic architecture. Hydrogels have been
widely used in tissue engineering and biotechnology industries, but their applications in architecture
and built environment have been rarely explored
(Rotzetter et al. 2012). While hydrogels are traditionally known to be brittle, recent advances have
led to new formulations that may be more suitable
for architectural purposes, such as tough hydrogels
where materials can be both soft and durable (Sun
et al. 2012). To motivate this investigation, we used
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moulding and 3D printing technologies guided by a
parametric design principle. The outcomes demonstrate a designed hydrogel skeleton with structural
deformation and heat sensitivity capabilities, which
can be potentially applied to responsive architectural
structures and skins. The skeleton can also be applied
to augment functions of existing buildings.

SOFT RESPONSIVE STRUCTURES AND
SKINS IN ARCHITECTURE
The concept of soft architecture was ﬁrst introduced
decades ago (Negroponte, 1975). The climatic skin of
the Biosphere at the Montreal Expo of 1967, designed
by Buckminster Fuller, sets the ﬁrst precedent for soft
architecture. It is considered a pioneering use of soft
materials (fabrics) in the design of the shutters for
geodesic dome steel structure (Bonnemaison 2008).
More recently, Omar Khan’s “Gravity Screens” shows
an envelope fabricated by patterning soft and elastic
synthetic rubber, which deform in response to gravity (Khan 2009). While these projects show promising

directions for the ﬁeld of soft architecture, it has yet
to leverage recent advances in novel materials.

BIOMATERIALS IN ARCHITECTURAL DESIGN
Advanced materials have been recently implemented in architecture for diﬀerent applications
especially in responsive building façade and surface design (Konarzewska 2017). Biomaterials have
been considered in architecture because they have
potential to interface with living matters (Gazit
2016). Projects such as The “Organic Mushroom-Brick
Tower” by The Living [1] and “Grow Brick” by bioMASON [2] introduce the novel use of biomaterials to
synthesize bricks directly in buildings (Larson 2010).
However, biomaterials have been rarely considered
as construct for soft architecture.

Figure 1
A series of trial
hydrogel
formulations with a
composite
(interpenetrating
network) of
alginate,
polyethylene
glycolmethacrylate, and
poly(Nisopropylacrylamide)
polymers.
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Figure 2
The stretchable and
ﬂexible hydrogel.

RATIONALE: HYDROGELS IN RESPONSIVE
ARCHITECTURE

Figure 3
Left: A strip of
PNIPAM in room
temperature. Right
PNIPAM is
undergoing
deformation in
response to heat
(boiling water).

Hydrogels have emerged as novel materials of interest in the ﬁeld of architecture and design due to
their responsive abilities with low-energy consumption and cost, and the possibility of interfacing with
biological matters with active or ‘smart’ properties
ranging from DNA to cells at the architectural scale.
For example, the project “Hydroceramic” exploits hydrogels to respond heat and water by leveraging its
ability to evaporate, which enables temperature regulation of the interior space [3]. This project introduces a passive system to balance humidity and temperature of an interior space to achieve a human
comfort-zone. While most previous studies have focused on utilizing intrinsic, chemical properties of
hydrogels, structural design aspects of hydrogels in
responsive architecture remain largely unexplored.
Understanding design principles behind how hydrogels can be designed and fabricated for architecture
will be an important goal to realize integrated skeletons and skins that can perform multifunctional tasks
such as sensing, actuation and illumination with minimum active and passive energy.

METHODS
This project-based research was conducted in two
Stages. In Stage 1, we explored diﬀerent formulations and fabrication of hydrogels to achieve a range
of mechanical and structural properties, such as stiﬀness, toughness, and sensitivity to heat. In Stage 2,
we digitally fabricated a structure consisting of multiple types of hydrogels with distinct properties and
performances by moulding. A 3D printing technique

was used to demonstrate whether it is possible to
print the materials across diﬀerent scales in cm and
mm. Various samples and mock-ups were produced
in the centimetre scale to evaluate the feasibility of
physical hydrogel structures.

PHYSICAL DESIGN IMPLICATION AND FABRICATION
To identify polymer formulations that show toughness (fracture energy per cross-sectional area) with
tuneable control of stiﬀness and thermosensitivity,
we created a series of rectangular cuboid hydrogels
by mixing alginate, polyethylene glycol-diacrylate
(PEG-DA), and poly(N-isopropylacrylamide) (PNIPAM)
in diﬀerent ratios and crosslinking them (Figure 1).
Alginate undergoes ionic crosslinking in the presence of divalent cations (e.g. Ca2+), while PEG-DA is
crosslinked covalently upon UV exposure in the pres-
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Figure 4
The mould of the
hydrogel structure
consists four layers
of laser-cut panels.

ence of photoinitiator. Mixing alginate and PEG-DA
during crosslinking leads to toughness of hydrogels
(Sun et al. 2012) (Figure 2). Crosslinking of PNIPAM
occurs in the presence of bis-acrylamide, and is further enhanced in the presence of UV. PNIPAM hydrogels undergo deformation in response to heat (Figure
3). We proceeded Stage 2 with select formulations.
In Stage 2, a laser-cut mould with four diﬀerent layers was designed and used to produce a hydrogel structure in the cm scale (Figure 4). The
mould is mimicking a typical leaf structure pattern
that was derived from a natural structure to achieve
the system of “minimum inventory for maximum diversity”. This system is a modular structural system
can achieve a wide variety of patterns from a small
variety of parts (Perce 1978). Three diﬀerent types
of hydrogels were used to fabricate the structure:
stiﬀ, soft, and thermal-sensitive hydrogels. Figure 5
presents a material mapping for the diﬀerent types
of hydrogels that were deposited in diﬀerent parts
of the mould for various stiﬀness of the overall structure. The hydrogels were deposited in diﬀerent parts
of the mould (Figure 6) guided by parametric design.
The structure is durable and actuates in response
to temperature, since the joints become rigid and deformed in hot water, while they are reversed in cold
water (Figure 7). We also demonstrate that the same
materials can be used to fabricate a structure in the
millimetre resolution using stereo-lithography based
3D printing technology (Figure 8).

288 | eCAADe 36 - MATERIAL STUDIES - Volume 2

Figure 5
The material
mapping of
hydrogel structure
with diﬀerent
properties: stiﬀ,
soft, and
thermal-sensitive.

Figure 6
Left: The hydrogels
were deposited in
diﬀerent parts of
the mould for
various stiﬀness of
the overall
structure. Middle:
The hydrogel
structure formed in
the laser-cut mould.
Right: Hydrogel
structure soaked in
water.

Figure 7
Left: The
bio-structural
hydrogel skeleton
in cold water. Right:
The bio-structural
hydrogel skeleton
deformed in hot
water.

Figure 8
Left: The 3D printer
equipped with
stereo-lithography.
Middle: 3D
microprinting for
hydrogel. Right:
Hydrogel structure
is 3D printed using
stereo-lithography
technique.
These physical outcomes demonstrate a promising
potential of parametrically designed hydrogel-based
structures with multiple physical properties that can
be manufactured through diﬀerent techniques.

POTENTIAL APPLICATIONS AND DEVELOPMENTS
The preliminary outcome is a very encouraging
demonstration to design hydrogels for responsive
and kinetic architectural applications and implementations. By appropriately placing hydrogels with different mechanical properties, it is possible to actuate and deform the structure with minimum passive
energy such as heat from sunlight. This outcome
serves as a proof of concept for an integrated hydrogel structure. Three directions have been identiﬁed
for potential architectural applications and developments enabled by our approach:

• Reciprocal intervention: Adaptive architectural intervention to improve the performance and responsiveness of existing building components such as glazing and window
with phase-changed and thermotropic shading capabilities
• Environmental skeleton: Novel type of architectural skeletons for existing built environment to regulate temperature and humidity
for building exteriors and interiors
• Soft responsive skin: Responsive and multifunctional soft architectural skins to perform
structural, sensing and actuation capabilities

Reciprocal intervention
One of the potential applications of our biostructural hydrogel is to develop a shading system
with passive thermotropic properties to improve the
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existing windows and openings with enhanced environmental responsiveness and adaptability. Since
PNIPAM in our hydrogel becomes opaque in heat,
materials that can convert light into heat, such as
graphene oxide (Kim et al., 2015) can be incorporated
into our system to realize a phototheramotropic capability.
Thermally sensitive glazing in hydrogels was initially developed in the 90s to construct a simple composite structure using a viscous hydrogel and conventional type of substrate sheet glass (Watanabe
1998). Figure 9 demonstrates a conceptual model of
hydrogel structure as a leaf pattern that can serve as
thermotropic shading between two substrate sheet
glasses. Temperature change can impact opacity
of the retroﬁtted thermotropic hydrogel (Figure 10).
This system has great potential to both shade light
and enhance the aesthetic and appearance of existing façade and surface of buildings through the kinetic movement and thermotropic eﬀect of the structural hydrogel pattern.

Environmental skeleton
Our bio-structural hydrogel presents another architectural design possibility to improve structural performance of existing architectural elements and components such as curve glass surface. The proposed
skeleton can serve as a retroﬁtted soft skeletal pattern in the internal surface of a hypothetical glass
dome (Figure 11). The hydrogel skeleton can perform as a secondary structure to provide additional
ﬂexible structural support and to potentially reduce
heat gain and energy consumption of existing building surfaces. This approach could apply to almost any
architectural surface with any form and shape.
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Figure 9
The components of
the proposed
thermotropic
hydrogel glazing
with appropriate
thickness

Figure 10
The transparent
and light scattering
phases of the
thermotropic
hydrogel glazing
with high and low
temperature.

Figure 11
The proposed
secondary structure
the as retroﬁtted
soft environmental
hydrogel skeleton
on the surface of a
glass dome.

Figure 12
Left: Soft hydrogel
skin contracted in
low temperature.
Right: Soft hydrogel
skin expanded in
high temperature.

Soft responsive skin
The bio-structural hydrogel combines skeleton, skin
and actuator as one integrated entity will enable to
form a soft responsive architectural skin for building facades. This integrated system is represented
as a circular leaf-like module that eventually form a
soft responsive hydrogel skin with passive sensing
and adaptive shading functions. This soft skin can
be applied to existing glass façade that can serve
as responsive shading to passively respond and actuate in response to environmental stimuli (Figure
12). Each leaf-like hydrogel module can contract under low temperature to allow fenestration for sunlight. When heated by direct sunlight, the hydrogel
modules can expand to serve as a blind by scattering direct sunlight and heat (Figure 13). This design

approach will potentially produce a soft responsive
skin, which can not only enhance the environmental performance of existing building facades, but also
impact aesthetics of an overall building appearance
with media and communication functionalities.

CONCLUSION AND FUTURE WORK
Synthetic hydrogels with mechanically robust and
tunable properties present opportunities for designers to digitally fabricate responsive structures and
skins in architecture, which can potentially interface
with biological matters. The low cost and accessibility of hydrogels encourage architects and designers
to explore new design possibilities with them by implementing kinetic, adaptive and performative capabilities.
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The heat-sensitive stretchable hydrogel skeleton developed in this paper demonstrates an early stage
proof-of-concept with novel fabrication techniques
and initial physical implementations for the soft kinetic architecture. The prototypical outcome of our
“bio-structural” hydrogel skeleton and skin not only
indicates potential implications of hydrogels in responsive architecture, but also introduces feasible
moulding and 3D printing methods to manufacture
novel architectural materials equipped with diﬀerent
performative properties.

To fabricate the proposed large-scale products in the
section of Potential Applications and Developments,
future studies will be done to enhance toughness
and durability of parametrically designed hydrogel
skins and skeletons. For instance, a kinetic hydrogel skeletal skin with thermal and light responsive capacities may serve as an active reciprocal retroﬁt to
enhance energy eﬃciency of existing buildings and
built environments. Further user studies will also be
included to evaluate the aesthetic and applicability
of bio-structural skins. Importantly, the use of hydrogels in architecture enables direct incorporation of
active biological matters into built structures, which
can potentially lead to exciting possibilities to interface synthetic and living matters at the architectural
scale.
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Figure 13
The transformation
of the leaf-like
hydrogel module
through diﬀerent
temperatures.
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This paper presents intermediate results of an experimental research directed
towards development of a method to use additive manufacturing technology as a
generative agent in architectural design process. The primary technique is to
variate speed of material deposition of a 3D printer in order to produce
undetermined textural effects. These effects demonstrate local variation of
material distribution, which is treated as a consequence of interaction between
machining parameters and material properties. Current stage of inquiry is
concerned with studying material agency by using two different materials as
variables in the same experimental setup. The results suggest potential benefits
for mass-customized fabrication and deeper understanding of how different
materials can be employed in the same manufacturing system to achieve a range
of effective behaviors.
Keywords: digital fabrication, digital craft

INTRODUCTION
The paper presents series of experiments that are
part of ongoing research directed towards devising methodology on using 3D printer as a generative component of design process. The overarching thesis is that manipulation of fabrication parameters leads to various architectural elements being informed. The objective is to understand interdependencies between geometry, materials and machining parameters so that they can be employed to produce diverse performative eﬀects as tangible artifacts

of the translation from pixel to matter.
In this stage of research, we are focusing on the
role of material properties and behaviors in making
of undesignable textural patterning. Several series of
geometrically identical models were printed in two
diﬀerent materials: plastic and porcelain. We applied
the same manipulation of speed of deposition in Gcode to fabrication of both material sets. Speed of
deposition controls how much material is extruded
at any given point of a toolpath. The faster printer
moves the less matter it deposits. This simple princi-
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ple allows to achieve surface heterogeneity by shedding and accumulating mass in various patterns. Resultant texturization is undesignable due to proliferation of minute deviation; it also embodies traces of
digital making. Ceramic and plastic groups of models with matching digital geometry and same manufacturing instructions diverge not only in local geometry of ensuing patterns, but in the nature of overall eﬀects that they demonstrate. Understanding of
underlying structure of these diﬀerences may suggest novel ways of incorporating material agency in
CAM, concurrently, it advances the discourse on digital manufacturing as a contingent and dynamic process.

THEORETICAL BACKGROUND AND PRACTICAL PRECEDENTS
Inquiry’s conceptual base draws primarily from the
discourse on digital craft. Overall framework of the
research is formed by such principles as continuity between design and production through translation of algorithmic logic from stage to stage, integral involvement of maker/designer in all aspects
of actualization and an element of risk, for the ability to modify production parameters converts space
of making into space of discovery (Kolarevic 2008).
Outcome is not pre-determined yet falls within prespeciﬁed range based on certain criteria (Pye 1968).
Value of indeterminacy, error, glitch and deviation
resides in questioning the use of CAM as a linear
process meant to engender continuous variation, a
process that merely extends industrial mass production (Perez 2017). Other promising aspects of error
include an opportunity to study the non-linear response of an object to manipulation of the system of
relationships that deﬁnes it (Kolarevic 2008) and shift
from ideal, intended state to constrained and limited
reality, a chasm that distinguishes making of architecture from manufacturing commodities (Frampton
2010).
Digital craft sees fabrication machine as a ﬁlter
translating data into matter; the role of material is
to process informational input and produce a tan-
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gible output informed by innate properties and behaviours of the material itself. Through this double
translation the speciﬁcity of initial abstracted parametric setup increases. Digital craftsman’s project is
to design the process of interaction between digital and material logics (Gramazio and Kohler 2008)by
building a system that directs how material is going
to be shaped in a speciﬁc fabrication environment
and allowing material to aﬀect the outcome (Satterﬁeld Schwackhamer 2017).
Experiments, presented here are designed in
alignment with principles of digital craft. Continuous involvement of designer is needed during fabrication, intermittent necessity to adjust certain parameters is due to variable behavior of material,
which cannot be precalculated. Designer has to learn
the behaviour of each material, understand its constraints and aﬀordances in relation to geometry being printed so that they can respond appropriately
in-situ. In this way, even though the control is indirect, the research closely relates to traditional craft.
More advanced approach to continuity of the making hand is found in the work of (Brugnaro and Hanna
2017) . They tackle the problem of introducing material feedback in CAM. By utilizing machine learning in
robotic carving to process force feedback, they were
able to teach the robot to adjust the pressure and direction of the cut according to speciﬁc material behaviour. Robot acts as instrumentalization of carpenter’s expertise constantly adapting to respond to concrete constraints.
Fundamental part of the work is to encourage
the emergence of such 3D-printing eﬀects, commonly perceived as erroneous, as stringing and looping. The system is designed to produce a deviation
from the homogeneous norm. Undesignable intersection between machine conﬁguration and material agency performs as eﬀect generator. In terms of
exact surface articulation, the most direct precedent
of this research is Andrew Atwood’s work on negotiating heterogeneous architectural system and homogenous skin through design of continuous process of structuring (Atwood 2012). Striving to main-

tain continuity of logic throughout CAD and CAM revealed a range of surface irregularities, by-products
of the system. For Atwood, the eﬀects were a part
of discovery, for this research they are part of the
method. An example of intentional insertion of error
into the automatic machining process is the work of
Yota Adilenidou on introducing deviation into matter distribution by using cellular automata systems
(Adilenidou 2015). Her work presents an insight
into inducing diﬀerentiated repetition; it presents another method to modulate production concurrently
and positions error within the space of digital fabrication as source of variation.
Another case of embracing imperfection that
arises during translation from ideal digital geometry to a speciﬁc material-workﬂow and tooling procedure is Robofab pavilion by Santiago R. Perez. Pavilion’s shape was intended to be a continuous spiral patterning of sticks, however, robotic fabrication
caused rotational shear eﬀects and therefore subverted original geometric logic. Perez argues: ”The
subtle shift from the ideal diagram to a space of projection, on the one hand, and the tactile space of
material process and manual skill, on the other, introduces unforeseen properties and aﬀects, that may
otherwise lay dormant and unrealized within the latent spaces of digital simulation”(Perez 2017). Act of
imperfect translation enriches the object. He sees the
source of imperfection to be linked with the necessary ”re-skilling’ of a designer, so they can be ﬂuent
in creating and managing a feedback loop from data
to matter and from matter to data.
Throughout the experiments we designed and
manipulated only the G-code in order to construct
a system of relationships, not a form. In previous
work, speed of deposition was a single variable, keeping system simple allowed to understand and predict eﬀects; in this stage, a second material is added
to study material agency. Organizing forces of materiality and surface heterogeneity as trace of formation feature as a secondary to form-ﬁnding theme in
a succession of work, dedicated to technique of ﬂexible formwork. Flexible formwork for concrete panels

is legacy of Miguel Fisac, who felt that the true nature of concrete as a ﬂuid, pliable material was subverted by use of wooden formwork . Inspired by it,
MATSYS’s series of P projects, P Wall and P Folds are a
link between multi-scalar formation, materiality and
physical forces. P-Wall is irregular on surface scale,
there are bulges, creases, wrinkling, only the larger
pattern is predetermined. Imperfection is allowed
within the limits of surface range of eﬀectiveness
(Kudless 2012 ). Partially drawing from these precedents, VarVac wall by HouMinn Practice uses ﬂexible
wire formwork to shape polystyrene sheets achieving variation throughout the surface which could not
be accurately predicted. Variables, whose interaction
causes it are very simple (Satterﬁeld and Schwackhamer 2017) .
Presented precedents explore various facets of
digital craft: material agency causing unpredictable
variation, imperfection produced by the machine as
an extension of a making hand, signiﬁcance of designing the process from digital geometry to fabrication setup to material behavior as one continuous
feedback loop. The research strives to draw from
these examples and explore their themes in its own
speciﬁc context.

METHOD
Methodology of research is experimental; series of
experiments were carried out aiming to produce
controlled yet undetermined surface texturization in
plastic and ceramic by manipulating the G-code of a
generic FFM printer and a self-made universal paste
extruder. Experimental framework consists of three
main agents: geometry, fabrication setup and material. Each of the agents in the system has a set of parameters, variables and constants that inform behavior of each agent and their relationships.
Geometry is a constant, it is a simple cylinder in
all experiments. G-code has a set of variables: retraction (on/oﬀ and edited pressure parameter), toolpath
geometry and direction, speed of deposition. Main
generative variable is speed of deposition, printer is
instructed to move faster or slower at certain points

MATERIAL STUDIES - Volume 2 - eCAADe 36 | 295

Figure 1
12 ribs with 60°
rotation, extrusion
5mm Vrib:
400mm/min, Vcyl:
800 mm/min

Figure 2
18 ribs with 60°
rotation, extrusion
5mm Vrib:
400mm/min, Vcyl:
800 mm/min

Figure 3
18 ribs with 120°
rotation, extrusion
5mm Vrib:
400mm/min, Vcyl:
800 mm/min

Figure 4
18 ribs with 180°
rotation, extrusion
5mm Vrib:
400mm/min, Vcyl:
800 mm/min
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along the printing path, thus accumulating or shedding mass and achieving surface texturization. In
many of experiments retraction is disabled or manipulated, so that stringing and looping, normally erroneous eﬀects, could happen. It was observed that
these eﬀects are systematic and therefore controllable. Research uses these undesirable formations to
generate variation at the local surface scale. Focusing design intervention in the space of G-code allows
to construct the process of fabrication through continuous iteration as well as ensure at least partial repeatability of the experiments. Fabrication has to be
monitored carefully in order to respond promptly if
texturization is undermining the structural integrity
of an object or if it exceeds the local scale. Certain
parameters can be adjusted during the process by a
designer who sees potential problems of a print before they are realized.
Accumulating mass through ribbing (ribs, extruded ribs, intersecting extruded ribs), shedding
mass through ribbing, shedding and accumulating
mass through tessellation were three main techniques used on both plastic and ceramic, which resulted in formation of mainly webbing and stringing eﬀects on plastic models and weaving and knotting eﬀects on ceramic models. After each model had
been printed, it was examined and evaluated to determine whether it satisﬁed following criteria of controlled variation (replicability of type and variation of
instance).
1. Can the overall textural pattern be reproduced?
2. Is there variation within the pattern from instance to instance?
3. Does variation fall within the eﬀective range
of texture?
Then, correlating models in both materials were compared and studied to understand the diﬀerence and
its possible causes. In a system with two materials
and two types of printers, complexity increases exponentially, such fabrication parameters as retraction and layer height become essential in addition

to initial 1-material system’s deﬁning parameters of
speed of deposition and tool path. Material properties of ductility, solidiﬁcation rate, viscosity and
weight diﬀer for plastic and ceramic. Distinct property makeup of each material instigates qualitative
diﬀerence of behavior under the inﬂuence of deliberately designed apparatus of formation and independent structuring forces.

EXPERIMENTS
The basis of method consists of programming speed
of deposition in G-code in a range of patterns. In
G-code lower and upper cylinder bases are subdivided into segments, end points of corresponding
segments are connected and then the top base is
rotated around z-axis (Mohite, Kochneva and Kotnik
2017) . That produces ribbed pattern if speed is set
to be slower at end points of segments (Figure 1).
When speed is higher at those points than at the
rest of cylinder, tesselation pattern is observable (Figure 5). If printer is set to move outwards at the end
points and then return, while retraction is oﬀ for plastic printer and in self-made ceramic extruder retraction parameter is not available as modiﬁable setting
and therefore it is always oﬀ, extruded ribs with webbing or looping in-between appear (Figure 2, 3, 4). Finally, if the speed of surface printing is much higher
than that of ribs, so there is an abrupt change, in plastic a prorous arrangement emerges whereas in ceramic it produces a simulation of retraction, resulting
in a complex knitting motif (Figure 6, 7).
We attribute the diﬀerence in surface articulations, produced by two materials, to layer height,
which is much larger in ceramic, so all ceramic textures attain weaving and knitting appearance and
higher viscosity of plastic, which is responsible for
webbing and stringing, eﬀective traces of the machine path. Slower solidiﬁcation rate of ceramic also
contributes to weaving eﬀects; together with greater
weight of ceramic it also causes an overall pattern of
densiﬁcation of the deformation towards the base of
all models. In ceramic models, where mass is shed
through ribbing (Figure 6, 7), radical change of speed
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Figure 5
6 indent with 30
rotation, Vindent:
1600 mm/min, Vcyl:
800 mm/min Layer
height 0.2mm Start
retraction = 0.6 end
retraction= - 0.6
Oﬀset = 0.6mm
Figure 6
12 ribs with 60°
rotation Vrib:
400mm/min, Vcyl:
1600mm/min

Figure 7
18 ribs with 120°
rotation Vrib:
400mm/min, Vcyl:
1600mm/min
radical change of
speed creates
retraction, a gap
into which next
layer falls
Figure 8
12 ribs with 90
rotation extrusion
10mm Vrib:
400mm/min, Vcyl:
800 mm/min 12 ribs
with 60 rotation
and -60 rotation,
extrusion 5mm,
Vrib: 400mm/min,
Vcyl: 800 mm/min
Tool path
adjustment.

298 | eCAADe 36 - MATERIAL STUDIES - Volume 2

causes the same gap as in plastic version, however,
slow solidiﬁcation rate and weight under compression cause each consecutive layer to fall down and
ﬁll the gap, so in areas that correspond to openings
in plastic, in ceramic a continuous threading occurs.
Tesselation models diﬀer, because tensile stress is
created due to signiﬁcant change of speed; under
tension, high ductility of plastic ﬁlament causes hairlike formation, lower ductility of ceramic creates a
pattern of breaks (Figure 5).
During experimentation it became evident that
certain formations are possible with one material and
not the other. For example, extreme looping eﬀect
in ceramic, where printer oﬀsets 10 mm, can not be
recreated in plastic because of plastic’s ductility and
light weight (Figure 8). On the other hand, plastic is
capable of producing crisscross pattern of intersecting ribs, while in ceramic, mainly due to layer height
the same setup results in structural collapse (Figure
8).
The aim of the research is to understand and
methodize aﬀordances and constraints of a dynamic,
open system deﬁned by internal qualities and external forces. Through persistent experimentation with
patterns of semi-controlled material distribution, we
hope to enrich the technique of 3D printing with
the instrumentality to craft surface ornamentation as
trace of making informed by a speciﬁc material.

RESULTS
Presented experiments contribute to the work on
treating material agency as an integral part of digital fabrication. Research is accumulating data on the
interdependencies between speciﬁc material parameters, their manipulation and resulting textural deformations. Translated to the scale of architecture, described techniques could be used in production of
mass-customized panels in a range of materials. They
could serve as a support system for green wall structures. Modiﬁable directionality, density and depth of
eﬀect could be used to facilitate drainage, assist in
ventilation and insulation. This method could also integrate into currently developing process of 3D print-

ing concrete walls. Making surfaces characterized by
controlled overall distribution of textural formation
and local, undetermined diversity ensures cheap and
easy to make variation, so that no two surfaces are
identical.
At this stage, research is concerned with surface
scale and variation emerging at that level without
critically aﬀecting structure or form. Focusing on one
level of resolution as a space of discovery allows to
limit the number of active variables and therefore
control the process more eﬀectively. A reinforcement
of this seemingly reductive strategy is a ﬁrm stance
of David Pye, a fervent proponent of the value of
exercising disciplined command over unpredictable
aspects of craft, on that creation and manipulation
of texture is “chief reason for continuing the workmanship of risk as a productive undertaking” (Pye
1968).He saw texture as a manifestation of diversity, a
system of progressive reveal of the object to observer
on approach. Making texture has not been an important objective for architecture, often an afterthought,
it used to lie on the margins of design process. However, it can be argued that short-range formal expressions are located in the space of convergence of material and digital logics, which makes texture into a
suitable problem for digital craft. Nevertheless, it is
not the strategy of this research to indeﬁnitely engage with texture in isolation. Diﬀerence in overall
distribution and arrangement of patterns begins to
reveal ways in which texture acts structurally, indicating a path to broach the form/structure/material aggregate as a continuous whole.
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Considering both architectural and constructional aspects of the built
environment, hybridity or multi-materiality is essential to generate functional
habitable spaces. Buildings consist of subsystems that each require different and
sometimes conflicting material attributes and behaviours. In this context,
expanding the solution space for material properties in architectural applications
can be achieved through the integration of innovative design computation and
production methods. With this focus, the paper presents prototyping processes
and frames a discourse on robotic materialisation of architectural hybridity,
ranging from micro or material to macro or component scales. The paper
discusses three case studies, each with a specific focus on digital modelling,
computation and robotic production of hybrid systems. The conclusion outlines
how robotic fabrication of architectural multi-materiality redefines, informs and
extends methods of design computation and materialisation.
Keywords: Hybridity, Multimode robotic production, Robotic 3D Printing,
Robotic subtractive manufacturing, Material computation, Multi-materiality

INTRODUCTION
This paper provides an overview of design computation and robotic production of the building systems with multiple materials. It aims to identify and
tackle some of the critical challenges in the materialisation of hybridity at architectural scales. In material science, the notion of hybrid material (Ashby
2011) refers to those engineered materials that may
ﬁll the holes in areas which are empty in the material property-space considering speciﬁc material attributes such as mechanical, thermal and optical. In

addition to these quantiﬁable parameters, the architectural design is concerned with functional, perceptual and aesthetic aspects of materiality. Therefore,
the choice and production of hybridity go beyond
mechanical properties. Moreover, advancements in
digital manufacturing and robotics allow for the materialisation of architectured materials (Brechet and
Embury 2013). In architecture, this results in higher
resolution and synthesis of diﬀerent materials for
building. From a theoretical point of view, this is
changing the deﬁnition and role of ornament and de-
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tail (Picon 2013) (Carpo 2017). Being able to work
with wider ranges of materials makes the fusion of

natural and artiﬁcial possible (Brayer and Migayrou
2013) and facilitates a higher level of customisation

Figure 1
Hybrid of cork and
expanded
polystyrene, the
prototype has a
built-in hybrid
behaviour that
extends material
properties of the
two materials
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of architectural spaces. This leads to what can be
framed as user-driven, on-demand or opensource architecture (Ratti and Claudel 2015).
Figure 2
Detailed view of the
robotically
produced rigid cork
boards milled with
varied angles and
depths

tors. The core subjects to be explained in each of the
cases are computational design methods of multimateriality, limitations of the various digital representation, modelling and simulation of hybrid materials, feedback loops through robotic production informing the design materialization processes and the
process of developing customized robotic production strategies for architectural applications. Each of
the presented prototypes is part or section of larger
design projects with speciﬁc architectural objectives
addressing structural, functional and environmental
aspects.

Hybrid of ﬂexible porous cork and hard
polystyrene with varied thicknesses

From an application point of view, these technological advancements for architectural materialization
at multiple scales with multiple materials allows for
the production of diﬀerentiation and performancedriven design solutions. These alternative production methods require integration of novel methods of
material computation (Oxman and Rosenberg 2009).
With a focus on multi materiality, the case studies of
this paper explore, exemplify and discuss robotic materialization of architectural hybridity.

DESIGN TO ROBOTIC PRODUCTION PROCESSES AND PROTOTYPING HYBRIDITY
This research explores interrelations between different design scales, multiple fabrication methods
and various building materials. Speciﬁcally, the presented work deﬁnes architectural robotics as a ﬁeld
of feedback and feedforward routines between computation, automation and materialization. The objective is to construct applicable building systems
that are informed by quantiﬁable performance fac-

The ﬁrst one-to-one prototype is part of an indoor
stage structure with sound absorptive capacities (Figure 1). The focus is on the integration of two different materials by using subtractive robotic production methods. The materials are cork and Expanded
Polystyrene (EPS). Cork is placed in areas requiring either comfortable seating or sound absorption. The
result is a hybrid building system with multiple incorporated functions.
During the ﬁrst production stage, the thickness
variation in the EPS components is decided considering structure and functions. Moreover, a sound
reﬂection analysis informs the distribution of cavities between the two materials. Through the use of
robotic milling from multiple sides, the geometrically
complex EPS components become manufacturable.
Further, speciﬁc patterns are three-dimensionally
milled into plates of rigid cork to achieve ﬂexibility
(Figure 2) and to ﬁt them onto allocated areas of the
EPS components.
The most challenging aspect of this research is to
estimate the three-dimensional bending behaviours
of the yet two-dimensional shapes. This unrolling
process is evaluated through a series of digital simulations and physical prototypes with a variation of
milling patterns. While the ﬁrst milling operation
on EPS follows a common layer-by-layer approach
of removing material, the second subtractive manu-
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Figure 3
Multi-directional
robotic milling of
rigid boards of cork
results in ﬂexibility
and bendability of
the material to the
target three
dimensional
geometry
facturing method on the cork works diﬀerently (Figure 3). To achieve the intended bending behaviour,
notches of material are removed from both sides of
the rigid cork plates. This results in a multi-directional
ﬂexibility able to follow the targeted curvature. In
a ﬁnal step, the EPS components are connected to
the two-dimensional cork plates, which are threedimensionally bent and ﬁxed onto the targeted areas. In this project, the incorporation of expanded
polystyrene and cork boards into a building system,
enhance individual physical properties. Even if both
chosen materials share similar properties, such as
rigidity, granulation and density, the robotic production system manipulates physical behaviours in
favour of the expected design performances. In the
case of cork, carving the planar rigid board from multiple sides, results in a double curvature element with
ﬂexibility, while being structurally supported by the
polystyrene. The ﬁnal prototype has a built-in hybrid
behaviour that introduces controlled elasticity where
the cork is not fully supported by the second material
and stiﬀness in areas where the two perfectly overlap.

Hybrid of structural concrete and intertwined permanent parts of the mold
The second example is a hybrid system with concrete
as structural and EPS as the second material (Figure
4). The EPS is acting both as a temporary casting
mould as well as a permanent part intertwined with
concrete that acts as insulation or ﬁnishing.
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Figure 4
Hybrid of concrete
and intertwined
permanent parts of
the mould

Figure 5
Top parametric tool
path for robotic
millding, bottom
prototype in
concrete only to
test predictable
ranges

Unlike common two-sided moulds for casting,
this cast consists out of four robotically produced
components. Out of these four sub-components,
two are closer to the concrete core and remain in
place after stripping the formwork (Figure 6). This
is due to the three-dimensionality of the concrete
structure that interlocks two EPS sub-components
together.

Hybrid of subtractively produced hard and
additively deposited soft materials

The prototype is extracted from a building skin designed by incorporating structural and environmental analysis that results into an informed point-cloud.
Based on this cloud, stress analysis and the properties of both concrete and EPS, the minimum to maximum dimensions are deﬁned as well as variation
in thickness. From a point of view of digital modelling of a hybrid system, this project presents challenges with respect to the translation of voxelised
or discretised results of material computation based
on topology optimisation into a continuous toolpath.
To test the ranges of producible dimensions in concrete an initial prototype with a two-part mould is
produced (Figure 5). In this prototype, the method
of production and parametric robotic tool paths generated, with KUKA|prc in Rhinoceors® Grassopper 3D
are genereated and tested.

The third case study focuses on the incorporation of
subtractive and additive methods of robotic production. The design objective is to merge materials with
diﬀerent properties, such as softness and hardness
together, to create a hybrid that allows for the integration of both external and internal functions (Figure 7). External functions may refer to embedding
responsive cells in outer printed parts while internal
functions may include ﬂexible surfaces that are conﬁgurable according to local requirements such as soft
seating. The project proposes a hybrid system composed of high-density EPS as hard and silicone as soft
materials.
The research evolves along a series of experiments on silicone behaviour to understand the additive production of a semi-ﬂexible material, as well
as outcome properties and performance of the prototypes. Moreover, from the design perspective, the
objective is to compute the distribution, density and
morphology of the printed material for speciﬁc functions (Figure 8). This results in two main categories
of cellular and linear silicone robotic toolpaths and
ranges in between. A similar production method
is previously implemented in a robotic 3D printing
project on a freeform surface (Mostafavi and Bier
2016), while in this case the silicone as an adhesive
material permanently stays in place. As the goal is
to incorporate two production methods, sets of additive experiments are tested on freeform shapes. The
results of these feedbacks are ﬁrst, understanding the
constraints and correlation between material capacities and second, the movement range of the arm and
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Figure 6
Digital model and
robotically
produced concrete
casting mould with
two permanent and
two to-be-removed
parts.
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printing angles with no support structure required.
Exploiting the movement capacity of a six-axis
arm, the extruder with two changeable material containers, i.e. transparent and opaque silicone is located on the axis three. Therefore the speciﬁc design
of the extruder allows for a short connection to the
nozzle, directly on the tip of axis six. This short connection on the one hand, enables higher ranges of
three-dimensional movement of the nozzle on complex surfaces and on the other hand, a lower pressure
is required to push or stop the extrusion. Since both
subtractive and additive processes are executed with
one setup, it is essential to inform the design through
robotic simulation of both processes. As each of
these processes has diﬀerent optimum workable production space, it is important to know the overlap
between these two optima. In other words, optimum positioning of the working object for robotic
milling might be diﬀerent than optimum positing for

robotic 3D-printing. To bridge the subtractive and
additive processes initial 3D-scanning of the milled
output and updates of the printing path is tested.

CONCLUSION
Robotic production of multi-materiality requires customized methods of digital modelling and design
computation. Since most of the digital representation methods are not designed to model and compute hybridity, production feedbacks are essential to
establish these new approaches. Through an integrated design to robotic production process, on the
one hand, the constructability of design iterations
can be evaluated, and On the other hand, the resulting producible hybridity introduces opportunities for
eﬃcient design materialization. As it is tested and
elaborated in the case studies, in architectural design,
the eﬃciency refers to the environmental, the structural and or the functional requirements.

Figure 7
Hybrid of
robotically milled
hard expanded
polystyrene and
additively
deposited soft
silicone
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Figure 8
Series of test with
additive deposition
of soft silicone on
fabric and
robotically milled
hard components
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The project investigates the potential of programmable bending - a strategy,
which informs bending simulations of multilayered veneer elements with the data
of its anisotropic grain structure. Project further examines the possibilities of
using these irregular material characteristics as a design driver. The project
questions the possibility of informing the design with the particular
characteristics of the material structure and of creating complex geometries from
non-customized or minimally customizes mass-produced elements. Project
develops a workflow, in which a two-dimensional scan of the material is
transformed into a vector field and consequently into a mesh with variable
stiffness characteristics. The stiffness of each edge within a mesh was calculated
basing on an angle between this edge and the relevant vector within a vector-field.
That resulted in realistic simulation, which differentiated bending characteristics
along the grain and perpendicular to the grain. Uneven connection of several
layers of active-bended veneer allows to accumulate local stresses and
pre-program bending characteristics of the structure. As a result active-bended
structure forms particular predefined and predesigned shape and possesses
locally variable stiffness and flexibility. The project applies this strategy to the
design of the pavilion located within the urban context of a public space.
Keywords: programmable bending, grain-informed simulation, veneer,
computational design

Introduction
Recent development of computational tools shifted
the interest to a new role of materiality and a new
role of fabrication processes in the ﬁeld of architectural design (Menges, Ahlquist, 2011). While initially
the new possibilities brought by the information era
meant increase and more precise control of the com-

plexity of the built structures, recent research is focused on optimization and re-evaluation of the fabrication techniques and re-approaching of the sustainable pre-industrial materials (Menges, Schwinn,
Krieg, 2017, 3). A Programmable Bending project
aims at deﬁning a computational approach to the design, fabrication and assembly of complex geome-
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tries out of mass fabricated non-customized wooden
elements. Project considers anisotropic character of
the material and simulates its variable bending characteristic through scanning its grain pattern. The secondary hypothesis of the project is a possibility of using irregular properties of the material as a design
driver. Such an approach can result in an architectural structure with predictable free-formed overall
geometry and emergent character in the detail level.

Context
Contemporary shift from the architecture based
purely on notation to the architecture represented
by algorithm, which takes into account material characteristics and fabrication processes has been described by Mario Carpo in his works The Alphabet and
the Algorithm and Architecture in the Age of Printing as a partial reversal of the opposite process in the
Renaissance (Carpo, 2011, 15). Pre-Renaissance and
particularly vernacular architecture, for which the indistinguishable processes of design and making are
often characteristic, located itself on the verge between the notational and behavioral techniques. It
was a common place for the pre-Renaissance masterbuilders to include the physical interaction with the
material to the design process. It is the distinct division of the intellectual and the physical, proposed by
Alberti, what pushed the behavioral strategies to the
relatively marginal role in architecture (Carpo, 2011,
32).
The introduction of “zero tolerance fabrication”
methods, made possible by the rapid development
of the fabrication and sensing technology, pursued
the aim of reducing material indeterminacy to a
marginal level. However the very same technological development brings the possibilities of reintroduction of behavioral-based design and construction processes (Menges, 2015, 30). The introduction of the system of positive and negative feedbacks allows to create a self-regulating ﬂexible process, something that is being thoroughly explored
in the multiple ﬁelds of industry and has a potential for a revolutionary impact. The technologies
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of two-dimensional and three-dimensional scanning
and, more importantly, of scan processing allow us to
apply speciﬁc and irregular characteristics of natural
materials to be considered within the design. In particular, these possibilities bring new perspectives to
the use of anisotropic materials such as wood in architecture.
Being a natural ﬁber composite, wood has many
unmatched qualities as a building material. Its ability
to resist forces in tension along ﬁber direction, which
matches that of a steel of the same weight, its wide
availability, its sustainability and ease of processing
made wood the most popular construction material
in pre-industrial era. (Cheret, Seidel, 2013) Wooden
constructions were widely used in vernacular architecture as well as in churches, palaces and bridges
well into the nineteenth century. The approach of
industrialization meant that manual processing techniques were substitute by machine mass production. That led to the increase of use of isotropic
materials such as steel and concrete. Wood, being
anisotropic material, still was used, however its use
became limited. Another consequence of industrialization was a switch of focus to timber, which represents only one third of the available wood. While
irregular parts of wood were commonly used in the
pre-industrialization era, particularly in shipbuilding,
new fabrication methods meant, that regular geometries became preferable (Self, 2017, 129).
With the development of computational tools, a
new understanding of material in architecture is beginning to arise (Menges, Ahlquist, 2011). Scanning,
scan processing and simulation techniques allow us
to take into consideration speciﬁc characteristics of
the material, while new fabrication tools prove crucial to the reintroduction of traditional craftsmanship
into mass production. The potential of this approach
lies in particular in the possibility to inform the design
process as well as the designed geometry by speciﬁc
material qualities, thus merging the physical and the
digital in one model.

Methods

Project development and proposal

The project questions the possibility of informing the
design with the particular characteristics of the material structure and of creating complex geometries
from non-customized or minimally customizes massproduced elements. In order to obtain the information about the material structure, the veneer has
been chosen as a main material. Unlike it is in a case
of timber, the inner structure of the veneer is virtually similar to the one on its surface, so the necessary information was collected by two-dimensional
scanning of the veneer stripes. A custom-made algorithm has been used to transform the raster image
into a vector-ﬁeld, which took into account a particular grain direction of the material.
The simulation of the material bending characteristics was done in consideration with its inner
structure using a spring-based system Kangaroo in
a visual scripting platform Grasshopper within a 3dmodelling software Rhinoceros 5.0.
As a part of the research, several approaches of
informing the design with the data, obtained from
grain scan, have been considered. Milling irregular
geometries along the grain direction and connecting
them with custom-made 3d-printed joints proved
promising in creating visually strong design language yet produced a lot of waste material. As a main
fabrication method we chose uneven connection of
several layers of active-bended veneer, which allowed to accumulate local stresses and therefore preprogram bending characteristics of the structure. Another method used to produce the design, informed
by anisotropic veneer characteristics, involved local
grain directions of active bended veneer stripes being represented as virtual three-dimensional force
ﬁelds, which could be overlaid or mapped on the
pre-designed geometry, resulting in optimal organization of the components.
Overall, the project examined a potential of uneven and irregular bending as a design driver - a characteristic most fully deﬁned by the veneer ﬁber structure.

Material-informed design has many precedents in
pre-digital era. One important example present behavioral construction processes, where each construction step is based on visual, tactile or other material evaluation. The behavioral roots of structural
processes can be seen in the non-human built structures, such as wasp hives or ant nests, as well as in the
ontogenetic processes of the living nature (Hansell,
2008). This approach has also proved essential to the
traditional craftsmanship. When working with wood,
craftsman has to consider its structure, its grain pattern and its anisotropic qualities, which he evaluates visually. This approach, optimal in certain areas,
has its limits, when implemented in mass production,
due to lack of systematic procedure and clear evaluation criteria. Another, entirely diﬀerent approach
is presented by material computation. Known from
the work of gothic master-builders, or, more recently,
Antonio Gaudi and Frei Otto, material computation
searches for the optimal solutions while considering
speciﬁc material characteristics (Menges, 2015, 30).
Project implements digital parallels to the both approaches and tests their feasibility in architectural
design. The behavioral construction of non-human
built structures or traditional craftsmanship is substituted by scanning, scan-processing and designing
basing on scan data, in other words automating the
evaluation-fabrication loop. The material computation is substituted by digital simulation using established methods within existing visual scripting platform.
Advantage of veneer, as scanned material, consists in its two-dimensional character. Unlike timber,
which would require complex methods for threedimensional scanning, such as Computer Tomography, scanning veneer is fast, based on just optical
processes, and easily automated. The resulted data
are high-resolution black and white raster images,
which clearly indicate the grain pattern of the veneer and provide necessary information about its inner structure. Equally important is processing of this
information. While the output of the scan is a raster
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image, many of the design algorithms, used in the
project require a vector-ﬁeld - a set of vectors with
adjusted areas of their eﬀect - in order to operate. A
custom-made algorithm divides the image into rectangles three by three or four by four pixels. Within
those rectangles, a an averages of black pixels position and of white pixels position are located. A
vector cross product between a normal to the scanning plane and a vector connecting those averages
presents a vector, which would deﬁne ﬁber direction
(ﬁgure 1). After several iterations of interpolation a
realistic vector-ﬁeld representation of the grain pattern is achieved. The vector-ﬁeld representation of
the grain pattern has been used in order to achieve
precise bending simulation of the veneer, which
would take into account its speciﬁc structure. As the
spring-based engine Kangaroo within Grasshopper
visual scripting platform eﬃciently works with mesh
geometries, a mesh with variable stiﬀness characteristics has been used to represent each veneer element (ﬁgure 2). The stiﬀness of each edge within
a mesh was calculated basing on an angle between
this edge and the relevant vector within a vectorﬁeld. That resulted in realistic simulation, which differentiated bending characteristics along the grain
and perpendicular to the grain (ﬁgure 3).
During initial tests, several approaches have
been implemented to aﬀect the design with scanning data. One of this approaches considered transforming through distortion predesigned layouts according to the vector-ﬁeld grain representation, and
milling subsequent layouts in the veneer. Resulting shapes had majority of their borders positioned
along the grain direction, which meant more stable surface quality. Additionally, milling speed was
optimized basing on the angle between the relevant vector within a vector-ﬁeld and a milling direction. Joints between veneer elements were generated using particle systems, where particles were affected by the vector-ﬁelds of each veneer element.
Resulting shape was ﬂuent and continuous connection, fabricated using 3d-printing technology (ﬁgure
4). This approach proved to achieve stiﬀ structures
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with visually strong design language, yet wasteful
in its use of material and limited in relation to the
mass production and full automation. Additionally,
3d-printing generated joints proved counterproductive, as complex connections are the feature, which
requires complex anisotropic inner structure and is
widely available in wooden branches (Slater, Ennos,
2015).

Figure 1
A custom-made
algorithm
transforms raster
image into a
vectorﬁeld

Figure 2
A mesh with
variable edge
stiﬀness
characteristics is
used to represent
each veneer
element

Figure 3
Grain-informed
simulation: from
scanning to
bending simulation

Figure 4
Grain-informed 3d
printed joints

A simpler approach included uneven pre-stressing
and layering of the several non-customized veneer
elements. Uneven connection of several layers of
active-bended veneer allows to accumulate local
stresses and pre-program bending characteristics of
the structure. Anisotropic and irregular character of
the veneer meant irregular bending properties. Several iterations of digital and physical simulation allowed to calibrate the digital model and make it precise enough for the design and subsequent fabrication (ﬁgure 5). While overall geometry was freeformed basing on several external conditions and
limitations, the design was aﬀected and optimized
using the knowledge of the speciﬁc material properties and its bending behavior. The design procedure
went as follows. Initially the target shape was modeled. This target shape was subsequently subdivided
into elastically bent elements with variable bending
radiuses. The necessary connection points locations
between the layers of the veneer were estimated, in
order to achieve such a local stress accumulation for
the structure take the required shape through bending. Digital bending simulation tested and if necessary modiﬁed the estimated locations according to
the irregular grain structure of the veneer. The fabrication process required only the location of connection points in otherwise none-customized elements,
therefore being easy to automate. This approach was
later developed by creating truly three-dimensional
elements by bending the veneer in two directions in
order to create u-shaped and 8-shaped loop components. The three-dimensional digital representations
of these components were containing the information about their grain pattern and could be overlaid
on pre-designed three-dimensional shapes. The curvature of the components was variable and aﬀected
by their size and bending characteristics, therefore
complex geometries with various curvatures could
be designed and fabricated from non-customized elements.
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The uneven layering approach was tested on a design and construction of a pavilion in the courtyard
of the Bethlehem Chapel in Prague. The pavilion presented a toroidal shape made out of 25 sections, each
built from six unevenly connected layers of veneer.
The overall shape of the pavilion was designed basing o the environmental and site constraints, pavilion being located in the historic architecture (ﬁgure
6). However the resulting geometry was strongly affected by the emergent characteristics of the material, particularly in the scale of the detail (ﬁgure 79). In another test local grain directions of active
bended veneer stripes represented as virtual threedimensional force ﬁelds, were overlaid and mapped
on the pre-designed geometry, resulting in optimal
organization of the components. The approach was
applied to the design and fabrication of a column
prototype (ﬁgure 10-11).

Figure 5
Calibration of the
digital model
according to a
physical prototype

Figure 6
Programmable
bending pavilion
located within
historic context

Figure 7
Predesigned overall
shape of the
pavilion as oposed
to the emergent
characteristics of
the detail
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Figure 8
Grain-speciﬁc
deformations are
particularly
inﬂuential in the
scale of detail

Figure 9
While overall shape
was predesigned,
particular
curvatures of
veneer elements
are a result of local
equilibrium of the
forces.

Figure 10
Column prototype
assembly sequence
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Conclusions
As an outlook of the project one can question the
signiﬁcance of the approach in the scale of architectural construction. Unless the process is applicable in those quantities, it will not be relevant for
the construction industry. The strategy, examined in
the project, can be applied in a bigger scale with a
use of both processed and unprocessed wooden elements. Currently the dominant amount of sophisticated wooden structures is being designed and constructed within an industry of glue-laminated timber fabrication, where complex shapes are created
through the extensive use of formwork. This approach, while having many advantages, can bring
substantial additional costs, especially in the construction industry, where the use of big series of repeatable elements is limited and small series production or customized geometries are prevalent. Absence of a formwork and minimal amount of custommilled elements being used in order to achieve highly
complex geometries seems to be a major advantage
of the approaches used in the project.
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Figure 11
Column prototype

PARAMETRIC MODELLING |
Applications

318 | eCAADe 36 - PARAMETRIC MODELLING | Applications - Volume 2

Integrated Data
Environment

Analysis

for

Parametric

Design

mineR: a Grasshopper plugin based on R
Abdulmalik Abdulmawla1 , Sven Schneider2 , Martin Bielik3 ,
Reinhard Koenig4
1,2,3
Bauhaus-University Weimar 4 Bauhaus-University Weimar and Austrian Institute of Technology
1,2,3,4
{abdulmalik.abdulmawla|sven.schneider|martin.bielik|reinhard.koenig}@uniweimar.
de
In this paper we introduce mineR- a tool that integrates statistical data analysis
inside the parametric design environment Grasshopper. We first discuss how the
integration of statistical data analysis would improve the parametric modelling
workflow. Then we present the statistical programming language R. Thereafter,
we show how mineR is built to facilitate the use of R in the context of parametric
modelling. Using two example cases, we demonstrate the potential of
implementing mineR in the context of urban design and analysis. Finally, we
discuss the results and possible further developments.
Keywords: Statistical Data Analysis, Parametric Design

Introduction
Design is a cyclic process aimed on ﬁnding an optimal solution for a given problem. This process can
be broken down into two stages: First, ﬁnding an
acceptable initial design plan that might provide a
baseline for the desired solution. Second, further development and optimisation of the initial design plan
into an implementable design solution (Karimi 2012).
In this process, the design generation is informed by
design evaluation in a series of successive steps - the
design cycle. Since each step aims to further improve
the design, it is important that the design workﬂow
promotes ease of transition between the generation
and evaluation. During the recent years, paramet-

ric design has emerged as a quantitative design approach that connects the parameters for generating
and evaluating a design via algorithms to shorten the
optimisation cycle and providing the designer with
an access to the data throughout the design stages
(Motta 1999). Parametric design approach is usually connected to programmable tools that have the
capacity to generate and manipulate complex data.
These tools help assign values to the design parameters as well as optimize the design to satisfy speciﬁc
criteria.
To test and analyse a design, designers apply evaluation methods for diﬀerent design criteria.
Some of these criteria are more qualitative and can be
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better evaluated intuitively. For example, to evaluate
the aesthetics of a building, architects support the
human intuition with graphical representations that
convey the experience of being inside that space.
Other design criteria are more quantitative, therefore, intuition can be hard to employ and sometimes
even misleading. Therefore, computational analysis
tools oﬀer valuable support, however in cases where
numerous criteria are used, the evaluation of this
computed analysis results can become complex. For
example, for the optimisation of the economic, ecological and social performance of a city the evaluation of a multitude of criteria needs to be considered
(e.g. density, accessibility, visibility, costs, energy demand). Therefore, data analysis methods are useful
in order to eﬃciently and eﬀectively explore quantitative design data. In this paper we will focus on the
quantitative evaluation of parametric design data using computational statistics.

Integrating statistics into parametric modelling
There are diﬀerent tools that can be used for data
analysis like Stata, SPSS and R. These tools exist as
professional software independent from the design
environment. Therefore, for designers to use these
tools in parallel to the design environment the data
needs to be exported from the design environment
to the statistical environment. Thereafter, the analysis results need to be transferred back to the design
environment. Here it is critical to highlight that these
statistical tools sometimes have complex interfaces,
and mostly require a sound knowledge of programming to access basic functions. Consequently, using
statistical tools in the design cycle becomes a timeconsuming task. Thus, both statistical tools and parametric design need to be connected more tightly.
The idea of bridging the gap between both
the parametric design environment and the statistical data analysis tools is not entirely new. Some
tools already exist to provide such a connection.
For example, the machine learning tool in Lunchbox by Proving Ground (1), the data visualization

tool Conduit by the same developer, and the excel dependent tool Bumblebee by NeoArchaic Design (2). These tools used the node-based parametric design environment Grasshopper to construct a
set of pre-conﬁgured functions (grasshopper components). But they either provide basic data visualization, connect to a none professional statistical software like excel, or lack some essential and advanced
methods of statistical data analysis -descriptive and
inferential statistics- that are necessary for data exploration.

Method & Implementation
Integrating statistical tools into parametric design
could lead to discovering knowledge about the data
what would not be possible otherwise. Moreover,
since this knowledge would exist as statistical data
output inside the parametric environment, it could
be used further in the design process as input parameter. This would open the door for more advanced design generation and exploration possibilities. Therefore, choosing a ﬂexible statistical analysis tool would be an essential part of the integration
process.
For the tool we present in this paper, we selected
R (R Core Team 2017) - the popular opensource language for statistical computing - as a perfect tool to
be integrated inside the parametric design environment Grasshopper. R provides statistical methods for
the Exploratory Data Analysis (EDA) that were introduced by Tukey (1977). EDA consists of two main
steps: descriptive and inferential statistics.
First, one starts with descriptive statistics to clarify what the data shows and to understand its basic
characteristics. This step uses data summaries and
simple graphics to oﬀer a quick overview about the
types and distribution of the data. This facilitates deciding the appropriate way to examine the data further. R provides methods to graphically display different data variables such as histograms for understanding the distribution of numerical data, Box plots
to show the spread of the data and Bar plots for comparing categorical data.
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Second, one uses inferential statistics to explore
the relation between data and to support explaining
the behaviour of this relation through diﬀerent metrics. This provides the possibility to generalize and
extrapolate beyond the current data sample. Moreover, it can direct the designer to diﬀerent methods
on how to improve the performance of a design. The
use of both methods in R - Descriptive and Inferential Statistics- is mostly a linear process inside the design cycle; one uses descriptive statistics to decide
how to proceed further to the inferential statistics.
However, accessing each stages’ functions independently should provide more ﬂexibly platform. Therefore, choosing R would facilitate a richer environment
that host a variety of methods that could beneﬁt the
design process once integrated.

mineR
Our tool mineR is built for the node-based parametric
design plugin Grasshopper3D for Rhino (3). The software interface RDotNET(4) - an opensource CSharp library - provides an interface for various programs to
connect with R kernel (a term for the core functions of

a software). mineR can be integrated in the workﬂow
as seen in Figure 1. It can receive data from Grasshopper and pass them to R, which then can either provide the response for this data with summaries and
matrices or by plotting them into charts in a separate
window. Since the whole concept of the parametric
design environments is wrapped around the idea of
ﬂexible customization, this also counts for mineR as
well. Thus, mineR is structured in multiple components that provide the essential functions of R, and
still provide the possibility of accessing the parameters of these functions from Grasshopper.
mineR consists of three diﬀerent types of prebuilt functions (components); descriptive, inferential and custom. Descriptive components in mineR
deal with diﬀerent types of quantitative data variables like numerical and categorical variables (Diez
et al. 2015). These components display the data in
plots like Histogram, Bar Plot, Box Plot and the regular Curve Plot. They can as well provide related
data summary including Standard Deviation(SD) and
Interquartile Range(IQR). Inferential components in
mineR deal with exploring the relation between nu-

Figure 1
Flowchart for
integrating mineR
inside Grasshopper
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merical data and provide summaries of the result, like
Linear Regression (with correlation coeﬃcient r and
the p-value) or Heat Map of correlations. The last type
of components are custom components that provide
direct access to Rscript (the programming language
of R) but still can receive and send data while remaining inside the parametric design environment.
The design of each component in mineR is driven
by both environments: how Grasshopper works and
how R is being implemented. The input of each component can receive the corresponding data type inside Grasshopper. Attached to them are related constraints to control how R should deal with this data input. Moreover, each plotting component has inputs
to modify the data printed on the plot. This includes
text describing what the plot shows, and the custom
colors for categorical data if required. Furthermore,
each plot component can export the charts either to
be displayed on the users’ screen in a parallel window
to Grasshopper, or to be directly stored as PDF document on the user device.
Each mineR component has speciﬁc functions to
deal with diﬀerent types of data variables and provide the corresponding output to these functions.
For example, the BarPlot component automatically
transforms an unsorted list of categorical data into
organized lists. It will also provide a summary of their
category names, the frequency with which they appeared in the list, and their relative ratios inside the
whole list. The Correlation component calculates a
linear regression test on two datasets to describe the
nature of this relation by the correlation coeﬃcient
(Person or Spearman) with values between -1 and +1
(indicating the strength and direction of the relation).
Moreover, with the p-value it also provides a metric
to describe how high the probability is that the respective relation is found by chance.

Application
To show how mineR can be used inside the parametric design environment, in the following we present
two exemplary case studies related to urban design
and analysis. The ﬁrst example will show how the

evaluation of an existing dataset about a city could
be done using the essential components. The second
example uses mineR to create an evaluation criterion
for generative street network design. We will use in
the ﬁrst example the essential descriptive statistical
methods in mineR, while in the second we will focus
more on the use of inferential statistics. Moreover, we
will be using these examples to describe more information about mineR components, and how their output could be used inside Grasshopper.

Case 1: Urban Data Analysis
The ﬁrst example demonstrates the functionality of
the diﬀerent components using a case for analysing
urban form and its relationships to the distribution of
building uses (case is taken from the paper Schneider
et al., 2017). We use the descriptive statistics components and simple inferential statistics components
for analysing urban data of a small city in Thuringia,
Germany (Zella-Mehlis). The data, collected in this example, is stored in a single Rhino ﬁle, which contains
geometrical information about the city, including the
street network, street blocks, plots, buildings in simple level of details (LOD1). Moreover, it contains empirical data collected from our visit to the city, such
as movement countings and information about the
uses of each building.
The exploration of the data was done in the following steps; to gather knowledge about the city,
we used Grasshopper to ﬁrst organize data about
the available geometry. This led to creating lists
of data that contains information about street segments length, area of each plot, area of each buildings in footprint and in total, number of storeys in
each building, and ﬁnally the number and type of
functions inside each building. To understand how
the morphology aﬀects the performance of the city,
we analysed the city geometry using grasshopper
analysis tools. We measured the density of the city for
each plot and street block (Floor Area Ratio FAR and
Ground Space Index GSI). And analysed the street
network accessibility using diﬀerent centrality metrics (on diﬀerent radii to for both the angular and
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Figure 2
Simple Descriptive
and Inferential
Statistics for the city
Zella-Mehlis using
mineR for
Grasshopper:
(Histogram)
distribution of
street segment
lengths. (BoxPlot)
right: the same data
about street
segment length,
left: Density (FAR)
of each function.
(BarPlots) left:
number buildings
per storeys count,
right: number of
buildings
categories by the
function.
(Heatmap)
correlation matrix
between diﬀerent
centrality raddi and
number of
functions.

metric distance) using the CityGraph component of
the DeCodingSpaces Toolbox (Fuchkina, 2016). This
resulted in two types of data; data that describes the
geometrical properties of the city, and data that describes the performance of this geometry.
In the following we exemplary show, how the
mineR components can be used to quickly derive further information from the existing urban data. First,

regarding the street segment lengths, on the one
hand, a histogram provides information about all the
groups of lengths and how frequent each group is in
the city network. This shows that the city has very
few number of segments longer than 120 m (Fig. 2,
ﬁrst row). On the other hand, a Box Plot of the street
segment lengths more clearly shows that most segment lengths are between 35 - 90 m (Fig. 2, second
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row). Second, using the types of building uses, we
computed the number of buildings of each use and
visualized them using the Bar Plot. This shows that almost 85 percent of buildings were residential buildings, and almost 8 percent of the buildings were commercial (Fig. 2, third row).Third, the data about the
buildings was categorized by the number of storeys
using the Bar Plot. This shows that most of the building are 3 storeys or less with almost 60 percent of
the buildings having two storeys.Visualizing the density measure FAR for diﬀerently used plots, the Box
Plots show that the plots of certainly used buildings
have a FAR of around 0.3. Thereby industrially used
plot have the highest values and private clinics the
least. Plots for educational and public use have highest spread in FAR, indicating very diﬀerent building
forms for these uses.Simple inferential statistics was
done using the Heat Map component to discover relations between the centrality measures of the street
segments and the number of certain uses attached
to them (e.g. commercial and vacant buildings). This
showed a strong correlation (r= +0.75) between the
number of commercial functions and the local angular choice radius 200, but no considerable correlation
to the vacant buildings (see Fig. 2, bottom).

Case 2: Optimizing the synergy of a Street
Network Design
In the second example, we generate a street network
that exhibits a certain characteristic, which is a high
synergy. Synergy is a measure, describing the relationship between local and global street network
centrality (Hillier, 1996, p. 99 - 101). High synergy,
thus describes, how well local centers in the city connect to globally central streets. Using the correlation
component in mineR we will leverage the output of
the correlation coeﬃcient(r) to create the evaluation
criteria synergy for the generated design.
The study was done using Grasshopper with the
following steps; to provide the initial design constraints for the city, we drew the city boundary using a hexagon with a diameter of 1.4 kilometer with
4 existing external roads. This provided the inputs

for the street network generation (NetworkSynthesis)
component (Koenig, Treyer, & Schmitt 2013; Koenig
2015). This component generates variants of street
networks based on diﬀerent input parameters such
maximum segment length, random angle between
segments, maximum number or connections from
each street, the depth of these connections and a random value to control the location of the intersection
points. The outcome of this component was connected to the CityGraph Component to calculate local and global closeness centrality of the street network. In order to calculate the synergy measure, we
used the correlation component of mineR. The goal
of this test was to achieve the highest possible correlation between the local closeness centrality (Radius
300) and global closeness centrality.
Fig. 3 displays ﬁve typical outcomes of this process. Thereby the centrally shown variant exhibited
the highest synergy value. For each variant the street
network is colored according to global closeness centrality. The information under each output expresses
the input parameters used to generate the network,
as well as mineR output that we used to test the performance of this network.
The change of variables was in few cased inconsistent. For example, increasing the maximum segment length did not always provide the best result,
but values around 200 produces the highest r= +0.52
(Fig. 3, upper left corner). Furthermore, values lower
than 150 were most decreasingly lower under r=
+0.300. Another example, when increasing the value
of the random angle between segments was inconsistent as well, but values between 25 and 40 were
marked as medium around r= +0.458 (Fig. 3, lower
left corner). Changes in other variables were more
consistent, but due to their eﬀect on the increase of
computation time they were kept at lower values. Increase in maximum number or depth of branching
arms was mostly corresponded with higher correlation. Manipulating the random seed values that controls the location of the points input provided a wide
range of results, with the highest at 54, r= +0.589 (Fig.
3, center).
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Figure 3
Parametric design
with high Synergic
correlation test
using mineR for
Grasshopper: show
multiple stages of
optimization while
manipulating the
data inputs to a
street network
generation
algorithm.

Conclusion & Outlook
Quick access to statistical methods and data could
improve the design cycle because it supports the interpretation of design data and thus improve decision making. In this paper we presented how mineR
implements statistical analysis methods from R into
easy-to-use components for Grasshopper. Then using two examples, we demonstrated the application
of mineR for design evaluation and used the evaluation result as optimization objective.
In the two exemplary cases shown in this paper;
mineR provided typical methods used in both design
and research to explore and test the design data. In
the ﬁrst case, the statistical methods we explained
were used to gain generalizable knowledge of how
cities function based on their urban form. The second
example showed how an evaluation criterion can be
created and optimized to govern the design generation process.
In both cases we evaluated the available design

and performance data while remaining the whole
time inside grasshopper interface. Moreover, once
such analysis is set up inside grasshopper, this evaluation process then could be accessed and manipulated to satisfy any further development. This reduces the eﬀort of thinking about the tools and focusing more on the main objective of the design or
research.
Integrating statistics into parametric design can
probably lead to an improved design workﬂow and
new approaches to design. This is due to not only the
decrease in the number of steps designers need to
take to access statistical methods. But also due to the
nature of the parametric design environment itself.
Since the commands are passed back and forth as input and output variables, they can be ﬂexibly used in
the whole process of designing.
Integrating R as a professional data analysis tool
in a parametric modeling environment like Grasshopper provides a direct access to vast amount of meth-
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ods and applications that could be explored in many
directions. There are still more advanced methods
and plots in R that could be included, such as the Chisquared test, Multivariate analysis. Moreover, since
both R and Grasshopper have gathered a large community of users from many ﬁelds, we are planning to
publish mineR as an opensource library which could
open the door for further developments.

[4] rdotnet.codeplex.com
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Urban water systems need to be dimensioned well to be economical and distribute
water in a good quality to all consumers. Their pipe sizes are dependent on
demand and location of consuming nodes. Within uncertain development of
cities, planning sustainable hydraulic networks is challenging. This paper
explores, how the definition of urban design parameters can be supported using
parametric urban design models and computational water network analysis. For
the latter we developed new components for Grasshopper based on the open
accessible water analysis tool EPANET. In two example cases we demonstrate
potential applications of this tool for water-sensitive planning of emerging cities
to find optimal positions for water sources or pipe diameters. In subsequent
research, this could be used to derive probability-based recommendations for the
dimensioning of a water network within uncertain growth.
Keywords: water infrastructure, urban planning, parametric design, uncertainty,
emerging cities

INTRODUCTION
To create sustainable and resilient cities, it is essential
to integrate all kinds of infrastructure into the planning of spatial structures in the best possible manner (Graham and Marvin 2001). Especially emerging cities, such as growing towns and cities in the
Global South, are urged to consider infrastructural
systems early. But within rapid urbanisation, they
need to adapt to unplanned and unexpected directions of growth. Especially the distribution of water,
as an essential resource for the prosperity of a city
and its inhabitants, requires attention. Focusing on

pressurised hydrology networks, this paper therefore
describes, how computational tools can assist planners in this process by the integration of water infrastructure analysis methods in a parametric modeling
tool. Thereby the issue of uncertainty regarding the
growth of emerging cities is considered in particular. We present possible use cases that can rapidly
explore the physical limits and hidden chances in the
space of possible water distribution system. By generating and analysing urban structures and implementing knowledge from the ﬁeld of infrastructural
engineering as well as of urban planning, we gather
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statistics that can serve planners to make recommendations for sustainable water networks.
One challenge in the design of hydrology networks is the determination of suitable pipe dimensions (Grombach et al. 2000). Once set, they have
impact on the possible development of cities, since
the pipe size has inﬂuence on ﬂow velocity, pressure
at consuming nodes and water quality. A wide diameter can distribute enough water, but depending on
the growth of the surrounding network it might be
uneconomical or the ﬂow velocity slows down which
leads to aging of water and reduced water quality.
On the contrary, a thin diameter might not distribute
enough water to its consumers. Normally the issue
could be solved easily. If the location and demand
of consumers are known, a water network could be
planned to facilitate enough pressure at each consuming node. However, the future development of
cities can be very uncertain. While some cities grow
rapidly, others shrink and with it the location and
demand of consumers. Therefore, planning needs
to consider diﬀerent future scenarios. Zischg et al.
(2017) have shown, that the EPANET library and generative design can facilitate the rapid exploration of
diﬀerent scenarios. They calculated, how water networks perform in a phased development of a city with
the scenarios of decline, growth and stagnation of its
population. Their ﬁndings show opportunities and
weak spots of the planned development and make
recommendations for chosen pipe sizes. In this paper we use their work as an example case. By leaving out time-patterns and water quality, we do not
analyse the network as thoroughly. However, while
Zischg et al. (2017) generate a water network as a
subset of a given street layout, we want to show how
the street network itself can be generated (and optimised) based on water infrastructural design parameters. Urban structures of emerging cities can grow
in uncertain directions. Therefore, street network development might not follow a given plan. By calculating possible growth scenarios, we get a statistical
distribution of preferred pipe diameters that could be
used to make probabilistic recommendations in the

process of growth.

COMPUTATIONAL
METHODS

URBAN

PLANNING

By automating the creation and analysis of scenarios through algorithms, planners can utilise computational resources to calculate a wide range of scenarios very fast. Instead of drawing plans manually, the
domain knowledge of the ﬁelds of urban planning
and infrastructural engineering can be transferred to
computational models. In urban planning, computational parametric design has this potential to generate and analyse a large set of design variants very
fast (see e.g. Duarte and Beirao 2011; Bielik, Schneider and König 2012; König et al. 2017; Weber et al.
2009). However, hydraulic analysis of the results is
mostly conducted in a later stage although it could
be easily implemented in the workﬂow. In the following paragraphs we will show a way to combine
parametric design with hydraulic analysis. Thereby,
digital representations of existing or future urban settlements are generated as well as the analysis of hydraulic water networks to ensure eﬃcient water ﬂow
in these structures be conducted.

Parametric Urban Planning
For urban and regional planning GIS-Software would
suit well, since it can handle large datasets. However, it does not have the capabilities for generating designs. We decided to use Rhinoceros (a
CAD- and NURBS-modelling software, short: Rhino).
Rhino’s advanced geometry-modelling capabilities
give enough functionality to draw urban patterns
and pipe networks. Through its visual programming
language Grasshopper, parametric designs can easily
be created. Further on, the community around this
software has developed many plugins suitable for architecture and urban planning. Thus, with this setup
of software, we can easily create generative models
of urban settlements. This means, we e.g. can create digital plans of street networks and buildings that
are adaptive to changes of parameters such as density, building typology and size or street proﬁle (Den-
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nemark et al. 2017). This allows rapid exploration of
a variety of plans.

and consumers and get a direct visual feedback of the
performance of the network.

Parametric Hydrology analysis

EPANET-COMPONENTS

An existing hydrologic analysis tool is EPANET, an
Open-Source library for the analysis of pressurised
pipe networks (Rossmann 2000). It was ﬁrst developed by the United States Environmental Protection
Agency USEPA and is now continued by the Open
Water Analytics community. It allows the calculation of hydrologic network properties as well as water
quality measures based on water demand and topographical location of network nodes. However, currently there is no plugin for Rhino3D/Grasshopper
that implements EPANET. Therefore, we extended
the Grasshopper tools with components that read
and write geometry from and into EPANET input ﬁles
as well as analyse them. Looking at its structure, it
is easy to connect to Grasshopper and parametrise
it. It uses text-ﬁles that serve as databases for the
settings and properties of pipe networks as well as
calculation steps and results. It contains sections for
network elements like pipes, junctions, tanks, reservoirs or coordinates as well as options for time patterns among others (Rossman 2000). Each text-line
in a section deﬁnes properties of one of those elements and relates them to each other. A pipe for example is always a line in space with two endpoints.
These endpoints are deﬁned in the coordinate section and have an ID. This ID again refers either to a
junction, tank, reservoir or emitter and their properties. The setup of such a text-ﬁle can become quite
elaborate, especially with the integration of time patterns and water quality parameters. For better usability, EPANET is therefore normally used together
with a graphical user interface that writes the textﬁle in the background while the user draws the pipe
network. Since Rhino3D/Grasshopper gives us the
capabilities of generating the geometry of pipe networks, we only have to write the parameters for each
element into the text-ﬁle. Through the visual programming interface, we can easily change parameters such as pipe diameters or the position of tanks

Grasshopper follows a visual programming approach. Algorithms that conduct certain tasks (such
as geometry manipulation, calculations or analyses)
are represented as components. These components
can be connected on the canvas. For our purposes
we created a set of such components for water infrastructure analysis (EPANET Components). Currently
we implemented three components: writing a hydrology network to a text-ﬁle, reading the ﬁle and
analysing it (see Fig. 1).

Write Hydrology Network
The Write-component needs a network of lines as input to deﬁne pipes as well as their properties of diameter and roughness. Further on, pipes can be turned
into pumps with appropriate settings for strength.
For the component to work, points, deﬁning at least
one consumer and tank or reservoir are required.
Each consumer needs to get a value for the demand
and a tank needs to have properties for its ﬁlling capacity and volume. If points are not directly connected to the network of lines, their properties are
applied on the closest junction in the network. This
can be utilised to reduce the lines of a network to save
calculation time while considering decreasing accuracy (Walski et al. 2003). With these inputs, the Writecomponent is able to create a basic EPANET text-ﬁle.
Since writing of a ﬁle with around 500 pipes takes
less than 100 milliseconds on our computing system,
changing the network of pipes and rewriting it is possible in real-time.

Read Hydrology Network
The Read-component is using an existing EPANET
input-ﬁle to construct a spatial network of pipes,
pumps, tanks, consumers and reservoirs in the
Rhino3D/Grasshopper environment. It makes use of
the library EPANET.dll, which can easily read a well
structured input-ﬁle. For example, a query can col-
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Figure 1
Our EPANET-set for
Grasshopper
consists of a write-,
read- and analysiscomponent.

lect data of all pipes and their properties. A pipe has
start- and end-node, accordingly a query can collect
the coordinates for each node. These can be translated into points in Rhino3D/Grasshopper, which can
be connected to a line or even pipe in 3D-space. Similarly, volumes of tanks and position of reservoirs and
consumers can be constructed. The component is
not restricted to input-ﬁles of the Write-component,
but can even use other EPANET-ﬁles.

Analyse Hydrology Network
The Analysis-component needs an EPANET-ﬁle. Similar to the Read-component, it queries all networkelements and their properties. Results for pipes can
be their ﬂow rate, ﬂow velocity, head loss, actual
link status (open or closed), energy expended and
pipe roughness or actual speed of pumps. Node
properties are their actual demand, hydraulic pressure and pressure. The component also supports
time-patterns as long as they are implemented in the
input-ﬁle. A network of 500 pipes can be analysed
with our computing system in less than 30 milliseconds. Combined with the Write-component, both
can rapidly analyse networks, making fast explo-

ration of a huge range of networks through e.g. generative design possible. This will be demonstrated in
the next section.

EXAMPLE USE CASE
In the following we show how the software framework introduced above, can be applied for the planning of cities. The examples thereby used, are reﬂecting on conditions of uncertain urban growth. Besides
our simpliﬁed use cases, the analysis of water distribution systems through our software framework of
Rhino3D, Grasshopper and EPANET can be extended
and applied on other generative principles of urban
settlements. Our setup is divided into two parts to
show diﬀerent applications of the components. The
ﬁrst part optimises the location and path of a tank
to the consumer. The second part explores growth
scenarios to come up with statistical distribution of
ﬂow velocity, pressure and pipe diameters by iterating through all possible solutions through a bruteforce method.
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Optimisation of tank location
To create enough pressure at consuming nodes of a
pressurised network, either pumps need to increase
the hydraulic head at nodes through use of external energy network or a reservoir or tank need to
be placed at a high position to let water accelerate
through force of gravity. For simpliﬁcation, we will
only look at the positioning of a tank and its connectivity to the consumer. Normally, the tanks optimal location should be at the highest points of the
surrounding terrain, but in consideration of the distance to the consuming node and the slope of the
pipe path other networks could perform better. In
our Rhino3D/Grasshopper environment, we picked a
terrain of 3.5km to 3.5km size and placed one consuming node as a city center in the middle of the terrain to simplify the calculation (see left side of Fig. 2).
A tank can be positioned on this terrain through
two parameters. One deﬁnes the location in xdirection and the other in y-direction of a cartesian
coordinate system. Further on, the shortest possible path from tank to city center is calculated, which
will serve as the pipe network. The path is restricted
to choose its direction on a grid of interconnected

points and chooses only paths that run down slopes.
A third parameter deﬁnes the minimal steepness a
path can take on a slope. A high value leads to serpentine paths and a low value to the fastest, steepest
rundown.
With these three parameters we can optimise the
location of the tank and the connection to the consuming node in terms of e.g. pressure or costs. We
chose to do a one-dimensional optimisation, meaning we only optimise for one factor, namely the maximum pressure. The pressure value can be easily calculated by our Analysis-component. But instead of
trying out all options manually, we automated the
process using an evolutionary solver (Robinson et
al. 2009). Grasshopper there provides a component,
namely Galapagos. Our three parameters serve as input for this component and can be seen as a genome.
Respectively, the phenom consists of the geometrical
representation that is created from the genome such
as the tank, node and pipe locations. The evolutionary solver changes the parameters of the genome in
several iterations. Each time a phenom is generated
its pressure value is calculated. The pressure value
serves as the optimisation objective. The evolution-

Figure 2
Left: All tested tank
locations and their
pipe paths are
shown on a plan
view of the terrain.
The consuming
node is positioned
in the center. Right: Results of the
evolutionary solver:
Better performing
tank locations are
found within later
iterations. - Lines
and dots with red
colour have high
and blue ones low
pressure
performance.
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ary solver tries to maximise it by recombining well
performing genomes.
Figure 2 shows how the performance increases
throughout 700 iterations. As expected, the best performances were observable at the highest points of
the terrain. Accordingly, the evolutionary solver tried
to search mainly in those areas for the best solutions.
The best performing tank has been chosen for the following setup, in which diﬀerent growth directions of
a city are simulated.

Exploration of growth scenarios
Since development of emerging cities can be highly
uncertain, the planning of water pipe networks is
challenging. By pre-calculating possible growth scenarios, it is possible to derive probabilities for pipe
diameters at speciﬁc locations. In our setup we calculate a number of possible growth direction from
the given city center. Its water source is the optimised tank from the previous example. Since we do
not have an existing road network, we use a simple
grid as a base structure. The city tries to occupy always a ﬁxed area of this grid by choosing the according number of grid-cells. The cells are chosen by a
weighted average of three values: their closeness to
the center point, to a thorough road or by their slope.
By changing the weights, the city area expands from
the center point in the direction of a thorough road or
in the direction of the terrain or circularly (see Fig. 3).
More scenarios could be calculated e.g. by choosing
multiple values for the area of the city or by adding
more attractors of growth.
Having a street network, the water network
can be subset of it (Karger and Hoﬀman 2013). A
spanning-tree algorithm ﬁnds the shortest path from
the center point of the city to all remaining nodes of
the street network. These nodes serve as consumers,
while the shortest paths serve as pipes of the network. An automated calculation, that iteratively increases the pipe diameter for each pipe reaching an
uneconomical ﬂow velocity above 2m/s, deﬁnes the
pipe diameter (Sitzenfrei et al. 2013). This leads to
diﬀerent water networks for each calculated growth

scenario.
By recombining the parameters of all three
weights through a brute-force method, the pressure
values, pipe diameters and ﬂow velocities at each
node of the network can be calculated. The results are shown in Fig. 4. The statistical distribution of pipe diameters and pressure give a glimpse
on preferable growth directions and could be interpreted in probabilities for the use of pipe-types. Together with the pressure map, which shows where
pressure can be more easily maintained, recommendations for decision-making can be derived.

DISCUSSION AND OUTLOOK
Zischg et al. (2017) have shown, how generative
design of water networks can assist planning in uncertain conditions. A combination of parametric urban design with hydraulic analysis extends the scope
even to uncertain development of street networks.
We limited our parameters to show the feasibility of
the study. Adding more parameters and using different principles for the growth of networks can expand the possible number of scenarios and might
lead to more calculation time. Since the Grasshopper
environment allows application of more generative
design principles, planners can adapt the EPANETcomponents to their own cases. They could include more parameters, such as preferred or protected areas for development, non-grid-like and
partly-looped water networks. However, limitations
of the Write-component, such as missing implementation of time-patterns, water-quality or adjustment
of other options, currently restrict thorough analysis
of water networks. Therefore, the results only work
well for cases needing rough approximations.
Further on, this research gathered data on the
statistical distribution of pressure values and pipe diameters for growth scenarios through a brute-force
method. It could be used to make recommendations
for planners by deriving probabilities for preferable
dimensioning. By making informed decisions on useful expansion direction of a city with consideration of
ideal location of water sources, topography and pre-
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ferred land use, pipes could be sized accordingly. The
correlation of economic activities with availability of
water might lead to an expansion in this direction of
water availability (Unesco, 2016), but within uncertainty growth could happen elsewhere, too. By updating the digital model with the physical network,
the routine could be newly informed and the preferable development of the water network recalculated
continuously to adjust to the new demands.
Lastly, considering the fragility of pressurised
water networks under unwanted conditions, emerging cities should not rely on probabilistic scenario
building to improve this system. Resilient solutions
would provide accompanying alternative water infrastructures that can absorb weaknesses of the pressurised system (Babovic et al. 2017).
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The paper explores parametric design technology from an urban design
perspective of development. One possible finalization of technique as informer of
urban space subdivision is presented, with an eye on geometry and its energy
efficiency implications. The recognition of urban space as a field of complex
equilibria, where different claims insist on the subdivision process, helps interpret
methodology from a critical stance, at least within the margins of selected studies
and a partial, yet indicative experiment.
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NARRATIVE OUTLINE
Parametric design and the burden of an urban «compositional problem»
As a computational support to modeling, parametric design is credited with engineering form mainly
for architectural and product design purposes, areas
where geometry reacts to a certain range of generative principles, performance measures and algorithmic formulae (Fraser 2012). The paper explores parametric design technology from an urban design perspective of development, that is, beyond the scales
and qualities that are proper to single structures like
building façades or novelty items.
The complexity of occupation patterns in urban
space is such that form interacts with another level
of conditional freedom, sensitive to diﬀerent and simultaneous constraints (Batty 2007). This up-scaled
level requires honest and «down-to-earth» interpretations of algorithmic thinking, for the urban outlook

cannot rely (only) on standard procedures and repetitive tasks.
The key concern is experimenting parametric design with abstract massing as interpreter of the compositional problem, i.e. an expedient informing the
3D occupation of a precious resource like available
space. Scarcity of space is a classic design issue
proper to urban land: as land shrinks and expectation grows, the opportunity cost of each form of development expands comparably. Planning is (should
be) an exercise of responsibility, and the eco-social
eﬀects of choosing one form instead of another reveal the maximum expression of design struggle. In
this paper, we call that burden of design the urban
«compositional problem».
At some point, ideas of city need to «congeal»
into material, tangible fabrics. Spurring from a range
of possible blueprints, relevant eco-social eﬀects of
form relate to how we address the compositional
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problem from a pure geometry point of view (Alberti
2005). Two basic elements concur in deﬁning form
as an object: shape and density. Shape is of tangible
nature and represents a «solid» state of form, while
density has the impalpable character of a «gaseous»
state. However variable they may seem, blueprints of
form are single cases of that «liquid» gradient of solutions we ﬁnd in the middle of the two extremes, and
each stands for one possible way of mating shape
and density options to address the compositional
problem.
The diﬃculty of composition is that shape and
density do not fulﬁll any correlation but the one(s)
picked with discretionary choice over what Lawson
(2006) describes as design synthesis process. The lack
of correlation between shape and density works both
ways: we can express the same density though different shapes, but every shape has a diﬀerent cumulative impact on density strategies (Pont and Haupt
2010).
In essence, the compositional problem is the
challenge of discovering a form of virtue, that is, a
space-eﬃcient design working in a context of limited land and no correlation between shape and density. A «form of virtue» is the one that can justify a
blueprint of space subdivision, both horizontally and
vertically, in respect to given goals of performance
and at the end of a costly alternative selection cycle.
Conventional design selects the «winning form»
of this process by intuitive summation of shape and
density episodes. In this case, the «liquid» of output
form ﬂows in non-communicating vessels, ending up
with «stagnant» models. On the contrary, parametric
design ﬁlters form by algorithmic-procedural thinking: as such, it can interpret the compositional problem starting from shape and density as generative
seed. In this other case, the approach would split and
reconnect the two into a stream of correlations, «exploding» form to the full range of performance that a
single deﬁnition can support.

THEMATIZING THE PROBLEM
Solar energy and the clash with a shapedensity dualism of urban form
As a (necessary) reduction of complexity, the attempt
considers the energy dimension of the compositional
problem, focusing on passive solar design. Of course,
this is not a complete breakdown of urban form and
energy management. Other criteria would be central
to a parametric understanding of energy and material ﬂows, such as how traﬃc, centrality and locational
choice relate to a zero-carbon future. Construction
standards alone do not represent the whole picture
of energy eﬃciency; there is another layer of analysis,
an extrinsic one, related to the urban-spatial organization of buildings, both in their shape and density
features. While being a relevant quality character, the
solar criterion is an expedient for giving a straightforward idea of what it means to interpret the compositional problem as we deﬁned it. In fact, this design
task is highly sensitive to how we combine shape and
density at the city block level (Morello et al. 2009).
As said, the two features are required to accommodate a certain degree of compaction: global-scale
urbanization and eco-infrastructural costs of soil consumption (Montavon 2010) push to intensive land
development. But this has parallel implications for
passive solar goals, as concentration of shape and
density triggers more obstruction to sunlight access
(Nault 2016). The compromise between apparently
conﬂicting goals depends on the intelligent amalgamation of shape and density features. Abstracting
shape and density behaviors as nodes of a parametric
diagram (cf. Woodbury 2010) may be useful to establish correlations between the two, stretching feedback to the high-resolution gradient of outcomes.
This passive energy challenge of form is not new
to urban design culture and research (cf. Martin and
March 1972). Every project imprints more or less resilient «signs» on land, and bulk subdivisions of space
are likely to aﬀect the long-term success of the original scheme. As designers, we can intend complexity
as a foremost driver of resilience in parametric urban
development; higher complexity of input tends to

336 | eCAADe 36 - PARAMETRIC MODELLING | Applications - Volume 2

widen and diversify the output, even in case of single
objectives. Yet, complexity alone is not enough without good instructions: it always requires the «spontaneity» of form-ﬁnding (Tedeschi 2014) to build on
properly organized grids.
In this sense, the recognition of urban space as
a «force ﬁeld» of complex equilibria, where diﬀerent
demands of occupation intersect various solid-void
schemes, helps consider parametrics from a critical
stance. Though grounded on a non-exhaustive selection of cases and a partial experiment, the interface between theory and practice leads to recognize
some potentials, frictions and development lines of a
support system that, borrowed from non-urban domains, is called to embed and simulate the complexity of city forms.

METHODOLOGICAL OUTLINE
Upgrading complexity of emergent patterns to urban design «force ﬁeld»
The narrative outline assumes the compositional
problem as one possible thematization for joining
parametric and urban design, where algorithms deﬁne a new intelligible link between input shapedensity gradients and output patterns of form. Starting from the assembly of generative rules, parametrics would return a transient or blending range of
correlations between variable options of shape and
density, with direct feedback on consequences for
space and energy performance. The importance of
feedback does not only stand in real-time simulation: deﬁning the algorithm as «history» of geometry (Tedeschi 2014) means conditioning or injecting propensity to variable standards of performance
into the emergence of form itself, based on strategies picked for shape-density gradients and their
variation-correlation systems. In brief, the so called
«solution space» (Aish 2005) reacts to how the parametric diagram is set.
The examination of three parametric studies,
each corresponding to a diagram, would be essential to highlight diﬀerent variation-correlation strategies deployed in search of performing conditions for

dense-and-solar design. The interpretation of case
studies is grounded on three lenses that would inspire an up-scaled, urban design-oriented adaptation of parametric modeling: A. Technology, B. Expendability and C. Complexity. The Technology layer
(A) corresponds to the level of reﬁnement in associative support and extent of input resolution, details that are supposed to propagate across the system. The Expendability layer (B) considers both elbowroom and sense of controlling the input as key to
«elastic» solution spaces, which means more chances
to come up with higher energy standards along the
gradient of instance models. The Complexity layer
(C) centers on realism and representation of output
form, in line with aspects of compositional freedom
generally found in urban settings, such as variable
solid-void schemes and diﬀering layouts for horizontal (width) and vertical (height) occupation of space.
Within this framework of increasing complexity
management, Grasshopper® represents a hallmark
for its wide-ranging syntax and the expanding nebula of plugins that today focus more and more on
the analysis of compound structures and eﬀects (cf.
Koltsova et al. 2013).
The intersection between case studies and interpretative layers, namely Technology, Expendability and Complexity, produces some knowledge about
both contributions and implications of parametric diagrams as generators of eﬃcient, energy-savvy patterns of urban space. This moment of comparison
and interface also inspires a supplementary model,
a humble, but due experience of learning, because
it paves the way to reﬂections upon inertial and
prospective sides of diagrams in sketching an urban
design scenario of development.

THREE CASE STUDIES
Three strategies for emergent shape and
density urban patterns
The case studies may diﬀer in terms of setting and
scope, but they all share a parametric control of spatial occupation. Speciﬁcally, they predispose shapedensity behavior of urban form to energy eﬃciency,
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using the abstraction of parametric diagrams as a
way to approach the compositional problem. Recalling the layers used for interpretation and comparison, each case study exempliﬁes a step toward
the ever-higher sophistication of procedural and associative modeling (Technology), in relation to the
space left to intuitive thought on one side (Expendability), and to the representation of those concomitant forces that characterize urban settings on the
other (Complexity).
Case 1 is a proto-parametric study, developed
with additive digital models that emulate associative,
procedural rules (Cheng et al. 2006). Case 2 is entirely parametric and developed as a ﬁne-tuning system within Grasshopper® (forward design) (Yunitsyna
and Shtepani 2016). Case 3 represents the most integrated diagram, as it consists of an optimization routine fully incubated in Grasshopper (inverse design)
(Lobaccaro et al. 2016).

Case 1. Proto-parametric design (Cheng et
al. 2006)
This study interprets the compositional problem in
a proto-parametric manner, that is, informing subdivision of space with manual arrangements of shape
and density. A square surface of one hectare represents the ideal «sandbox» of this research. The atopic
setting binds the approach to pure design guidance
rather than direct urban block modeling. It is a ﬁctitious exercise of form-ﬁnding, where intuition constrains the procedure of abstraction to a narrow gradient of results. Though correlation is manual, form
is not a predeﬁned mass; it is, rather, the end result
of switchable shape and density modules that, in the
end, prove to be eﬀective in matching solar and compact design.
The process starts from abstracting horizontal (H,
2D) and vertical (V, 3D) occupation of the surface
to variable shape and density options. These insist
on distributive layout (shape) and proliferative extent
(density) of units. All units have the same square
plan. Shape considers two schemes that can aﬀect H
and V occupation in either way: uniformity and ran-

domness. Density expresses H and V occupation by,
respectively, two degrees of site coverage, low (9%)
and high (36%), altering the amount (n.) of units, and
three plot ratio levels, low (1,4 m3 /m2 ), medium (3,6
m3 /m2 ) and high (7,2 m3 /m2 ), altering the height
of units. These options inform generation of models
as input data working independently from one another, just as sliders in parametric diagrams. Models
representative of this freedom can have low coverage
(low n. of units spreading over the H plane), high plot
ratio (high V extent of units), uniform display of units
and random heights, as well as the opposite scheme:
high coverage, low plot ratio, random unit location
and uniform heights.
Of all the possible mixtures between shape and
density, layout and extent, only 18 models are selected for solar simulation, assuming variance as a
descriptor, but also admitting the ﬂaws of traditional
CAD systems (Fig. 1). Aside from modest resolution
of input, these imply extra software for evaluation, in
this case PPF®, and no reactivity of form. Each of the
18 models is processed, plotting comparative solar
ranks for shape-density settings.

Case 2. Forward parametric design (Yunitsyna and Shtepani 2016)
This case interprets the compositional problem by
even comparison of ideal shapes, testing densitysolar implications over the same rule of thumb. Three
urban types are examined: single house or tower,
row house and perimeter block. The rule in question
is a passive principle equating building height to the
minimum distance between units. Parametric modeling becomes key to explain form as the ready-made
propagation of design concepts. Here, Grasshopper®
turns the rule of distance into a dynamic subdivision scheme, where every increase in ﬂoor number
is a step more to the «rarefaction» of fabrics (Fig. 2).
Number of ﬂoors is the only slider, ranging from 1 to
10, and informs V occupation, while the input governing H occupation is the set of curves depicting
the three urban types. As the sample site is limited,
changing ﬂoor number involves several output fea-
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Figure 1
The additive
assembly process of
correlation in case
1. The 18 models
correspond to 18
out of N
combinations
between options of
coverage, plot ratio
and layout (source:
elaboration from
Cheng et al. 2006).

tures: the amount of units generated, built density,
site coverage and solar gain, with trends depending
on the building type selected.
Similar to case 1, the area size is one hectare and
emergent patterns have no neighborhood, so results
of this study can only give general urban design suggestions. Yet, this time the surface assumes two alternative shapes, rectangle and circle, which are meant
to challenge form generation more than the basic
square of the previous study. Though types do not
mix on the same surface, examining three instead of
one is a way to unfold and equalize the impact of different pure models in space.
A central aspect is that explaining form by parametric diagram makes it possible to govern the output as a transparent result of input. Algorithms are
unambiguous and deterministic systems: propagation is such that every input change produces the
only possible output for that condition. That means
associations between ﬂoor number, building curve
and scale of performance become traceable all along
the gradient, and as we set a new input, we discover
lower and higher-rating mixtures between layers of
shape, density and solar radiation.

Case 3. Inverse parametric design (Lobaccaro et al. 2016)
The last research interprets the compositional problem by solar-led upgrade of housing envelops to be
developed in Trondheim, Norway. This time, the use
of parametric design as ﬁnal incubator of form pays
for the real-world location of units, and does not in-

clude a procedural deﬁnition of the neighborhood
scheme, contrary to the previous studies. However,
constant envelop reﬁnement, while being relatively
inﬂuential, has signiﬁcant eﬀects on achievable volume in respect to sunlight potential. In this sense,
it happens to be a source of typological innovation,
especially when the basic footprint of development
is already set to meet other criteria not necessarily
in line with solar. Among these, an appealing and
legible pattern for people, where blocks (solid) delimit public space (void) and give the enclosure necessary to pedestrian life. For this reason, the study
embraces conventional and parametric approach in
a way that the former ensures articulate views along
public space, and the latter is expected to optimize
envelops according to every consequent orientation
of units.
The process works on sample envelop forms.
These behave according to the three roof vertices of
a standard section that, once extruded and rotated as
correspondent units, is supposed to reproduce thickness and orientation of housing within the masterplan. Input resides in the H and V coordinates controlling each roof vertex of the section (shape); coordinates propagate to volume and exposure of the
corresponding envelop (density and sunlight-related
features).
The masterplan shows alignments to public
space deﬁning three orientations: N-S, E-W and 30°
S-W. This implies repeating solar optimization of the
sample per orientation to gather higher and higher
amounts of sunlight on roof while conceding the
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canyon-like pattern of units in the masterplan. To
a certain extent, density also rises, because the ﬁtness is such that radiation is relativized to compactness. Being this a surface-to-volume measure for
heat dispersal, the process leads to growing solar
capture and volume at the least expense of material
surface. At the end of the cycle, the algorithm selects three optimal pairs of coordinates, corresponding to three roof sections, each able to maximize radiation over compactness for that orientation (Fig.
3). Once the masterplan adapts manually to new
sections, further solar analysis applied to the whole
neighborhood shows parametric balance of shapedensity-radiation to portray a Zero-Energy design for
thermal.
The conventional-parametric liaison is not banal:
it brings the issue of dealing with distortions characteristic of a humanly, other than ecologically sensitive place, which is central to our concept of urban
space as a «force ﬁeld». Then, our supplementary
model will parameterize what here is preset as conventional modeling. Shape-density freedom will deﬁne the overall blueprint to address coincident sides
of the compositional problem, meeting demands of
space that, while claiming parallel qualities, are supposed to interfere with a solar-and-dense ideal.

ONE BASIC APPLICATION
Modeling a parametric pattern of city block
and its responsive evolution
The exercise assumes the increments in complexity
suggested by the three studies, crossing the three
lenses of interpretation considered, and setting the
ground for reﬂection upon advanced urban pattern
strategies. Technology highlights the importance of
Grasshopper in sustaining form-data association and
high input resolution for wider gradients. This is what
diﬀerentiates purely parametric cases 2 and 3 from
the proto-parametric case 1. Expendability leads to
keep both shape and density as independent and
fully trackable inputs, so as to appreciate freedom
of cross-combination and human responsibility observed in case 1. While balancing human-machine
control of form and simulation, our model inherits the ﬁtness proposed in case 3, i.e. radiation-tocompactness, in compliance with the problem of a
solar-and-dense design. Case 3 is also the most inspiring one in terms of realism, for both diversity and
articulation of solid and void, but prearranging subdivision of land leaves no room for parametric control of the neighborhood as a whole. Therefore, Complexity emphasizes the importance of abstraction in
addressing conﬂictual occupation, the essence of urban space, drawing value from speciﬁc quality (Steinø
2010), divergent criteria and distortion factors that, in
turn, claim satisfaction of concurrent properties.
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Figure 2
The dynamic
subdivision process
in case 2, based on
the algorithmic
deﬁnition of a solar
rule of thumb. The
rule correlates
number of ﬂoors
and building type,
generating
comparative
scenarios of
performance over
the same land plot
(source: elaboration
from Yunitsyna and
Shtepani 2016).

Figure 3
On the left: the
iterative process
optimizing
envelops in case 3,
based on a
sunlightcompaction ﬁtness.
On the right: roof
sections resulting
from optimized
envelops (source:
elaboration from
Lobaccaro et al.
2016).

«Speciﬁc quality» of the model resides in opening (abstracting) the gradient to diversiﬁed behavior
of units; each can assume a form independently from
the others, thus multiple solid-void layouts can coexist on the same plot, leaving room for multiple sides
of performance.
This relates to input and correlation system. Surrounded by a dummy context, the block is composed
of building units emerging from related parcels,
which follows typical morpho-layers of the urban
scene. Parameters of shape inform the H occupation
of units over their own parcels, and consist in local uv
coordinates. Uv pairs establish the covered surface of
each unit. In this case, speciﬁc quality does not apply
to V occupation, because a single parameter of density, volume over plot area, splits evenly across units.
Nonetheless, some diversity in extrusion is achieved
according to the extent of each covered surface, so
heights depend on both shape and density. Other
speciﬁc quality principles not present in the previous
studies are aggregation and elision of units. Aggregation occurs by solid union when lateral faces of one

or more units overlap along borders, producing complex types. Elision happens by cull pattern when the
covered surface of one or more units is zero; this expands open space reallocating volume equally across
remaining units.
The two divergent criteria of appraisal are: α) average compactness of units (m2 of envelop to m3 of
volume), and β) average solar energy density on envelop (kW h per m2 per year, simulated with DIVA for
Grasshopper®). The ﬁtness used for optimizing the
block is such that the latter measure is relativized to
the former. The objective is maximizing the β/α ratio,
searching for those parameters of shape and density
(respectively, uv coordinates and building potential)
suitable to reduce heat loss tendency in favor of both
volume and solar gain.
Distortion factors are further distinction elements of the model, mainly for their role in composition. These are urban form measures standing
for some of the complex «forces» representative of
urban space. Working as proxies of place making,
they inform additional tuning so that the optimal
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outcome stretches to cover other relevant quality aspects. As such, distortion factors entail meeting demands of H, V or H&V occupation that might interfere with sunlight-compaction harmony. Parametric
design proves to be helpful when real-time checking
is important. The complementary factors are: γ) natural surveillance (H), expressed as linear coverage of
built fronts over plot length (Porta and Renne 2005);
δ) visual variety (V), expressed as variation coeﬃcient
of heights; ε) spaciousness (H&V), expressed as m2 of
open space over built volume (Pont and Haupt 2010),
here adapted to m2 of equivalent ﬂoor area.
Our block is ready for interpreting the compositional problem. The test follows three steps. First, it
starts from a uniform arrangement of buildings; each
parcel has a unit, and units are equal horizontally
and vertically. Second, it runs optimization for solar
energy density and compactness (30 Galapagos cycles, 20 generations each). Third, it considers ﬁnetuning the solar-driven block tentatively and cumulatively, with an eye on impacts for ﬁtness and distortion factors. Assumptions lead to results that suggest
the ability of parametrics in «unpacking» the compositional problem. Propagation of inverse and forward design choices ends up with the improvement
of both solar and built density, dampening the loss
in street surveillance while also supporting a certain
degree of height diversity. No signiﬁcant expense for
the original spaciousness (Fig. 4).

LEARNING FROM THE EXPERIENCE
Notes on mastering complex abstraction in
the urban design perspective
Drawing from abstraction of shape and density, the
model is an example of using parametric design as interpreter of the compositional problem, i.e. as a tool
that informs subdivision of space on a ﬁnite plot of
land to address the solar-and-dense challenge of urban form. Speciﬁc schemes and distortion factors, i.e.
demands of H-V occupation, are also involved, in a
way upgrading the algorithm with (few) complexity
elements integral to the urban «force ﬁeld».
Reﬂecting upon what abstraction of form implies

at higher complexity is essential, because our model
is rudimentary for various reasons; as such, it is far
from the ideal concept of «parametric urban design».
Similar to cases 1 and 2, the setting is ﬁctitious, and
emulation of edge eﬀects for solar is approximate
and homogenous along the plot. However, resolution of input and propagation to output explodes
subdivision of land in a way that case 3 leaves unexpressed and restricted to conventional modeling.
Still, aside from key rules of aggregation and elision,
we do not observe any further innovation able to expand the «solution space» and better interpret the
compositional problem.
The major crux of the model is that free control
of single units entails multiplying the set of input
per parcel, meaning higher constraint load. On the
contrary, using one input set for all units would reproduce a pattern of generic quality similar to what
we see in case 2, where buildings react to a standard rule the same way. Other than being contingent to our example, the increment in abstraction
and speciﬁc quality is a systematic issue of the approach. Parametric forms exist only by explicit determinism, and always need a critical mass of constraints
to emerge as expected. Explanation of growingly abstract forms, while being condition to address the
compositional problem ﬂexibly, implies proportional
eﬀorts in instructing form and covering all the degrees of freedom possibly released (Monedero 2000).
Alternatives would be accepting the abortion of results, the appearance of non-conforming patterns,
or simply a reasonable amount of intuitive thought
within the algorithm. The last choice would be both
realistic and reductive; that is the cost of increasing variety of solutions and complying with the urban design spectrum of demands. Therefore, major
challenges of parametric systems will be governing
human interference, sustaining the dualism of complexity and deterministic process, and embodying
change rapidly and smoothly.
Sophistication of computing power and intelligence will be an unprecedented resource for urban
design and regeneration, concerning both planning
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product and process. Intensive urban developments
would draw the greatest beneﬁt from parametrically empowered masterplans, because the game
between shape-density correlation and fractality in
those areas is of strategic importance for the various social-ecological dimensions of energy. In this
respect, parametric models may inject responsiveness into current coordination of plan, project and
simulated performance, testing the choice of indices
(density) and design guidelines (shape) along a highresolution gradient. Translation of speciﬁc principles
into constraints of a diagram would also embed regulations and incentives, enriching decision-making
over the eﬀect of rules and generated forms. Examples can be a maximum built coverage, a range of distances among units, or volume rewards for energy
benchmarks. In parallel, customization of toolbars
and programming knowledge would play as multipliers of cognition for developers and planning analysts. Using diagrams to engineer multi-dimensional

assessment could validate rules against common or
experimental indicators, weighting systems and synthetic judgements.
Parametric design may have a role in informing a new generation of masterplans, making them
«living» programs where data range from ownership
to microclimatic impact. Nonetheless, it is important to admit that the peak of abstraction as a way
of managing complexity remains a theoretical maximum, where an all-encompassing algorithm, the
«absolute» one, spawns virtually endless subdivision
schemes and proves to solve the compositional problem in every facet.

CONCLUSIVE REMARKS
Frictions and future perspectives of a parametric upgrade for urban design
Born from the legacy of selected studies, the exercise
considers parametric control of space at city block

Figure 4
Handling the
compositional
problem of a city
block. Excerpts
from the collection
of output data for
the two divergent
criteria and the
three distortion
factors. Variations
refer to the starting
condition (source:
author).
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level, conceiving abstraction of form as interpreter
of the compositional problem. Practice presented
here, though rudimental to some extent, glimpses
the chance of higher protagonism for planners in
prompting development forms with real-time feedback on desirability. Following the complexity ladder, from single blocks to the (re)design of districts,
parametric platforms could become essential «junctures» for plans, informing the intersection of quantities and guidelines, embedding regulations and incentive strategies, probing the eﬀectiveness of indicators and multi-objective policies.
Since algorithms are expressions of generative
principles, some visionary mind could consider the
«upgrade» of planning rules based on mathematical
deﬁnitions. The problem is that dealing with complex equilibria in urbanism tends to build on exceptions. This means that committing to proportionately complex abstraction of form demands to internalize all exceptions, at least the predictable ones,
with strong implications for designers [1]. Development of computation will need to incorporate speciﬁc quality, essential for the up-scaled nature of
patterns, to address the «limbo» complexity would
create between algorithmic and intuitive thought, if
the objective is original and context-sensitive design.
Perhaps what computation will not achieve is reducing the inherent subjectivity of constraints, which
could rather reinforce our responsibility in governing
the future of city systems.
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This paper questions the ideal digital paradigm of its applicability for
non-standard architectural practice in China. Streamlined multi-disciplinary
cooperation may constrain when facing a challenging construction context which
notorious for its high speed, lack of craftsmanship, low budgets, and poor
detailing. Living with this, however, a group of digital practitioners has
successfully been able to complete several non-standard architectural projects
with a complex form. An argument raises suggesting an essential part of their
success lies in their alternative use of typical parametric models, which are
adapted to create tolerance space between design, development, and
implementation process in response to local challenges. Here, we study two
non-standard cases from Chinese architectural practice HHDFUN. By analysing
the project delivery processes, this paper ambitious to extract higher-level
knowledge that will contribute to the professional practice and facilitate the
extension of an expanded, yet purely digital design solution space into the
challenging material world of local construction.
Keywords: HHDFUN, parametric model, solution space, product development,
China's context

INTRODUCTION
When Carpo (2011) argued that an architect’s authorial role in the modern design process may not survive the digital turn, he was indicating a potential
shift of the architect’s professional responsibility from
the radical segregation between drawing and making. In this paper, we stand with the notion that design is a problem-solving process (Lawson, 2006), and
these problems are normally ill-structured in architectural practice due to its uncertain goals and involved immeasurable variables (Hudson, 2010). For
the architect, design exploration describes a space

where he seeks feasible solutions to accommodate
design problems and constraints. Parametric modelling, furthermore, visualises this exploration space
while bringing precision to a project’s design-tomaterialisation process. By allowing him to manipulate design variables and describe involved design
problems with algorithms, the adoption of this computational medium is able to increase the architect’s
control over implementation uncertainties and acts
as the facilitator to his role shift in the current digital
trend.
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Design problems in architectural practice are structured with form and functional requirements, which
we see as constraints that constantly shaping each
project participant of whose design solution space.
According to participants‘ diversity and problem
characteristics, Lawson (2006) categorised these constraints into two types in the ’model of design problem‘ (Figure 1). In architectural practice, internal
constraints (problems) refer to the essential requirements related to building design such as functionalities, circulations, and systems; and external constraints (problems) are limits like collaborators’ technical capacities and material performance. For an architect, these two constraint types deﬁne the boundary of a feasible exploration space. Each type contains radical, practical, formal, and symbolic problems (Figure 1), which may be raised by various participants at diﬀerent times along project development. Here, we focus on a pure architect’s design solution space that may impact an architectural practice of its materialisation success. Radical requirements raised by the client, user and legislator are beyond the scope of this study.
Among four major debates of parametric in architectural practice: 1) ”all design is parametric”, 2)
”change is parametric”, 3) ”tooling is parametric” and
4) ”Parametricism (Schumacher, 2008) is parametric”,
three have created a bias due to the separation between a model’s ’creation’ and ’use’ (except Parametricism presents a design style) (Davis, 2013). Davis
(2013) suggested the notion that both the ‘creation’
and ‘use’ of a parametric model contribute to an architect in solving above-mentioned problems. The

‘creation’ describes the strategy of an architect deﬁning a problem structure and parameter values, while
the ‘use’ refers to the manipulation of these inputted
values and information exchanges. The eﬀectiveness of this integration lies in how an architect relates
his modelling strategy to both internal and external
design constraints, also in what design decisions he
made in response to gained knowledge. This paper case studies two non-standard building projects
by Chinese architectural practice HHDFUN. We argue
that, by creating the design tolerance via parametric means, an architect may increase the feasibility
of his design exploration. Here, we discuss one approach which interacts parametric model with the
corresponding criteria in the realisation of building
components.

PARAMETRIC MODELLING & PRODUCT
DEVELOPMENT CRITERIA
Parametric models are the commonly preferred
medium to manage and convey the copious amounts
of project information aﬀecting design decision making and to collaborate with project participants. Friction appears when either the precision provided by
the model beyond available implementing capacities
or a model may lack needed details for the craftsmanship on-site. Hence, the structure of a parametric model not only represents an architect’s design
intention but also his problem-solving logic and expected multi-disciplinary collaborations.

Rationale behind parametric modelling
and its control strategies
The parametric model is a tool for an architect to accommodate his solution space to others’. Here, we
present an abstractive diagram (Figure 2) showing
the fundamental logic of creating a digital model and
how its parametric capacity is deﬁned. The model
creation process is called governing geometry, which
involves three hierarchical levels: 1) building scale,
2) system scale, and 3) component scale (Cárdenas,
2007). In each level, computational deﬁnitions of
building parts are either described with global ge-
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Figure 1
Mode of design
problem. (Diagram
recreated from
Lawson 2006)

Figure 2
Hierarchy of a
parametric model

Figure 3
Model control
strategy

ometries, which present only formal information of
the designed parts, or local geometries that contain
sub-elements of the parts from the next hierarchical
level. The model structure illustrates how an architect organises design constraints and what parameters he may use to explore design options.
The use (control) of a parametric model interacts
with an architect’s creation strategy. In the diagram

(Figure 3) we illustrate two major types of parametric control: direct and staged. A fully direct parametric control is commonly applicable to small-scale architectural practices where less computation capacity is needed comparing to a large-scale building. On
any hierarchy level, a change made to variable value
may aﬀect the form and details of an outcome and
its correlated materialisation strategies. A direct para-
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metric control endows an architect the most freedom in design exploration as his design decision may
change anytime to accommodate materialisation requirements. On the contrary, staged strategy separates model into sub-problems, continuously shrinks
an architect’s exploration space and design freedom
while project progresses. Architects adopt this approach mostly for large-scale building practices due
to contractual needs and excessive computation involved. In non-standard architectural practice, including geometric, functional, and material processing complexity as well as an architect’s past experience play the key role in determining a model’s ‘creation’ and ‘use’ strategy.

Criteria for product development in architecture
Product development in architecture concerns the
designing, developing, and examining of building
components and deﬁnes technical and material processes for both oﬀ-site and on-site products. These
criteria interact with both internal and external design problems and may also aﬀect an architect’s modelling strategy. Here we discuss ﬁve categories measuring the complexity of developing a non-standard
building and its components: 1) production environment, 2) product type, 3) product complexity, 4) product frequency, and 5) product newness
(Eekhout, 2008).
Production environment rates the industrialisation level from a traditional construction (the least
ﬂexible) to a ﬂexible industrial production. Product type and product complexity refer to a building component’s materiality and characteristics in regard of its fabrication and implementation requirements. For example, we see a component’s standardisation level as its product type, which ranges
from a super standard product to a super special product. Also, product complexity describes a building
component’s internal organisation including its subelements and their product types. Product newness
and frequency are the indications for industrial design, engineering, and production, which describes

a product’s maturity and needed investment for design development (Figure 4).
These criteria shape an implementer’s design solution space. For example, once committed to the
project, a component manufacturer will start planning and the related industrial design process. In order to fulﬁll a design intent, the manufacturer will
provide diﬀerent solutions of the composition of
a component’s speciﬁcation, product architecture,
manufacturability, and development economics. In
the non-standard architectural design, however, geometric complexity may increase the uncertainties
during its component developments. When there
is no intersection found between the architect’s and
the manufacturer’s original solution space, either or
both of them have to redeﬁne the boundary to seek
a feasible outcome. In the discussion of an architect’s
pure design solution space, this adjustment is what
we called creating design tolerance.

CASE STUDY - HHDFUN
The founding partner Zhenfei Wang and Luming
Wang are the key ﬁgures of Chinese avant-garde
architects who have been challenging a domestic
construction context and have successfully delivered
non-standard building practices. We argue that one
critical factor to their success is the design tolerance,
which HHDFUN creates via parametric means, allowing collaborating parties to ﬁnd intersections among
their solution spaces. Here, we study two building
complexes, Tianshui Tourist Center and Dichi Tourist
Center of Shandong Qingdao 2014 International Horticultural Exposition, to compare the delivery process
of two non-standard buildings; discuss failures and
learnt knowledge by the architect; and analyse the
interaction between the architect’s modelling strategy and building components’ materialisation. Both
Tianshui and Dichi Tourist Center are developed from
the same logic: using a non-standard building form
to fulﬁll topographical and functional requirements.
Finished buildings have integrated circulation pathways, gardens, and event spaces with the surrounding context.
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Figure 4
Criteria and
speciﬁcation for
component
product
development

Figure 5
Dichi Tourist Center
Complex (photo ©
Zhenfei Wang)
(left); geometric
rationale (right)

The insuﬃcient tolerance in Dichi Tourist
Center
This project was successfully implemented and exhibits an eye-catching eﬀect of its landscape (Figure
5 left). Nevertheless, the construction process has
encountered setbacks due to the diﬃculties in materialising its non-standard forms. In this paragraph,
we discuss the friction found during the implementation of outdoor steps, which was caused by the internal design problems led by the architectural design
conﬂicting with external constraints such as material

characteristics and installation logic.
The design was created based on the geometric
rationale that a ﬂexible diagrid can be deformed to
match the topography of its contours (Figure 5 right).
The architect has adopted a staged modelling strategy to avoid excessive computation (Smith, 2007),
and to fulﬁl administrative needs of a conventional
design-bid-build work mode. The digital model structure has been built top-down, where the ﬁrst level of
geometric deﬁnitions described the building design
with global geometry. The key driving parameters are
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Figure 6
Form ﬁnding based
on topography
(left); local
geometry
deﬁnitions in
building scale
(middle); and
outputs from the
parametric model
(right)
Figure 7
Construction
imprecision (photos
© Zhenfei Wang)

the inputted reference curves that follow the landscape ridges and blend elevation diﬀerentiation (Figure 6 left). The architect has established direct relations between an overall geometric deﬁnition with
its dependents in the ﬁrst modelling level. Information including step divisions and tread heights were
related to the manipulation of the desired envelope
form (Figure 6 middle). By the end of governing
an overall building geometry, a reference model has
been frozen in order to determine the building footprint and geometric control points (Figure 6 right).
Henceforth, no more global changes were allowed in
the building scale since design information has been
passed on to collaborators.
Project implementors joined the team during the
design development phase. By far, the design’s internal constraints such as functional and formal requirements have been determined using a reference
model which was provided by the architect to each
project participant. However, external constraints including components’ material processing and corresponded implementing strategy remain unsolved.

The following modelling process was carried out to
increase the detail level of building component descriptions. In this study, we discuss the architect’s
parametric operations in delivering a non-standard
landscape. The digital model not only represented
his formal requirements but also a solution space
he created for realising this design, and it was an
agency for multi-disciplinary information exchange.
The design’s feasibility was tested by if the intersection could be found, between the architect’s and implementer’s solution space, to cover the proposed
design problems. In the case of Dichi Tourist Center, friction appeared during the implementation of
the landscape steps and paving. The designed geometry and its component details have confronted
with the standardisation of selected materials. The
left photo in ﬁgure 7 shows contractor’s fabrication
limits against the architect’s intent; the middle photo
shows the formal discrepancy caused by using standard linear units to match non-standard curvatures;
and the right photo illustrates the conﬂiction caused
by a paving orientation.
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Figure 8
Internal design
problems (left); the
ﬁnal landscape
model (middle);
landscape
construction
drawing (right)

During the parametric design process, the architect has focused on internal design problems of formal and functional needs. Figure 8 left describes the
architect’s research of seeking the best building geometry that integrates the landscape and pedestrian
use. Landscape step components were described
in global geometries. These deﬁnitions were accordingly generated based on the topographical condition and building footprint and contained parameters of riser height and tread count. As a result, the
ﬁnal digital model (Figure 8 middle) which the architect provided to the landscape engineers and consultants ended with the parametric depth of a system
scale. Landscape implementer was able to extract information of step coordinates and dimensions. However, sub-component information such as unit division and layout was missing, neither did the ﬁnal construction documents by the consultants contain sufﬁcient implementing indications (Figure 8 right).
In this case, the non-standard envelope landscape has been constructed in the industrial environment between a traditional construction and an
industrial prefabrication. The selected plastic extrusions were ready-made by the material supplier with
a standard length and width, afterward customized
on-site by contractors. As a matter of fact, this process was done arbitrarily as there was no clear information informing a cutting method. It was when an
external design problem has caused construction imprecision. From ﬁgure 7 we can learn that the diﬃculty was realising the design non-linearity, which included curved treads and irregular paving, with standard plastic proﬁles. A better solution would be ei-

ther the pre-fabrication of precise tread units that
match the geometry or pre-designing sub-divisions
to avoid unexpected outcomes. Hence, on-site contractors had to improvise and adjust the solution
space based on their past experience. They have
mapped the installation layouts on-site but resulted
in material waste. Facing the design problem, there
is no intersection found between the architect’s and
implementer’s solution space. Has been only providing geometric descriptions of a system scale, the architect set the design tolerance too large to achieve
a satisfying result. Consequently, he might lose control of the implementing process and uncertainties
within.

Parametric optimisation in Tianshui Tourist
Center
Tianshui Tourist Center (Figure 9 left) was also a nonstandard design that dealt with the complexity of
integrating formal ambition and functionality. Geometrically speaking, the design introduced a system of multiple ‘3-arm junctions’ where the intersections were deﬁned as public spaces, and tangent
lines among these public spaces represented pedestrian circulations (Figure 9 middle). Parametrically
speaking, the system was driven by several ‘control
points’ whose dependent variables such as ‘point coordinates’, ‘circle size’, and ‘length of tangent lines’ affected an overall computational form ﬁnding process
(Figure 9 right).
In this chapter, we discuss HHDFUN’s design and
modelling strategy for materialising a non-standard
building envelope. The architect has created toler-
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Figure 9
Tianshui Service
Centre (left) (photo
© Zhenfei Wang);
“3-arm junction”
system (middle);
parametric
ﬂexibility (right)

Figure 10
Zone divisions (left);
envelope surface
optimisation
(middle); ﬁnal
reference model for
part development
(right)

ance between design exploration and component
engineering. In an envelope system model, he manipulated model local geometries to accommodate
the criteria from the design development of its components (panels). In this case, external design problems including ﬁnancial restriction and fabrication
capacity were the major driving forces. The architect
has acknowledged that façade sub-contractor Shandong Tianmu Corporation was only capable of manufacturing system standard components. This allowed
the architect to design customised panel units however whose production process had to ﬁt in the manufacturer’s existing production line and system setup.
Therefore, in order to arrive at an eﬀective intersection with the solution space façade of sub-contractor,
the architect has optimised the envelope geometry
by dividing a doubly-curved form into planar and developable sub-surfaces.
The building complex was divided into four
zones (Figure 10 left). Taking building envelopes in
Zone A and B as an example, the architect has ﬁxed

the building reference models before panel optimisation. Therefore, in the system parametric model, it
allowed the architect to explore options for surface
subdivision by changing the dividing amounts in U
and V direction without aﬀecting an overall form. An
algorithm was created to analyse deviation between
an optimised form to the original’s, and to systematically reduce panel varieties. The colour gradient
from red to green (Figure 10 middle) indicates the deformation of a panelised sub-surface to its original
geometry, here, the maximum deﬁciency (in red) is
100.78mm. Panel information was directly extracted
for generating shop drawings during the construction document phase (Figure 10 right).
Also, the architect has left a 16mm gap between
each panel to create a tolerance allowing construction imprecision and on-site adjustments (Figure 11
left). In the envelope system model, all parametric
operations were directly related so that any design
modiﬁcations were acceptable as long as it were before production. Regarding panel design develop-
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ment, a system standard product allows a product designer (in this case it was facade engineer) to customise units within a systematic variety, meaning the
component’s overall geometry can be diﬀerent but
whose sub-components such as corner braces and
metal screws had to be identical. This was also for
decreasing the newness of developing a new product so that the manufacturer is protected from potential ﬁnancial risks. Eventually, all panels were separately annotated in drawings (although not necessary), CNC fabricated, and installed with super standard sub-components to ensure a production eﬃciency (Figure 11 right).

DISCUSSION
Through comparing two non-standard projects of
their design-to-materialisation process, we present
how an architect’s parametric modelling strategy
may interact with a project’s development criteria
and eventually impact its implementing result. We
argue that the tolerance which an architect created,
between his design exploration and collaborators’
capacities, relies on how he uses the precision of
parametric modelling to accommodate uncertainties of multi-disciplinary collaboration. In the realisation of Dichi Tourist Center, a gap appeared between formal requirements proposed by the architects and materiality constraints of selected materials. The unsatisﬁed implementation was a result of
an unplanned solution given by the on-site contractors. The expansion of the implementor’s solution
space has overtaken the architect’s authority in process control, and related uncertainties might jeopardise the feasibility of an architect’s design explo-

ration. In the second case, Tianshui Tourist Center,
the architect has intentionally expanded his solution
space to cater to the collaborator’s fabrication capacity. The architect has created the tolerance, regarding form details of a ready-to-come building comparing to its original design intent, to stay in control of the building product developments via digital
means. Parametric modelling, in this case, was not
only representing the structure of a design’s internal
problems but also providing solutions to potential
external constraints. In architectural practice, design
freedom decreases along a project progresses (Davis,
2013). Creating a tolerance between each party’s solution space helps an architect to exclude irrational
ﬂexibility in the early stage and ensures his ability to
control in the later phase. We see design tolerance
as the negotiation between a design’s ambition, description, and solution.

CONCLUSION
This study relies on the hypothesis that an architect’s
authorial role may shift in current digital paradigm.
It presents a design ideology that, using parametric modelling as a medium, an architect may structure design problems the way that desired solution
spaces interact. This attributes to the parametric
capacity that allows an architect to make changes
during project development when his knowledge
gained. The interaction between the modelling and
product development presents criteria that deﬁne
each participant’s solution space, and which can be
taken as the basis where an architect plans his design
strategy.

Figure 11
Information from
architect’s model
(left);
manufacturer’s
drawing for panel
production (right)
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Sci-Fi architecture, both as digital or physical representations, despite their
inherent intricacy, lack the spatial depth of a structured interior, material
definition or program information. This discrepancy, combined with the plethora
of available sci-fi motifs, inspired the development of an integrated teaching
approach with the academic objective to utilize computational methods for
analysis, reproduction and composition of generative building skins, and
consequently architecture, which aims to be `outside of this world' as a sci-fi
design quality-enriched result of our reality. The proposed methodology is
implemented at the Spaceship Architecture Design Studio at the University of
Innsbruck. Its capacity to achieve a successful assimilation of design
computation in the curriculum is subsequently assessed by the documentation and
quantitative/qualitative evaluation of the designs developed during two academic
years, in line with a generative facade articulation schema, without however
undermining the rest of the virtues of tectonic spaces. The introduction of a theme
like sci-fi where the design objective is not clearly defined, is examined in
comparison to similar approaches, towards the corroboration of the pedagogical
method proposed.
Keywords: Pedagogy, Computation, Facade Design, Generative, Sci-Fi,
Patterns

INTRODUCTION
Sci-Fi Architecture
This paper sets out to document and assess the academic work produced at the bachelor design studio
“Spaceship Architecture”, held for two consecutive
academic years at the University of Innsbruck’s Institute for experimental architecture.hochbau with a focus on the design and tectonics of complex building
envelopes and the variety of computational method-

ologies utilised to analyse and synthesise them. The
authors are attempting to address the question of
what would be a meaningful process by which design computation can be taught in a way that puts
it at the centre of a methodology, rather than being
a catalogue of tools. The main objective therefore is
the fully integrated impartation of design computation and fabrication skills on a level beﬁtting a bachelor thesis in architecture, using structures and nar-
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ratives from the sci-ﬁ world where the building skin
systems provide a high level of intricacy, but the lack
of spatial hierarchy, materiality and program render it
ﬁt for a design studio theme capable of sparking further endeavours on the articulation of space, and not
turning out being a facade technology course (Figure
1).

Bermudez and King (2000) argue that we are moving towards a complex reality, using Sci-Fi movies to
compare diﬀerent realities of a future world. Hence, it
is the authors belief that analyzing and working with
Sci-Fi concepts beﬁts the contemporary academic
design studio which produces increasingly elaborate
and complex designs.

Design Computation as a Pedagogical
Medium
Without a doubt, Design Computation has laid out
robust foundations in the contemporary architectural discourse both on the academic and corporate
context. This transition which can be portrayed towards a Computer Integrated Design rather a Computer Aided one, relates to the fact that many designers are currently conscious of coding capabilities, but also the reality that CAD software advancement has enabled the extension of complex modelling capabilities and the parametrization of the design space, oﬀering ﬂexible adaptive processes and
more control over variation and design optioneering.
The authors’ hypothesis is, that by introducing a design topic derived from science ﬁction, video games,
comics and animation, a variety of computational de-

sign elements can be covered and explored, potentially resulting in an intrinsically computationally oriented methodology rather than a merely computationally aided one. The proposed methodology will
be assessed by the documentation of the studio’s design outcome, emphasizing on the architectural skins
of the proposals but also indicating the missing connection to the interior and how students were called
to overcome this discrepancy in sci-ﬁ designs. Moreover, the authors argue that providing students with
an intangible theme, not limited to typical dwelling
constraints, but rather drawing from a formal language previously established in physical models, illustrations or even text, can potentially result in an
extensive vocabulary of computational means for addressing complex buildings envelope articulations.
This grammar of notions is derived from the analysis of the aforementioned scenarios both formally,
and procedurally, as concepts of computer science
that can generate spatial conglomerations. This accumulated database will be explored and comprehended in order to articulate a complete design proposal. (Figure 2.)
Kvan et. al (2004) argued, that the teaching approach to digitally oriented studios should start to
shift from trying to merge computing tools with architecture to ﬁnding a new understanding of architecture through the tools. Based in part on this point,
the authors argue upon an autonomous approach
to design computation and investigate whether the
choice of theme, as in the architectural design end
goal, can lead to a paradigm shift in the way computation is being approached by schools and academics. The most common question in complex geometrically contemporary designs is: ”how was this
made?”. W.J. Mitchell explored early strategies of
embedding CAD in the curriculum and noted that
”[t]he more intricate and sophisticated the solutiongeneration procedure, the more likely it is that we
shall ask in surprise of a computer system, ’How did it
’think’ of that?”’ (Mitchell 1975). The Spaceship Architecture studio aims to oﬀer an introduction to complex computational methods rendering this question
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Figure 1
Tyrell Corporation
-Blade Runner - A
Sci-ﬁ piece of
architecture as
facade analysis case
study, speculating
on the interior.

Figure 2
The Shape
Grammar and rules
of association for
the Death Star from
Star Wars.

obsolete, building up facade articulations from an extensive vocabulary of sci-ﬁ motifs or permutations
of those, reducing them to sets of rules and associations, processes and iterations that automated and
informed by programmatically combining data and
computational tools.

the designs can eﬀectively lead to a bottom-up approach on the synthesis of the building skin or the
analysis of existing sci-ﬁ facade conﬁgurations, with
digital strategies constituting the framework from
within which students elaborate their ideas, consistently pushing the boundaries of their skills.

BACKGROUND
Education and Computation

Facade Design and Computation

The concept of a computationally integrated design
studio is not a new one. Indeed, it goes back to the
early days of adopting computers and digital design
for architectural education. Haglund and Sumption
argued on the signiﬁcance of a computer integrated
learning. “We believe that it is important that the
role of the computer be integral to the experience
of learning to design, rather than acting as a catalyst to the creation of another faction. It is not desirable to have students thinking of design as one
thing, technology as another, and computers as yet
another.” (Haglund and Sumption 1988). The intention of the authors for an iterative model of design
through computation, is formatted around the concept where the “algorithmic” thinking is supported
by traditional design methods such as model-making
(Novakova et al,2010) implementing a seamless ﬂow
of data towards the digital fabrication of the model
parts. (Figure 3.)The variety of computational concepts explored and the procedural thinking behind

Building skin designs and methodologies for complex building element articulations lately reside at
the heart of the AEC industry. Cladded solutions of
primitive volumes provide the amount of intricacy
and aesthetics necessary to keep a ﬂexible interior to
the dynamics of the era, such as economy and technology. A similar analogy appears in the sci-ﬁ models, where the interior has no direct connection to
the facade. The analysis of existing sci-ﬁ scenarios
envelopes is essential to comprehend the available
elements, assess the rules of generation and try to
recreate them. Ben Pell argues that new tools and
consequently design computation have sculpted the
complex nature in shapes and patterns of contemporary facade systems(Pell 2010) As Cateano and Leitao
argue, the exploration of architectural facades is not
new. However, by resorting to recent digital technologies, architects can once again focus on facade
design, promoting the exploration of complex patterns and geometries. Sometimes these can use
shape grammars to generate completely new sys-
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Figure 3
Physical models of
the Battlestar
Galactica Spaceship
and rearranged
DeathStar skin
modules
understanding the
rules generating
the geometry of
imaginary pieces of
architecture.
tems. Although the steps they follow in their facade
design framework primarily examine discrete units
(Cateano and Leitao 2016), while a plethora of techniques of sometimes minimal or non-existent modularity are explored in the proposed methodology.
The authors aim to utilise the full potential of Design Computation as a diﬀerent approach to design.
The designers need no longer focus on designing a
speciﬁc artefact, or conﬁguration. Rather, they have
the opportunity to externalize the underlying “design logic” and use this to explore a whole range of
alternative solutions. (Aish 2009). In addition Robert
Aish states that the essential challenge here is to
understand the learning curve which might enable
designers without formal computational training to
progressively explore the new possibilities that Design Computation has to oﬀer. The designer must
also be willing to free himself from established design
patterns and rebuild his design knowledge based on
a fundamental understanding of geometric and logical abstraction. This is fundamental to the studio’s
curriculum as almost 50% of the total teaching time is
spent on communicating computational techniques,
time that will be later compensated by the capacity
to quickly generate design options. (Table 1)
While most of the existing literature investigates facade pattern formation from shape schemas
and sets of congruent relationships (Cha and Gero
1999), others draw inspiration from existing natural systems, whether these derive from biomimetic
analogies (Erdine 2015) or computer science notions,

such as CAs (Bentley 2002). The proposed teaching methodology aims not to impose any limitation
neither to the sources of stimulation nor the algorithmic processes utilised no matter how dynamic or
chaotic they might be. Finally, the relation between
texture, pattern and massing is a fundamental question in architecture, and whether the design process
begins from the massing and leads to an ornamental
skin or the other way around is still under discourse
(Baerleken and Riether, 2009). The authors’ objective
is that via Design Computation, meticulous analysis
and rule based adaptive synthesis, even starting from
the exterior facade design, students will be eventually capable to inform the whole building volume, as
program, circulation and structure which can eﬀectively lead to a bottom-up approach on the synthesis
of form, or the analysis of existing designs with digital strategies. The Spaceship Architecture studio introduces novelty to these concepts insofar that at its
departure point, it detaches students from their preformed ideas on the conception of architectural designs by introducing sci-ﬁ assemblies to which these
notions often do not apply. Therefore, the students
are forced to circumvent conceptual patterns they
are already familiar with and encouraged to push
their boundaries as designers.

THE SPACESHIP ARCHITECTURE STUDIO
Architecture students generally are expected to be
familiar with basic CAD software knowledge by the
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Table 1
Graph indicating
the variety of
computational
methods utilised for
analysing and
generating Sci-ﬁ
facades within an
academic year.

Table 2
Timeline of the
studio structure in
relation to the
design
computation
concepts taught.

time they join a bachelor design studio. 90% of students stated that they had used an associative modelling, or visual programming platform previously. It
was observed, that the theme and brief structure naturally attracted students with an above-average interest in computational design. The Studio work is
structured in two distinct parts: 1) Analysis - Skill
Building: digitally modelling, analysing and further
elaborating a spaceship from a well-known sci-ﬁ example in the ﬁrst semester, and the formulation of a
narrative. 2) Synthesis - Thesis Project: development
of the same into an original architectural proposal in
the second semester as displayed in Table 2.
There is a suggested user interface for the main
implementation of computation-nevertheless, other
software may be used as well as pertinent to the
project in question. The workshops and tutorials
throughout the year included: Nurbs modelling in
Rhinoceros3D, Visual Programming with Grasshopper 3D, Visualization, Polygon Modelling, ThemeOriented Visual Programming, Scripting with Python
and CSharp within GH, Digital Fabrication and Model
Making workshops. Weekly critiques and pin ups,
typical for a design studio, are mainly directed towards the procedural thinking behind the computational processes followed in the proposals.

Computational Analysis of Sci-Fi Skins
During the ﬁrst semester, building skills phase, students are assigned a spaceship or sci-ﬁ piece of spatial conﬁguration from a pool of well-known science
ﬁction examples, i.e. Mother1, Battlestar Galactica,
Tyrell Corporation Headquarters. After identifying
the key elements making up the formal language
of its tectonics, they begin the task of recreating
the spaceships skin digitally, but breaking it down
into simple rule deﬁned operations. This is facilitated by a kick-oﬀ workshop at the beginning of the
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semester focused on building a solid base of skills
and knowledge of associative modelling (Figure 4)
using Grasshopper3d.

scalar ﬁelds modelling as well as fabrication optimization, among others.
Building upon the ﬁndings of this sci-ﬁ analysis
serves a two-fold purpose: on one hand, it allows the
students to develop a kit of computational methods
and skills to draw from for the formulation of their
proposal. On the other hand, it renders necessary
to translate the patterns and motifs to successfully
synthesize them in a project. As a general rule, science ﬁction tectonics are mostly detailed on the outside, without a morphologically corresponding interior. Students are given the task to recognize and
analyse patterns and structural logic on the outside
of their chosen spaceship, and consequently to design a possible interior based on these ﬁndings (Figure 5). This “outside-inside projection” design task familiarizes them with the concept of façade-interior
relations and gives them an opportunity to apply
their own ideas.

Figure 4
Star Wars Death
Star skin pattern
classiﬁcation and
hierarchy of
elements.

Figure 5
Translation of
exterior patterns
into dynamic space
subdivision
strategies for the
interior of one of
the Nebulon pods.

Further tutorials tailored to speciﬁc needs for the task
at hand are provided throughout the semester in order to enable a toolset that allows for a seamless
procedure between the visual programming platform and the CAM methods to facilitate the physical reproduction of a large-scale model. By studying the texture, color, materiality of the sci-ﬁ vessel in
depth, whilst reproducing it digitally/physically, students are familiarized with a broad spectrum of approaches, tools, methods and knowledge, such as
parametric and iterative modelling, shape grammars,

Computational Synthesis for Sci-ﬁ Skins
For the design thesis project, building skins are explored, rooted in a science-ﬁction narrative, but elaborated as actual architecture on a building scale. Two
distinct brief were provided; the development of a
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spaceport and on the following year, of a ﬂoating
tower. The second semester reverses the “outsideinside” logic of the ﬁrst. Students now attempt to
build their work from interior spaces that host their
story and actors, generating the outside of their design from within this framework. In the majority of
the case studies, interior and exterior where in a constant dialogue, resulting to an iterative/looping development process. Students are expected to provide a well-structured procedural thinking for the articulation of the building skin, that is tightly connected to all the design computation knowledge acquired previously, but also in the way that sci-ﬁ authors structure their stories. Unsurprisingly, many
of the projects utilized computation, as is customary in the AEC industry for the most part, in the
façade and building skin design exploring diﬀerent
parametric, generative and self-organisational formﬁnding methods(Figure 6).
Figure 6
Multi Agent trail
facade
articulation(below)
and Scalar Field
deﬁned facade
permeability
(above) for
spaceport designs.

More speciﬁcally these consist of simple subdivision techniques, scalar ﬁeld gradients and more
dynamic arrangements employing multi-agent systems to conglomerate patterns and discrete elements. In addition, some of the projects established
a catholic computational approach for their development. In these instances, the form-ﬁnding derived purely from computational methods and characterized the whole system, including both the interior, structure and exterior. In occasions, computer graphic algorithms such as the Polygonal Scalar
Fields of Paul Bourke (1994) were adapted to ﬁt a speciﬁc shape grammar logic and form complex articulations of spatial elements (Figure 7).

EXEMPLARY CASE STUDIES
Four exemplary case studies are documented in more
detail, two for each stage of the teaching process
to further establish the structure of the teaching
methodology. For the ﬁrst semester, two student
teams chose to analyse the Millennium Falcon and
Nebulon B respectively. They found this task to
be very straight forward and relayed that it helped
them get accustomed to the topic of Science Fiction, while improving their software skills. Overall,
both teams found the teaching approach to be well
structured, and appreciated how the connection between interior and envelope of their spaceship and
its topical relevance was highlighted as fundamental. The Millennium Falcon skin was exposed to a
series of extensive studies, where the articulation of
panels was studied as a parametric design space but
also as brute-force space ﬁlling algorithms where the
cladding formations had to adapt to the existing ﬁctional mechanical parts of the spacecraft (Figure 8).
In a similar fashion, the Nebulon B study explored
spatial subdivision algorithms such as QuadTrees and
OcTrees to generate both the skin and also to investigate a potential interior arrangement of spaces as
previously displayed in Figure 5.
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Figure 7
Polygonal Scalar
Field adaptation of
ornamental
3-Dimensional
elements of a Cloud
Tower project.

On the other hand, a more integrated approach
was employed by the D.N.A Tower team-a multiagent system was utilised to form both the building
skin and at the same time generate the interior spatial and circulation connectivity graphs(Figure 10).

In order to inspire the ﬁrst steps of the students’ original design proposals, a reading list pertaining to the
Sci-Fi realm was handed out. It was noted that this
helped them with beginning the task of formulating
their own narrative, which that year was to be centered around a headquarter for a corporation operating in a future era. The CryoTower project managed to successfully combine a series of generative
techniques from a twist to the traditional polygonal ﬁeld isomeshing for the facade ornamentation to
spatial compartmentation algorithms such as Manhattan Distance Voronois (Figure 9).

In this instance, a low intelligence generative system
was let to run until it reaches an equilibrium adapting to parametric external stimuli, such as overall vol-
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Figure 8
Parametric space
representations of
the paneling
patterns of the
Millennium Falcon.
Figure 9
Perspective
Visualisation(above)
and Section(below)
indicating the
generative systems
coming in play for
the CryoTower
Proposal.

ume, entry points and solar access requirements for
the respective parts of its elaborate sci-ﬁ brief, reinforcing the authors’ emphasis on building a concise
narrative with a clear connection and/or adaptability
to architecture and computational design.
Figure 10
Section of the D.N.A
project exploring
multi agent systems
for the articulation
of an integrated
interior and
building skin.
Table 3
Impact of teaching
methodologies on
projects for the ﬁrst
and second
semester.

ness and implementation in projects as pertaining to
both teaching semesters. Whereas the ﬁrst semester
shows a comparatively low amount of distribution
among the projects, the second semester sees the
projects diversifying in approaches and reception of
tutorials. As expected, during the second semester
students managed to embrace more techniques, in
contrast to the ﬁrst one where Nurbs and parametric modelling were the prevailing tools. This is the
result of the students gaining computational knowledge and hence themselves developing ideas and
strategies regarding what software or method could
beneﬁt their proposal the most.

DATA AND ASSESSMENT
Data yielding and tracking of performance was collected through the weekly crits. In addition, students
were asked to answer a small survey to evaluate the
timeline of the studio, and to enumerate and classify the digital tool-set that they had been provided
with. In Table 3, all diﬀerent tutorials and design computation techniques are measured for their eﬀective-
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CONCLUSIONS
The primary diﬃculty encountered by the students
was not computationally oriented; it was the translation of a shell used in movies to an actual piece
of architecture accommodating a dwelling narrative..
The increase, both in software knowledge, but also
in the plethora of design computation themes explored, exhibit the emergence of a bottom-up conceptual and procedural design process which in combination with an intangible theme, results in an almost fully digitally integrated studio work. The learning development from simple parametric modelling
notions, to iterative routines and even small scripting attempts to overcome issues arisen in a bespoke
manner, displays a conﬁdent rate of success toward
the achievement of a computationally amalgamated
studio. As for further development steps, the collected data sets will be used to weigh the depth to
which the respective computational design strategies will be taught, depending on their evaluated
project contribution rate. Regarding drawbacks encountered so far, it can be argued that while the students leave the studio with a sound knowledge of
design computation, a wider range of computational
approaches and speciﬁcally simulation techniques,
which are most of the time undermined, could lead
to further specialization and more hands-on AEC experience within a given set of students in the second
semester. Future iterations of the studio may include
assessments of skills in the early phases to further tailor software and teaching-level to individual students
and student groups.
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Parametric modelling allows to relatively easily generate large sets of design
variants (so called design space). Typically, a designer intuitively moves through
this design space, resulting in one or several satisfying solutions. Due to the
theoretically large number of variants that can be created with parametric
models, obviously, there is a high probability that potentially good solutions
could be missed, which is not at least because of human cognitive limitations.
Consequently, it is necessary to develop a certain strategy to support designers in
order to search for design solutions. Even though, various methods to
systematically approach large data sets exist, the application of them in the
design process is a special case, firstly, due to the existence of many
non-specifiable and subjective dimensions (e.g. aesthetics) and secondly because
of the multiple ways how designers actually search for solutions. This demands
for a more flexible approach to design space exploration. This paper investigates
how different methods can be combined to support the exploration of design
spaces. Therefore, a conceptual framework with a modular architecture is
proposed and its prototypical implementation is demonstrated.
Keywords: Design Space Exploration, Parametric design

INTRODUCTION
New methods for designing also aﬀect the way
designers think about a design object and consequently also the approaches for conceptualizing and
deﬁning this object. The parametric design approach, which we will focus on in this paper, pushes
the designer to decompose the object into components liable to particular mathematical deﬁnitions

and further to deﬁne an algorithm to construct links
in-between them (Oxman et al. 2015). The result of
this approach is a design model able to produce different objects (design instances) by changing the values of its deﬁning parameters. The number of generatable objects could theoretically be close to inﬁnity,
especially when number of input parameters is also
large, which is the case when looking at the multiple
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parameters real buildings are composed of. At this
point, several problems arise. The ﬁrst is related to
understanding the criteria by which one design could
be compared to another in order to retrieve a superior solution. The second problem is how to do such
a comparison in a situation with large sets of design
objects. Then, obviously, not all objects are worth
considering and a high probability exists that potentially good solutions could be missed, which is not at
least due to human cognitive limitations (Woodbury
and Burrow 2006). While the ﬁrst problem is out of a
scope of this paper, the second addresses the need of
exploration strategies in order to exploit all beneﬁts
of parametric design. Methods addressing this issue
will be discussed in this paper.
In the ﬁrst section we will give an overview on the
place of exploration in the design process. Then we
continue brieﬂy reviewing existing methods for design space exploration. In the third section we propose a conceptual framework for ﬂexibly exploring
design spaces. Lastly, we demonstrate the prototypical implementation of this framework and demonstrate its capabilities on a practical test case.

DESIGN EXPLORATION
The design process in general can be characterized
by two activities (see ﬁgure 1). The ﬁrst gradually
reduces number of alternatives until the ﬁnal single
solution is found. This is possible by specifying restrictions while design process is developing. For example, designer introduces ranges for parameters, or
deﬁnes the set and range of objective requirements
(e.g. costs, energy demand, visual access) and ﬁnally
he applies own subjective criteria to arrive at a solution. The second activity reﬂects the fact that design
problems are usually ill-deﬁned (Simon 1973), where,
starting from an abstract blurred vision of a desired
solution, the designer elaborates ideas, models, parameters, restrictions and at the end includes own
knowledge to prefer one solution in front of the others. Altogether, it leads to the expansion of domain
knowledge of initial design problem. Consequently,
we can draw the following conclusion - the explo-

ration process is a part the design process and, by this
reason, as any other stage in the process, it should
leave after itself reduced set of design instances and
give some new information about them.

Shneiderman et al. (2006) summarize that the design
cycle has 9 stages (Problem deﬁnition, Gather information, Generate ideas, Modeling, Feasibility analysis, Evaluation, Decision, Communication, Implementation). In our work we are deﬁning exploration as a
part (stage) of the design process that happens after the “modeling” and “analysis” stage, but before
the “decision” stage (see ﬁgure 2). The following
paragraphs brieﬂy overview what data will arrive at
the exploration stage from the predecessors in order
to further understand what exactly designer will explore.
The “modeling stage” in the parametric approach, is aimed to transform one particular idea into
a parametric model by describing it through parameters and geometric relationships. At this stage the
set of all alternatives is reduced to the ones that the
parametric model is able to generate. This set of generatable instances is called “design space”. Here each
instance carries a set of deﬁning parameters. These
parameters deﬁne the “parametric space”.
The purpose of the “analysis stage” is to compute features (“feature space”) that describe the performance of the generated instances. Performance
thereby describes the degree to which certain design requirements are fulﬁlled (e.g. energy demand,
ﬂoor area ratio, visibility). Reducing by such design
requirements, the “solution space” is formed. Design
instances in this space could have conﬂicting objectives, when one shows high performance by some criteria but low in the other. Therefore, to prefer one
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Figure 1
Required
convergence of
design process
results in opposite
domain knowledge
growth. Source:
Laseau (2001),
p.115

Figure 2
The relation of the
exploration stage to
the other stages in
the parametric
design process

instance to the other, intervention of the designer is
necessary in a next stage.
At this moment, the “exploration stage” for an input will get the “parametric” and “feature” spaces together with a general information about design instances (e.g. geometry, layouts). The simplest deﬁnition of the exploration process is that it is related
to an investigation of alternatives (Kang et al. 2010).
Woodbury and Burrow (2006) extend this deﬁnition
by the notion of working with alternatives which
form a network, where it is possible to move towards
previous design instances as well to ﬁnd a way to the
new ones. Bradner et al. (2014) put emphasis on
the fact that exploration is a two-way interactive process whereby visual feedback plays an important role.
This refers to an important design question “what if?”
(Yamamoto and Nakakoji 2005) where, for example,
changing values of parameters immediately changes
graphical and analytical results. Summing up, the
main goal of the “exploration stage” is to provide designers (or to allow to come up) with additional information (e.g. visual, statistical) to focus attention at
solutions, which fulﬁl objective as well as subjective
criteria (“subjective space”), and to help understand
the root of decisions made. This activity could help
in better understanding of the design space in general where, for example, if the designer come up with
an understanding that some parameters constraints
were set to tight, then he or she can go back to the
“analysis stage” and relax them starting by this new
iteration.

Finally, from the most promising solutions the
“decision space” is formed and from these design instances a ﬁnal decision will made.
From overviewing the design stages important
notions on exploration eﬀectiveness can be concluded. First, it follows that eﬀective exploration process includes a possibility to ﬁnd the best compromises between objectives that are in conﬂict to each
other. Second, we can judge the process by the
designer’s willingness to prefer one design, among
many (Bradner and Davis 2013). It is necessary to
note that endeavor of designers will diﬀer from one
to another and, therefore, ensuring the greatest possible freedom of action is also essential.

RELATED WORK
Exploration systems exist in various ﬁelds, ranging
from knowledge management tools to computer
chip design (Boisot et al. 2007; Taghavi et al. 2009).
These systems use various computational and visualisation methods, which are the topics of such disciplines as Big Data processing or Machine Learning.
Essentially, they are aimed to ﬁnd optimal performance omitting non-speciﬁable aspects (e.g. there
is no interest for beauty in chip design).
Non-speciﬁable (i.e.
subjective or noncomputable, at least yet) aspects are individual for
every designer. They reﬂect the creative, subjective nature of a design process, where ﬁnal decisions
which are made by the designer are based on their
own view of the design problem and own image of
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an ideal solution (Bradner and Davis 2013). Hence,
there are many design space exploration applications oriented to not only applying data processing
methods but also focused capabilities for individual
design instance evaluation.
Mueller and Ochsendorf (2013) propose a framework based on evolutionary algorithms which allows
to move fast to high performance instances by developing only promising branches of parameters values
and avoid to stuck in a local optima. In each iteration the user can select instances relying on both visual and performance criteria for the next evolution
step and perform direct manipulations on the design instance graphically and thereby obtaining live
changes in the performance results.
Asl et al. (2014) suggest an integrated parametric (BIM-based) system that enables designers to explore design alternatives using a visual programming
interface, while assessing the energy performance of
the design instances in a graphical way. This system incorporates statistical methods to move to optima in case of contradictory performance criteria
(Pareto optimality) combined with diﬀerent visualisations (Scatterplot, Parallel Coordinates). These visualisations are enriched with object thumbnails superimposed on the plots in order to illustrate the link
between the calculated optimal solutions and the appearance of the respective design instance. Similar approaches with implementing visualisation techniques were developed by Howes (2017) and Nagy et
al. (2017).
Wortmann (2017) proposes a dimensionality reduction approach, which allows to represent a highdimensional data in lower dimensions suitable for
visual understanding by humans. Similar systems
based on Self-Organizing Maps (Kohonen 1997) are
described by Harding (2016) and Chen et al. (2013).
Methods that focused on the particular design
instance are discussed in the work of Erhan et al.
(2010). These methods aim to make the eﬀects of
change within a parametric model controllable, measurable and obvious for designers. Thereby emphasis is put on the problem when in order to observe

changes in a design the user needs several switching
between diﬀerent views, which adds additional cognitive load.
While all the approaches are exploring the advantages of a particular selected methodology, they
are suitable for particular problems, as there is never
one ideal approach. Therefore, every time designer should think about selection of an appropriate method. Considering the vast amount of diﬀerent design approaches and performance criteria this
seems no wonder. Hence, it appears appropriate not
to limit the exploration process by predeﬁning one
particular set of methods, but rather allow the designer to customize the exploration procedure for his
own particular needs. In the following, we propose a
framework based on a modular architecture that allows to work with a variety of possible exploration
methods in one single (web-based [1]) environment.

EXPLORATION FRAMEWORK CONCEPT
Our proposed framework is built upon the idea that
there exist many exploration methods, which in the
right combination are more eﬀective than in isolation. Therefore, we follow a modular approach,
whereby each module represents a certain exploration method. On a structural level, we distinguish three conceptual levels (see ﬁgure 3), reﬂecting
the diﬀerent requirements that we derived from the
theoretical conceptualization and related work, presented in the previous two sections.
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1. “Strategy level” - where the designer creates sequences of modules and develops own
strategies for the “solution space” exploration
and understanding;
2. “Processing level” - is about gradually narrowing the “solution space”, where the designer
interacts with the possibilities of one speciﬁc
exploration method inside a processing module;
3. “Instance level” - focuses on the evaluation
of a particular design instance, where the designer uses methods to evaluate and interact
with one design instance.

Figure 3
Exploration process
visualisation as
data-ﬂow diagram
of the “strategy
level”

Figure 4
Design Space
Exploration
Framework
structure

In the following, each level will be described in terms
of its underlying conceptual ideas as well as with implementation details and examples of test case. The
test case stems from an industry funded research
(DIPLANNER) that aims to generate building volumes
and ﬂoorplans for the semi-automated design of residential buildings. For the test case diﬀerent algorithms for generating building volumes were applied
to create 600 variants for an inner-city block. For each
of these variants diﬀerent features were computed,
such as site coverage and ﬂoor area ratio (GSI and
FAR), Surface / Volume Ratio, Shadow analysis (how
much of the courtyard never gets sunlight) and a solar analysis (how much of the façade area gets at least
30 sun hours).

Strategy level
Essentially, the idea of the “strategy level” is to offer the designer a possibility manipulating an order
of various processing modules (see next section) and
link them between each other in order to use the
output results for further processing with other modules. Node-links visualisation is suitable to support
the idea of data pipeline (Munzner 2014) and meets
the requirement, where there is the need of preserving of particular states and context (Bradner et al.
2014).

Figure 4 shows a screenshot of an exploration process on its “strategy level”. The left panel displays all
design instances, that the designer wants to explore.
On the central canvas diﬀerent modules that were
combined in an exploration process can be seen. The
ﬁrst module “Source” is the entry point, containing all
available 606 design instances. Each following modules provide diﬀerent mechanisms for ﬁltering / selecting instances (see next section). After each module a reduced set of instances remains (indicated by
the percentages). Separate sets of instances can also
be joined for further process with another module
(such as it was done with the SOM on the right of the
canvas).

Processing level
Generally, a processing module can be anything that
takes a set of design instances as input and processes
the data in such a way that the output will be either
altered, partitioned or reduced. The current state of
the implemented version of the framework has ﬁve
available modules to process data: Parallel Coordinates, Self-Organizing Maps (SOM), K-Means Clustering, Filtering and Table View.
The “ﬁltering module” is the simplest one and
allows to get a subset of instances by deﬁning conditions on particular features and logically combine
them (e.g. all instances with an energy demand < 100
KWh). Thereby, one retrieves a subset for a further
processing. Similar functionality exists in the “table
module” where the user ﬁlters data in columns and
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could immediately see results in a tabular form.
The “K-Means clustering” is the module where
the user speciﬁes the number of expected clusters
and then explores the clustered subsets in a desired
visualisation block (see ﬁgure 6). It is useful to get
insight into distribution of design instances by their
performance similarity or to preprocess the data for a
further separated processing.
The “Parallel Coordinates” and the “SelfOrganizing Maps” (SOM) modules allow to visually
explore and manipulate data design instances set.
The “Parallel Coordinates” allows to observe patterns
in a dataset, perform visual ﬁltering and selecting
of design instances. This visualisation also helps to
observe that e.g. instances that have a high values
in one performance criteria exhibit low values in another (see ﬁgure 5).
In the “Self-Organizing Maps” module (see ﬁgure 6) design instances are visualised on a twodimensional map according to the similarity of their
computable features. Depending on the selected
features, diﬀerent color mappings are available, in order to display clusters as well as information about
minimal and maximal values distribution for a certain performance criteria. The “SOM” module furthermore allows to visually select single or multiple de-

sign instances. In diﬀerent zoom levels the instances
are represented either by a single point or by an image displaying a certain visual representation of the
instance (e.g. ﬂoor plan or isometry). Each selection can be stored separately and thus is available
as output of this module. Additionally, input data is
also stored with information about cluster or selection grouping from a predecessor module(s) and can
be used for visualisation of the map.
In order to provide additional degree of ﬂexibility
all modules can be opened in a separate browser windows to use brushing and linking techniques (Munzner 2014, p.267).
In our test scenario we start from a “K-Means
clustering” module, where four cluster are created
(see top in ﬁgure 6). Further, they are separately investigated in a “Table” module and three the most
interesting clusters are selected to work with in the
“Parallel Coordinates” and “SOM” modules. Then
each cluster is explored in terms of tradeoﬀs between available features and their objectives. Figure 7 shows the maps where is possible to ﬁnd areas
which ﬁt objective criteria. At this step we selected
design instances inside the cell and stored the selection for further processing.

Figure 5
The “Parallel Coordinates”module
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Figure 6
The
“Self-Organizing
Maps” module. Top
- result of clustering
input information
on general map
view. Bottom zoom level for
detailed design
instance
representation

Instance level
The idea behind the “instance level” is to oﬀer the
ability to work with a design object in detail (e.g.
regarding its visual appearance) and to consolidate
all introduced information during the design process
(e.g. parameters values, performance features and
user deﬁned notes).
One of the concepts here, named “Annotation”,

is aimed to provide abilities to introduce new information about an instance that the designer discovered during the exploration process. That is achieved
by implementing such functionality as commenting
to store designer thoughts (e.g. in a text form) and
interpretation about particular design instance and
its context, which could be used further in decisionmaking (Yamamoto and Nakakoji 2005). Codes, tags
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Figure 7
Self-Organizing
Maps built on a
particular principal
component
(feature) for a
reduced dataset. In
a circle one of the
possible area that
ﬁts all the features
objectives.

or labels could be used here for introducing userdeﬁned classes and advance searching (Lösch et al.
2009). Further, connections to related instances can
be created (e.g. for manually linking design instances
where the designer thinks they somehow belong together). Additionally, visual notes and any other kind
of information could be associated with an instance.
Another concept, “Comparison”, is about identifying similarities and diﬀerences in parametric and
features space as well as in the visual appearance
of design instances. Parametrical closeness could
be determined through ﬁnding successors and predecessors during the generation process; closeness
by performance features is the base for data processing modules; evaluating design instances based
on their visual similarity is, for example, possible
through image comparison (e.g. pixel wise comparison of building footprints) or volumetric analysis
(Bustos et al. 2005). Right in ﬁgure 8 shows performing a search for similarly looking forms across the
whole set of instances. In general, by this method a
user can use any image e.g. hand drawing to perform

such a query. Additionally, integration with modelling/analysis environment (and with stages conceptually) provides an instrument to interactively see
the changes in the visualisation (e.g. on SOM map)
by changing the value of parameters in a parametric
module. That functionality extends the knowledge of
designer about the way design and solution spaces
are formed by performing sensitivity analysis.
The last concept, “Presentation”, serves for extracting and presenting information about a design instance, which can be important for decisionmaking. The functionality is to display available spatial visualisations, already introduced annotations,
parametrical description and calculated feature information. In addition, various external references, like
GIS data, simulations data and etc. can be added (see
left in ﬁgure 8).
Right in ﬁgure 8 shows that the designer found
an interesting for him shape in a low performant blue
area but similarity search had discovered other similarly looking design instance in a higher performant
red area. Left in ﬁgure 8 shows the design instance
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Figure 8
Left - design
instance level
interface. Right results of similarity
search based on
building footprints
information
visualised on a map
by selected
principal
component (solar
analysis feature)

level interface with all accessible information: computed performance values, 3D window for shape observation and related images.

CONCLUSION AND FUTURE RESEARCH
In this paper we investigated ways to more ﬂexibly integrate the design exploration process into the
design process. We presented a conceptual framework prototype implementation with the modular
approach, which provides the possibility to ﬂexibly
customize the exploration process, add new functionalities as well as gain advantages from their combination.
In the next phase of development, we are looking forward to extend the variety of available methods. Moreover, it is necessary to make the process
of exploration inside the system easier by the even
closer integration with the modelling/analysis environment. In the current state of development design instances are saved as a CSV ﬁle with computed
features and separate image ﬁles which are loaded
manually, that restricts sensitivity analysis by pregenerated design instances.
Another direction of a future development is a
support of multistage iterative processes. Such a step
will allow to track decisions and their relations from
diﬀerently detailed models. For example, such functionality will support scenarios, where designer ﬁrstly
iterates through a building form, then, based on a set
of the most promising decisions, starts iteration on
possible window layouts and so on.
Finally, the framework provides a sound basis for

further research, such as studying the eﬀectiveness of
the exploration process. Therefore, user studies for
exploring how designers (experts and novices) use
this tool (which strategies do they apply, which methods are most useful, etc.) can be conducted.
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The paper investigates the design loop of parametrically creating an
architectural shape based on the analysis of the specific wind situation of the
design site, continuously testing the design's performance in the wind using
Computational Fluid Dynamics (CFD) simulations and subsequently adjusting
the formed architectural shape based on the wind simulations' results. An optimal
shape for the determined behavior in the wind is sought in this iterative process.
The design strategy is being developed as an attempt to create a sustainable and
effective alternative design approach for the changing future environment. The
complexity of the process, particularly the need of the repetitive wind tunnel
adjustment for every new design situation, or the need of external post-processing
software for displaying the wind results of every new architectural shape remains
a disadvantage in the search for an optimal architectural solution.
Keywords: environment, parametric architecture, CFD, performance, wind
analysis

INTRODUCTION
The relationship between the man-created architecture and nature has acquired a greater relevance after the last released assessment report of the Intergovernmental Panel on Climate Change. IPCC is
now 95 percent certain that humans are the main
cause of current global warming (Pachauri and Meyer
2014). Edwards (2010) remarks that global warming
causes a great deal of regional weather instability e.g.
“...the intensity of storms increases, with higher rainfall, stronger winds and less seasonal predictability
for countries near to major oceans” (ibid., p.6). Designing for such unpredictable environment requires
a closer observation of the environmental conditions

of the place. The natural or artiﬁcial scenery, architecture, for instance, has a great inﬂuence on the wind
pattern, turbulences or acceleration of the wind. A
thorough analysis of the design site’s speciﬁc wind
characteristics contributes to the development of a
sustainable design solution. In this sense, incorporating the parametric modeling into the design loop
has an advantage of including the wind data into
the process and generating architecture based on it,
and/or based on the desired performance of architecture in the wind. As Shea (2004) mentions, “Lately,
through the development of parametric and associative geometry, CAD tools are able to parametrically
vary design concepts keeping in step with design in-
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tent” (ibid., p. 89).

Architecture vs. natural environment
In the search for the balance between the natural and
artiﬁcial environment, an inspiration is often found
in nature. The natural phenomenon of water and
wind erosion that shapes the nature, has been observed and transformed into the simulated erosion of
architectural forms made of ice in order to discover
new site-speciﬁc design strategies that enhance natural ventilation and minimize turbulence around designed building shapes (Demers and Potvin 2016).
The investigation of natural ventilation of buildings
and the air ﬂow lines have inspired the idea of shape
optimization of buildings’ interiors. The shape optimization of a room emerges from the CFD analysis
of the natural ventilation (Stavridou 2015). These examples show an approach to design that is not only
inspired by nature, but it also reacts to the speciﬁc
character of the environment and beneﬁts from it.

Wind and its eﬀects on the creation of architectural shapes
This paper investigates the wind as one of the environmental factors that inﬂuence and ‘shape’ the architecture. The speciﬁc wind situation is a basis for
the form generation presented here. An architectural
form i) can represent a minimum resistance to the
wind ﬂow (e.g. aerodynamic shape), or ii) can concentrate the wind ﬂow and utilize the wind energy,
iii) can diﬀuse the wind ﬂow, iv) can modify the direction of the wind ﬂow by accelerating or deﬂecting it, or v) can transform an invisible element into a
visible one (e.g. wind energy harvesting). The windarchitecture interaction schemes are shown in Figure
1. First two categories deﬁning the wind-architecture
interaction, together with an idea of wind energy harvesting, are examined in this paper. Mooneghi and
Kargarmoakhar (2016) emphasize that the ultimate
goal in the search for an aerodynamic architectural
shape should be the true optimum shape and add
that “...a systematic approach for taking full advantage of aerodynamic shape optimization for buildings is not fully explored yet” (ibid., p. 231). The

integration of the wind simulation software in the
early phase of architectural design is signiﬁcant in the
search for an optimal performance and an evaluation
of architecture in the speciﬁc wind conditions (Castro
Moya 2015; Chronis et al. 2017).

CASE STUDY
The proposed site-speciﬁc design approach that incorporates the parametric modeling and the analysis of the design’s performance in the wind is presented on a step by step transformation of the industrial site of Loudden Docks in Stockholm, Sweden.
EnergyPlus web database, coupled with the statistics from SMHI (Swedish Meteorological and Hydrological Institute) are used as a source of the weather
data. Westerly winds are prevailing most of the year,
whereas southerly winds reach the highest speeds.
Both wind directions are taken into account in the site
analysis and in the process of form ﬁnding. Next, the
wind temperature is observed during the warm seasons. In the spring, the wind temperature is as low as
0-5 degrees for the southerly winds and ranges from
0-20 degrees Celsius for the westerly winds. In autumn, southerly winds have an average temperature
of 0-10 degrees, while the westerly winds’ temperature is in average 5-15 degrees Celsius. In the summer, the wind temperature can range from 10 to 25
degrees Celsius, depending on the wind direction [1,
3].

Wind ﬂow between cylindrical silos
The abandoned industrial zone called Loudden
Docks is around 670 meters long and around 150 meters wide and consists of densely placed concrete silos reaching the height of around 35 meters. The
dense distribution of such wind obstacles causes the
wind to accelerate between the silos and creates a
very turbulent situation around them (see Figures 2
and 3). The simulations of the wind ﬂow are made
in Rhino CFD plug-in for Rhino. The advantages and
disadvantages of this simulation tool have been analyzed in detail by Chronis et al. (2017). For the westerly and southerly winds, the mean wind speed at the
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Figure 1
Five schemes of the
wind-architecture
interaction

Figure 2
Southerly winds in
Loudden Docks
(focus area is in the
circle)

Figure 3
Westerly winds in
Loudden Docks
(focus area is in the
circle)

reference height of 10 meters is set to 6 m/s and 9
m/s respectively. The values represent the average
annual wind speed in the Stockholm’s Arlanda airport
and are taken from [1]. The change of the wind speed
with the height was approximated using the logarithmic function as a wind proﬁle type (Blocken and
Carmeliet 2004). The terrain category is set to “suburb, forest, regular large obstacle coverage” which is
0.75 m. The domain size is 1175 x 830 x 175 meters for
the westerly winds and 863 x 1137 x 175 meters for
the southerly winds. The domain size is created with
regards to the best CFD guidelines (Iqbal and Chan
2016). The cutting plane for displaying the results is
placed 1.75 m above the ground so the wind ﬂow at
the pedestrian level is captured.
The focus of this paper is put on the area that is
displayed in Figures 2 and 3 in the dotted circle. A
close up of the situation is shown in Figure 4. The
red lines are a schematic illustration of the interaction with the wind around the selected silos, using
architecture. The wind, in one case, is intended to
be deﬂected from the two silos and should protect
the swimming pools that are proposed inside the silos that are reduced in height. The other two red lines
represent where the wind is intended to be accelerated to be utilized for energy harvesting/to become
a visible element.
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gular buildings, are selected as the location of ‘FlowBrane’ no.1 (see also Figure 4). The main goal is to
protect the cylindrical swimming pools together with
the sitting area around them from the cold Swedish
winds and wind gusts. Two curves, a ﬁxed and a ﬂexible curve are the basis for the ﬁnal form. With every newly modiﬁed ﬂexible curve, a new 3D shape is
formed: i) by moving the control points of the ﬂexible curve in the x and y-direction within the set range,
and ii) by aﬀecting the lift height that depends on
the perpendicular distance of the two curves along
their length. The lift height is a parametric restraint
for the tested shapes. For the ﬁrst shape, the range
is set from 3 to 9 meters. This range is modiﬁed for
the second tested shape; it is from 4 to 12 meters. A
lightweight tensile membrane, shielding two swimming pools from the southerly and, at the same time
westerly winds is the result (see Figure 6).

Figure 4
Analysis of
southerly and
westerly winds and
a proposed
interaction with the
wind

Figure 5
Schematic wind
ﬂow lines around
the group of silos
and the desired
wind protection

Figure 6
‘FlowBrane’ no.1 windshield

WIND-INDUCED ARCHITECTURE
Around and between the concrete cylindrical silos, designed architectural shapes in this research
called ‘FlowBranes’ work with the wind. These newly
formed architectural shapes are proposed to modify
the (quite extreme) wind situation.

‘FlowBrane’ no.1
The form is designed based on the prevailing wind
directions in Stockholm: southerly and westerly, [1,
2] and the requirement for the wind deﬂection in the
horizontal and vertical direction (see Figure 5). Three
silos, from the southern side covered by three rectan-

‘FlowBrane’ no.2
The second proposed shape behaves in the wind differently. It doesn’t intend to avoid or deﬂect it; on
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the contrary, it gathers and concentrates it. Based on
the wind ﬂow CFD results of the whole site (see Figures 2 and 3), a group of three silos which support the
wind acceleration is selected. The scheme of the desired direction of the concentrated wind is displayed
in Figure 5 on the right-hand-side. The principle of
Venturi eﬀect is utilized here: when a ﬂuid passes
through a constriction, there is an increase in its velocity. The precise shape (see Figure 7) is parametrically controlled to enable an inclusion of the wind
simulation results and a consecutive modiﬁcation of
the form. There are three horizontal proﬁle curves
created from the tangents to the circles (silos). The
tangents represent the desired wind ﬂow; in this case,
we want it to be accelerated. The proﬁle curves can
be controlled and modiﬁed according to the CFD results and thus a new tensile membrane is generated
with every change and its performance in the wind
can be tested again. The accelerated wind ﬂow can
be used for the wind energy harvesting, as well as the
materialization of the wind using piezoelectric sticks
(see Figure 7).
Figure 7
‘FlowBrane’ no.2 wind accelerator

in for Rhinoceros, Grasshopper. This enables to run
parametric shape studies and observe their eﬀect on
the wind ﬂow. The wind tunnel and mesh settings
can be changed very quickly and the solver can calculate multiple wind directions by rotating the geometry. A disadvantage is a need for external software for
displaying the results and the fact that the software
is still in a beta version. Both ‘FlowBranes’ are tested
using this CFD analysis tool. Almost all presets are
used from the ‘Virtual wind tunnel’ for a ‘Simple external CFD’ case demonstration provided by ODS engineering [4]. Two diﬀerent options are tested for both
tensile membranes. Based on the wind test results of
the ﬁrst shape, changes are made in the parametric
model to obtain the results closer to the desired behavior in the wind. The wind speed of 6 m/s is used
for the westerly winds and 9 m/s for the southerly
winds for testing ‘FlowBrane’ no.1. The performance
in the wind and its wind-protecting function can be
compared in Figure 8. The same scale range was used
for all cases, i.e. from 0 to 15 m/s for a better visual
comparison.
The wind speed used for testing ‘FlowBrane’ no.2
is 14 m/s for the simulation of southerly and 11 m/s
for the westerly wind gusts. The ability of the designs
to accelerate the wind in both wind directions, along
with the peak wind velocity can be observed in Figures 9 and 10. The same scale range was used for
comparing the results.

DISCUSSION
‘FlowBrane’ no.1
Wind simulations
Both designs are tensile membranes with a negligible thickness. Rhino CFD would require at least some
thickness to be able to detect the mesh and consequently a very ﬁne grid around this mesh so the calculation cells capture it correctly. Hence, another option is examined in this paper. The powerful CFD
solver ODS studio which is based on the Linux operating system is now available for the algorithmic plug-

The wind analysis results of the ﬁrst generated shape
of ‘FlowBrane’ 1 show that despite it provides a good
wind protection of one of the swimming pools in
the southerly winds and, in principle, decelerates the
wind; it is not eﬃcient enough (see Figure 8). In
southerly winds, the wind speed 0.5 m above the surface of one of the pools is as high as 8 m/s. Therefore, a variation of the ﬂexible curve in the parametric
model is made and the middle part of the membrane
is lifted. The range for the lift height is also changed.
The new generated shape appears to cause turbu-
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Figure 8
Performance of the
two shape
modiﬁcations of
‘FlowBrane’ no.1
and no.2 in the
southerly winds
(left) and westerly
(right) winds

lence; however, the wind speed 0.5 m above the surface of the pools is lowered and also the wind speed
of the turbulent air is maximum 5 m/s. If this value is
not exceeded more than 20% of hours per year, the
conditions for outdoor activities are considered acceptable (Standard 2006).

‘FlowBrane’ no.2
The analysis of two shape modiﬁcations of ‘FlowBrane’ no.2 shows good results for the ﬁrst design option. The shapes are aerodynamic in the southerly
winds and the ﬂow is concentrated and accelerated
in the desired way. On the leeward side, the ﬂow
gradually decelerates and a turbulent wake is formed
(see Figure 9 - top). After the parametric adjustment
of shapes, the acceleration of the ﬂow is clearer. However, the shapes are less aerodynamic than in the ﬁrst
case. This causes separation and a turbulent wind

ﬂow (see Figure 9 - bottom). In the westerly winds,
the ﬁrst design option provides a good acceleration
of the wind which is then smoothly directed to the
sides (see Figure 10 - top). The second design option provides also the desired acceleration, however,
the ﬂow path is less smooth and turbulent wake is
formed on the leeward side (see Figure 10 - bottom).
Both design options are eﬃcient for both wind directions. The southerly and westerly winds are caught
and squeezed between the shapes. The CFD analysis
catches the diﬀerences in the performance and enables an adjustment of the design, using parametric
model.

CONCLUSION
The presented case study demonstrates the design
approach that incorporates the wind situation, takes
into account the speciﬁc wind conditions in the re-
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Figure 9
Performance of the
two shape
modiﬁcations of
‘FlowBrane’ no.2 in
the southerly winds

gion and based on the performance of the designed
shapes retroactively adjusts the parametrically designed architectural shape. The presented design approach is developed as a reaction to the unstable
weather conditions caused by global warming. In
order to get one step closer to the sustainable designs, the local weather conditions become an important part of the design phase. Moreover, the created architectural shapes are generated based on the
intended function of architecture in the wind. This
reciprocal relationship between wind and architecture is tested in a case study in extreme urban environment. The microclimate of the place is inﬂuenced by the dense urban structure of high concrete
cylindrical silos. The wind ﬂow is aﬀected using parametrically created architectural shapes. Two shapes
with diﬀerent functions in the wind are generated
in the parametric process and tested in CFD soft-

ware which can capture the thin geometry of membranes correctly. The results are evaluated and the
process of the shape generation can be repeated until the desired, optimal performance in the wind is
achieved. The wind analysis of a variety of shapes
is time-consuming as the meshing, the wind tunnel settings and the calculation settings have to be
changed for every new option (Rhino CFD), or every
new option has to be loaded in post-processing software (ODS studio). This remains a disadvantage in
the form-ﬁnding process.
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two shape
modiﬁcations of
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Minimal surfaces, defined as surfaces of the smallest area spanned by a given
boundary present advantages for architectural applications in terms of their
structural and material performance. Therefore, the investigation of their
properties including their geometric ones deserve special attention. In this
regard, methods for tessellating minimal surfaces need to be studied. In this
paper, patterns that consist of four squares with partly overlapping sides have
been considered. A constrain in this study was the square tiles maintained their
planarity. Three different types of surfaces have been considered, namely the
helicoid, catenoid and Enneper's surface. Design algorithms that generate tiling
patterns in all three minimal surface types have been developed and are presented
in the paper. The geometric investigation of the application of the developed
methods to double layer structures has also been examined and discussed in the
paper. Finally, the accuracy of the developed algorithms has been tested through
the construction of a physical model.
Keywords: minimal surfaces, double layer, square tessellation

DOUBLY CURVED SURFACE TESSELLATION PROBLEMS: EARLIER WORK
Within the general frame of surface tessellation problems, recent research was focused on the tessellation of curved surfaces with ﬂat square tiles, where
the tessellation pattern consists of four squares with
partly overlapping sides [Liapi et al.2017]
Speciﬁcally, a method for the square tessellations
of several of doubly curved surfaces has been developed. The main objective in this study was to develop a parametric method that allows for the uniform distribution of the square pattern throughout

a spherical or an elliptical surface. In the process of
determining the most appropriate approach for this
study, all methods that generated signiﬁcantly distorted or non-planar square shapes on these surfaces
were excluded. For spherical surfaces several existing
projection methods were examined. With regard to
the elliptical surface, among the methods that were
examined, an approach that is based on the Mercator projection [Osborne, 2013] was given special consideration and an analytical solution that utilizes the
inverse equation of the Mercator projection was developed. In order to achieve highly accurate results,
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approximation techniques were also needed.
In both cases by following this method a network of equidistant points on the studied surfaces is
placed ﬁrst. Then a four square tessellation pattern
on the surface is constructed by the rotation of all
the ﬂat square tiles by the same angle, around an axis
that passes through their centers and is perpendicular to their plane. The value of the rotation angle
determines the overlap ratio of the adjacent sides of
the four square tiles that form the pattern and their
dimensions.
In the case of minimal surface tessellation, the
properties of minimal surfaces need to be taken into
account and a method based on these properties will
be developed as described in the following sections.

MINIMAL
SURFACES
TESSELLATION:
MAIN FEATURES AND GEOMETRIC
PARAMETRIZATION
The use of minimal surfaces in architecture has been
associated with the design of fabric tensile structures
and eventually with a great variety of curved conﬁgurations. As minimal surfaces, deﬁned as surfaces of
the smallest area spanned by a given boundary [2],
present advantages in terms of their structural and
material performance, the investigation of their geometric properties for architectural applications deserves special attention.
Covering minimal surface with square tile patterns is a geometric problem that falls within the domain of surface tiling or tessellation problems. Tessellating ﬂat surfaces with regular or semi-regular patterns constitutes a geometric problem that can be
easily solved and parametrized. However, tessellations of minimal surfaces in which several constrains
may apply in terms of the pattern or the planarity of
the composing tiles is not a problem addressed in recent bibliography.
Minimal surfaces and the area minimizing problem was ﬁrst formulated by J.L. Lagrange in 1760 and
later addressed by Plateau (1849) who experimented
with physical models to ﬁnd a minimum area with a
given boundary, a problem known as Plataeu’s prob-

lem [Osserman, 2013]. In mathematical terms minimal surfaces can be described as surfaces with zero
mean curvature. Speciﬁcally the principal curvatures
of minimal surfaces K1 and K2 are equal and reverse
K1=-K2, and thus their Gaussian curvature is negative
K=K1K2<0 at any point of the surface. Phased diﬀerently in these surfaces for the value H of their principal curvature we got H=0, where H=1/2(K1+K2).
An additional feature of minimal surfaces is that
their parametric curves (u and v) intersect orthogonally. This means that the angle of the intersected
lines maintains a 90o value (φ=90o) and therefore a
conformal parameterization is possible. Using this
property, an orthogonal grid of intersected curves
can be created. The intersection points consist the
centre points of each square or otherwise tile of the
tessellation.
Accordingly, the (circular) helicoid and catenoid
geometries have been considered ﬁrst. The catenary
surface is a rotational surface generated by the rotation of the catenary curve γ : {cosh u, y=0, z=0}
around the axis Oz. The helicoid is the minimal
surface having a helix as its boundary and it is the
only ruled minimal surface other than the plane (do
Carmo).
For the development of the Enneper’s surface its
parametric equations have been applied:
1
(1)
x = u − u3 + uv 2 ,
3
1
y = −v − u2 v + v 3 ,
(2)
3
z = u2 − v 2

(3)

These transformation equations have been applied in
a code in order to create the network of points uniformly distributed on the surface. As in the square
tessellation method of spherical and elliptical surfaces, a four square tessellation pattern on the minimal surface is constructed by the rotation of all the
ﬂat square tiles by the same angle, around an axis
that passes through their centers and is perpendicular to their plane. The value of the rotation angle
determines the overlap ratio of the adjacent sides of
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the four square tiles that form the pattern and their
dimensions.
Figure 1
Intermediate stages
of the
transformation
process from a
catenoid to a
helicoid for
diﬀerent values of
the variable α
before and after the
rotation of the
square tiles

It is also interesting to note that the helicoid can be
continuously deformed into a catenoid by the transformation:
x = cos asinhvsin u + sin acoshvcos u,

(4)

y = −cos asinhvcos u + sin acoshvsin u,

(5)

z = ucos a + vsin a.

(6)

where α=0 corresponds to a helicoid and α =π/2 to a
catenoid [1].
As indicated in ﬁgure 1, by giving diﬀerent values
to the variable α we can take intermediate stages of
the transformation process.
The code permits the application of other minimal surfaces equations, generating new networks of
points and double square tessellations on diﬀerent
surfaces.
Also, another value that is aﬀect the conﬁguration of minimal surfaces and respectively the tessellation patterns on them are related to the values of
the domain ranges for u and v, which are related to
diﬀerent values on the axes x and y. The x - y ratio of
each case is proportional to the values u and v.
Accordingly for the catenoid the following domain values provide signiﬁcantly diﬀerent results as
follows: For a complete circle, the variables u=2π and
v=π and the number of rectangles on axis x=30 and
on axis y =15, for three quarters of the circle, the variables u=3π/2 and v=π and the number of rectangles
on axis x= 20 on axis y =13, while for the half of a
circle, the variables u=π and v=π and the number of
rectangles on axis x=15 on axis y =15. Finally, for one
quarter of the circle, the variables u=π/2 and v=π and
the number of rectangles on axis x=10 on axis y=20.
In ﬁgure 2 three diﬀerent catenoid surfaces that
derive from the application of diﬀerent domain values are shown.
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Figure 2
3
.A catenoid for
various domain
values, Figure 3
Enneper’s surface
for various domain
values

Similarly, for Enneper’s surface for a complete circle,
the variables are deﬁned as u=2π and v=π and the
number of rectangles on axis x= 30 and on axis y =15.

While for the half of a circle, we deﬁne the variables
u=π and v=π and the number of rectangles on axis x=
20 on axis y =20.
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In ﬁgure 3 three diﬀerent Enneper’s surfaces that derive from the application of diﬀerent domain values
are shown.

TESSELLATION OF DOUBLE LAYER MINIMAL SURFACE STRUCTURES: THE CASE OF
TENSEGRITY NETWORKS
The applicability of the minimal surface tessellation
method has also been examined in double layer minimal surface structures. Tensegrity networks composed of square base prismatic units that form double layer structures [Hanaor, 1992 & 1998] provide
an ideal testbed for experimentation with this concept. Structural performance optimization parameters, such as minimum weight and amount of material, as well as the possibility of using uniformly tensioned membranes, further justify the investigation
minimal surface double layer tensegrity conﬁgurations.
Taking into account that the method for the generation of the square pattern of ﬂat tiles on a minimal
surface can be applied for the construction of the geometry of the ﬁrst layer of a tensegrity network [Liapi et al. 2017], the question at hand was the development of methods that make possible the construction of the second layer of a tensegrity network
composed of square base prismatic units. In other
words, assuming that the arrangement of the upper
bases on the composing units of a tensegrity network
is a solved problem, a method for determining the arrangement of the lower bases of the tensegrity units
that form the second layer of the network, had to be
developed.
Accordingly, for the development of the second
layer of the tensegrity network, a vertical projection
of the squares of the ﬁrst layer of the structure on
a surface placed parallel to the previous was performed. The requirements that had to be fulﬁlled, as
determined by the shape of the tensegrity units and
their method of assembly, are: a) the centers of the
squares of the second layer need to lie on a surface
that is placed parallel to the ﬁrst minimal surface of
the network, and b) the centroids of the composing

square, that represent the bases on the units, on the
two layers of the network, need to fall on the same
axis that is perpendicular to their plane. So ﬁrst a
method for creating a pattern of squares on the second layer was developed. Subsequently, taking into
account that the bases of a tensegrity unit of prismatic form are rotated against each other by a 45 degrees angle, the squares on the second layer were rotated by a 45 degree angle and scaled until the adjacent squares were connected properly.
All three diﬀerent types of minimal surface conﬁgurations that were discussed in the previous section, namely a catenoid, a helicoid and Enneper’s surface, have been addressed.
An algorithm that generates the results in a
graphical environment was then developed and the
Grasshopper visual programming language has been
used for the parametric description of the two layers
of the tensegrity networks (Figure 4).

TESTING THE METHOD WITH PHYSICAL
MODELS.
The developed algorithm has been used for the study
of an actual structure that was planned to be built in
the context of a two day-hand on workshop with undergraduate students. The structure would be constructed from wood dowels and elastic string and
had to be placed as an overhead structure. The developed algorithm has permitted the generation of
several models of minimal surface tensegrity structures and the comparison of the models against each
other. A tensegrity structure of helicoidal shape
was chosen as the preferred conﬁguration in this instance. Speciﬁcally, a section of the network that corresponds to the ﬁrst quadrant of the helicoid was selected as the basis for exploration on the form of the
accrual structure.
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for simplicity purposes, the thickness of all members
were kept the same and the joints were kept simple.
The algorithm was used to generate the dimensions
of each one of the units and the dimensions of the
overlapping sections of adjacent unit bases. subsequently, the dimensions of all tension and compression members were derived. Some of the challenges
encountered in this stage of the process were due to
the materials that were used., i.e. the elastic string,
was probably not tight enough.
The construction of the model has also indicated
some minor problems of the developed algorithm
that need to be ﬁxed. Speciﬁcally, in some areas of
the digital model, the square bases did not perfectly
meet.
Overall the construction of the physical model
has proven the appropriateness, accuracy and applicability of the developed methods.
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Figure 4
Minimal surface
tensegrity networks
of a) catenoid, b)
helicoid and c)
Enneper’s geometry
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The design process of dynamic architecture has been an emerging topic in recent
studies, in which researchers try to find an effective method of generating and
controlling adaptive components. In this paper, we present a digital-physical
modelling process that seeks to explore tectonic fusion of origami folding patterns
and micro-kinetic movements. A flexible modular prototype system is developed
and evaluated through combining origami-based fabrication simulation and
mathematical characterisation mimicking the pinecone's nastic movements. The
modular design system is then applied to an urban site as a test case study. The
results show how the pinecone-like nastic movements may be translated into
design and fabrication of an adaptive architecture. We discuss the lessons
learned from the digital-physical prototyping process finding the balance between
geometric flexibility and micro-kinetic adaptability.
Keywords: adaptive architecture, origami folding patterns, micro-kinetic
movements, pinecone, parametric modelling, digital-physical prototyping

RESEARCH CONTEXT: ARCHITECTURAL
ADAPTABILITY AND FLEXIBILITY
The development of digital applications has informed a new understanding of architecture design,
in which building structures and building elements
are no longer permanent, ﬁxed or immobile (Schumacher, 2010). As dynamic architecture becomes
more popular and applicable, there have been immerging questions about its purpose and eﬀectivity. One of its typical employments is to respond
to changing functional and environmental require-

ments. Although this viewpoint has potentials in creating more sustainable and fascinating architecture,
it requires careful researches and suitable strategies
during the design process, to achieve meaningful
mobility and eﬃcient controlling mechanism (Megahed, 2017).
This study proposes a design process that can be
suitable to prototyping adaptive architecture. Developed from a dynamic component design, the process
explores the balance between architectural adaptability and ﬂexibility. While an architectural compo-
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Figure 1
Adaptability and
ﬂexibility

nent needs to be ﬂexible to be applicable to diﬀerent environmental and functional requirements, the
adaption process applied to a speciﬁc site transforms
it and limits its ﬂexibility. Therefore, the parametric
tools were used in both ways: to generate the ﬂexibility as well as to limit it to gain adaptability. In other
words, the design process becomes an information
feedback loop between idea development and (sitespeciﬁc) possibility evaluation (Figure 1).

The concept of optimising architectural components
to gain maximum eﬀectiveness in this paper is derived from the inspiration of “morphogenesis”. As a
term used in natural sciences, this process continuously evaluates geometrical forms until they reach
a goal of adaptation to a speciﬁc environment or a
known requirement (Roudavski, 2009). To reduce the
generating time and resources, a hypothesis is proposed, in which the architectural optimisation process needs to be limited by sets of rules based on
phasic goals, in order to gain eﬃciency. Following
this rule, the design process is proceeded in three

phases: (1) Optimisation of geometry based on eﬃcient movement; (2) Maximisation the eﬀectiveness
of the controlling mechanism, and (3) Balancing of
adaptability and ﬂexibility based on site-analysis (Figure 2).

PINECONE NASTIC MOVEMENT: AN INTEREST IN BIOMIMICRY
As living organisms, plants are strongly dependent
on their surrounding environment, because of their
limitation in mobility. Therefore, the ability of adaptation to environmental conditions becomes one of
the most important factors aﬀecting their survival
rate (Darwin 1880). Since there are similarities of
passive adaptation between plants and architecture,
many studies have considered this phenomenon and
tried to ﬁnd their applications in architectural design
(Hugh 2004). However, there is one spectacular vegetative reaction which could be better modelled as a
source of inspiration in the making of digital interactive architecture: nastic movement.
This reaction is deﬁned as the movement of plant
parts, which is caused by an external stimulus but unaﬀected in its direction (Braam 2004). In this study,
we investigate the mechanism of pinecone nastic
movement as a reference model to design a kinetic
architectural system which can interact with its surrounding. To maximize the survival rate of its descendants, the pine tree developed a structure to
safely protect and distribute its seeds, which is the
pinecone (Harlow 1964). This structure contains different arrangements of ﬁbre which reacts diﬀerently
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Figure 2
The design process

to environmental condition, thus makes sure that the
pinecone only opens and spreads its seed in the suitable warm and dried weather (Dawson 1997) (Figure
3).
Figure 3
Pinecone natural
structure and
mechanism

Figure 4
Multi-function
component

plex, involving diﬀerent materials at a micro scale,
which has been studied and applied into material
science (Reichert 2014). However, in this study we
proposed a simple parametric model that provide a
mechanical-based bio-mimicry in the form of a kinetic architectural system, taking in the same inputs
(environmental conditions such as temperature, humidity) and giving out a similar output (the movement of open and close). This component is expected to be applicable to diﬀerent sheltering structure, such as pavilion, canopy and building façade;
with multiple functions based on its mobile ability,
i.e., sun shading, light ﬁltering, water collecting (Figure 4).

ORIGAMI FOLDING PATTERN GENERATION AND OPTIMISATION

Figure 5
The ANO
(Alex-Nonn)
origami folding
pattern
development

Figure 6
Parameter
explanation

The mechanism of pinecone scale movement is com-

Origami is the art of creating three-dimensional
geometry from two-dimensional planar surfaces
(Megahed, 2017). Originally developed in Japan, this
process of folding allows the geometry to transform
itself, generating endless forms and spatial properties (Peraza-Hernandez et al. 2014). As a result,
many researches have looked into the mechanism
of mathematical calculating, generating and controlling origami patterns (Fei and Sujan, 2013). On
the other hand, origami has long been studied and
applied in architecture science as folded structures
(Megahed, 2017). The raising awareness of sustainability has created a trend of using recyclable materials such as paper in the construction industry (Wu,
2015). Explorations by Shigeru Ban through technical
tests suggested that paper-based product, i.e., cardboard, can be a choice for real-scale architecture (Ban
et al., 2009). Therefore, origami pattern, indeed, has
the potential to be applied in transformable, adaptive architecture since it satisﬁes the demands of
light, ﬂexible, self-supporting structures that have kinetic behaviour.
This study proposes a new origami pattern,
named as ANO (Alex-Nonn), which is a radially symmetric geometry and based on the basic rotation pattern. The generation process involves ﬁve steps, as
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Figure 7
ANO pattern
parametric
generation and
evaluation

shown in Figure 5. While the star inset helps the closing and opening behaviour more eﬃcient, two oﬀset layers provide an attractive curvature outline and
more elastic characteristic for the geometry. Overall, the purpose of using the ANO pattern is to interconnect all structural elements in one folded surface, which is more eﬃcient in term of controlling
the movement. Beneﬁts from this design include: (1)
Lightweight material and less structural elements required; (2) Eﬃcient controlling method due to homogeneous movement; (3) Providing aesthetic and attractive architectural shape; (4) Continuous sheltering area.
Based on mentioned rules, there are a large
quantity of ANO patterns that can be generated, yet
they do not share the same behaviour when folding.
To choose the most eﬃcient pattern in term of eﬃcient controlling, a parametric system is developed.
There are ﬁve input values (p1 to p5) used to modify

the shape and complexity of the planar pattern (Figure 6). 42 generated patterns are then virtually folded
by kangaroo at the same folding angle (5π/6) and
then compared based on their F% value, or folded
size percentage (the width after folding / the ﬂatten
width %) (Figure 7).
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Figure 8
Data analysis of the
ANO pattern’s
parametric
generation system

The result of this calculation is then integrated

Figure 9
The chosen ANO
pattern’s detailed
parameters and
behaviour.

Figure 10
Simpliﬁed
behaviour of the
controlling
mechanism

in a Python data analysis and visualisation algorithm
for future use (Figure 8). Eventually, the pattern
with the smallest F% value (12%) is chosen, since it
has (1) more eﬃcient behaviour for controlling, (2)
faster movement, and (3) less material and energy
required. Its detailed parameters and folding behaviour is shown in Figure 9.

divided into two phases, in which α ≥ 0 and α ≤ 0.

DEVELOPMENT OF THE MATHEMATICAL
FORMULA FOR CONTROLLING MECHANISM
Figure 11
The mathematical
formula for
controlling
mechanism
Figure 12
Comparison of
diﬀerent L-a pairs

Since the ANO pattern is a radially symmetric geometry, it can be simpliﬁed into one planar movement
system of lines and points. The open-and-close behaviour is then driven by a single-directional control
point moving along the vertical centre axis. This system is shown in Figure 10, in which ‘a’ is the simpliﬁed ANO panel, ‘L’ is the controlling structure, and
‘M’ is the movement point. Since the design goal is
to create a multi-functional component, the panel is
expected to rotate in the range of 180 degrees, allowing it to ﬂexibly ﬂip to either directions. This movement behaviour requires some mathematical criteria,
including: -90 ≤ α ≤ 90; L > a; and a > 0. To translate the rotation angle (α) to linear movement (M), we
developed a mathematical formula, whose inputs include the angle α and structural lengths: L, a; and output is the value of OM (Figure 11). The movement is
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To maximise the controlling eﬀectiveness, diﬀerent values of L and a, with L + a = 25, are compared, in
term of (1) the range of movement, or the eﬃciency;
and (2) the accuracy of movement. The mathematical graphs in Figure 12 show that while some L-a
pairs generated big ranges of OM values, which is not
eﬃcient, others have graphs coming too close to 0,
which is hard to achieve the accuracy. Eventually, the
pair a = 10 and L = 15 is chosen, as its mathematical
graph has a neutral behaviour.
By implementing this mathematical formula and
the ANO pattern in Rhino-Grasshopper environment,
a parametric system was created (Figure 13). This system can generate potentially an inﬁnitive number of
architectural structures employing the same mechanism, thus maximise the ﬂexibility.

ADAPTIVE DESIGN: SENSING, PROCESSING AND ACTUATING
To develop the automation of the component, a combining workﬂow of virtual and physical prototyping
is proposed, using Grasshopper and Arduino coding
(Figure 14). Environmental data is collected by using
the DHT11 Temperature and Humidity Sensor, then
stored into CSV ﬁles and visualised by the Fireﬂy plugins of Grasshopper. Those data are then remapped
to the movement angle α, which determines the behaviour of the component. Synthetically, if the humidity is high, the component will act like a water
collecting device (0 ≤ α ≤ 90), and if the humidity is
low and the temperature is high (hot), it will then be

a shading device (0 ≥ α ≥ -90).
The mathematical formula is then used to calculate the coordinate location of controlling point M.
Based on previous location, a movement distance to
reach the new destination is determined, which can
be either positive value (move up) or negative value
(move down). With speciﬁc structural sizes (L and
a), this workﬂow is a linear process, which allows the
component’s behaviour to be easily controlled. To
test the workﬂow, an actuated model is built, using a
threaded bipolar motor. Two additional components
are added: (1) The physical structure system (Figure
15), and (2) The translation between movement distance and the number of motor’s steps.
On the other hand, we also developed a virtual
simulation algorithm in Grasshopper to study the
group behaviour of multiple components, which is
not possible to do in physical prototyping. One component is chosen as the Driver, which will be the ﬁrst
one to receive the movement signal. Others will follow this Driver, or in other words, have delays in their
signals (Figure 16). In order to do that, the initial angle α is calculated into a list of decreasing (if α ≥ 0)
or increasing (if α ≤ 0) values. This mechanism suggests further application of these components when
they are installed multiply on shelter surfaces, which
is not only to provide the usability of shading or protecting, but also to generate joyful experience as an
installation for people inside and outside its space to
enjoy.

ADAPTING THE PROTOTYPE TO AN URBAN
SITE
To fulﬁl the architectural design process, the component is then put into a real site. The idea here is
twofold: (1) to test the ﬂexibility of the structure if
it can adapt to diﬀerent topographical requirements,
and (2) to preserve its kinetic characteristics through
an interactive installation at upper layer. The chosen
site is an old canal basin in Sheﬃeld, England called
Victoria Quays. The basin was a cargo port in late 20th
century, which is now transformed into a site of business and leisure spaces. With notable quantity
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Figure 13
An ANO pattern
and controlling
mechanism
generated by the
parametric system

Figure 14
The adaptive
design workﬂow

Figure 15
The model
structural system
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blance to the cell system (Her 1995). To test the
structure’s adaptability, a parametric function using
Grasshopper and Kangaroo is introduced to simulate
diﬀerent topographical conditions, which is, in this
case study, the changing datum of each column base
as presented by the water level (Figure 17). Speciﬁc
input values such as the number of cells, the limit
of cells’ deformation and the maximum rotation angle between each cell edge is also used in the test
function. A structural system is then developed for
this super-structure layer, fulﬁlling the requirement
of adaptability (Figure 18). Meanwhile, the upper
layer of the pavilion is a group of ANO components,
which can be interactive to users and the contextual
environment.

Table 1
Site analysis and
design inputs

Figure 16
Group behaviour of
multiple panels
(while α = 45, α =
90)

CONCLUSION AND FURTHER DEVELOPMENT

of tourists and citizens going to the location daily, the
proposal is a dynamic pavilion used for semi-outdoor
activities and is also expected to be a new tourist attraction. The site’s characteristics and how they are
transferred into design inputs are shown in Table 1.
A hexagonal grid structure is chosen due to
its compressive and tensile strength also its resem-

The study proposed a new design process that
started from architectural ﬂexibility and developed
the adaptation to the speciﬁc contextual conditions.
Since kinetic architecture requires complex engineering task and integration of diﬀerent disciplinary
(Megahed, 2017), this design process allows a mobile component to be applied in diﬀerent conditions
and requirements. While parametric function provides dynamic ﬂexibility to the structural form and
function, contextual characteristic limits its possibilities and increase adaptability.
New ﬁndings of this study include: (1) The design
process of an architectural origami pattern, which
has an optimisation framework that can be applied
to other patterns; (2) The adaptive architecture design workﬂow, which proposes the eﬀectiveness of
using mathematical formula in movement control,
and the usefulness of parametric system in structural
generation; (3) The combination of virtual and physical prototyping in simulating and processing architectural actuation, in which individual and group behaviour can be implemented together. On the other
hand, the study also introduces the new ANO pattern
and component, with the ability to be applied on diverse shelter surfaces, i.e., pavilions, canopy, building
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Figure 17
Testing the
adaptability of the
pavilion on
diﬀerent water level
Figure 18
Structure behaviour
of the
super-structure
layer

Figure 19
Visualisation of the
whole pavilion on
the chosen site

façade (Figure 20).
To extend the scope of the design process,
we will further address user-driven elements to the
movement controlling system. This step can be considered as a development to increase the architecture’s adaptability. Application of diﬀerent sensing
system is proposed to collect input data, i.e., human
movement, sound, light, ..., which then will be implemented into the mathematical calculation process. A
user-interactive behaviour system is also expected to
be integrated into the design, to provide playful activities to the chosen site.
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Part of our research and teaching agenda at the School of Architecture of the
Technical University of Crete focuses on algorithmic design with parametric
models, its methodological characteristics and the study of applied and
theoretical work that defined this architectural design thinking. Our work
challenges architectural design processes, through the systematic study of
parametric models. This paper presents three projects from the undergraduate
elective course ``Special Topics in Architectural Design'', which took place
during the spring semester of 2017, that investigated parametric models for a
given architectural problem, inspired, to some extent, by precedents in 20th
century architecture where students traced algorithmic design thinking. Although
students understood well the concept and function of parametric models and in
many cases applied them successfully for their design objectives, several of them
did not fully assimilate some critical aspects of computation. This allowed us to
determine areas of improvement and points of complete reevaluation in our
educational strategy approach.
Keywords: algorithmic thinking, parametric model, computational thinking,
architectural education, Frei Otto

INTRODUCTION
It has been more than a decade that architecture
schools oﬀer required and/or elective computeraided design (CAD) courses. In recent years they are
becoming increasingly popular amongst architecture students, while as Ahlquist and Menges (2011)
argue there is a transition from CAD to computational
design in architecture, with one critical aspect being
the processing of information algorithmically. Furthermore it seems that in current professional practice CAD and 3D modeling alone are not suﬃcient to
address the need for more economically and ecolog-

ically sustainable buildings (Senske 2013), as well as
the increasing complexity and demands of architectural projects. Thus it can be argued that teaching algorithmic design requires more than just explaining
software interface, its often used commands and design procedures. Algorithmic design courses ought
to provoke and cultivate a change in design thinking
itself (Senske 2011).
Part of our research and teaching agenda at the
School of Architecture of the Technical University of
Crete focuses on algorithmic design with parametric models, its methodological characteristics and the
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study of applied and theoretical work that deﬁned
this architectural design thinking. We attempt to
challenge established architectural design processes,
through the systematic study of parametric models. This paper presents three projects from the undergraduate elective course Special Topics in Architectural Design, which took place during the spring
semester of 2017 that investigated parametric models for a given architectural problem, inspired, to
some extent, by precedents in 20th century architecture, where students traced algorithmic design thinking. Taking into account Senske’s observations (2017)
we present not only what was designed but, to the
same extend, the design process acknowledging that
in an undergraduate algorithmic design course the
process and the technical aspects are of the same,
if not greater, importance than the design outcome.
We reﬂect on our pedagogical strategy, where we put
forward and promote the development of logic and
method matching the learning and use of the design
tool. Within the presented projects we search for areas of improvement, points of complete reevaluation
and to what extent students comprehended computational design thinking.

PARAMETRIC MODELS IN THE CONTEXT
OF ALGORITHMIC DESIGN
Gaudí used inverted suspension models with strings
and birdshot weights to simulate, by analogue
means, the route of the forces and thus study multiple variations of the form of the Colònia Güell chapel.
Adjusting the model, string length, anchor point location and birdshot weight allowed the architect to
calculate experimentally the catenary curves, chains
converged in pure tension, which were subsequently
inverted to reveal structures in pure compression.
Gaudí’s models are physical equivalents of digital
parametric models (Burry 2007), since they automatically compute outcomes without consecutive manual evaluations of catenary curve’s parametric formula. Davis (2013; [2]), based on the deﬁnition of the
parametric equation in mathematics, which is a set of
quantities expressed as an explicit function of a num-

ber of parameters, states ”A parametric model is set
of equations that express a geometric model as explicit functions of a number of parameters”. Changing these parameters causes a coordinated overall
update, thus allowing designers to constantly adjust
and interact with the model, to generate and classify
discreet variations, to ”search” within a wide range of
virtual results.
Deﬁning the parametric model according to
mathematical terms and deﬁnitions, besides helping
to clarify key aspects of the proposed design thinking, allows also to steer away from common views,
such as that architectural design has always been
parametric, since buildings and cities have always
been shaped according to cultural, biological, structural and bioclimatic factors. Along this direction
we can distance ourselves from the idea that working with parametric models means contributing to
a new architectural style, introduced by Patrik Schumacher (2008; [11]) with the term “Parametricism”
in his “Parametricist Manifesto”. To further enhance
our understanding of design thinking with parametric models, Davis (2013; [2]) explains that “a parametric model is unique, not because it has parameters (all
design, by deﬁnition, has parameters), not because it
changes (other design representations change), not
because it is a tool or a style of architecture, a parametric model is unique not for what it does but rather
for how it was created. A parametric model is created
by a designer explicitly stating how outcomes derive
from a set of parameters”. Furthermore Jabi (2013)
deﬁnes “parametric design as a process based on algorithmic thinking that enables the expression of parameters and rules that, together, deﬁne, encode and
clarify the relationship between design intent and
design response”. Thus, we propose that parametric design is the process of describing architectural
problems with parameters, and a ﬂexible way to describe digital models, orthogonal or curvy, through
visual or text based code, that deﬁne associations between elements of the model through speciﬁc rules
and constraints in the context of algorithmic design.
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THE COURSE
The undergraduate elective course Special Topics in
Architectural Design is oﬀered to 4th year students
to choose as one of two compulsory elective courses
of the spring semester. It spans a duration of thirteen, once per week, four hour sessions, without any
prerequisite skills requirements, and investigates the
application of algorithmic thinking with parametric
models in architectural design. The main objectives
of this course are to build solid technical skills in parametric modelling with Grasshopper for Rhino (McNeil & Associates; [3], [1]), to establish basic understanding of computational thinking (Senske 2017)
and to setup hands on experimentation with parametric models that aim to output answers for speciﬁc logic and design problems. The course in 2017
was attended by 20 students with 65% female to 35%
male gender balance. Six out of thirteen sessions
were used for tutoring Grasshopper and computational thinking (three hours) and lectures followed
by discussion with the students (1 hour). The seven
remaining were class time with us and the students
working in teams on small assignments and the deliverables.
For the spring semester of 2017 the opening argument in the introduction session was that algorithmic design thinking is not a direct result of current advanced digital design tools, nor requires them
to be applied (Mateas as cited in Senske 2014), but
has speciﬁc historical precedents. There is a shift
in architectural design thinking, from visual representation of architectural space with drawings and
renders, into the systematic representation of design processes, analysis methods and simulations
embedded into parametric models. Hence continuing the algorithmic design strategies of the postgraduate spring semester course “Advanced Digital Tools
in Design and Fabrication” in 2015 (Peteinarelis and
Yiannoudes 2016), we proposed the study of parametric models in relation to their historical precedents, i.e. examples in the history of 20th century architecture in which we traced algorithmic thinking.
As Ahlquist and Menges (2011) argue it is important

that the critical approach towards computational design extracts knowledge from the historical and practical foundations of design and computation.
To support the selected topic we presented two
examples where we traced elements of algorithmic
thinking in conjunction with our understanding of
parametric modelling. The ﬁrst one examined brutalist architecture through the work of Marcel Breuer.
We chose the IBM Research Center and Forum in
La Gaude 1965, the Whitney Museum of American
Art / Met Brauer in New York 1966 and Armstrong
Rubber Company in New Haven 1968, as case studies, which integrate design concepts that could be
embedded and be further processed in parametric
models. More speciﬁcally we focused on the repetition of identical modular elements that form façades,
with distinct rhythmic patterns, which besides being a clear architectural design gesture, was also imposed by factors like prefabrication and manufacturing capabilities, cost and construction challenges.
This brought forward the association and diﬀerentiation between building elements that could be introduced with a parametric model, which implements
geometric rules that describe the aforementioned
modules.
The second example was Frei Otto’s analogue experimental form-ﬁnding methods, developed at the
Institute for Lightweight Structures (ILS), for a new
architecture of optimal structures on the basis of a
systematic understanding of the self-organizing morphogenetic processes in nature, including the application of minimal detour path systems onto urban
networks and settlements, through a close investigation of the natural laws of attraction and repulsion,
extension and contraction, and occupation and connection (Otto 2009). Otto used wool thread models,
which interacted with the surface tension of water
tanks in which they were immersed and then selforganized in a new optimized detour path network.
By studying this experiment we had the opportunity
to present dynamic simulation methods into parametric modelling environment. The resulting network, which by contrast to the simpler systems of
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direct and minimum paths, emerged with a signiﬁcantly lower total path length and a low average detour factor, set the example of a system in equilibrium
state that its entities are not in static isolation, but interact with each other according to values that deﬁne
attraction repulsion etc.
Students were asked to select similar 20th century cases and trace algorithmic thinking. This “reverse engineering” aimed to promote abstraction
and the communication of the ﬁndings through freehand sketches followed by diagrams. The extracted
knowledge would later be applied to parametric
models which would attempt to transfer and/or multiply the traced design ideas.

with the native components deﬁnition (Hristov 2015;
[9]).
Figure 1
Team01 - Site plan
analysis Quantiﬁcation of
spatial accessibility
for pedestrian and
bus networks Urban Network
Analysis Toolbox
(UNA)
Figure 2
Team01 Deﬁnitions
implementations Five challenges

PROJECTS
Team01
Team01 decided to investigate and apply Otto’s analogue computing (Davis 2013; [2]), speciﬁcally the
minimized paths network into the study of a new spatial network in the university campus of the Technical
University of Crete in Chania. Their work consisted of
four main steps: the ﬁrst step was the understanding of the minimized detour network in analogue and
computational means for its implementation into a
parametric model. The second was the analysis of the
existing path network in relation to the buildings and
the bus stations of the campus, that would help them
form their design strategy, followed by the application of their parametric model to create multiple outcomes, which would attempt to answer to the chosen architectural and logic problem. Lastly an evaluation and comparison of selected outcomes to existing network assessed both their strategy and the outcomes and helped the team to select the outcome
that would be suggested for implementation.
While researching detour paths network they
beneﬁted from accumulated knowledge found in
Grasshopper online forum (McNeil 2009; [3]), where
they found two types of deﬁnitions. The ﬁrst type
used only native Grasshopper components and the
second employed kangaroo plugin (Piker 2009; [10])
simulations. After studying both, they chose to work

For the analysis of the existing network they used
Urban Network Analysis toolbox (UNA) (Sevtsuk and
Kalvo 2015; [8]), a Rhino plugin that oﬀers precise
control and ﬂexible solutions to spatial network analysis problems. Reach, gravity and closeness are
three measures oﬀered by UNA, which capture how
many surrounding points, representing buildings,
bus stops etc., can be reached in a deﬁned radius using a given path network from given origin points,
the accessibility of the destinations and the average
distance from an origin point to all destination points
within speciﬁed radius along the shortest path of the
path network respectively. As shown in Figure 1, the
quantiﬁcation of spatial accessibility, for both pedestrian and bus networks, helped Team01 to locate areas for new bus stops and to move existing ones ac-
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cordingly, to serve inaccessible buildings and to reduce overcrowding in some problematic stops. It
also revealed that a cluster of buildings was not easily accessible through the existing network, so they
decided to prioritize their accessibility with the new
one.
Figure 3
Team01 - Results &
Initial spatial
network
comparison (UNA)

Figure 4
Team02 Masterplan analysis
- Venice historical
evolution Territorial layers

Applying the detour paths network deﬁnition on the
analyzed masterplan brought forward ﬁve main design challenges, the division of the masterplan area
into subareas, the automatic creation of charts that
would inform the design process, the elimination of
very small polyline paths segments, the location of
steep areas and the physical intersection of the resulting paths with existing buildings (Figure 2). At
this point the team used plugins and implemented
their own solutions. A voronoi diagram partitioned
the masterplan into three regions. The voronoi cells
seeds were three average points of the existing buildings polygon centers that their locations form three
discrete buildings clusters. Bumblebee plugin (Mans
2013; [7]) creates interoperability between Grasshopper and Microsoft Excel and was utilized to chart design decisions. To omit very small segments of the

resulting polyline paths and to further simplify them
was very challenging, so the team resorted to Topologizer component (Piker 2012; [6]), which outputs a
clean directed graph or network out of a list of lines
according to speciﬁed distance threshold. The location of steep areas and the paths-buildings intersections were solved using native Grasshopper components.
After confronting the aforementioned challenges Team01 started generating multiple outcomes, path networks that attempt to solve the problems found with the analysis. They worked varying
the number of central connections areas, the number
of attraction points and the attraction force. They decided to generate two types of outcomes, one type
being path curves simpliﬁed with Topologizer and
the other raw outcomes from minimal paths deﬁnition. Each of these types have two subtypes regarding the addition of new bus stops or not. Selected
outcomes were analyzed once again with UNA to
create similar metrics with the initial analysis of the
existing paths and bus stops. To ﬁnalize their study
Team01 compared the analyzed outcomes of both
types and subtypes to the initial network in order to
establish their selection of the solution for the new
spatial network implementation, as shown in Figure
3.

Team02
Understanding the current urban and residential
condition of Venice, Team02 applied a strategic plan
to expand, diﬀuse and decompress the city’s existing
networks, as well as tactics to enhance and balance
touristic activity and local residence (the team’s initial
research showed that buildings currently in Venice
house 62% touristic infrastructure and 18% local residence). After studying the city’s urban network, its
density and territorial layers, i.e. its urban spaces,
pavements, canals and regions (Figure 4), the team
proposed four main strategic interventions: the connection of Venice with its surrounding islands, the decongestion of the existing urban network, the creation of a secondary network that would designate
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Figure 5
Team02 - First
computational
procedure continuous
extensibility (Le
Corbusier )

new areas and landmarks in the city. To achieve its
goal the team employed Frei Otto’s minimal detour
path system, as well as the compositional principle
of continuous extensibility implied by the plan of the
hospital that Le Corbusier designed at the southern
edge of the city (1965), and the layer superimposition strategies used by Peter Eisenman to design the
nearby Cannaregio Town Square (1978). Eisenman’s
strategies were used to highlight areas in-between
the existing and the new proposed network, while Le
Corbusier’s grid was applied to extend the city network through the sea.
The team worked with the city plan geometry
generated by the Elk (Logan 2012; [4]) plugin for
Grasshopper which processes open source XLS formatted map data from OpenStreetMap.org. Two
computational design procedures were used, organized into two separate Grasshopper deﬁnitions. The
ﬁrst (Figure 5) aimed to expand the city network
through the sea between Venice and its surrounding islands, and the second to determine, highlight
and evaluate areas of intervention in the main part
of the city. The ﬁrst procedure started from determining and evaluating speciﬁc aquatic and land start
and endpoints, i.e. the canal estuaries and squares
along the coastline of both the city and its islands, in
order to create connections according to two crite-

ria: a distance between connecting points that was
smaller than a speciﬁed length and an angle of the
connecting lines to the north-south axis than was
larger or smaller than a speciﬁed degree according
to the particular island and the type of network it belonged (aquatic or land). After culling the connections that conformed to the criteria, the ﬁnal aquatic
and land lists of connections were input to the minimized detour paths network Grasshopper deﬁnition, which utilized a Kangaroo plugin simulation,
using the aquatic connections as attractors for the
land connection system, to optimize it. Le Corbusier’s Venice hospital grid was then superimposed to
align with the land system and a separate Grasshopper deﬁnition was employed to extrude building volumes, columns, paths and squares on the resulting
plan.
The second procedure (Figure 6) determined the
entrance points to the city from the sea, which were
used as start and endpoints to create a series of
connecting lines for the new city network. Out of
these connecting lines several were culled according to two criteria: the minimum distance between
connecting points and whether they were within the
coastline border of the land of Venice. Subsequently
the connecting lines were input to the minimal detour path network Grasshopper deﬁnition to pro-
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Figure 6
Team02 - Second
computational
procedure Minimized detour
paths - Areas of
intervention Eisenman’s grid

Figure 7
Team02 Intervention points

duce a new optimized network according to set attractor points. These attractor points were located
on city squares and open spaces that had a surface
area larger than a variable number (currently set to
800m2), as well as distance from the basic touristic
road that was smaller than a variable number (currently set to 100m). Then several areas of intervention on the network were selected depending on the
amount of intersection points on the new network
paths (Figure 7). The points that intersected with the
existing urban touristic network as well as those that
coincided with the attractor points were excluded
from the selection. The surface of the intervention
area was determined according to the amount of intersection points on the new network paths. Subsequently Eisenman’s grid was introduced and superimposed on the selected intervention areas on the
new network, excluding those grid nodes that were
outside the coastline border. Several local intervention structures were considered and proposed on the
nodes of the grid according to the fragment of the
territorial layer of the city on which they were found
(private or public building, a public square, a canal, a
pavement or private open spaces).

Team03
Team03 investigated the plan of Igualada Cemetary,
in Igualada 1994, a winning proposal of the architectural competition in 1984 by Enric Miralles and Estudio Carme Pinos. They focused on two speciﬁc areas, the mortuary and the mausoleum, where the design forms an interplay between the structure and
the landscape. The students were speciﬁcally fascinated by the distinct plan curves of the structures
and immediate surrounding areas. They decided to
implement a deﬁnition that embeds geometric rules
and constraints relevant to the plan curves and to
examine if the output forms spatial qualities similar
to those in Igualada Cemetary. Soon they realized
that they needed to override Grasshopper’s directed
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acyclic graph rule and enable loops with Anemone
(Zwierzycki 2013; [5]) plugin.

The planar curves consist of lines and arcs and the
ﬁrst segment is always a line, with random starting
point, direction and length in a deﬁned domain. Arcs
result from circles tangent at the end point of last
drawn line, which are evaluated along their length
according to random angle values. Their center is
either to left or right of the end point, deﬁning the
direction of evolution of the curve and the overall
length depends on the number of chosen loops. In
the initial deﬁnitions the loop instructions were to alternate the side of the circle center and to vary the
length of each line and the radii of the arcs. The
process is presented in Figure 8. Such setup output
curves, where Team03 detected spatial distribution
of open and closed spaces from small and large circle evaluation angles respectively. To produce more
complex curves they experimented with paired arcs
directions and then introduced three types of behaviors relevant to one, two and four points that aﬀect
the evolution of the curve. In case of one point, the
line segments steer every n deﬁned steps towards it
and for two points, they orient parallel or perpendicular to the axis formed by the two points, with

the orientation imposed according to the distance of
the end point of the curve to the axis. Same applies
in case of four points, where the axis is replaced by
the boundary of the four points along with a point
in curve containment check, which makes sure that
curve evolution will steer toward the boundary if
found outside of it.
Team03 using loops created multiple curves that
attempted to represent the two chosen plan parts of
Igualada Cemetary. It is the only team of the course
that studied and experimented with emergence and
after heavy tweaking of all three types of curves generation methods, they proposed through a manual,
admittedly not very clear, selection strategy, a vocabulary of curves, with four subtypes encompassing
four templates of spatial organization properties. The
resulting curves, according to their type and subtype,
are illustrated in Figure 9.

Figure 8
Team03 - Curve
emergence rules

Figure 9
Team03 - Curves
types & subtypes Selected results
with spatial
distribution
qualities

DISCUSSION
Investigating alternatives in solution design space,
reﬂecting on, modifying and iteratively reﬁning the
design outcome are common aspects of most architectural design processes, but we argue that working with parametric models introduces signiﬁcant
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and qualitative diﬀerences in workﬂow and in design
thinking. Like the projects that we presented, such
design practices seem to point to a shift from the
concept of form and its representation, to the concept of formation, i.e. the mechanism, the performative process of form generation and self-organization
(Ahlquist and Menges 2011) (Oxman, 2006). This concept seems to have been well understood by the
students, since their ﬁnal presentation showed that
they managed to deﬁne parametric relationships, author deﬁnitions with native components and plugins,
setup kangaroo simulations, etc. They also applied
speciﬁc, per design challenge, logic combined with
collected or created information to form coordinated
design processes, that would answer to speciﬁc architectural problems. In the end they communicated
the design process and results successfully with diagrams and plans in clearly structured presentation
boards, supported by video and gif images.
Team01 showed a good grasp of the function of
the grasshopper deﬁnitions they used (though not
all created from scratch), in relation to their design
objective. This was evident by a fair application of
Frei Otto’s minimized detour path system (its computational version), combined with a productive bidirectional process of analyzing and interpreting data
which were embedded in the parametric model to
assess and analyze targeted features of the design results, thus achieving the campus network optimization goal. The project of Team02 showed that designing with parametric models can solve complex architectural problems, in various scales, from urban strategy plans to urban equipment. Again, having a good
grasp of the computational version of Frei Otto’s system, the team implemented a design strategy that
allowed for both global and local interventions to
take place, using parametric models that were fed
with information and constraints from the urban network and the varying spatial qualities of the city. The
project of Team03 did not lead, as intended, to a ﬁnal
set of output forms that resembled the plan curves
of Miralles and Pinos’ Igualada Cemetary; yet the iterative process they implemented showed a further

potential of computational design, i.e. its explorative
nature which ”is not limited but enabled by the inherent ﬁniteness of algorithmic procedures” (Ahlquist
and Menges 2011). The team’s deﬁnitions relied on
feedback loops, to allow for emergence, i.e. multiple
unpredictable outcomes, admittedly having less control over the ﬁnal form that however complied with
the embedded instructions of the parametric model.

CONCLUSION
Compared to our previous experience in the master’s
course in 2015 we observed that undergraduate students have less preconceptions and are more open
to learn methods, diﬀerent from the traditional ones
(see also Iordanova 2008). We recognized two types
of student accumulated knowledge. The ﬁrst type
are students that can navigate through and modify
implemented by others Grasshopper deﬁnitions, adjust parameters and generate outcomes according
to the design process. They can work with computational analysis tools and interpret the results. The
second type are students that can additionally design code from scratch and feel more comfortable expressing themselves computationally. This raises the
question how these two types occur and how can
this dichotomy be resolved. Going through the delivered deﬁnitions and analysis ﬁles of the course we noticed that ﬁrst type students did not fully understand
the concept of data trees in grasshopper and did not
understand completely how many algorithms work
and where to apply them. This also became evident
with cases in the initial small assignments, where students applied voronoi and octree components to create “interesting” geometry rather than partitioning
space, faster spatial queries or data structure representation. Like Austin and Qattan (2016) argue “the
issue with algorithmic andragogy within architecture
is that quite advanced programming concepts are required to produce quite basic visual outputs”, something that grasshopper components can bypass, only
to further contribute to the problem. To address
this we are planning for the next course to focus,
with newly implemented assignments, more to the
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understanding of concepts like data structures, program composition, and logic, aiming to diminish the
“production without comprehension” (Senske 2014)
(Pea 1984 cited in Senske 2014). We are not sure if
these assignments should exclude architecture completely, but we agree that in an algorithmic design
course students should, within reasonable expectations, practice solving problems rather than following through a problem (Austin and Qattan 2016), that
are up to a certain degree connected to architecture
(Iordanova 2008). We are considering to allow more
than three hours to the ﬁrst three course sessions,
that establish the understanding of basic computational thinking. In smaller sessions we observed that
students needed a long recap of previously explained
and understood concepts, which were not applied
in practice due to lack of class time. Lastly, we plan
to adopt Senske’s (2017) pair programing method,
where class time is an active, rather than passive, experience with students working in pairs, one scripting and the other guiding the process.
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The almost seamless integration of computation, fabrication and immersion
technologies in architecture not only constitutes potentials for exploring design
instances through multiple media but also changes design paradigm from
form-formation to form-formation-exploration. In this sense, multiverse of design
as proposed in this study and integration of various design technologies from
virtual to real aims to advance higher order thinking skills and a more exclusive
design exploration in computational design process. Undoubtedly, the multiverse
of design cannot be handled without emerging technologies temptingly easing
fabrication in both physical and virtual realms. On the other hand, such
technologies can easily be deceptive in regard with scale, choice of material,
details and etc.Therefore, how and which modes of exploration (physical or
virtual) should be integrated into the design process is critical. ``Exploration of
design'' in the realm of new technologies does not only connote a formal
exploration of design and its performance but it also becomes a way
learning/thinking of design enhancing critical thinking and constructivist
learning. Within the scope of this study, the multiverse of a form(ation) is
explained throughly and examplified through snowflake pavilion which is issued
to 4th year and graduate students in the scope of an elective studio course.
Snowflake pavillon comprises physical, virtual and mapped reality as a triskelion
for immersive experience for visitors.
Keywords: Virtual Reality, Augmented Reality, Physical Reality, Fabrication
Technologies, Multiverse of Design

INTRODUCTION
“Architects use concepts about space to solve problems and to form designs. A design concept is the
manifestation of the basic instability of our mental
performance: it is a makeshift that provides general

direction for exploration. In synthesis architects explore concepts by inventing transitions that conclude
to the description of artifacts” (Kotspoulos 2005)
The impact of computation, fabrication and immersion technologies (VR, AR) in architecture has
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been observed in many ways and at diﬀerent scales.
Almost seamless integration of these technologies
oﬀers great potentials in design and to designer
(Sorguç et al. 2017). Today computational design
cannot be thought without considering the proper
fabrication technologies and the modes of exploration. Hence designers have more means to “form
design” and many artifacts exhibit how the design
paradigm has been changing from form-formation
to form-formation-exploration. This possibility of exploration of any instance and any state of the design
through multiple media oﬀers a new understanding,
perception and cognition of the space. In this vein,
the whole design process which is manifested in a
multiple way can be considered as the MULTIVERSE
of the form(ation) itself. Hence today what is experienced through new digital design, fabrication and
immersion technologies broaden our understanding
of design process and the space itself.

THE ROLE OF DESIGN AND FABRICATION
TECHNOLOGIES
Research on CAAD technologies with the advents of
new design and representation means like AR and
VR broadens its extend by focusing on physical, virtual and cognitive dialogues between human, computer and the design as well. Especially the use of VR
technologies in architectural design is very promising enhancing learning and thinking the design process through media interaction. Learning/thinking
through media (any soft or hard models) interaction
is not a separated step which happens after thinking, but it denotes the notion of experimentalism,
play and constructivism (Ataman and Lonnman 1996;
Neiman and Bermudez 1997).
The concept multiverse of design as proposed
in this study and integration of various design technologies from virtual to real aims to further develop
higher order thinking skills in computational design
process. Active engagement of designers into all
phases of design process through continuous interaction of any instance of their design involves thinking and practice simultaneously. In the realm of com-

putational design process, and its multiverse virtual
reality implies more than the use of computer graphics and various human-computer interaction devices
in a virtual environment, but it becomes a valuable
mean to further explore multi-dimensional, dynamic
and generative computational design process in an
immersive way. The possibility of visualizing any
information or a dynamic relation between multiple variables/parameters by visual, auditory or haptic
representations, allow its users to explore and interact with the any instance of design(or formation process) in real-time. Hence the inclusion of immersive
experiences brought by VR and AR technologies introduce a new way of spatial cognitive experience as
a complementary design tool or a mean for any time
exploration of the design/space itself extending the
boundaries of the formation process.
Another important issue as acknowledged by all
the computational design community is the dialogue
between soft model and its fabrication/construction.
The transformation from digital to physical in complex forms is not an easy process especially when different modes of production are employed. In most
cases, an iterative process between the soft model
and the physical one is unavoidable. Hence, developing various models in diﬀerent scales and in diﬀerent
media with diﬀerent fabrication technologies (additive, subtractive or hybrid) is a common practice as a
part of the current design activities.
The possibility of transforming any instance of
design from immaterial to material acknowledges
any instance of design process as “the ﬁnal design/artefact” in its own complexity which can be fabricated easily. However, the tempting ease of using
several rapid fabrication technologies and their versatility can easily be deceptive in regard with scale,
choice of material, details and etc. Similarly, VR
and AR technologies provide an illusive medium for
which the material and physical constraints do not
exist. Yet, such forces are directly shaping the immersive experience.Therefore, how and which modes of
exploration (physical or virtual) should be integrated
into the design process is critical to avoid any mis-
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Figure 1
a) Snowﬂake
morphology, b)
Unit variations
learned from
snowﬂakes

leading experience. In that sense design process becomes more extensive by redeﬁning representation,
interaction and experience and thus design exploration.
Hence “exploration of design” with the advents
of new technologies does not only connote a formal
exploration of design and its performance but it becomes a way learning/thinking of design enhancing
critical thinking and constructivist learning. The presence of designer from screen to immersion into the
virtual reality has a strong inﬂuence not only in the
design process but also on the modes of learning.
Although parametric design with all means is already a common practice, transformation of “form
to formation” is still an intriguing issue in which the
initial form, as we may call form at t=0, plays a crucial role in the diversity of the outcomes (i.e. all the
t instances of the design process in digital or physical media). t=0 form in parametric design is not a
mere beginning of the design process but also it constitutes a reference system in which all the parameters, their relations and thus the main concept of
the design are embedded through this t=0 form. In
a broader sense, t=0 form is the new reference for
space exploration in the parametric design process.
How designers can decide on the t=0 moment of the
design process and the related initial state of the form
from which the whole design process is to be built on
still remains a major discussion and subject of many
types of research.
As it is brieﬂy explained above, today parametric design process should not be considered without including the fabrication processes and its exploration by diﬀerent means. Hence “Form to formation” and “digital to material” transformations should
be revisited regarding their diﬀerent instances like
form(ation) at the initial state, form(ation) at any
instance of design processes and the form that is
preferred as the ﬁnal artifact together with possible
means of conveying (Kolarevic 2003).
The idea of the multiverse of a form(ation) is explained in the following design, and construction of
the snowﬂake pavilion which is issued to 4th year and

graduate students in the scope of an elective studio
course.

SNOWFLAKE TO PAVILION
Students are asked to design a pavilion which is capable of adapting itself to diﬀerent locations and
environmental conditions. They are also asked to
develop the pavilion in a biomimetic perspective
(Benyus 2002; Knippers et al. 2016; Speck et al. 2017).
Examples from nature, (animate or inanimate) is a
very valuable asset to deﬁne the t=0 form and the
related computational design process. Accordingly,
the snowﬂake is given as the initial reference for their
studies. As the initial reference proposes a t=0 reference to the students, it also provides a wide range
of formation references with various morphologies
of diﬀerent snowﬂakes. Therefore the morphologies
are examined and major features like symmetries,
branching and their variations in relation to environmental changes are used to deﬁne the initial state
and design process.
Students used paneling method to cope with the
issued pavilion task by dividing full size model into
smaller units. Both units and overall form are gen-
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Figure 2
Adaptation of
snowﬂake units
according to forces
of the environment
based on
interpretations
deﬁned by the
students

erated based on the analysis and simulation based
on snowﬂake unit and behavior. They approached to
snowﬂake to comprehend its crystallization process
by analyzing its changing morphology through time
(Figure1a). Decoded 2-dimensional morphological
patterns are mapped into 3-dimensional unit variations (Figure1b) which come into scene on the surface of the pavilion according to forces of the environment based on interpretations deﬁned by the students (Figure2).
The environmental forces have also an inﬂuence
on the overall form of the pavilion which is deﬁned at
the t=0 moment as a basic shell with all possible instances in diﬀerent locations in the university along
with the radiation analysis (Figure3).
Then, according to the environmental forces and
changing morphology of the pavilion, units are determined and adapted. The resultant instance of the
pavilion is generated in diﬀerent media: digital, physical, virtual and mapped realities which can be seen
in Figure4.
Through the snowﬂake pavilion, students had
chance to explore various modelling, simulation and
manufacturing software along with diﬀerent modes

of production such as prototyping, VR, and video projection. In the course of implementation, Rhinoceros
is used for modelling and detailing, Autodesk Maya
and Unity are employed for VR and Autodesk 3ds
Max and Adobe After Eﬀects are utilized for video
mapping. Moreover, adapting the model into diﬀerent media along with various environments leads the
students to revisit the design process especially the
decisions made during the t=0 moment.
The snowﬂake experience was shared with the
members of the faculty, with many visitors and invited guests to observe, compare and understand
the impact of both physical and virtual immersive experiences on users.

CONCLUSION
It is seen that, the multiplicity of the design and exploration environments (from scale models to full
size, from real to virtual) and possibility to explore
them all at once i.e. the multiverse of the snowﬂake
pavilion brings a broader spatial experience to both
designers and visitors. While the built pavilion exhibits one of the possible instances of the formation
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Figure 3
Instances of
Snowﬂake Pavillon
for diﬀerent
locations and
radiation analysis
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Figure 4
Diﬀerent modes of
representation:
Physical, mapped
and VR

process, in VR and AR many instances of the pavilion
is experienced in an immersive way allowing to experience temporal and spatial changes. Video mapping
process included in the design oﬀers a new way of interaction/inquest of form of the pavilion rather than
the contained space in it. It is seen that the culmination of diﬀerent experiences of the snowﬂake pavilion result in a diﬀerent spatial cognition and understanding of form(ation) process.
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The paper discusses the methodology, educational process and design outcome of
the studio course ``Furniture Design with Digital Media: From Design To
Production'' which took place at International Hellenic University in
Thessaloniki, Greece. 20 students and young professionals participated in the
course working in teams to produce a series of models which would later develop
into a full-scale furniture piece. The workshop aimed to offer an experiential
learning opportunity, showcasing the entire digital workflow employed for
furniture design, from design to production. The design methodology employed
digital design strategies, linked with material constraints, optimization and
adaptation of the design for digital fabrication equipment. This educational
experiment led to the production of a full-scale furniture prototype which was
digitally fabricated and is currently on exhibit at the premises of the International
Hellenic University in Thessaloniki.
Keywords: furniture design, parametric design, digital fabrication, experiential
learning , CNC milling

INTRODUCTION
The studio “Furniture Design with Digital Media: From
Design To Production” was organized by the Strategic
Product Design program and the Life-long learning
cluster of the International Hellenic University and
it took place at International Hellenic University in
Thessaloniki, Greece. The participants were a mixture
of people with completely diﬀerent backgrounds,
ranging from architecture, to mechanical engineering, wood technology and automation. Some of
them had a previous working knowledge of 3D modeling in Rhino, very few of them had previous experi-

ences with parametric modelling in Grasshopper and
a small percentage of the participants had ﬂuency
in the use of CNC machinery and other woodworking equipment.The workshop aspired to oﬀer a short
but intense experience of the entire digital workﬂow employed for furniture, from design to production. The intensive hands-on workshop was structured over two consecutive weekends, dedicating
the ﬁrst weekend to the design and prototyping with
the use of digital media, while the second weekend
was reserved for the full-scale fabrication of the furniture piece. After a brief introduction to furniture de-
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sign, ergonomics and anthropometrics, the students
received a basic tutorial of Rhino 3D and immediately jumped into the digital design of their furniture
piece in the digital environment. At this stage most of
the students worked individually or in small teams of
two to produce furniture proposals which they would
later fabricate as scaled models. The aim was to address the multidisciplinary aspect of furniture design
with digital media, encouraging the participation of
the interdisciplinary team of students and young professionals, introducing digital methodologies for the
design to production workﬂow, engage in digital fabrication and physical testing of scaled prototypes and
eventually designing in detail a full-scale prototype
that would be assembled on the last day of the studio. The workshop aimed to explore a new hybrid design methodology where “the investigation of ideas is
fully engaged with the tactile, physical nature of architecture and building processes” (Sheil, 2005).

ON CONSTRUCTING NEW KNOWLEDGE
The Concept of Mind and Learning by Making
In his seminal work “The Concept of Mind” (Ryle and
Dennett, 2000), British philosopher Gilbert Ryle, objects to the Cartesian duality of body and mind. He
suggests that mental processes cannot be isolated
from physical processes and places special emphasis on the distinction between “knowing how” and
“knowing that”, which is of great importance for design education. The physical act of model building
for instance directly relates to the above, as the student physically engages in the activity. With regards
to teaching, Ryle explains that “we are much more
concerned with people’s competences than with their
cognitive repertoires, with the operations than with the
truths that they learn” (Ryle and Dennett, 2000).
During the last decades, in particular with the
rise of digital technologies, there is a growing acceptance of learning-by-making within design education, it is understood that knowledge is a consequence of experience and that the role of technology is signiﬁcant in the construction of knowledge

(Stager, 2014). The school of thought of learning-bymaking goes back to great historical ﬁgures such as
Leonardo da Vinci who is considered to be among the
greatest makers of all time. Within the same lines,
Pestalozzi (1746-1827), inspired by Rousseau, advocated that learning resulted from the learner’s ﬁrsthand experiences and self-activity, favouring things
and deeds over words (Martinez and Stager, 2013).
Taking this theory one step further, Seymour Papert
from MIT Media Lab, being one of the leading ﬁgures of active learning, was a supporter of the idea of
learning by actively constructing knowledge through
the process of making and sharing both the artefact
and the knowledge. (Papert, 1994, 1993).

Project Based Learning
Project based learning has been established over the
years as the main approach in architectural education (Dutton, 1991; Hejduk, 1991; Kuhn, 2001; Pearce
and Toy, 1995; Salama and Wilkinson, 2007; Spiller
and Clear, 2014). For architecture and more generally for design disciplines the biggest portion of the
curriculum is studio based, with students learning
through the development of a design project. Collaborative design workshops are structured as an interactive bottom-up process where the educator is
present and constantly alert and ready to “seize the
teachable moment”. It is about shifting agency to the
learner, rather than correcting during the learning
process. Particularly for experimental teaching studios, which often fall outside the students’ comfort
zone, outcomes are not as expected - surprises, uncertainty or fabrication constraints occur. Within this
realm students need to “reﬂect” on their actions, on
the spot, so they can still have an impact on the outcome. Depending on the circumstances students are
trained to develop their “reﬂection-in-action” (Schon,
1984) taking into consideration a multiplicity of factors (digital and physical) ranging from computational constraints and algorithms to actual material
performance and construction workﬂow.
The experimental furniture design studio that is
presented in this paper combines principles from the
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active learning and project based approach. The students work in groups, they learn to work independently and build the necessary skills for completing
the project, in this case the design and construction
of the furniture piece. While the task of design is an
open-ended question, the fact the design proposal
needs to be constructed poses a series of new problems that relate to fabrication strategies, eﬃcient use
of material, and structural performance among others. Therefore the students are presented with central problem of “how to make it stand” that oﬀ course
can be solved in several diﬀerent ways.
Figure 1
Kolb’s Experiential
Learning Cycle Image source: Kolb
and Kolb, 2009

The Experiential Learning Theory Model
One of the most relevant learning models that has
been extensively used to understand and evaluate
this participatory educational experiment is Kolb’s Experiential Learning Theory (ELT) model. Also known
as Kolb’s Cycle (Figure 1), this model acted as a reference methodology to ensure that the student experience would lead to the acquisition of new knowledge. Only experience that is reﬂected upon can
yield new knowledge, according to Kolb, “Learning
is the process whereby knowledge is created through
the transformation of experience” (Kolb, 1984). The famous model developed by Kolb and Fry comprises of
4 elements: concrete experience, observation and reﬂection, the formation of abstract concepts and testing in new situations. This model is widely known as

the Experiential Learning Cycle. As Kolb explains “The
ELT model portrays two dialectically related modes of
grasping experience-Concrete Experience (CE) and Abstract Conceptualization (AC) – and two dialectically related modes of transforming experience-Reﬂective Observation (RO) and Active Experimentation (AE)” (Kolb,
2009).
This scheme should be seen as a conceptual spiral, a feedback loop, where each stage inﬂuences the
other. However, the process of learning often commences with a particular action whose eﬀect is the regarded within the given situation (CE). The next stage
would be to comprehend this eﬀect in the speciﬁc
instance with the aim to be able to anticipate what
would follow from an action if that would take place
in the same circumstances (RO). In this fashion the
following step would be the conceptualization and
discovery of the general principle under which the
particular instance falls (AC). When the general principle is understood by the learner, the following stage,
according to Kolb, would be its application through
a new action in a new circumstance (AE), therefore
generalizing the knowledge gained; the four stages
could be summarized in a sequence of actions: “DoObserve-Think-Plan”. After several iterations of the 4
stages (Jabi et al., 2013) of the Experiential Learning
Cycle, the learner is able to anticipate the possible
eﬀects of the actions taken within a given context.
Kolb’s model is still very topical, several researchers of
architectural education refer to Kolb’s cycle of experiential learning for the teaching of architecture (Sara,
2011; Tucker, 2008). Particularly for construction experiments, Kolb’s model proves to be a great reference both for setting up the educational process as
well as for evaluating its eﬃcacy.

WORKSHOP METHODOLOGY
CAD-CAM processes and the production of
scaled models
After a series of introductory lectures on furniture design by a team of design experts in the ﬁeld of furniture design, the participants embarked in a hands-on
exploratory design phase, where digital and ana-
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such as ergonomics, aesthetics, functionality, material use, CAD-CAM processes among others. As the
design proposal was to be fabricated in full scale, already from early design stages the logistics and design requirements relating to the fabrication equipment, the assembly and joinery were present in the
sketches. For this ﬁrst phase of the workshop, the
students produced scaled prototypes in 1:10 or 1:5
of the furniture pieces they designed (Figure 2). As
Iwamoto eﬀectively explains in the book Digital Fabrications, “decisions as to which machine and method
to use must marry design intent with machine capability” (Iwamoto, 2013).
The production of scaled prototypes oﬀered an
insight into material properties, structural performance and technology, assembly sequence and the
logistics of construction, which are key factors that
would inﬂuence construction during the later stage
of 1:1 production. The design proposals were examined with regards to their aesthetic value, functionality and constructability and the ﬁnal design of the furniture piece emerged within the group in a bottomup process by combining design ideas found in the
scaled models and incorporating then into a freeform parametric model. This collective design process led to an architectural artefact that embedded
multiple hierarchies of design decisions within one
continuous furniture piece incorporating local mutations and diﬀerentiations of the form to respond to
ergonomics and aﬀord multiple habitation scenarios.

Design of the ﬁnal piece and CNC fabrication of the components

logue sketches coupled with physical modelmaking
counter informed the design proposals. This initial design charrette led to the generation of seven
furniture design proposals that took into consideration a number of diﬀerent design parameters,

The geometry that emerged through this participatory design process was parametrically deﬁned and
optimized for CNC fabrication, aiming at minimum
material waste, maximizing the volume and sitting
area while remaining within the budget constraints
that were set by the university and construction partners. The feedback loop of design modiﬁcations,
analysis and optimization was an empirical process
were students and educator would collectively suggest and discard design decisions, oﬀering a very
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Figure 2
Two of the
produced scaled
prototypes

Figure 3
Laser cut pieces of
the scaled model
before assembly

Figure 4
Scaled model of the
furniture piece

valuable educational opportunity for design rationalization based on multiple parameters.
The parametric model embedded all construction parameters, the sourcing and processing of different materials (timber, steel rod reinforcement,
washers, connectors) taking into consideration the
available sizes and quantities, the CNC milling time
required for each piece, and a comprehensive alphanumerical tagging of both timber and steel parts
to facilitate the assembly process aiming at the reduction of possible mistakes. 66 timber components
in total and approximately 250 spacers were to be
CNC milled and sanded. These were to be assembled
together with the use of steel rods which were precut to size according to the Rod Inventory directly extracted from the parametric deﬁnition.
Figure 5
CNC milling of the
components

decision was fed into the parametric model and automatically updated the nested cutting pattern saving
time and ensuring the stability of the pieces.Similarly
for the spacers, another CNC milling strategy was
adopted. The hole and outline of the spacer was
not cut through to the complete depth (21mm) but
carved the wood up to a depth of 20mm, leaving
one millimeter of “skin” to hold the pieces together.
The pieces were then secured with polyethylene
tape and passed into an automatic sanding machine
that would eliminate the remaining “skin” producing ready-made sanded spacers. In the absence of
the aforementioned ad hoc arrangements, the CNC
milling would not had been cost and time eﬀective,
the cut pieces would jump out of the machine and
the participants would have spent a signiﬁcantly increased amount of time for the manual ﬁnishing of
the pieces.

Assembly of the full-scale furniture piece

The design and construction of the furniture piece
proved to be a highly participatory activity; there was
knowledge exchange and interdisciplinarity, which
enriched the CAD/CAM workﬂow of this design experiment with practical advice and ad hoc solutions.
For the CNC milling, due to the restriction that CNC
bed had only lateral grips and no vacuum table (Figure 5), an ad hoc solution was adopted to avoid
the movement of pieces. The CNC mill would not
cut through the entire perimeter of each piece, but
the cutting pattern modiﬁed so as to leave some
“bridges” which would be cut half-depth to hold the
piece in place during milling. The bridges would then
be removed manually and thoroughly sanded. This

The assembly of the ﬁnal piece took around 3 hours.
Each of the 66 wood components was numbered and
stacked in groups of ten and each of the 22 threaded
steel rods were cut to size according to the Rod Inventory extracted from the parametric deﬁnition in
grasshopper (Figure 6). The systematization of pieces
prior to assembly saved a lot of construction time
and further facilitated the assembly logistics to avoid
mistakes. The assembly started from left to right according to the sequence that was also followed for
the 1:10 test model (Figures 3-4). The 3D model
was consulted during the assembly in order to locate
each numbered rod to go through speciﬁc numbered
components (Figure 7). The end of each rod was secured with a double bolt. In between the components round plywood spacers would regulate the distance among components and would hide the steel
rods.
The multidisciplinary background of the workshop participants was extremely useful for this collective design to production process. In particular
students with engineering background would oﬀer
their expertise with regards to the reinforcement of
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Figure 6
Assembly process

the furniture piece with rods, to ensure stability as
well as the relevant distances. The engineering input was also very important during the actual assembly, as the components were settling into position
due to the fastening of the bolts. Some of the bolts
were more fastened than others to permit movement
during the assembly and all of them were fully fastened when the construction process was over. The
wood specialist among the team oﬀered their expertise about wood processing in general throughout
the entire process and oﬀered crucial remarks about
areas that a wooden piece might fail, how to protect the wood from the distortion induced by the fastened bolts and how to assure the endurance and visual aspect of the ﬁnished piece. As a general remark
we could say that decision making and the actual
workﬂow would not have been so eﬃcient without
the participatory approach and multidisciplinary input on each stage of the design to production workﬂow.

Evaluation of the workshop
The evaluation of the workshop was based on one
hand on the systematic observation of the students
and their learning process and on the other hand
on an anonymous questionnaire that the participating students have answered upon completion of the
aforementioned courses. Each of the above methods
would evaluate diﬀerent aspects of the process, encompassing both quantitative and qualitative data.
The observation conﬁrmed the hypothesis that students are more engaged than usual when hands-on
exercises take place. From an educator’s point of
view, one would say that they were during most of

the time in the “Flow Zone” which propelled their creativity giving rise to innovative designs. The students
were actively engaged in the course asking questions
and experimenting. The observation of their day-today progress revealed great progress in their design
thinking capabilities as well as mastery of the necessary digital tools. Most students had experienced a
phase of confusion in the beginning of the creative
process, coupled with the diﬃculty of familiarization
with new digital media. Later phases of the workshop
were much more ﬂuid and productive.
The anonymous questionnaires that were ﬁlled
up by the participants at the end of the workshop
aimed to address additional issues and gather information that was not easy to obtain from mere observation, and also reconﬁrm some of the observations by directly asking the students about their experience with digital and physical media. The questions were formed based on the methodology suggested by researchers engaged in the Scholarship
of Teaching and Learning (Bishop-Clark and DietzUhler, 2012). In order to identify successful practice, the questionnaire, apart from rating certain aspects of the workshops using the Likert rating scale,
asked students to pinpoint which particular features
were important to the learning (Bishop-Clark and
Dietz-Uhler, 2012). It was therefore possible to gain
an insight into the students’ point of view, conﬁrming initial hypothesis that active involvement and actual making enhances the knowledge and creativity. When students were asked to identify which
features of the course were most important to their
learning, most of them pointed out the combination of digital and physical media. This conﬁrmed
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Figure 7
The constructed
furniture piece and
its respective
grasshopper
deﬁnition

the initial hypothesis that students learn more effectively when they are able to connect knowledge
and methods. In particular they rated as very positive the use of hands-on exercises highlighting the
importance of tacit knowledge which becomes of
particular signiﬁcance in the ever evolving computational design scene. Students aﬃrmed that software
tutorials would help them overcome initial diﬃculties, however the self-discovery of concepts through
guided exercises and tasks would help them assimilate the new knowledge.

CONCLUSIONS
Participative construction experiments, like the
aforementioned furniture piece (Figures 8-9), aspire
to oﬀer multiple learning opportunities, they encourage the shift from passive listening to active learning,

with the aim to produce new knowledge through active engagement in a broad spectrum of mental and
physical activities. The workﬂow employed and the
constant input of the participants is in accordance
with the current trend in design disciplines which
rejects the role of the architect as solitary genius, and
encourages the contemporary idea of collaborator.
William Carpenter in his book Learning by Building
(Carpenter, 1997) highlights the importance of craft
in architectural education. He claims that this type of
experiences inspire architects and artists to see construction as a creative act and draws upon examples
from the work of renowned artists such as Richard
Serra and Donald Judd.
The furniture design studio was a bottom-up participatory process which promoted discovery praising the belief that self-guided learning pedagogies
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are of a very high educational value (Kolb, 1984). The
experimental and collaborative character of the digital furniture studio reconﬁrmed once again the value
of experiential learning and project-based learning
for design education. By observing at the entire
workﬂow for the design and construction of the furniture piece, we can strongly aﬃrm that decision making and the design of the process would not have
been so eﬃcient without the participatory approach
and multidisciplinary input on each stage of the design to production workﬂow.

The educational experiment has addressed both procedural (knowing-how) and declarative (knowingthat) models of knowledge acquisition, as students
proceeded in developing their test models, they
would gain an insight on how to make a structure
stable, what parameters they need to consider, how
they can achieve a seamless transfer between the design and construction process. What was of particular interest was the fact that the initial scaled models brought up all issues of material processing, labelling, joinery, economy and assembly. Therefore
when designing the full scale prototype, students
were already aware of the critical points that should
be fulﬁlled by their design in order to produce a feasible concept and proceed to its actual fabrication.
During the teaching process Kolb’s experiential
teaching methodology was used as a means of validating the experiential teaching strategy. During
the design and construction of the furniture piece

there were several iterations of Concrete Experience
(CE) Reﬂective Observation (RO) Abstract Conceptualization (AC) and Active Experimentation (AE) (Kolb,
1984). As it involved a mixture of digital and manual activity, the participants had the chance to obtain tacit knowledge about wood and construction,
while in several critical points they would take design
decisions while “reﬂecting-in-action”. The multidisciplinarity among the team members also proved of
great value, as the participatory character of the exercise was further enhanced by the diversity of skills
and expertise, in agreement with Robinson’s assertion that “most great learning happens in groups” and
that “collaboration is the stuﬀ of growth” (Robinson,
2010). With regards to the digital media used for the
design and construction of the furniture piece, it was
seen that once again three-dimensional computer
modeling and digital fabrication have energized design thinking and expanded the boundaries of architectural form and construction. As Iwamoto explains “The projects center on a mode of inquiry whose
method of making ultimately forms the design aesthetic” (Iwamoto, 2013). The educational experiment
on furniture design with digital media gave overall successful results with regards to the project and
learning process within the aforementioned digitalanalogue set-up. Several of the hypothesis concerning hands-on learning approaches have been conﬁrmed yet there is still a long way to go with great
opportunities for improvement and cross fertilization
among thinking, making, teaching and designing.
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Figure 8
The assembled
furniture piece

Figure 9
Furniture detail
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This study constitutes the first step of a broader PhD project, which aims to build
a bridge between the architectural and the juridical examination of the typicality
of low-income settlements within the city of Rio de Janeiro, the favelas. The
purpose is to define a rule-based typological analysis to ease the process of
evaluating the typicality of favelas and the possible, desirable form of its
regularisation. This objective strives to equip all the actors involved in the debate
with an analytical device able to represent the socially acknowledged, yet
unofficial, rules that have been moulding favelas so far. By this means, this study
tests shape grammar as a methodology for approaching this interdisciplinary
issue. A shape grammar for a first case study, Parque Royal favela, located in the
Governor Island, is presented. As preliminary results of the research, the paper
encompasses the three early stages of construction of the case study: invasion,
expansion and consolidation.
Keywords: favelas (slums), urban regularisation, Rio de Janeiro, shape
grammar, typology, master plan implementation

INTRODUCTION
Context
According to the last Brazilian census, the population
of Rio de Janeiro’s low-income settlements, ”favelas”,
constitutes the 22% of city dwellers [1], namely 1,5
million. Thus, the territory of Rio’s favelas represents
the 10th most populous city in Brazil. These numbers
alone explain why one of the main issues of Rio as a
city is the issue of favelas (Magalhães 2017). In fact,
since 1992, Rio’s master plans established that legal
codes, regularising and protecting the typicality of
occupation of favelas had to be developed. With this,

the master plans deemed that, for the city planning
system to be consistent with the democratic, participatory rights, it had to encompass the typicality of
favelas among the urban coded types. However, in
practice, this did not materialise, as standard-based
codiﬁcation turned out to be unsuitable to describe
and regularise favelas (Magalhães 2010).

Problematisation and relevance
The master plan guidelines stated an interdisciplinary problem between the lines, raising the question of what instruments could eﬀectively evaluate
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and translate the complex typicality of favelas into
an encompassing legal code. This problem concerns
many urban disciplines like planning, sociology, jurisprudence, but also architecture. Indeed, to codify
the typicality of favelas means to de-code the concreteness of their architectural space, as well. Nevertheless, to the knowledge of the author, there is virtually no literature dealing with this problem in architecture. In this sense, this research aims at ﬁlling this
critical gap.

Aim
This study constitutes the ﬁrst step of a broader PhD
project, which aims to create a linguistic bridge between the will of jurisprudence, to formally include
the typicality of favelas in the planning system of
the city, and the architectural examination of typicality, namely the typological analysis. This objective
strives to equip all the actors involved in the debate
about how to regularise favelas (e.g., dwellers, institutions, academics) with a graphic and analytical instrument, for evaluating the current typicality of occupation and its possible and desirable forms of inclusion within Rio’s planning system. By this means,
this study aims to test shape grammar as a methodology for visually analysing and de-coding the typicality of favelas. Thus, a shape grammar for a ﬁrst case
study, Parque Royal favela, located in the Governor
Island, is presented.

Hypothesis
The study is based on the hypothesis that shape
grammar formalism can be a consistent methodology to examine and translate the typological analysis of Rio de Janeiro’s favelas into an encompassing
discursive code.

Structure of the paper
The paper is structured in four parts to present the
case study, as follows. First, the state of the art
stresses previous shape grammar and procedural
modelling applications to unplanned settlements,
with a focus on Rio de Janeiro’s case studies. Second,
the methodology points out the diﬀerences between

the morphological approaches described in the state
of the art and the methods and matrix of analysis applied in this case study. Third, the grammar description illustrates the outcomes of the shape grammar
application through three stages: invasion, expansion and consolidation. Finally, in the conclusions,
results are discussed for their ability to respond to
the purpose of the study and further developments
of the research are indicated.

STATE OF THE ART
The literature review shows that there is virtually no
architectural research dealing with the legal codiﬁcation of Rio de Janeiro’s favelas. So far, architectural theory and practice regarding slum-like districts
in Brazil have been focusing mainly on analysing
morphology and deﬁning computational generative
models from it. In 2014, Buehler and Oberhaenslia
[2] developed a computational model representing
Brazilian favelas using CityEngine, to test and show
the possibility to use CGA code for 3D generation
of informal settlements. The authors pursued their
goal by examining the images of favelas in search
of their morphological essence [2]. Almost at the
same time, shape grammars have been developed
for slum-like districts (see Barros et al. 2013), some of
which encompassing two case studies among Rio’s
favelas (Knight 2014; Dias 2014; Verniz and Duarte
2017). These shape grammars shared the common
aim of designing new settlements, or models of intervention for urban renewal, within the same urban local language. For this reason, the objective of
these applications was to ﬁnd a posteriori a generative model out from the examination of the morphology of the selected case studies.

METHODOLOGY
Unlike the CGA code and shape grammars cited in the
previous section, this study aims to analyse and decode not a morphological model, but the typicality of
occupation of favelas. The diﬀerence is essential. The
works of Rossi (1966), Vidler (1998) and Lee (2012)
explain why. Indeed, models strive to deﬁne mor-
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phology in detail, to reproduce or recombine it. Differently, the examination of what is typical looks for
common features, constants, between a series of similar morphologies. Consequently, typology vaguely
describes shapes. Indeed, while details solve spatial
issues on a case-by-case basis, constants/typicalities
bring to light widely acknowledged spatial representations of the collectivity. Thus, types represent the
spatial ideas that structure the government of urban
spaces, its politics, through the construction of architecture. For this reasons, the typological analysis
is chosen to consistently deal with the stated master plan policy and legal problem. Furthermore, despite the diﬀerences stressed with the previous examples, shape grammar is selected as the methodology to visually de-code the typological analysis of
the presented case study. Indeed, variations on the
rule-based interpretation, order, purpose or design
theory, allow diﬀerent kind of analysis to use shape
grammar formalism. In fact, shape grammar is chosen because it perfectly matches with the stated legal
problem, as it allows to represent shapes and rules
visually (Knight 2014) and to merge complementary
features of the same typology in an ordered set of
rules (Duarte 2001). Finally, the use of CGA code
could be, in a future computational implementation
of this project, a consistent tool for evaluating and
applying its expected outcomes.
The presented study complies with the method
deﬁned by Stiny (1980), to build a rule-based shape
grammar for the selected favela, following:
• interpretation of the language (both constructive and evocative);
• ordering of the language;
• deﬁnition of a design context and purpose;
• selection of a theory able to apply the interpretation of the language to the design context and purpose.

Interpretation
This study applies to undesigned settlements an
analysis that, as in shape grammar application to au-

thored architectures - e.g., Palladian villas (Stiny and
Mitchell 1978), Siza’s Malagueira (Duarte 2001), interprets artefacts through the intent of the author. In
this case, there is evidently not a designer, yet there
are multiple intents. Indeed, favelas arose as a spontaneous and illegal solution to the Brazilian systematic lack of consistent housing policy (Abreu 1988;
1994). Thus, this study interprets the typicality of
favelas as the concrete spatial representation of conﬂicts and negotiations between the intents of four
key actors, following: low-income city dwellers, community leaders, neighbours and municipality. Consequently, the analysis identiﬁes resistance as the
primary force that moulded the typical features of
the case study. Its action is evident in the historical
development of Parque Royal. Its various episodes
of forced eviction and re-invasion are the more explicit examples. The presented grammar de-codes
the strategy enacted by Parque Royal’s dwellers, to
lead with resistance, as ‘to follow the path of least resistance’ (Sennett 2008, p.215). This interpretation allows to deﬁne by rules how dwellers act to invade a
territory and guarantee its occupation against evictions, within scarcity of technical and economic resources: they choose the most accessible area to invade, path to track, construction system to use and
division of land to operate.

Ordering of the language
It is fundamental to stress one more essential diﬀerence between this study and other applications of
shape grammar to architectural artefacts: it examines its object, not as a completed design, but as
an essentially unﬁnished building site. Indeed, every map of favelas could represent just an instant in
the timeline of the process of continuous redeﬁnition
of their built space. By this means, in the presented
grammar rules are partially ordered respecting the
ﬁrst three developing phases of Parque Royal: invasion, expansion and occupation. Every stage adds to
the previous its rules. This device allows invasion and
expansion rules to recur during the phase of consolidation, as well. At the same time, the grammar allows
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Figure 1
Parque Royal. From
left to right: 1975
[3], 1981, 1982,
1994 (Magalhães
2010)

transforming shapes along the three diﬀerent stages
by using colours to represent qualities (e.g., the deﬁnition of a land parcel from an existing shack).

Deﬁnition of the design context and purpose
As a case study, the favela of Parque Royal is chosen
because of the extensive ﬁeld research lead by urban
jurist Magalhães (2010) within the community. Indeed, Magalhães’ research provides almost all information about the case study, as follows:
• the description of the historical evolution of
Parque Royal in relation with the urban and
national context;
• the cartographical surveys of the settlement
in 1981, 1982, 1990 and 1994, taken from the
municipal archives (see ﬁgure 1);
• the analysis of the local unwritten building
code through its juridical sources, namely the
local private customs (e.g., kinships, friendship, neighbourhood), the city legal systems
(e.g., land registry, real estate) and the arbitrary solutions or impositions (e.g. evictions,
new invasions lead by the local crime).
In addition to this information, the case study is also
based on the examination of open data published by
Rio de Janeiro Municipality [4] and GoogleEarth [5].
This study, according to the stated legal problem, aims to analyse and de-code the typology of

the case study by merging the broader social, juridical and historical milieu described by Magalhães
with the analysis of Parque Royal’s material features
(topography, infrastructural connection, land parcelling, paths, constructive systems).

Deﬁnition of the design theory
The study embraces ‘minor science’ and ‘State science’, theorised by Deleuze and Guattari (1980), as
design theories able to apply the chosen interpretation and chronological order to the case of Parque Royal, according to the purpose of the grammar (see Jacques 2003). Indeed, these strategies of
space occupation allow to de-code and map the different schemes of spatial occupation founded in the
cartography of the case study. A ‘nomadic science’
schema occupies the space without counting it before. Lines/traits deﬁne the ‘smooth space’ (Deleuze
and Guattari 1980) by moving from an existent point
to a new one. Parque Royal’s development shows this
schema explicitly in the stage of invasion (see ﬁgure
2). Indeed, small traits additions deﬁned paths by
tracking the invasion rhythm. ‘State science’, on the
contrary, measures space with a regular grid to occupy it. This strategy is evident when an organised
group invade an empty area or collectively redeﬁnes
the limits or subdivisions of an already invaded area
(see ﬁgure 3). The construction process of Parque
Royal has been continuously mixing and overlapping
these two strategies.
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Figure 2
Invasion
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Figure 3
Expansion
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RESULTS
Parque Royal Grammar
A grammar for the ground ﬂoor plan of Parque Royal
is presented. It de-codes the ﬁrst three construction
stages analysed by Magalhães (2010), namely invasion, expansion and consolidation. The initial shape
of the grammar is an empty area subject to ﬂooding, that is accessible from a paved road. It is represented by one dashed-pointed line for the main urban road, one dashed curve for a water canal and
a label, an empty triangle, representing the point
of access to the area, where the invasion starts (see
rule 1). The grammar is composed of an algebra of
shapes, augmented with an algebra of labels (Stiny
1980), colours expressing qualities (Knight 1989). The
vocabulary of shapes contains the initial shape, a
dashed line representing hydrography - both canals
and bayside, a dashed-pointed line representing a
main road, a continuous line representing a trail
within the settlement, a solid black square representing a shack, a solid grey polygon representing a land
parcel, an empty grey polygon representing a registered land parcel, an empty black polygon representing a slab and an empty shape. The vocabulary of labels contains an empty triangle representing a point
of access, a letter, ”L”, representing a leisure area, a
solid coloured triangle representing the entrance of
a building, an empty circle representing the fenestration side of a building, a X representing a concrete slab and a number, ”0”, representing the ground
ﬂoor of a building. Colours are used to identify qualities as follows: buildings are black (solid black for
shacks and empty black line-contours for concretebrick buildings), and land parcels are grey (solid grey
for parcels and empty grey line-contours for parcels
registered in the dwellers’ association). Such devices
are most useful during the expansion and consolidation stages, as the diﬀerent micro-areas within the
settlement grow at diﬀerent paces. Notations in the
grammar calculate with shapes (Stiny 2006), instead
of numbers (see rules 6, 14 and 15), to be consistent
with the aim of this typological analysis. Letters in
notation refer to the shapes in brackets and are used

as follows: ”n” for number, ”l” for length, ”s” for side.
Furthermore, the lengths represented in rules 22, 23
and 24, by using ”x” and ”y”, mean that distances are
subject to neighbours negotiation. Thus, they variate on a case-by-case basis. The description of the
grammar is structured as follows: the text chronologically presents the most eloquent events for illustrating the stages of construction of the case study,
from the ﬁrst invasion in the ’60s till the consolidation process at the beginning of ’90s. The text relates
to rules by references in brackets. The drawings in
ﬁgure 2, 3 and 4 illustrate rules by subdividing the
grammar into three stages, as well. As stated above,
in the paragraph regarding the ordering of the language, each stage of the grammar adds its rules to
the previous ones. In the drawings, the rules relate to
the text with short captions beside the graphic representation. Thus, text, rules and derivations are to be
complementary read.

Invasion
The invasion of the area, located in the Governor Island, started in the ’60s (see ﬁgure 2). At that time,
the area was completely unbuilt, covered by scrub
vegetation, with mangroves along the shore of the
Guanabara Bay. In 1964, a divorced woman, with
her seven sons, built there, ﬁrst, a shack and, then,
a bar alongside a trail close to a canal in the area
(see rules 1, 2, and 4). Neighbours and workers of
surrounding building sites frequented the area because of its leisure areas, namely a beach on the bayside and a football ﬁeld close to the entrance of the
area (who gave the name to the settlement). The invasion grew at a slow pace, as the ﬁrst invaders invited new ones to completely occupy the area and,
thus, to consolidate the settlement (see rules 3, 5 and
6). Due to the scarcity of technical and economic resources, squatters used construction waste to build
shacks or stilt houses in landﬁlled areas, mainly along
canals and bayside. The path traced on the scrub vegetation linked, alongside the canal, the entrance of
the settlement to the beach on the bayside. Nowadays, this same path is a paved road, and it is named
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Rua da Praia, namely ’beach road’. The surrounding area, representing the ﬁrst invasion, is called the
’upper side’, ”a parte de cima”, of Parque Royal. Till
the ’80s, police oﬃcers and neighbours, living in the
surrounding formal apartment buildings, forcibly removed shacks within the settlement (see rule 8). Nevertheless, a higher number of invaders always reinvaded the area at once, during the next nighttime
(see rules 2, 3 and 6). In the ’70s, dwellers initiated
a land register of the occupation, to keep track of its
growth (see rule 10). Indeed, the dimension of the
invasion started growing faster, as the international
airport (opened in 1977) and new job opportunities
arose in the environs. Then, in 1982, Parque Royal
dwellers founded the dwellers’ association, ”a associação dos moradores”. This association served ﬁrstly
to discipline the land parcelling and to politically represent dwellers’ interest. Nowadays, dwellers’ associations still work also for this purposes, thus constituting a self-organised type of local governmental institution.

Expansion
Along the ’80s evictions slowed down and, having
the new legal framework pointed out the willingness to regularise favelas, Parque Royal expanded in
the adjacent area, by landﬁlling another canal (see
rules 12 and 13). This area nowadays corresponds
to the ’downside’ of the favela, and its main road
is meaningfully called Rua do Rio, ’river road’. Every new land colonisation, indeed, deﬁnes a neighbour micro-area, ”microárea de vizinhança” (Alvito
2001, cited in Magalhães 2010, p.268). This concept explains how diﬀerent neighbourhoods deﬁne
diﬀerent micro-communities within the same settlement. The neighbourhood, indeed, constitutes one
of the most important relations in the spatial organisation, indeed neighbours negotiate land parcelling
(see rules 6 and 14), path width and building alignment(see rules 16 and17), distances between buildings (see rules 23 and 24) and if paths will be a culde-sac or not (see rules 20 and 21). Nevertheless, as
the demand for low-income housing solutions grew

strong during the ’80s, the dwellers association handled the land parcelling of the newly occupied area
for every family to build its shack. Moreover, the association established to divide the lots facing two
paths, for every parcel to be equally accessible (see
rules 14 and 15). Further minor nighttime expansions
happened during the ’80s with the cooperation of
the association (see rules 2, 3, 5, 6 and 11). In the
meantime, dwellers kept subdividing parcels and almost completely occupying lots, to make room for
new dwellers (see rules 18 and 19). Thus, at the beginning of the ’90s, the area of Parque Royal was invaded almost entirely.

Consolidation
At the beginning of the ’90s, the new public policy
of urbanisation helped to consolidate the settlement
(see ﬁgure 4). Indeed, as evictions stopped, dwellers
started to replace shacks with clay brick masonry and
concrete structures (see rules 23 and 25). Also in
this case, due to the scarcity of economic and technical resources, the construction of a concrete slab
became a collective eﬀort, where neighbours, friends
and relatives make possible to knead concrete manually and fast pour it in the formwork. The new constructive system allowed dwellers to expand their
houses (see rules 26 and 27). Negotiation between
neighbours established the distances between buildings and their fenestration sides (see rules 23 and 24).
The two next stages of Parque Royal, urbanisation and regularisation, started in 1992. The purpose
of the urban renewal was to implement the necessary infrastructures, pave the roads, make landﬁlled
areas safe and stop the invasions along the bayside.
The regularisation tried to establish limits to Parque
Royal’s expansion by imposing a maximum height for
buildings to respect the airway security and to avoid
infrastructures to become immediately insuﬃcient.
These two last stages, urbanisation and regularisation, will be examined in the next vertical implementation of this study.
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Figure 4
Consolidation
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CONCLUSIONS
The application of shape grammar to Parque Royal
case study validates the initial hypothesis. Indeed,
the presented grammar can visually de-code the relations that mould the case study across the stages under analysis. It allows rules to examine and describe
Parque Royal’s typicality of occupation by focusing
on its regular/typical spatial and social forms. Moreover, despite its ﬂat topography, unusual among Rio’s
favelas, the examination of Parque Royal allows decoding the underlying structure of a salient feature
of favelas: curves. Indeed this study translates curves
as the outcomes of slightly rotating vectors of land
invasion along ‘the paths of least resistance’. It will
be essential, in the further development of this research, to test if this interpretation suits the hillside
favelas. Future steps of this project will be to implement the vertical grammar of the case study across its
next stages of development: urbanization and regularisation. Next, the outcomes will be tested and,
consequently modiﬁed to encompass other meaningful case studies among Rio’s favelas. Indeed, to
fully validate the results of this study the grammar is
expected to be able to describe a representative corpus of favelas, but also to evaluate if other cases belong to the same language and to generate new examples according to it (Stiny and Mitchell 1978).
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Basic design education, as an introduction of design principles to novice
students, has two-way of teaching which are design thinking and professional
training, since Bauhaus. Initiated in 2009, the Computation-based Basic Design
Studio creates a common ground through discussions between students,
academics, and professionals from various backgrounds. In this paper, the
implementation of parallel courses named Computation-based Basic Design
Studio and Design Geometry is discussed upon final assignment of the first
semester- New Year's Lanterns. The given assignment structured as a cyclic
process through constant feedback between geometric relations, material
performance, and, joinery details to achieve novel outcomes that exceed the
preliminarily set structural criteria. In relation to individual processes and
outcomes of the final assignment, observed tendencies developed by students', at
the end of their first-term in design education, will be discussed as final remarks.
Keywords: design education; basic design; design geometry; polyhedra

INTRODUCTION
Basic design education has evolved since Bauhaus as
a combination of design thinking and professional
training. Due to the advances in technology, the professional training has started to include CAD/CAM
training along with learning by doing in terms of
physical interaction in order to reduce cognitive load
in computing (Gürsoy, 2012).
Initiated in 2009, the ﬁrst-year curriculum at İstanbul Bilgi University creates a common ground
through the ﬁrst-year of design education among architecture, industrial design, and interior design students. Computation-based Basic Design studio in-

troduces the design principles to novice students,
while Design Geometry courses teach the geometric modeling with the aid of digital interfaces. This
speciﬁc curriculum, which consisting of two conjoint
courses is developed to integrate computational design thinking with hands-on making. In this scope,
computing is recognized as a way of thought and
reasoning (Stiny, 2001), and the basic design studio initially aims for students to develop a conscious
approach to their creative processes incorporating
reasoning through reﬂective thinking (Gürsoy, 2012).
Within this context, synchronical exercises from 2D,
2.5D to 3D are conducted to introduce basic design
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concepts such as rhythm, hierarchy, part-whole relations as well as geometrical constructions such as
tessellation, pattern deformations, modeling and unrolling polyhedra (Figure 1). These exercises develop
reasoning and reﬂective thinking through studio critics. After the preliminary exercises, the ﬁnal assignment of the ﬁrst-year ﬁrst-term studio is called the
New Year’s Lanterns. Students are asked to design
a lighting element with an approximate volume of
1m3. The students are encouraged to investigate geometrical relations, material performances, and develop custom joinery details considering the structural performance of the ﬁnal form. In this paper, we
discuss the implementation of computational making and design geometry in a speciﬁc curriculum of
ﬁrst-year design education.

DESIGN GEOMETRY COURSE
First-year architecture, interior design, and industrial design students in İstanbul Bilgi University Faculty of Architecture attend to the Design Geometry
course as a complementary technical study of the
Computation-based Basic Design studio. The main
subjects of this course are the Euclidean constructions of shapes, tessellations, pattern deformations,
and modeling and unrolling polyhedra. These consecutive subjects are organized to create a constructivist learning environment, which is believed to be
a suitable pedagogical approach for the education
of digital design (Yazar, 2009). Students are introduced to Rhinoceros as a learning interface however, the main objective of the course is not to teach
any computer-aided design (CAD) tool. On the ﬁrst
weeks of the course, students are introduced to the
Euclidean construction of two-dimensional shapes,
in which they only utilize an abstract compass and
ruler. This method puts students in an eﬀort of ﬁnding ways of deﬁning shapes by their basic geometric
relationship; the Euclidean distances between points
in the design space. These are called as “constructions”, denoting a special type of theorem that requires the proof in the form of a recipe, or an algorithm (Martin, 1998). Students use CAD software by

imitating compass and ruler constructions by simple
circles and lines, without utilizing any ready-made
commands.
In Basic Design studios, this subject becomes
helpful not only in designing rule-based patterns,
but also constructing the underlying lattice of any
two-dimensional system. By learning the geometric and mathematical underpinnings of tessellations,
students easily apply the concepts such as repetition
and hierarchy to their own designs with an analytical perspective.Pattern Deformation is another subject of the course, which is essentially a classical Basic Design topic, originated to William Huﬀ. The original exercise is about tessellations of the plane that
gradually shapeshift on one or more directions by
predetermined or improvised transformation rules.
Students are encouraged to think about topological
relationships between the sequences of a continual
shapeshifting while developing a reasoning about a
pattern as a structural whole. In the classical application, this is expected to be studied by morphing the
cells of a pattern while sustaining its linear continuity
without leaving gaps or overlaps (Yazar, 2017). In the
Design Geometry course, this is a complementary exercise for the previous subjects, helping students to
design and fabricate their own rule-based patterns.
Students learn laser-cutting along with this subject.
3D pattern deformations are also exercised, parallel
to the Basic Design exercise called “Structural Components”, which is explained in the following chapters.
The ﬁnal phase of the Design Geometry course
supports the ﬁnal project of the Basic Design studio by providing students with necessary knowledge
on the geometry of polyhedra. Students are introduced to the construction and fabrication methods of polyhedra. This is a complementary topic
that beneﬁts from all previous ones explained above.
Students generalize the Euclidean construction approach to three-dimensions, introducing a spherical compass and a planar rule in the space. This
knowledge helps students to construct basic Platonic
Solids of Tetrahedron, Octahedron, Icosahedron, and
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Dodecahedron. Then, they are encouraged to produce these objects. They learn how to apply threedimensional transformations to unroll these polyhedra ﬂat on the plane. This requires them to think
about a strategy of unrolling to create single-sheet
non-overlapping pieces. After adding ﬂaps and labels, they experiment with laser cutting to create
physical outcomes. The basic Platonic Solids are followed by more complex Archimedean and Catalan
Solids, which are essentially created by transforming Platonic Solids. Truncation, rectiﬁcation, dualing,
snubiﬁcation, and stellation are among these transformations. Some of these operations are already
studied in the tessellations subject. Finally, students
are asked to design and fabricate their own polyhedra.

COMPUTATION-BASED
STUDIO

BASIC

DESIGN

In the ﬁrst-year Computation Based Basic Design studio at İstanbul Bilgi University, the aim is to help students understand that design, due to its prevalent
relational nature, incorporates diﬀerent forms of reasoning as indispensable constituents within the creative process (Yalınay Çinici, 2013). The studio integrates the 1:1 scale construction via computational
thinking which consists of geometric relations, material computation/performance, and CAD/CAM technologies. The aim of the studio is to develop aware-

ness to immediate or far surroundings in terms of
shapes, forms, ﬁgures, colors, textures, materials in
diﬀerent scales through abstraction and conceptualization. The same construction method is also applied in two-dimensional tessellations. Tessellations
are dealing with the problem of covering an area
without gaps or overlaps. Students learn how to create tessellations with increasing complexity by only
deﬁning simple geometric rules, such as truncation
and dualing. Such methods are also re-utilized in the
future subject of polyhedra.
The Computation-based Basic Design studio is
structured to explore design space through tasks
with gradually increasing complexity, in 2D and 3D
by focusing on hands-on approach through material performance as well as geometric relations. The
studio operates on individual critiques based on the
tangible work and interpretation of the students to
given tasks, by at least three instructors with diverse
backgrounds and approaches to design. This collaborative teaching method allows creating an environment of dialogue which is constantly evolving, encouraging students to reﬂect on their design process.
Figure 1 shows the synchronical relationship between the Computation-Based Basic Design studio
and Design Geometry course. The studio exercises
begin with two-dimensional rule-based patterns and
evolve into multi-layered and multi-dimensional design systems by applying diﬀerent materials and production techniques.

Figure 1
Comparison of
Design Geometry
and Computationbased Basic Design
exercises, showing
the synchronical
exercises.
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Figure 2
General design
cycle of the
Lanterns project

Before initiating the ﬁnal project, there are preliminary studies on integrating digital modeling and
fabrication of polyhedral shapes and material computation. In the project named “Structural Components”, students are asked to span a predeﬁned
distance by combining given pieces of cardboard
with predeﬁned dimensions. They are encouraged
to think about creating components out of these
pieces, by considering their combination potentials
to seek for multiplicity. The structural requirement
of the exercise motivates students in creating threedimensional sections, resulting in research for more
complex relationships. This exercise beneﬁts from
the pattern deformation study of the Design Geometry course, and help students to elevate the
pattern deformations into component-based threedimensional structures with intrinsic variations. The
“Lanterns Inside” was another short-term individual
project, aiming to introduce students to the geometric basis of polyhedra, material properties, and joint
details. Students analyze and study precedents made
of various materials and forms. They experiment various approaches to achieve three-dimensional and
volumetric outcomes, composed of rule-based component systems. The initial ideas raised from this
project are further developed in the ﬁnal project that

ﬁt a larger scale and outdoor conditions.

Case Study: “The New Year’s Lanterns”
The individual projects explained above lead to the ﬁnal assignment of the semester where students work
in groups to design and construct a lighting element
suitable for outdoor use. Students are encouraged
to investigate the geometrical relations, material performances, and developing custom joinery details
considering the eﬀect of light, regarding reﬂections,
shadow, transparencies, etc. (Table 1).
As Lim (2010) asserts, students are more interested in tectonic factors such as joint, detail, material, structure, construction when they are discussed
through CAD/CAM media. In the New Year’s Lanterns
project, students are asked to consider geometric relations, material properties, mechanical joinery systems and overall eﬀects of light and transparency,
while referencing the previous exercises and their cumulative outcomes such as abstraction, patterning,
rule-based and component-based systems (Figure 2).
The parallel tutorials of Design Geometry Course
enable students to explore and fabricate the components and underlying geometric reference systems.
The mutual feedback of two courses provides an engaging environment for the students where they can
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Table 1
An overview of the
student projects

implement and test their designs simultaneously.
The student project, “Mego” began with an experiment on vacuum forming with various thicknesses of polypropylene (PP) sheets (Figure 3). The
group of students studied a space-ﬁlling tessellation, Bitruncated Cubic Honeycomb made of Truncated Octahedra. On the material research side, they
were challenged with the fabrication of the wooden
molds, experimenting various vacuum temperatures
and timings, and various material thicknesses and interlocking details. After several experiments, they realized that both sides of the vacuum-formed faces
could be useful to create an interlocking detail with
male and female halves of a mortise and tenon de-

tail, similar to a snap fastener. With the help of the
vacuum forming technique, this single detail could
be used bilateral, enabling a safe interlocking. Students created various components made up of the
same mold. The ﬁnal design developed from this system was determined by considering the inner light
and transparency levels.
In another student group’s project, called “Stratum”, a diﬀerent kind of multiplicity and aggregation
was realized by nesting multiple layers of polyhedra
on the same centroid (Figure 4). A Truncated Icosahedron was the main geometric reference placed at the
outmost layer. In order to create a three-dimensional
volume with various levels of light transition, several
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layers of copies and duals are placed inside of the
reference solid. After several experiments, students
managed to join the edges of the nested layers together, enabling them to unroll multiple layers at the
same time. After merging and unrolling the layers,
they developed an interlocking detail with ﬂaps and
slits. In the ﬁnal production, students chose to use
aluminum sheets for better structural stability and reﬂection of light.
The use of nested layers of polyhedra came forward from a need to create three-dimensional and
volumetric outcome with a solid system of geometric
reference. In the project “Conﬂuent”, students experimented this approach from a diﬀerent perspective
(Figure 5). They created a geometric reference based
on the duality of the two Platonic solids; the Dodecahedron and Icosahedron. Instead of modeling and
unrolling their faces, they studied on how to produce
and join the edges of those polyhedra with wooden
plates. Students studied the ways of modeling the
normal directions of the polyhedra and determining
the interlocking details with half cross method. After
a few digital and physical experiments; they realized
that it was diﬃcult to solve the interlocking detail for
the vertices, where three edges meet at one point.
This is why, they revised the design by rotating the
faces of polyhedra around their normal direction and
centroids, applying a transformation called snubiﬁcation.
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Figure 3
“Mego”. (Students:
Eren Yıldırım, Ali
Hayder Alobaidi,
Beshr Jemieh, Ensar
Barış)

Figure 4
“Stratum”.
(Students: Berkin
Beysel, Cansu Salcı,
Sude Seyhan, Uygar
Tufan)

Figure 5
“Conﬂuent”.
(Students: Meltem
Ceylan, Didem
Merdar, Melike
Aran, Aybike
Sarıgül)

Figure 6
“Distorted”.
(Students: Alber
Erdoğmuş, Hazer
Sinan Çelik, Ömer
Deniz Pınar, Wardan
Alzain)

“Distorted” began as a structural components study.
Using sheet paper, students explored ways of creating a systematic 3D component logic that can geometrically adapt to variative surface conditions to
achieve a sturdy spanning structure (Figure 6). This
hands-on process allowed them to explore the edge
and surface conditions as well as folding techniques
to develop a structural component that can create
diﬀerent lighting eﬀects by manipulating the physical parameters of the initial study. The transition
from paper to aluminum sheet made them conscious
of the covered surface area to optimize the overall
material usage while sustaining the structural performance. Another aspect considered for ﬁnalizing the
component development was to create a diﬀused
lighting eﬀect by illuminating the reﬂective surface
itself and hiding the actual lighting source. At this
stage, with the input of a diﬀerent material performance, and based on the studio critics, students focused on developing strategies to achieve a closed,
controlled form while minimizing the number of different components used. This brought the need to
transfer physical knowledge to digital in order for
them to calculate the overall material usage and design the macro form. While this transition was challenging for the group, they managed to overcome
it by translating the basic parameters of the components to create a suﬃcient 3D model. Hence, making it possible to ﬁnalize their component design and
overall form.
Another student project, “Remix” also began the
process by exploring ways to use nested layers of
polyhedra, aiming to play with the perception of
depth with the use of lighting and various levels
of transparencies (Figure 7). Starting with a Truncated Icosahedron as a reference geometry the students experimented on ways to create diﬀerent surface subdivisions to achieve three-dimensional components that would allow them to manipulate the
deﬁnitive form of the Archimedean Solid. Using
stellation on the inner geometry allowed them to
both form the outer layer, and connect the two together while creating diﬀerent reﬂective surface con-
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ditions. The group chose to use aluminum sheets and
aluminum mesh sheets for the ﬁnal design as they
experimented with diﬀerent materials and transparency levels. After a few trials with diﬀerent fabrication techniques, the tool eﬀect led them to use
a CNC to cut their ﬁnal pieces. The circular holes
formed by the selected tool for the CNC cutting were
used both for folding the components and for determining the location of the nuts and bolts detail for
the ﬁnal production.
For the project “Stardust”, students initially focused on designing a single component that can
form various results by using diﬀerent overlapping
techniques (Figure 8). Using an equilateral triangle
and creating scores that connect the corner points
with the centroid formed their basic component.
The students further developed their concept by experimenting with ways of manipulating the component via reversing the folding direction, changing the
edge dimensions and, moving the central connection point to achieve diﬀerent forms. Working with
polypropylene sheets and using riveting for joints,
the group quickly became able to form any desired
shape. At this stage, they began investigating on
polyhedrons as a reference geometry while experimenting with layering the folded surfaces. After
some trials, the students ended up using Truncated
Octahedron for its properties of creating space-ﬁlling
tessellations. This decision was shaped by both the
lighting studies and material researchers which they
have been working on simultaneously. For the ﬁnal
design, students developed a three-layered system
that grows out from the folded surfaces of central
solid. For a better lighting eﬀect, translucent, reﬂective and opaque polypropylene sheets were used for
each layer, respectively.

446 | eCAADe 36 - SHAPE, FORM & GEOMETRY | Applications - Volume 2

Figure 7
“Remix”. (Students:
Tekin Örüklü, Dilan
Baydar, Mertcan
Kılıçoğlu, Hüseyin
Baykan)

Figure 8
“Stardust”.
(Students: Demet
Yıldız, Nilsu Yıldız,
Altuğ Tuğrul, Yiğit
Karahasan)

CONCLUSION
The implementation of computational making and
design geometry in the ﬁrst-year design education
is explained as a speciﬁc curriculum through the
cases of the ﬁnal assignment named New Year’s
Lanterns. The aim of this curriculum is to gain students consciousness of their design ideas and operations through reasoning (Özkar, 2004; 2007) due to
the early encounter with the computational thinking, which is inherently an analytical process. Reasoning builds upon process and process builds upon
personal interaction with the object (Özkar, 2004).
Upon observations throughout the process of the
assignment, two tendencies of reasoning became
prominent in students’ approaches. While all abovementioned factors are still part of both tendencies,
the preliminary approach to design diﬀerentiates by
the handling of the workﬂow within the design cycle. We can distinguish these tendencies brieﬂy as,
concentrating on the segmentation/partitioning of a
solid, and designing a variative component to create
a system.
One of these tendencies is to predetermine the
geometric information about design, keeping the ﬁnal macro form at least partially predictable by relying on polyhedra. The students made material
and detail research, and hands-on experiments to
reach the formal results they determined. In this tendency, the experiments on the materials and joint details have led to emergent situations, which also redeﬁned the geometric assumptions. The main advantage of this tendency was that the structural challenge has already been solved by rigid polyhedra
used as a reference.
In another tendency, the formal assumptions are
not deliberately constrained but instead, information
on materials and details are predetermined, keeping
the material eﬀect predictable. This tendency has
usually occurred in the search for possible geometric constructs that would lead to a particular material
or joint detail. In this tendency, material explorations
can create several ﬁnal macro forms and light eﬀects.
However, structural problems can be diﬃcult to solve

due to the lack of guiding references.
The main diﬀerence between the two tendencies
is the operational diﬀerence between the information initially considered as a hypothesis and the information released as the experimental ﬁeld. The material research in the ﬁrst tendency covers the “development” and even “optimization” of the most appropriate (lightweight, robust, workable) material and joint
detail (e.g. interlocking) to form a particular geometric shape. In the second tendency, students push a
position of “exploration” to the forefront, studying
the emergent forms created by the material and detail at hand. In most projects, groups of students
switched these two tendencies or positions because
of the new challenges they have encountered.
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This paper describes non-manifold topology (NMT) as it relates to the field of
architecture and presents 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) software. The
software architecture and class hierarchy are explained and two domain-specific
demonstrative tools (TopologicEnergy and TopologicStructure) are presented to
illustrate how third-party software developers could use Topologic to build their
own solutions. The paper concludes with a reflection on the benefits and
limitations of NMT in the design and simulation workflows and outlines future
work.
Keywords: Non-manifold topology, Visual data flow programming, Building
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WHY NON-MANIFOLD TOPOLOGY
While the ﬁeld of topology is a vast and fascinating
area of study in mathematics with precise concepts
and terminology, in this paper we deﬁne terms and
consider issues of topology and geometry narrowly
and more simply as they apply to the ﬁeld of architecture and computational design. Thus, our deﬁnitions
of topological concepts will necessarily be less precise than those used by mathematicians, but more directly applicable to the ﬁeld of architecture. The term
‘topology’ is derived directly from the Greek τόπος
(place), and λόγος (study), and therefore can be de-

ﬁned as the study of place - or the study of space
[1]. 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. For
example, two spaces can be thought as topologically
adjacent, if they share a common face. In contrast
to geometry, topology is concerned with the properties of space that remain constant when it is subjected to deformations. Yet, geometry and topology
are fundamentally inter-linked. A geometric operation on an object fundamentally changes its topol-
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ogy. For example, removing one outer face of a prismatic closed cell transforms it into an open shell and
thus alters its topology.

The diﬀerence between manifold and nonmanifold geometry
Computer-aided design (CAD), building information
modelling (BIM), and parametric visual data ﬂow programming (VDFP) software usually rely on low-level
geometric engines (kernels) and software development kits (SDK). These geometric kernels are usually classiﬁed as manifold or non-manifold (Chatzivasileiadi, Wardhana, et al. 2018). Simply put,
manifold kernels represent three-dimensional entities with a series of connected boundary elements
that separate the outside world from its solid interior. Manifold entities (also called 2-mainfold) with
a boundary, such as a circle or a torus, can be unfolded into a continuous ﬂat plane. In contrast, nonmanifold Topology (NMT) entities (also called 3 or
more manifold) such as a T-junction cannot be unfolded into a continuous ﬂat wire or surface (see ﬁgure 1).
NMT can represent the space inside an object
and allows subdivision of an outer boundary with inner zero-thickness boundaries. In addition, NMT allows entities with mixed dimensionalities to co-exist
in the same entity. Manifold geometry kernels usually struggle to model and represent non-manifold
entities and instead consider them modelling errors:
“Some tools and actions in Maya cannot work properly with non-manifold geometry. For example, the
legacy Boolean algorithm and the Reduce feature do
not work with non-manifold polygon topology [...]
Some types of polygon geometry will not work in
Maya. Invalid geometry includes vertices that are not
associated with a polygon edge and polygon edges
that are not part of a face (dangling edges)” [2]. 3D
manufacturing also struggles with non-manifold objects: “[...] Shapeways requires all objects to be 2manifold. This means that each edge should be connected to exactly two faces. ‘Open’ objects are typically 1-manifold (or even 0-manifold for stray edges),

models containing unwanted faces are 3- or more
manifold” [3]. In addition, manifold kernels have traditionally focused on geometry far more than topology. These systems can rarely recognise, query and
report on topological relationships and if they do, the
processes and representations are particular rather
than universal and ad hoc rather than formal.
Figure 1
Examples of
non-manifold
entities.
At this point the reader may be wondering why anyone would use NMT if it causes such problems. The
reason is that NMT provides many advantages over
regular manifold modelling (Lee et al. 2009; Chang &
Woodbury 1997; Nguyen 2011; Aish & Pratap 2013).
As described earlier, 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 zerothickness internal surfaces. Because NMT maintains
topological consistency, a user can query these cellular spaces and surfaces regarding their topological
data and thus conduct various analyses. For example, this lightweight and consistent representation
was found to be well-matched with the input data
requirements for energy analysis simulation software
(Ellis et al. 2008; Jabi 2015).
As we will see later in the paper, because NMT allows entities with mixed dimensionalities and those
that are optionally independent (e.g. a line, a surface,
a volume) to co-exist, structural models can be represented in a coherent manner where lines can represent columns and beams, surfaces can represent
walls and slabs, and volumes can represent solids.
In addition, non-building entities, such as structural
loads can be eﬃciently attached to the structure.
This creates a lightweight model that is well-matched
with the input data requirements for structural analysis simulation software.
In another paper by the authors we illustrated
how NMT can represent a design envelope and popu-
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late it with bespoke conformal cellular units in preparation for digital fabrication. Access to topology information allowed us to create and follow rules about
the shape of and connection between deposited cellular unit to create a more eﬃcient and better connected conformal cellular structure (Jabi et al. 2017).
Finally, we successfully used NMT to spatially
reason about and evaluate the social sustainability
of vernacular courtyard houses. In that research
project, topology information allowed us to build
dual graphs and conduct space syntax analysis eﬃciently using lightweight models. The software represented rooms as spaces with zero-thickness dividing surfaces and with embedded apertures such as
door. We then used that information to create a
shape grammar and a computational tool to design
socially sustainable tall buildings (Al-Jokhadar & Jabi
2017).

RATIOCINATION VS. FABRICA
Designing, representing and reasoning about architectural space is one of the unique and deﬁning properties of architecture (Ching 2014). 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
a collection of 3D solid models with each solid representing an individual physical building component
(Attia et al. 2011). Each of these solid models uses
manifold topology to deﬁne the boundaries that separate the external void from the internal enclosed volume representing the material content of the component. Modern BIM systems do not require nor advocate the creation of a conceptual spatial model as the
basis of the building fabric model. Consider, for example, this ﬁrst sentence of the Autodesk Revit tutorial on how to get started with building a BIM model:
“Start with the general building components (walls,
ﬂoors, roofs). Then slowly reﬁne the design, adding

more detailed components (stairs, rooms, furniture)
as you proceed.” [4]. Architects are thus often asked
to postpone the derivation of the conceptual spatial model and other representations to a later stage
and from an overly complex fabric model to conduct
tasks such as energy analysis, structural analysis, spatial reasoning, and fabrication planning. This process
leads to diﬃculties, errors and an increase in time and
eﬀort.
Alternatively, one can follow a Vitruvian approach by starting with a topological model as a conceptual regulating skeleton that sets out the ratiocination - the rational and theoretical setting out of
principles that can then support the creation of fabrica - the physicality of fabricating architecture (Pont
2005). Similarly, other researchers have emphasised
the importance of thinking abstractly and strategically by using a controller (something that controls
something else) and a proxy (something that stands
in for something else) in parametric design software
(Woodbury et al. 2010). These strategies ensure resilience within the system in the face of change; thus
a design system that forgoes this strategic deﬁnition
of topological relationships risks brittleness and failure in later design stages (Jabi et al. 2017).
Therefore, one of the primary motivations for this
research 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 & Pratap 2013).
This is, obviously, not a new concept for designers many of whom implement this methodology effectively, but in a bespoke and ad hoc manner due
to the lack of formal support in BIM systems. A
case in point is the Aviva Stadium in Dublin, Ireland
design by Populous (formerly HOK Sports Architec-
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ture) from 2005 to 2007. This project exempliﬁed a
transitional period that saw a shift from computeraided solids modelling to fully parametric design processes. Initially, the design was ﬁrst studied through
static 3D models using McNeel’s Rhinoceros platform
[5]. However, the designers quickly realised that this
is an unsustainable approach due to the time and
eﬀort needed to implement changes. The stadium
design was re-considered as a simpliﬁed, conceptual
and parametric system, using Bentley’s Generative
Components software [6] (see ﬁgure 2).

The parametric model was made of three elements:
“the footprint of the stadium, composed of eight tangential arcs; the plan of the inner roof or drip line,
also composed of eight tangential arcs; and a radial
structural grid that eventually became the supporting system of the stadium’s outer surface or skin.”
(Jabi 2013). This controlling lightweight conceptual
model, which could’ve been formalised as an NMT
Cluster of vertices, edges, wires, and faces, was then
shared by the architects and the structural consultants, through nothing more than a Microsoft Excel
spreadsheet with an agreed format. The spreadsheet
was then used as the basis to drive the solution of the
structural model and the cladding system. In this example, the thickened fabric of the project was con-

sidered a derived model from the conceptual deﬁning model of curve centrelines. The Aviva Stadium
case study illustrates the need to formalise this inverted design process and enable designers to specify deﬁning and derived models, and the relationships amongst them, more precisely and formally.

NON-MANIFOLD TOPOLOGY
Because NMT formalises the spatial relationships between the various entities in a model and describes
how geometric entities are connected, this research
hypothesises that NMT has potential to serve as the
formal mechanism with which to build deﬁning models and precisely translate them into derived building
fabric models. This approach can serve a wide range
of representations of architectural space with beneﬁts for various design, analysis, and production tasks.
Based on a previous review published by the authors, a topological framework with the following
eight entities, arranged from the highest level of dimensionality to the lowest, is proposed: Cluster, CellComplex, Cell, Shell, Face, Wire, Edge, and Vertex.
Each entity may contain other lower-level entities with the exception of a Cluster in which another Cluster can be contained (Chatzivasileiadi, Wardhana, et
al. 2018).
In addition to allowing multiple faces to meet at
an edge or multiple edges to meet at a vertex, coincident entities (within a user-speciﬁed tolerance)
are merged and are ensured to be unique. Furthermore, imported mesh data, in standard vertex/index
format, can be self-merged not only to remove duplicates, but to build the highest dimensional entities
possible automatically. These entities share lowerdimensional entities where possible. This leads to efﬁcient and consistent models that avoid the duplication problems found in regular manifold and polyhedral modelling that do not enforce such rules. For example, a mesh model (see left in ﬁgure 3) with 7 faces
is converted into a non-manifold cluster object containing one (1) closed cell, one (1) open shell, nine (9)
faces, nine (9) wires, nineteen (19) edges, and twelve
(12) vertices (see right in ﬁgure 3). Any duplicated en-
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Figure 2
Parametric
development of the
Aviva Stadium
geometry (Image
courtesy of
Populous).

tities are removed and topologically linked. Finally,
notice that what used to be three (3) single rectangular faces (top and side faces) in the original mesh data
are automatically segmented into two square faces
each in the resulting self-merged NMT model.
Figure 3
Exploded
axonometric of a
mesh model (left),
and the resulting
self-merged
non-manifold
cluster with one
closed cell, and one
open shell (right).

Figure 4
Topologic
multi-layered
software
architecture.

designed as a core library and additional plugins to
visual data ﬂow programming (VDFP) applications
(Hils 1992; Marttila-Kontio et al. 2009) and parametric modelling platforms commonly used in architectural design practice. These applications provide workspaces with visual programming nodes and
connections for architects to interact with Topologic
and perform architectural design and analysis tasks.

Software architecture
NMT models can be combined and manipulated
using regular Boolean operations. However, NMT
Boolean operations extend the traditional regular
operations of union, diﬀerence and intersection to
include the following irregular Boolean operation:
Merge, XOR, Impose, Imprint, Slice, Trim, and Unmerge (Aish & Pratap 2013). Generally, a regular
Boolean operation removes any external faces of the
input bodies that are within the resulting body, while
a non-regular Boolean operation maintains these
faces. As a result, regular operations lead to a manifold result, while non-regular operations lead to a
non-manifold result.
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,
structural design, fabrication planning, and spatial
reasoning (Jabi 2016; Jabi et al. 2017; Al-Jokhadar &
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.

Topologic is implemented using a multi-layer software architecture (see ﬁgure 4). At the lowest layer,
we use Open CASCADE, an open-source NMT geometry software development kit (SDK) that provides
data structures and modelling algorithms for 3D
solid structures [7]. We also use ShapeOp, an opensource SDK for surface planarization [8]. Classes
and methods in these two SDKs are encapsulated
in the second software layer containing the TopologicCore and TopologicSupport libraries, written in
C++. TopologicCore implements the core topologic
classes and methods using an object-oriented programming (OOP) approach while TopologicSupport
provides added utilities as needed. Above this layer,
we implemented an interface layer, written in the
.NET C++/CLI language, that connects the core and
support libraries to the host geometric editor or visual data ﬂow programming application. At present,
this layer (Topologic[VDFP]) has been written for Autodesk Dynamo software [9] and is thus named TopologicDynamo.

TOPOLOGIC: A NON-MANIFOLD TOPOLOGY MODELLING TOOLKIT
This paper presents Topologic, an open-source software modelling library enabling hierarchical and
topological representations of architectural spaces,
buildings and artefacts through NMT. Topologic is

Work is underway to implement a version for McNeel
Rhino/Grasshopper 3D [10] (TopologicGH) which will
be reported on in future publications. Additionally,
we envisage plug-in developers will use this layer to
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develop domain-speciﬁc applications. By strongly
separating the code written for diﬀerent platforms,
this architecture ensures high modularity and code
readability. In addition, the software can be easily extended to other platforms by writing a small library
using the platform’s conventions in the upper layer
to encapsulate the core library.

Class Hierarchy
TopologicCore contains the following main classes
(see ﬁgure 5):

• Shell: A Shell is a contiguous collection of
Faces, where adjacent Faces are connected by
shared Edges. It may be open or closed and
may be manifold or non-manifold.
• Cell: A Cell is a three-dimensional region deﬁned by a collection of closed Shells. It may
be manifold or non-manifold.
• CellComplex: A CellComplex is a contiguous collection of Cells where adjacent Cells
are connected by shared Faces. It is nonmanifold.
• Cluster: A Cluster is a collection of any topologic entities. It may be contiguous or not and
may be manifold or non-manifold. Clusters
can be nested within other Clusters.
Several other classes are being actively developed.
These include, but not limited to:
• Context: A Context deﬁnes a topological relationship between two otherwise independent Topologies.
• Graph: A Graph is a Wire that is deﬁned by the
topology of a CellComplex or a Shell. It can be
manifold or non-manifold. A dual graph is a
good example of this class.

• Topology: A Topology is an abstract superclass that stores constructors, properties and
methods used by other subclasses that extend it.
• Vertex: A Vertex is a zero-dimensional entity
equivalent to a geometry point.
• Edge: An Edge is a one-dimensional entity deﬁned by two vertices. It is important to note
that while a topologic edge is made of two
vertices, its geometry can be a curve with multiple control vertices.
• Wire: A Wire is a contiguous collection of
Edges where adjacent Edges are connected
by shared Vertices. It may be open or closed
and may be manifold or non-manifold.
• Face: A Face is a two-dimensional region deﬁned by a collection of closed Wires. The geometry of a face can be ﬂat or undulating.

Written using the Object-Oriented Programming
(OOP) paradigm, at the top level of Topologic’s class
hierarchy resides the Topology class, which is inherited by other classes representing the topological entities. Methods written in these classes can be generally classiﬁed into four categories, namely constructors, queries, Boolean operations, and other entityspeciﬁc methods. Constructors are used to construct
a topological entity from geometric entities or lowerlevel topological entities. Query methods retrieve
one or more entities from another entity. Queries can
be further categorised into three: upward queries,
to retrieve higher-level entities which constitute the
argument entity; downward queries, to retrieve the
constituent lower-level entities of an entity; and sideways query, to retrieve adjacent entities on the same
level. Boolean operations combine two entities into
one in various ways and are written inside the par-
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Figure 5
Topologic class
hierarchy.

ent Topology class. Finally, classes may have methods specially written for them. For example, the Wire
and Shell classes have methods to test if they are
closed. In addition, the Face class has operations to
attach multiple faces as apertures, which can be used
to model glazing as an example.
It should be noted that, in large part, Topologic
does not introduce its own entities or geometric
computations. Instead, whenever possible, it relies
on those either from the underlying SDKs or from
the host application to ensure compatibility. In addition, the topological classes can be used to represent
their geometry counterparts. For example, a Topologic face may actually represent a planar or an undulating NURBS surface trimmed by a wire, thus providing an abstraction for a wide variety of surfaces.
Despite TopologicCore being object-oriented
in its design, Topologic[VDFP] follows the VDFP
methodology to ensure compatibility with its host visual data ﬂow programming workspace. In VDFP, a
program is represented visually by a directed graph
made of nodes and arcs that connect them. Nodes
represent functions and arcs represent the ﬂow of
data between them (Hils 1992; Marttila-Kontio 2011).
Topologic methods are represented as visual
nodes with input and output ports. Topologic entities are immutable at the host application levels.
Thus, modifying the attributes of an entity after the
fact, as is usually done in an OOP environment, is not
possible. Instead, the user has to trace the constructor of the object and modify its input parameters or
create a brand new deep copy of the entity with different attributes.
A Topologic node is designed to accept topological instances from the library and the native geometric counterparts from the host application. In addition, any node that produces a topological entity also
has an extra output port that outputs the geometric
counterpart to allow display using the native host application as well as additional workﬂows external to
Topologic. These design principles guarantee eﬀortless connection from and to indigenous nodes in a
single workﬂow.

DOMAIN-SPECIFIC APPLICATIONS
As explained above, we envisage that our software
will be used by plug-in developers to create domainspeciﬁc applications. To illustrate this process, we
created two demonstrative applications. The ﬁrst application, TopologicEnergy allows the user to quickly
build models that can be sent to EnergyPlus (Crawley et al. 2000) for energy simulation using the OpenStudio toolkit (Guglielmetti et al. 2011). The second
application, TopologicStructure demonstrates how a
mixed-dimensional structural model can be created
with structural loads applied to it.

TopologicEnergy
A comparative study with traditional workﬂows was
conducted and reported in previous publications
(Chatzivasileiadi, Lannon, et al. 2018) and thus will
only be summarised here. The experiment analysed
four pathways to the energy modelling of a building
with relatively complex geometry including curved
surfaces and bespoke glazing. From the four pathways explored, the NMT pathway using TopologicEnergy was able to model and handle complex geometry and produce reliable results, while beneﬁtting from the advantages of NMT. As shown in ﬁgure
6, the workﬂow consisted of (a) modelling the external envelope and the glazing design on a ﬂat surface,
(b) mapping the glazing unto the curved wall, (c) subdividing and planarizing the wall and mapped glazing into a set of wall panels and windows, (d) slicing
the building into multiple stories, and ﬁnally (e) sending the model to OpenStudio/EnergyPlus for energy
analysis (Wardhana et al. 2018)
Modelling the external envelope and the glazing
design on a ﬂat surface. We start by creating a series of
circular wires that are then lofted into a surface. This
is converted to a Topologic face (see ﬁgure 6-1). The
glazing is created as a rectangular face with internal
wires that represent the glazing apertures (see ﬁgure
6-2).
Mapping the glazing onto the curved wall. The
ﬂat glazing design is sampled using a user-speciﬁed
number of rows and columns and mapped onto the
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Figure 6
TopologicEnergy
example workﬂow.

UV parametric space of the curved wall (see ﬁgure 63).
Subdividing and planarizing the wall and mapped
glazing into a set of wall panels and windows. The
curved wall and glazing are then segmented into
quadrilaterals using a user-speciﬁed number of rows
and columns (see ﬁgure 6-4). The resulting mesh
is then planarized using the ShapeOp library [8].
The glazing is further triangulated and scaled down
slightly in keeping with the requirements of OpenStudio and EnergyPlus.
Slicing the building into multiple stories. A series
of planes are created to represent ﬂoor slabs and converted into Topologic faces (see ﬁgure 6-5). Using the
non-manifold slice boolean operation, the building is
sliced into separate ﬂoors and a Topologic CellComplex is created (see ﬁgure 6-6).
Sending the model to OpenStudio/EnergyPlus. The
Topologic CellComplex is queried for its constituent
Topologic Cells, faces, and sub-faces and those
are translated into OpenStudio spaces and thermal
zones (see ﬁgure 6-7). The TopologicEnergy software
then sends the resulting energy model to EnergyPlus
and automatically triggers an energy simulation.

TopologicStructure
The second demonstrative application, TopologicStructure, allows the user to quickly build structural
models and apply structural loads in preparation for
structural analysis. The overall aim is to create a
mixed-dimensional topological shape by a list of vertices and indices and apply structural loads to it. The
overall workﬂow consisted of: (a) creating the model
using an array of vertices and an array of vertex indices, (b) deﬁning a list of locator points, and use

them to ﬁnd the closest simplest sub-shape of the
model, (c) Apply various kinds of structural loads to
these sub-shapes (see ﬁgure 7).
Creating the model using an array of vertices and
an array of vertex indices. We start by creating a
list of vertices, and a list of vertex indices (see ﬁgure 7-1). This is akin to creating a mesh from the
same set of inputs. However, here we are creating a cluster of mixed-dimensional topology, consisting of columns, walls, and spaces. We save the
vertices and vertex indices as CSV ﬁles and load
them in Dynamo using its built-in CSV ﬁle reader.
We then pass the list of vertices and vertex indices
to the Topology.ByVertexIndices() node, which converts each row in the data into an independent Topologic entity. The node returns a list of entities - one for
each row in the CSV ﬁle. We then pass this list to Cluster.ByTopology() node to create a Topologic Cluster.
The ﬁnal step is to self-merge the cluster in order to
remove all duplicates, create higher-dimensional entities where possible and topologically connect entities where appropriate (see ﬁgure 7-2).
Selecting sub-shapes to which the loads will be applied. To identify sub-shapes to which we would
like to apply structural loads, we use a collection
of point locators that fall on or near the desired
sub-shapes (see ﬁgure 7-3). We connect the constructed model and the locator points to the Topology.ClosestSimplestSubshape() node, to ﬁnd which
“simplest” sub-shapes are closest to the locator
points (see ﬁgure 7-4). A sub-shape A is simpler than
another sub-shape B if it has a lower dimension (e.g.
a vertex is simpler than an edge, and an edge is simpler than a surface etc).
Applying structural loads to the model. In Topo-
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Figure 7
TopologicStructure
example workﬂow.

logicStructure, we implemented a mechanism to apply loads to a topological shape (see ﬁgure 7-5). A
single load is applied to a point location on an entity.
A group of loads is called a LoadCluster, and it can be
applied to an edge (linear loads) or to a face (surface
loads). A LoadCluster is only valid if all of its loads are
within the valid range of the edge/face, otherwise an
error message is generated. Loads can have direction
and magnitude and are applied to a parametric location on the target entity. For linear loads we use both
a u translation and a u scale to apply the loadCluster
to a region of the edge. Similarly, surface loads use
a u and v translation, scale, and rotation applied to
the loadCluster to locate it within a speciﬁc region of
the target surface. Topologic models without forces
(see ﬁgure 7-6) can then be combined with those that
have forces applied to them (see ﬁgure 7-7). The resulting topological model is highly compatible with
structural analysis software input requirements (see
ﬁgure 7-8). We are currently implementing a link to
such software and will report on our progress in a future publication.
Topologic and its associated tools are under active development. The core toolkit is designed to
be platform-independent and allow third-party developers to build domain-speciﬁc software. TopologicEnergy and TopologicStructure, as described
above, serve as demonstrative domain-speciﬁc applications for energy analysis and structural analysis
that can act as templates for others to follow. We
are in discussions with our industrial partners to integrate Topologic with their workﬂows and tools and
will report on that in future publications.

CONCLUSION
Manifold modelling, while needed in later stages of
design to create the models of the fabric and components of buildings, is too complex and cumbersome in the early stages of design and hinders the
use of building performance simulation. Topologic
aims to address these issues by introducing a rigorous class hierarchy and a set of methods that are able
to manage both manifold and non-manifold topologies. The combination of non-manifold topology
and a versatile 3D software kernel has the potential to provide a comprehensive solution for architects while maintaining design creativity and ﬂexibility. The development of Topologic has made it clear
that there is a need to further investigate and conduct user-testing of innovative methods for creating,
displaying and interacting with geometric, topological data using advanced interfaces and information
theory. Ultimately, our aim is to help architects and
engineers to: “[...] build the lightest possible model
using the least eﬀort that gives the most accurate
feedback about their design and engineering concepts” (Aish & Pratap 2013).
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This research explores the use of graphic techniques to distort the perception of
three-dimensional space, questioning the irrelevance of superficial
ornamentation in the creation of space. The project starts with a historical and
theoretical positioning of the use of superficial ornamentation and aims to bring
to digital environments the design and production of such graphic techniques. In
order to do so, a parametric tool embedding all the required information in order
to facilitate the creation of vinyl decals was created and was finally tested by
mostly-unskilled students in an international workshop. This paper describes the
development of the parametric tool, its relation to the graphic techniques, and the
results obtained during the international workshop.
Keywords: trompe l'oeil, sciagraphy, anamorphosis, digital fabrication, vinyl
decal

ORNAMENT & DISTORTION: FRAMEWORK
AND OBJECTIVES
Since the advent of modernism, and triggered by a
misinterpretation of Adolf Loos’s criticism of ornament, every sort of decoration has been subjected
to contempt in Architecture, which has thus been
dominated far too long by the paradigm of the absence of ornament (Gleiter 2012). Furthermore, besides a strong tectonic approach, as Kenneth Frampton has argued (1995), modernists presented a major focus on the structural, not the superﬁcial (Picon 2013, Buchmann 1965), in the quest for the new
space. Therefore, the more superﬁcial the ornament,
the more superﬂuous and dispensable it is consid-

ered, as it detaches from the three-dimensional construction of the space.
With the emergence of CAD-CAM technologies
during the decade of the 1990’s, ornament has become again a recurrent topic of discussion. In contrast to the ﬁrst half of the twentieth century, lately
ornament has gone through a strong process of revival. The power of digital tools to ease complicated
processes of modeling and fabrication in architecture
has kindled interest in intricate geometries and wild
textures, and has also increased the interest in complex patterns (Gleiter 2012, Picon 2013, Kubo and
Moussavi 2017, Gleiniger and Vrachilotis 2009 and
Levit 2008). Furthermore, CAD-CAM technologies
have enabled unskilled users to produce their own
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designs and get involved in the entire process of digital fabrication (Libow Martinez 2013).
During the last years, many design products have
explored the possibilities of mass-customization,
providing opportunities for end-users to choose and
modify the product for purchase according to their
own desires. Moreover, open-source culture has facilitated the production of objects with complex design
via the proliferation and availability of CNC machines,
like 3D-printers or laser cutters, among many others
(Martin and Ugarte 2014, Picon 2010). A good example of these synergies is the design and manufacture
of vinyl decals for wall ornamentation.
The research project Ornament & Distortion
(O&D) revolves around the diﬀerent topics mentioned above and explores the multiple possibilities
for three-dimensional distortion by using vinyl decals - as superﬁcial ornamentation - applying diﬀerent visual, bi-dimensional techniques. In this way, it
questions the irrelevance of superﬁcial ornament in
the conﬁguration of space. The project possesses a
twofold academic focus. On one hand, from a theoretical perspective, it intends to establish an intellectual framework on how superﬁcial ornamentation
highly contributes to the creation and articulation of
space. On the other, from a more pedagogic approach, it aims to expose amateur, non-skilled students to CAD-CAM technologies and digital fabrication environments, in close relation to descriptive geometry and technical drawing. This paper, however,
focuses on the more practical side of the project, and
the development and use of the digital tools required
for the production of distorting vinyl decals.

The research project was structured in diﬀerent
steps or phases. First, diﬀerent graphic techniques
that produce spatial distortion were identiﬁed and
studied in depth in order to understand their rules
and applications. Afterward, the necessary parametric tools were developed in order to enable the digital production - from modeling to fabrication - of
vinyl decals, using the above-mentioned techniques.
Finally, an international workshop with design students was organized in order to test the tools.

GRAPHIC TECHNIQUES FOR SPATIAL DISTORTION
During the ﬁrst phase of the project, it was necessary to identify the diﬀerent graphic techniques
that can distort the perception of space, questioning the modernist statement of ornamentation’s irrelevance and its superﬂuous role in the construction of
space. Three such techniques are trompe l’oeil (which
creates a non-existent three-dimensionality in a planar or three-dimensional existing space), anamorphosis (which creates a non-existent bi-dimensional
element in an existing three-dimensional space), and
sciagraphy (which creates a non-existent shadow
projection from an existent or imaginary element in
the existing space). These three techniques establish relationships between viewer, space, and objects
in space that break the rules of human perception,
therefore twisting/questioning the understanding of
spatial recognition.
In the ﬁeld of contemporary art, there are some
renowned ﬁgures that explore the use of such techniques in order to question the perception of space.
Figure 1
Absorption.
Damien Giley.
Portland, 2010. In
Absentia. Regina
Silveira. Sao Paulo,
1983. Concentric
yellow rectangles
without corners on
the ground. Felice
Varini. Switzerland,
1997.
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Figure 2
Square with Four
Circles. New
Heaven. Felice
Varini. Installation
process with
beamer projection.

Figure 3
Desapariencia.
Regina Silveira.
Preparatory
technical drawing
for the sciagraphy

Among many others, some of the most remarkable
artists are the Swiss artist Felice Varini (in the use of
anamorphosis), Damien Gilley, from North America
(trompe l’oeil), and Regina Silveira, from Brazil (sciagraphy) (Fig. 1). For example, to produce her installations, Regina Silveira relies on her deep knowledge of descriptive geometry and technical drawing
skills. For many years, Silveira has developed herself,
by hand, the necessary blueprints for her visual illusions (Fig. 3). The drawings are later digitized in order
to be produced on a bigger scale. In many cases, the
illusions are fully printed in continuous vinyl foils and
later stuck onto the required surfaces, completely
covering the space and not restrained to the geometry of the shadows she creates. On the other hand,
Felice Varini makes use of a beamer to project the ﬁgure he intends to use directly onto the real space in
order to create an anamorphosis. Afterward, he contours the projected shapes in situ, creating an outline
to be painted as the last step (Fig. 2).

As observed, the techniques displayed to produce
installations with the diﬀerent distorting techniques
remain at a very handcrafted and low-tech level. A
digital gap still exists, one which the O&D project
wants to bridge, both optimizing and expanding the
possibilities of such techniques, by bringing them
closer to CAD/CAM environments. Furthermore, despite the fact that there has been previous research
dealing with the development of digital tools to produce such distortion techniques in a CAD/CAM environment (Di Paola, F., Pedone, P., Inzerillo, L., Santagati, C. 2015), the O&D parametric tool, with its
unique interface, will allow production of all three
techniques (trompe l’oeil, anamorphosis and sciagraphy), whereas the pre-existing tools are limited to
one technique at a time.

PARAMETRIC TOOL DEVELOPMENT
Once the techniques were identiﬁed, their geometrical rules were examined to ﬁnd a common ground
and the possibility to create a parametric tool that enables their application in 3D-modeling digital environments. A digital parametric tool was created with
Grasshopper, to be used in the 3D-modeling software Rhinoceros (Rhino), integrating the use of the
three diﬀerent graphic techniques mentioned. The
parametric deﬁnition has embedded all the diﬀerent
requirements, limitations, and necessary elements to
operate the diﬀerent geometrical steps needed to
create a projection on the modeled space for any of
the three techniques. That projection was then used
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to cut a vinyl decal that could be applied to that very
space. Thus, the process of design and fabrication totally digitalizes, leaving only the ﬁnal installation of
the decals to manual intervention (Martin and Ugarte
2014), a step that nevertheless has been simpliﬁed,
by avoiding the time-consuming in situ contouring
and painting as in the case of Varini’s work, or reducing the vinyl application as in many of Silveira’s installations.
The parametric tool in Grasshopper consists of
ﬁve diﬀerent components in order to follow the speciﬁc conditions that were determined (Fig. 4). The
ﬁrst component - entitled “Space & Illusion” - relates
to the two main elements involved in the creation of
the optical illusion: the space (a) that is going to be
used to create an illusion or distorting eﬀect and the
design of the illusion (b) that is going to be created.
These two preliminary elements must be modeled in
Rhino by the user and, to work with the generated
parametric tool, have to be linked to the ﬁrst component of the Grasshopper deﬁnition where indicated
(“Space” and “Illusion” independently).
The three illusions distort the perception of a
space by using graphic projection techniques; therefore, there is an important relationship between the
viewer and the space observed, which translates
into two reference points (“Viewer Point” and “Target Point”) that have to be connected to the second
component in the interface - “Viewer and Target Settings.” These two main points must be ﬁxed in the
Rhino model: “Viewer Point” refers to a speciﬁc point
of view in the space (c) and “Target Point” to a vanish-

ing point of the projection (d). Between them, a projection line is created, a sort of trajectory along which
the distortion design will be projected into the space.
Once the points (“Viewer” and “Target”) and the
two geometries (“Space & Illusion”) are linked to the
parametric tool, the third main element of the deﬁnition - “Projection Generator” - will create the intersection between the space and the illusion design (e),
producing a projection contour line.
The fourth component of the parametric tool
- “Projection Parameters” - is meant to control and
better adapt the projection of the illusion into the
space. The component allows the user to ﬁx the dimensions and location in the space of the illusion,
which is initially linked to an extra element located
in the Rhino space (f ): the “Projection Frame.” The location of the projection is related to the position of
the illusion’s geometry within the “Projection Frame.”
The “Projection Frame” is a rectangle that belongs to
the Rhinoceros model and is also connected to the
ﬁrst component of the Grasshopper deﬁnition automatically. The projection frame is parameterized
and located in the projection line that links the two
above-mentioned points. The size of the projection is
controlled by the “Projection Size” slider that adapts
the size of the parameterized frame. The location in
space of the parameterized frame is controlled with
the “Distance from the Viewer” display, which determines the limits of the illusion within the space, regulating the depth of the projection in relation to the
“Viewer Point.”
After adjusting the three-dimensional projection
Figure 4
The diﬀerent
elements taking
part in the
Rhinoceros model /
Grasshopper
deﬁnition for the
creation of
anamorphosis,
trompe l’oeil, and
schiography.
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of the illusion by means of the fourth component
of the Grasshopper deﬁnition, the ﬁfth one is in
charge of isolating the three-dimensional projection
and ﬂattening it. These drawings are then ready to be
part of the last step of the digital fabrication process,
as they will be used to cut the vinyl decals with a CNC
vinyl-cutter.
The development of a parametric tool that allows the creation of installations using trompe l’oeil,
anamorphosis and sciagraphy in a digital environment boosts the possibilities of the creators and optimizes the process in many diﬀerent ways. First of all,
the ability to produce an entire digital model of the
space and the desired projection enables the user to
simulate and test the eﬀect of the installation. The
parametric tool provides an opportunity to produce
changes quickly and easily, and to adapt the design
- for example, changing the desired geometry, or adjusting the viewer’s point of view or the vanishing
point - as well as to substitute the space where the
illusion is going to be created.
First of all, the ability to produce an entire digital model of the space and the desired projection enables the user to simulate and test the eﬀect of the installation. The parametric tool provides an opportunity to produce changes quickly and easily and adapt
the design - for example, changing the desired geometry, or adjusting the viewer point of view or the vanishing point - as well as easily to substitute the space
where the illusion is going to be created.
The possibility of preparing the installation remotely (and in advance) also permits the creator
to delocalize not only the preparation, but also the
production. For example, in contrast to the regular procedure that Felice Varini follows - painting the
anamorphosis in situ, by means of digitally fabricated
vinyl decals it is possible to completely delocalize the
production process. Besides the ﬂexibility this brings,
it also reduces the installation time, which in many
cases can result in a relevant reduction of costs.
The introduction of the CAD/CAM fabrication
process and switching to the use of vinyl decals for
those techniques that did not yet use them also op-

timizes the process in terms of material use - which
also reduces costs. First, exchanging the use of paints
- which Felice Varini and Georges Rousse use in their
anamorphosis - to vinyl reduces the lasting impact
of the installation in the supporting space. Some
decals may have trouble sticking to some surfaces,
but the quality and the variety of vinyl products have
increased lately, allowing for their application onto
very diﬃcult surfaces. For installations that exceed
speciﬁc dimensions, the use of vinyl may be diﬃcult,
but vinyl decals allow for an easy and clean removal,
with little impact on the support surface, reducing
possible extra costs for cleaning and repairs.
Even in comparison to artists that have used
already vinyl decals for their installations, such as
Regina Silveira or Damien Gilley, the application of
the new parametric tool allows for a material optimization. The possibility of precisely producing the
cutting contours of the geometries that are going to
be applied on the space enables the reduction of the
material that is going to be used. Instead of producing full foils to be applied, the required geometry can
be outlined and divided in independent smaller elements to be cut following the requirements of the
manufacturing process - the maximum dimensions
of the cutting machine and the vinyl sheet. However,
this procedure requires more precision, in order to
calculate the diﬀerent elements in which the overall
geometry is divided.
As shown, bringing the design and production
of distorting graphic installations to CAD/CAM environments, together with the use of vinyl decals, introduces a wide range of possibilities for optimization. Beneﬁts include ﬂexibility in design and material optimization, which can translate not only to
an enhanced process of creation, but also to relevant
cost and time savings in the entire process of design,
production and assembly.

INTERNATIONAL WORKSHOP
Once the necessary tools in a digital environment to
produce anamorphosis, trompe l’oeil, and sciagraphy
were established, the next step in the O&D project
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Figure 5
Diﬀerent results of
the Student Work.

was to test their application by unskilled users. In
the summer of 2017, an international workshop with
more than 20 students from diﬀerent design programs - architecture, interior design, product design,
and ﬁne arts, among others - took place in the School
of Architecture of the Polytechnic University of Valencia (UPV), Spain.
The schedule and content of the workshop were
highly demanding, and during four days, the students were exposed to an extensive theoretical content - with lectures about the historical origins and
possible applications of the diﬀerent techniques,
about descriptive geometry (to understand the rules
behind the graphic techniques), and about CAD/CAM technologies, from a general description of
common terms and possible applications to the more
speciﬁc use of the parametric tools developed for the
occasion. The ﬁrst two days were devoted to theoretical content and digital training, producing examples of the projections both with AutoCAD - as
a drafting tool generating the projections following
the required geometrical steps - and with Rhinoceros
- which, together with Grasshopper, turns the process fully digital and partially parametric. Most of the
students did not have previous experience with the
modeling software Rhinoceros. On the contrary, all
of them were used to working with AutoCAD.
During the third day of the workshop, the students were divided in groups of three or four participants, and were asked to design the application of an

anamorphosis in a rectangular room into which they
could also place other elements to enhance the interaction of the installation with the three-dimensional
space. Unfortunately, due to time constraints, it was
not possible to explore the use of trompe l’oeil and
sciagraphy as well. The students had to design the
geometries they wanted to apply for the anamorphosis and produce a model of the room (Fig. 5). Having
followed the instructions about how to use the tools,
the students were to obtain the cutting contours for
the decals to stick onto the surfaces. Instead of using
a vinyl-cutter, due to the reduced scale of the prototypes, the students laser-cut the stickers. The fourth
and last day was devoted to the ﬁnalization of the
models and the documentation of the results, taking
photos and recording videos of the illusions.
Among the seven groups, one was capable of
producing three diﬀerent models , making use of the
three distortion techniques. In this case, this was
the only group in which the three participants were
not only relatively skilled with AutoCAD, but above
all, had a deep understanding of descriptive geometry. This group, contrary to what was asked for, used
drafting techniques in AutoCAD rather than the parametric tool to produce their projection drawings for
trompe l’oeil and sciagraphy (Fig. 6), using the parametric tool only for the anamorphosis. The procedure they followed in AutoCAD would normally take
much longer than the one using the parametric tool
when the latter is mastered, but the low level of ac-
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quaintance with such tools made the process much
harder, inverting the expected time expand (Lynn.
2004. 65).
It is worth mentioning that the students received
very little input in terms of the quality of their designs, as the instructors had to be focused on solving all the practical problems the participant encountered while using the modeling software and
the parametric tool. Most of the designs were only
slightly supervised and therefore, some of them lack
interest or present a low relationship with the distortion of the perception of space. This last issue may be
explained by the fact that some students had backgrounds unrelated to spatial practices like architecture and interior architecture.
Figure 6
Sciagraphy
produced by the
students

CONCLUSION
As digital environments have increasingly become
part of contemporary architectural production
(Iwamoto 2009, Picon 2010), the relevance CADCAM technologies have acquired in education has
increased as well, sometimes displacing more traditional ﬁelds of knowledge due to restrictions on
teaching times and tight academic curricula. The
Ornament & Distortion research project, framed in
an educational context, aims to bridge digital environments with many other disciplines relevant to
the ﬁeld of architecture and design, namely history,
theory, descriptive geometry, and material sciences,
among others.
Unlike the high level of speciﬁcation that many

Architecture and Design programs follow - understandable up to a point, due to the high complexity
of digital fabrication and computational design - the
O&D project pursues a more holistic approach (Evermann 2017). The aim of the project is to expose students in the beginning semesters to digital environments and fabrication processes, promoting the culture of learning-by-making from an early stage while
exploring other ﬁelds and subjects.
During the four days of the O&D Workshop, the
students were exposed to and experimented with
CAD tools and processes, becoming familiar to terms
like CAD-CAM, CNC machines, algorithms, rapid prototyping, etc. They also got a deeper insight on
what digital technologies can bring to the architectural production, managing to establish a continuous and eﬃcient workﬂow. Above all, the students
observed how digital technologies do not simply
ease complex design processes, but also help to articulate knowledge and ideas, and are very powerful tools that require extensive skills. Digital design
enables the expansion of architectural possibilities
from design processes to fabrication and assembly
(Chaszar and Glymph 2010), but by growing in importance and wide spreading in academic curricula, it
could prevent students from learning the basic skills
in which upon many digital tools are based - for example, the O&D parametric tool. The power of easing processes may optimize architectural production,
but it can also hinder the education and training of
future designers, used to powerful tools and readymade solutions that lack the depth and spectrum
of tedious and more handcrafted design processes.
Therefore, the gradual implementation of computational design is relevant for the future of architectural
studies, not only to be ready for upcoming industrial challenges, but also seamlessly to intertwine basic and traditional knowledge with the most cuttingedge technology.

SUMMARY AND FUTURE DEVELOPMENT
The O&D project was developed during the Spring
2017 semester at Berlin’s International University of
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Applied Sciences, which also organized the International Workshop in Spain in collaboration with the
UPV. During this semester, the theoretical and historical research was conducted by Prof. Martin and the
digital tools were developed, producing small prototypes in order to test them and get them ready to
work for the International Workshop. The parametric
tools used during the workshop were functional, but
not yet fully optimized. For example, the ﬁfth component described in the text is not developed yet,
and the students had to obtain the projection contours themselves, as the current tool does not isolate
them. Another possible development would be the
capability of the tool to break the shapes into diﬀerent sections that adjust to the maximum fabrication
sizes regarding material and machine limitations.
Also, a second workshop to further explore the
capabilities of the parametric tools, the creativity and
learning process of students, and the potential of the
distortion techniques was planned in Berlin during
2018. Unfortunately, the development of Berlin International and the move to diﬀerent facilities postponed the workshop. However, once Berlin International is established in the new facilities, the workshop can have a more impactful result due to the spatial features of the building, where the students will
be able to produce 1:1 vinyl decals.
Finally, to reach to a higher audience and contribute to the open-source culture, the website
www.ornamentanddistortion.com was created. All
the theoretical research, the parametric tools, the
results from the workshops, and information about
new activities can be found on the website.
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The paper concerns the issue of constructing flat vaults from elements
topologically interlocking inspired by the Abeille blocks. One of the new ideas
that are presented is constructing the vaults in an order opposite to the one
considered untill now. The problem of static response on the thrust force,
significant for flat vaults, is usually solved by the use of the perimeter frame,
added only after arranging all the elements of the vault. The paper presents how
to arrange the vault inside a previously made frame thanks to application of
special components divided into parts, which are inserted at the end and play the
same role as a keystone in a stone arch. The other new concept is shaping vaults
based on equilateral triangles and regular hexagons, from hexagonal, romboidal
and triangular elements shaped and arranged in a manner similar to the one used
for shaping square vaults. The last innovative concept presented in a paper
concerns shaping the perimeter frame from the components providing stiffness of
the frame only due to topological interlocking. All presented ideas have been
analised purely at a geometric level.
Keywords: reciprocal structures, flat vaults, topological interlocking

INTRODUCTION
The issue of constructing ﬂat vaults from elements
shaped in such a way that due to the topological
interlocking they establish a self-supporting structure is the subject of theoretical considerations and
attempts of practical implementations undertaken
for several hundred years. The ﬁrst projects were
based on the use of the idea of a stone structural
arch, whose transfer to a ﬂat structure results in the
shapes of individual elements diﬀerentiated according to the position of the element in the structure.
The stone vault of this type, dated to 1559-84, is still
preserved in the Eskurial monastery in Spain (Addis 2007). The 280 mm thick structure was real-

ized above a square room with dimensions of 8x8 m.
Because the manufacture of non-uniform elements
with precision ensuring their tight ﬁt was diﬃcult, researchers’ eﬀorts have been redirected to ﬁnding the
solution, which would allow to construct a ﬂat vault
from identical elements.
The ﬁrst concepts of such vaults were presented
in 1699 by Abeille and Truchet (Gallon 1735) and next
ones in 1737 by Frezier (Frezier 1737). The vaults were
designed as constructed from identical elements arranged so that each element supports two other elements and it is supported by two more elements.
The idea was based on the concept of ﬂoor structures
made of timber reciprocal beams, which was popu-
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larised earlier as Serlio’s ﬂoors, e.g. by John Wallis
(Wallis 1995) and it has even been practically used in
England (Insall 1972, Morton 2011) and Netherlands
(Emy 1841). The diﬀerences between concepts of
Abeille, Truchet and Frezier manifested in the shapes
of blocks. Abeille started from the vault characterized by the fact that one of its surfaces is smooth,
the other is relief. Truchet designed a vault of both
smooth surfaces obtained as the result of the use of
blocks with curvilinear edges. Frezier found shapes
of straight line edge blocks, which were also suitable for constructing the vaults of both smooth surfaces. Two structures using this idea, both from the
second half of the nineteenth century, are preserved
untill now in Spain: the ﬁrst one in the cathedral of
Lugo (Rabasa Diaz 1998) and the second in the Casa
Mina de Limpia, near Madrid (Nichilo 2003). Both the
vaults are very small, the external dimensions of the
second one of them, which was precisely described
by Ignazio Guijarro (Guijarro 2017), are 328x397 cm.
Thrust balancing, which is the bigger the grater the
vault, is always the most important structural challenge, which designers have to face.
Currently, increased interest in the issue is observed not only in the ﬁeld of architecture, but also
in material engineering. The ﬁrst paper, which undertook the subject of shaping material structures from
interlocked tetrahedron-shaped elements was published in 2001 (Dyskin et al. 2001). In 2003 in the ﬁeld
of material engineering the term topological interlocking was introduced (Dyskin et al. 2003). A limited
number of theoretical papers dedicated to the issue
of shaping ﬂat structures applicable in architecture
has been written in recent years (Brocato and Mondardini 2015, Weizmann et al. 2016, Weizmann et al.
2017), as well as experimental research was carried
out in this area (Sakarovitch 2006, Fleury 2009). Another group of researchers focused their activities on
applying the idea for shaping spatial structures (Fallacara and Stigliano 2012, Brocato and Mondardini
2012).
An important problem, in the issue of topologically interlocking ﬂat vaults, is the tendency of el-

ements to moving in horizontal directions, caused
by the action of the thrust force. The method proposed in the literature to counteract these displacements is the use of a perimeter frame made of steel
beams. Both in theoretical considerations and experiments on models made on a natural (Sakarovitch
2006, Fleury 2009) or a reduced scale (Weizmann et
al. 2017), it was assumed that the frame is assembled after arranging all the elements of the vault,
or at least the last element of the frame cannot be
mounted until then. The experiments carried out
have shown that, despite the use of the frame, the
dimensions of a single vault cannot be large, due to
the occurrence of excessive deﬂections.

THE REVERSE ORDER OF CONSTRUCTION
OF FLAT VAULTS
The shapes of the elements forming the vault, designed with the intention to guarantee the topological interlocking, precludes prior preparation of the
frame and ﬁlling it subsequently with only typical elements of the vault. The procedure of constructing the
vault in the reverse order, i.e. ﬁrst the frame, then the
set of elements ﬁlling it, is possible but it requires an
application instead of a given number of the typical
blocks, of the ones shaped in a special way, and the
assembly of the vault in a particular order. Constructing the vault in this way should be started from laying the blocks in the zone adjacent to the beams, and
then be continuing towards the centre of the vault.
In the middle of the vault, substitute blocks should
be used, identical in form as the typical ones, but divided into pieces. The shapes of these pieces should
be chosen so that it is possible to move each of them
through the hole remaining between the previously
arranged components, the support on the components already laid and providing the support for the
element that will be introduced next. The role of
these untypical blocks for the ﬂat vault is analogous
to the role of the keystone in the stone arch.
The presented procedure opens the perspective
for using topological interlocking to construct ﬂoor
slabs with larger spans than the dimensions of a sin-
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Figure 1
The cooperation of
a ﬂat vault with a
grate made of pipes
with a hexagonal
cross-section.

Figure 2
Filling grillage ﬁelds
by small blocks.

Figure 3
The order in which
elements are laid in
a square grillage
box.
Figure 4
The Abeile’s blocks
keep the distance
during the sliding.
Figure 5
Providing a
distance between
the components of
the double-relief
vault requires edge
chamfering.

gle vault, through the cooperation of vaults with a
steel grillage, as a structure supporting the ﬂoor slab.
Two types of vaults have been taken under consideration. The ﬁrst one, made of blocks, which cross
sections are trapezoidal and identical in two perpendicular planes, is characterised by relief surfaces from
the both sides. Turning the vault upside down does
not change its appearance from any side. This type
of vault does not require special shaping of the edge
elements if the grillage cooperating with the vault is
made of pipes with a hexagonal cross-section (Figure
1). The second type of vault, made of Abeille blocks
may be considered in two options, as the vault with
bottom surface smooth and the upper relief (suggested by Abeille) or the inversed one, with bottom
surface relief and the upper one smooth. Abeille
vault requires that the blocks adjacent to the grid
beams are shaped in a special way. The same applies to the vault of the ﬁrst type if the beams are not
hexagonal.
The role of the grillage beams is to counteract the
displacement of the vault components both in vertical and horizontal directions. Therefore, the optimal
way to make the grillage is to use steel I-section proﬁles. Filling the space between the ﬂanges of an Ibeam, which is impossible to be realized with a single panel, is possible using small-size elements. However, because the assembly of the grillage can be difﬁcult with the use of such proﬁles, an alternative solution is the use of rectangular tubes with ﬂat bars attached to their bottom surfaces, whose role would be
to support the vault elements. In any case, the assembly requires the use of temporary scaﬀolding (Figure
2). The order of ﬁling the grillage ﬁeld by the vault
elements does not depend on the type of the vault,
as well as the type of the beam proﬁle, and should be
such as shown in Figure 3. Fitting the Abeille blocks
does not cause friction between them (Figure 4). The
elimination of friction between the blocks forming
the double relief vault requires chamfering the edges
of the elements (Figure 5). The consequence of the
chamfering is the presence of small gaps in the vault
with sizes resulting from the chamfer dimensions.

The last step in the vault assembling procedure consists in a placement of the special elements fulﬁlling
the role of the keystone. Simulations carried out on
3D virtual models of the vaults have proved that it
is impossible to put the one before last element into
the space remaining after arranging all the elements,
except these two last ones, so the completion of the
vault requires the use of at least two elements divided into parts. The possibility of dividing the standard component into parts that can be inserted one
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after the other into the available opening depends
on the slope of the side faces of the component. It
is assumed that the pieces that will be introduced
ﬁrst, marked in red in Figure 6, and numbers 1 and
3, should be of trapezoidal section (Figure 7) or in the
extreme case triangular, and the angle θ1 between
the plane dividing the component and the horizontal plane, should fulﬁll the condition (1), where θrr
is the angle under which side faces of the block are
inclined to this plane (Figure 7). The measure of the
angle θrr which guarantees the movement of the element through the hole must meet the inequality (2)
and the shorter length of the trapezoid base being
the cross-section of the ﬁrst part - the inequality (3).
If the elements of the keystone are assembled in accordance with the numbering according to ﬁgure 6,
the part marked with number 1 will rest on standard
elements, the part 2 on the same elements and on
part 1, the part 3 - on one of the standard elements
and on the part 2, and the piece 4 will be supported
by part 3 and the blocks supporting it. Inserting the
yellow parts will be easier if the measures of angles
θ1 and θrr are not the same.
θ1 ≤ θrr

θ1 is in each case as in formula (1), with the exception that in the place of angle θrr angles θrs or θsr
are used. The shapes and dimensions of keystones
for the vaults made of Abeille blocks are explained in
details in Figure 8.
( )
2t
θsr ≥ arctan
(4)
s
2t
csr ≥ s −
(5)
tan (θsr )
( )
4t
(6)
θrs ≥ arctan
s
4t
crs ≥ s −
(7)
tan (θrs )
Figure 6
An order of
entering the parts
of the keystone.

Figure 7
Dimensions of the
parts of the
keystone of the
double relief vault

(1)

)
3t
(2)
s
3t
crr ≥ s −
(3)
tan (θrr )
The way of dividing the Abeille blocks into parts is
very similar as in the case previously discussed. Since
the elements of the keystone must always be inserted
from the top, because their motion under the inﬂuence of gravity should be blocked by the elements
previously arranged, independent geometrical analyzes are necessary for vaults with a smooth surface
from the bottom, or arranged in an inverted position,
i.e. with a smooth surface from the top. The basic dimensions θrs and crs of the keystone for the vault
with smooth surface from the bottom are expressed
in formulas (4) and (5), and the dimensions θsr and
csr of the keystone for the inversely oriented vault
in formulas (6) and (7). The condition for parameter
(

θrr ≥ arctan

Figure 8
Dimensions of the
parts of the
keystone of the
vault built from
Abeille blocks.

HEXAGONAL AND TRIANGULAR FLAT
VAULTS
The method of constructing the ﬂat square vaults
with the use of topologically interlocking blocks can
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be adopted for constructing vaults of free shapes and
from elements based on a custom grid (Weizmann et
al. 2017). The useful system, from the point of view of
repeatability of elements and so the need for creation
of only limited assortment of their spatial forms, may
be designed for vaults in a shape of regular hexagons
or equilateral triangles, based on the grid consisting
of equilateral triangles. The method of shaping particular elements is well known (Vella and Kotnik 2016,
Weizmann et al. 2016) and it amounts to establishing
planes αij perpendicular to the grid, which cut it in
chosen edges and then to rotating them αij by identical angles.
Figure 9
The procedure of
modeling elements
based on a regular
hexagon, an
equilateral triangle
and a rhombus.

Figure 10
Conditions for
stabilization of a
triangular
component
depending on its
orientation in space
and location in the
slab.

Such a method adopted for regular hexagons and
rhombuses being a sum of six or two basic triangular meshes of the grid, as well as for a single triangle
is the ﬁrst step in the procedure of creation of spatial
blocks designed for construction of the considered
vaults. The ﬁnal shape of the block is done with the
use of two planes β1 and β2 parallel to the basic grid
(Figure 9). If they have been arranged in a space at
equal distances from the grid but on opposite sides,
the resulted blocks are dedicated for the double relief
vault. If one of the planes is the plane of the grid, and
the second one is placed in a given distance from it,
the blocks are similar to Abeille blocks and they allow
for the construction of the vault with the one smooth
surface.
Because the structure of the vault using the topological interlocking of elements requires that each

element supports other elements and is being supported by other ones, it is not possible to aggregate the structure only from the triangular blocks,
due to the odd number of triangle sides. In such a
case, some of the blocks could base their two faces
on other blocks, but there would also be those that
would base only one face on the another block, while
two faces would have to support other elements.
This makes the stability of the structure impossible.
On the other hand it is impossible to aggregate the
hexagonal or triangular vault from only hexagonal
blocks. The use of hexagonal blocks must be realised
with the complementary use of triangular blocks or
rhombic ones if possible. The triangular blocks may
be applied only in such a number and orientation
that each of them ﬁnds support along two side facess
on the other elements, or on the peripheral frame,
and only at most one side face creates support for
another element. It means that they can be used
also in an inversed position, but only in such a location in which the peripheral frame creates additional
support (Figure 10). The stability of a set consisting
of hexagonal and triangular elements will be maintained if the number of supported edges in the whole
assembly exceeds the number of supporting edges,
but the number of supported edges should include
the edges adjacent to the sides of the vault assuming
that it will be supported along its circumference.

The composition of the self-supporting structure requires a detailed analysis of all its fragments. Figure
11 shows triangular and hexagonal self-supporting
structures. The universal principle allows to compose
hexagonal elements and triangular structures of any
size. From the same elements it is possible to assemble only such hexagonal structures whose side length
is equal to 2 or 3 meshes.
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The ﬁrst method is eﬀective for hexagonal structures
characterized by side lengths of 2 or 3 meshes. According to the second method, structures of any size
can be combined (Figure 12). Because three rhombic
blocks constitute a substitute of a hexagonal block,
it is possible to create the vaults composed of the
rhombic and triangular blocks (Figure 13) in a way
similar to shown in Figure 11. Hexagonal vaults can
be also aggregated only with hexagonal and rhombic elements (Figure 14). Assembly of structures from
rhombic blocks requires in some cases the use of
two types of such blocks, one according to Figure 9
and the other, which is its image in mirror symmetry.
These components are marked in lighter color in Figure 12.

PERIPHERAL FRAMES FROM TOPOLOGICALLY INTERLOCKING BLOCKS

An alternative way of constructing the vaults in the
shape of a regular hexagon is to assemble them from
rhombic blocks. They can be combined in three in hexagonal assemblies (Rabasa Diaz 1998), from
which larger structures can be created, or conﬁgured analogically to the elements of square vaults.

Surrounding the vault with a perimeter frame is an
indisputably eﬀective means of counteracting forces
of the thrust. In previous considerations, it was assumed to use as a frame a steel beams grillage, i.e.
made of a diﬀerent material and using technology
other than the vault itself. Theoretically, shaping the
peripheral frame from prefabricated elements made
of the same material as the vault and obtaining the
load-bearing capacity also due to the topological
blocking of the elements can be considered. The issues discussed in this paper are focused solely on the
geometric shaping of the vaults and they abstract
from the mechanical properties of the material from
which the vaults could potentially be made. Objections that may arise as a result of poor assessment
of the suitability of concrete or stone, being the only
materials used until now for constructing vaults on
a natural scale, as a material for making a frame, do
not have to be taken into account. It is assumed
that in the near future, the development of material
engineering and manufacturing techniques, including in particular 3D printing technology, can provide
a completely new material and tools to implement
the presented geometric concepts in real and useful
structures.
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Figure 11
Triangular and
hexagonal
structures from
blocks based on a
regular hexagon
and an equilateral
triangle

Figure 12
Hexagonal
structures from
blocks based on a
rhombus.

Figure 13
Triangular and
hexagonal
structures from
blocks based on a
rhombus and an
equilateral triangle.

Figure 14
Hxagonal structures
from blocks based
on a regular
hexagon and a
rhombus.

Figure 15
Transferring the
idea of topological
interlocking to
structures of the
width (thickness) of
one element

Figure 16
Peripheral frame for
the vault supported
along the
circumference.

The self-locking structure of the width of only one element is known for practical use in the lintel beam
in the gothic gate in Alba Iulia (Motro 2009), as well
as from the design of trapezoidal frame (Baverel and
Popovic Larsen 2011). In both cases, the design task
is to transfer gravitational loads. The idea (Figure 15)
can be implemented in the structure of a ﬂat vault
for the transfer of forces operating in the plane of the
vault, whose dimension in the direction perpendicular to the working force, is also equal to one element.
Prefabs included in the perimeter frame, in addition to the role resulting from the co-creation of this
frame, must perform the functions of typical vault
components. Hence, in addition to counteracting
horizontal displacements of internal blocks, due to
operation of gravitational forces they should support
blocks of the pre-end band. Prefabs, which as individual elements, fulﬁll the aforementioned functions
(Tessmann 2013), may not prevent horizontal displacement of the entire edge zone, being not stiﬄy
linked with the rest of the structure. An eﬀective alternative is to create a perimeter frame, which would
be a self-supporting structure, capable of blocking
the displacement of the edge band in a horizontal direction perpendicular to this band, by securing the
sides of the frame in the manner shown in the right
part of the Figure 15.
The vault with the built-in self-blocking frame
can only be supported from the bottom along the entire perimeter (Figure 16). Prefabricates forming the
frame should be assembled ﬁrst, but the edge elements marked as type 1 must be laid before elements
marked as type 2. After the frame has been assembled, it can be ﬁlled with internal prefabricated elements and ﬁnally a keystone, made according to the
general concept discussed earlier.

The vault shown in Figure 16 is only an example that can be adapted in structures made of elements with other shapes. Elements of this vault differ from those described earlier. They are modeled
on the Abeille cube and modiﬁed in such a way that
the structure of them is characterized by a non-zero
thickness at each point. The modiﬁcation consists in
enlarging the components from the side of a smooth
outer surface with a layer of constant thickness. Probably from such blocks the vault in cathedral in Lugo
is constructed (Rabas Diaz 1998).

If supporting the vault is planned only by means
of columns located in corners of the vault, the peripheral frame should fulﬁl additionally a function of
a self-supporting beam. The implementation of all
functions by the frame results in the exclusion of the
possibility of sliding the prefabricated elements vertically from the top, due to the fact that the trapezia
contained in the vertical sections, rotated one against
the other, will interlock during such movement. Due
to the grooves serving to block displacements in the
direction parallel to the side of the frame, it is also not
possible to slide the prefabricated elements from the
horizontal direction. The solution is to slide them parallel to one of the inclined side faces, and give them
such a shape, so that it enables the movement resulting in approach to another part of the face located in
the plane of opposite slope.
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Since the direction of the sliding cannot be parallel to the sides of both trapezia, the cross-sections
of the prefabricated elements by vertical planes parallel to the side of the perimeter frame cannot be
trapezia. The inserting of prefabricates will be feasible if the opposite sides of the cross-section are parallel straight lines, and blocking will be possible, if
the upper left (right) part of the cross-section will be
based on the right (left) part of its cross-section, i.e.
on the right (left) part of the cross-section of an adjacent prefab, which is identical (Figure 17). Corner
prefabricates should be formed in such a way that the
left and right part of this section are contained in perpendicular planes, i.e. that the possibility of sliding
subsequent prefabricated elements along the entire
perimeter of the frame, also after changing the beam
direction, is ensured.

The shape according to the description above does
not allow the last component of the frame to be
mounted. Its implementation can take place when,
instead of one of the repetitive prefabricates, a twoelement keystone is used, identical with it in terms of
form, but divided into two parts (Figure 18). It is characteristic that despite the complex shapes of prefabricates forming the frame, the pattern on the upper
surface of the vault is a grid of squares (Figure 19).

Figure 17
The cross-section of
the perimeter frame
and the way of
forming the frame

CONCLUSION
The subject of the research has been considered only
in geometric aspect. The correctness of the presented results has been validated by computer simulations carried out on virtual models of particular elements and structures created from them. The next
step of validation, planned by the author, is realisation of material models in 3D printing technology.
It is anticipated that parallel theoretical studies will
be carried out on geometric shaping of vaults based
on other shapes of blocks, including those invented
by Truchet and Frezier. The author’s intention is to
complement the concept by solving the problem of
shaping triangular and hexagonal vaults also in a way
allowing for the assembly inside frames previously
made.
The opportunity to popularize the structural system discussed in this paper would be the invention
a material that, in terms of mechanical properties,
would outperform concrete and ceramic materials,
but at the same time be lighter. The important problems that must be solved are: providing the edges
of prefabs with resistance to damage during transport and assembly, and their walls with smoothness,
because the eﬀectiveness of topological blocking of
components depends largely on the quality of the
contacting surfaces.
The concept presented in the paper allows using
the same vault components to construct ﬂoor slabs
of various dimensions and even the load capacity,
thanks to ability to cooperate with the structural grillage. The installation of ﬂoor slabs is a dry assembly
that does not require the use of technological water
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Figure 18
The shape and the
need of using the
keystone in the
perimeter frame.
Figure 19
Peripheral frame for
the vault supported
only in the corners.

and makes dismantling the structure relatively easy.
For this reason, the proposed solutions are rational
for applications in temporary buildings, or those for
which a short turnaround time is required, e.g. used
for the rapid reconstruction of infrastructure in areas
aﬀected by natural disasters.
The last but not least aspect of topologically connected vaults are aesthetic issues. The ﬂoor slabs
made as single-layer, that is, without layers covering the ﬂoor or the ceiling are extremely decorative.
Strengthening the aesthetic value may be obtained
by the diversiﬁcation of the material from which the
individual components will be produced, e.g. in
terms of color. There is also the theoretical opportunity to create a vault only from keystone elements,
which will allow to replace any elements of the vault
without the need to dismantle it, but only with the
necessity of temporary local support.
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This paper presents the application of shape grammars in a real case design
problem. The design problem is stated as developing computational acoustic
panel solution for classroom with various acoustic problems by modifying 2D
pattern, which basically utilizes shape grammars. The study demonstrates
interdisciplinary environment of design education and discussions of shape
grammars in acoustic panel design and making. It includes different methods to
design, like intuitive tendencies, computational thinking, computational tools,
and computer simulations. The rule sets of the 2D (pencil-paper-based) pattern
are intuitively created by the designer with simultaneous studies of understanding
shape grammars. The study consists of three stages. The first stage illustrates 2D
pattern generation utilizing computational thinking via shape grammar
methodology, second stage illustrates computer generation of 2D pattern with the
help of computational tools, and the third stage utilization and modification of
this 2D pattern into 3D acoustic panel with feedbacks of computer simulations.
Keywords: computational design, computer-generated geometrical design,
shape grammar, acoustic, odeon

INTRODUCTION
Shape grammar has been used for generating geometries and forms as a generative design tool, system, and language. According to Stiny, a shape
grammar deﬁnes a set called language (Stiny, 1980).
From the introduction of the shape grammar to design methodology onwards, shape grammar, that is
widely used in design education and practice has
been evolved as a generative design tool by recursively applying shape rules to the initial shape. As
Knight stated that, “A shape grammar is a set of shape
rules that apply in a step by step way to generate

a set, or language, of design. Shape grammars are
both descriptive and generative. The rules of a shape
grammar generate or compute designs, and the rules
themselves are descriptions of the forms the generated designs.” (Knight, 2000). Novel use of the shape
grammar in design education in practice enrich the
abilities of designers as well as providing design alternatives to designers.
In the early 1970s, George Stiny and James
Gips ﬁrst presented shape grammar theory to design methodology. As Stiny and Gips point out,
shape grammars are similar to phrase structure gram-
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mars, which were introduced by Chomsky in linguistics. Where phrase structure grammars are deﬁned over an alphabet of symbols and generate onedimensional strings of symbols, shape grammars are
deﬁned over an alphabet of shapes and generate ndimensional shapes (Stiny & Gips, 1971). Through
development and application in shape grammar approaches, the generation of complex forms and patterns are deﬁned by basic formal rule sets. Within this
context, a designer has a chance to formalize or design the generation of any shape. Thus, shape grammar is not only capable of generation of complex designs, but also a powerful tool for computational pattern generation.
In the design education and practice, shape
grammars have been used as a tool for teaching computational thinking and design to architects and designers in various graduate level courses and design
practice. “The ﬁrst two decades of shape grammar
applications focused almost exclusively on analysis.”
(Knight, 1999). In the earlier stages of the shape
grammar approach, shape grammar is utilized as developing new design languages based on existing
ones as well as capturing the inferring grammar of
the design, transferring the deﬁned rule sets to generate designs as an inﬁnite number of new designs
such as new design language or style. Knight (1999)
states that shape grammars are used by students to
understand the design language and manipulate the
existing design with its rules to generate a new design. Within this context, initially, students analyse
the existing patterns which could be architectural
styles or design languages to formulate (extract) their
own rules for their designs. Therefore, analysing process has potential in design education and practice.
“There is no better way to learn about styles or languages of designs (at least compositionally) than by
either studying shape grammars already written for
languages or by writing grammars oneself.”(Knight,
1999). Shape grammars, on the other hand, have a
basis of cognition-oriented design theories as computational theory and making. Cognitive computation in the shape grammar is conducted with the em-

bedded integration of seeing and doing as is handeye coordination in the design and making process
in the creative design process like as Stiny concludes
that; “What you see is what you get”(Stiny, 2006). Undergone a relationship between seeing and doing,
shape grammars is deﬁned as computation design
and thinking as cognitive computation.
As a way of understanding the trajectory of
Stiny’s ideas of shape grammar as are the importance
of the integration of the seeing and doing, and a basis of the mathematics behind the whole process is
maintained as follows; “I am going to use my formula
to get the idea that calculating is visual if it can deal
with shapes like this. I want to use rules to determine
what parts I see and what I can say about them, and to
allow for what I see and what I say to change freely as
I calculate. And I want this to happen every time I try
a rule.”(Stiny, 2006) Therefore, the pattern analysing
process is driven recursively depending on the cognitive computation, while seeing the sub-shapes on
the pattern and intuitively decoding the sub-shapes
of the pattern to determine the geometric deﬁnition
of the pattern. Computer application of shape grammar make geometric logic embedded in pattern easy
to understand, enabling better control, modiﬁcation,
and construction. This study diﬀers from the earlies
studies where rules for pattern making are extracted
from analyses of existing pattern. Here, the rules of
the pattern are created by the designer as a cognitive computation based pattern. Then, they are transformed to mathematical rules for automatic generation of the patterns.
The study consists of three stages. The ﬁrst stage
illustrates 2d pattern generation through the shape
grammar theory with developing a computational
thinking, second stage illustrates computer generation of 2d pattern with the help of digital tools, and
the third stage utilization and modiﬁcation of this 2d
pattern into a 3d acoustic panel with the feedbacks
of computer simulation results.
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FIRST STAGE - Paper Based Pattern Generation

SECOND STAGE - Computerization of 2D
Pattern

Shape grammar is the computational design
methodology, derived based on mathematics and
algorithmic thinking. The shape grammar based design process, uses geometric elements, shapes as basic elements of the design like applying mathematical operations to compute calculations with shapes.
The rules of the shape grammar generate designs
by computing directly with shapes made of basic
spatial elements (points, lines, planes, and solids),
rather than with symbols, words, numbers, or other
abstract structures that represents visual shapes indirectly (Knight, 2018). Within the context of the shape
grammar deﬁnitions, the hexagon is accepted as the
initial shape of the pattern. The designer deﬁned the
rule sets of the 2D pattern with simultaneous lectures
and shape grammars.
In the ﬁrst stage of the study, main objective was
to create paper-based 2D geometric pattern, basic
(initial) pattern making steps are deﬁned for creating
the hexagonal grid to generate the hexagon-based
pattern. The smallest unit, the hexagon shape is chosen intuitively by the designer. Hexagon is a six-sided
polygon and the total of the internal angles of any
simple (non-self-intersecting) hexagon is 720°. Following this step, the smallest repetitive unit is created based on deﬁned rule sets. This hexagon’s peripheral length is conceived as a single total length
and it is divided into 12 and all the division points are
numerated from 0 to 11 counters to clockwise. Then
4 lines: from 0 to 4 L1, from 0 to 5 L2, from 10 to 4
L3, and from 10 to 6 L4 are drawn on the hexagon,
and then all these lines are mirrored vertically (on
the y axe). 8 lines are acquired at the end of the design process (Figure 1). As a consequence of applying
rule sets pattern generation process, pattern generation process could easily be controlled by changing
rules. While generating pattern, making changes on
the rule sets can be clearly seen through the whole
pattern.

In the second stage of the study, the embedded algorithm of the pattern was coded in the Grasshopper as enabling designer to do changes in the rule
sets which are deﬁned according to the shape grammar operations (Figure 2). In the digital environment,
hexagonal grid system is deﬁned to create alternatives and variations in the pattern.
In the coding process, deﬁned rule sets transposed to digital environment, while the number of
division of the peripheral length of the hexagon provide alterable values to designers. While the number of the division changes from 12 to 36 on the
hexagon the location of the points on the hexagon
change, resulting changing the location of the lines
on the hexagon. As consequence the entire pattern
changes (Figure 3). In grasshopper coding, changing
the value of one component or altering the number
of the division of the hexagon changes the entire pattern easily.
To get dynamic complex patterns, an attraction
point was deﬁned in the Grasshopper code. While
coding the entire pattern, the construction point was
deﬁned to control the starting point of the pattern in
case of the need for the change of the starting point
of the pattern. In addition to construction point, attraction point is deﬁned which led the changes in the
number of the division on the hexagon. Attraction
point was deﬁned as the distance between the attraction point and grids which were deﬁned as the centre of the hexagons. Varied values of the distance between the attraction point and the entire grid generates irregular gradient pattern alternatives (Figure 4).
Mathematically deﬁned algorithms in grasshopper generate hundreds of complex pattern alternatives that can be used in diﬀerent designs such as
ceramic design, fabric design, facade panel designs,
etc.. The use of these designs as ceramic tiles and divider panel is illustrated in (Figure 5).
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Figure 1
Rule set of the
pattern making the
process of the
study.

Figure 2
Grasshopper code
of the pattern.
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THIRD STAGE - Acoustic Panel Design
Acoustics is important performance criteria which
determines the quality of an architectural space. According to Peters (2009), as light illuminates our visual environment, sound sources illuminate our sonic
environment. ... Human activities produce sound,
and our architecture constantly interacts with us
through its modiﬁcation of the sounds we create (Peters, 2009). Since then, computer aided tools become apparent in the architectural acoustic designs
as well as light design in architecture. Altering the
acoustic performance of a space by changing the material properties, surface geometries, and etc is an
important factor that stated the acoustic quality of
the space. Since the widespread use of the computational tools, ﬁrstly in architectural design, and
then, acoustical practices, provided acoustically well-

balanced space designs.
Third stage of the study investigated how pattern generated in stage two can be utilized in acoustic cloud panel making. Here, real classroom acoustic problem in the Architectural School of Istanbul
Technical University Classroom 214 used as a case
(Figure 6). In this stage, ﬁrst design students make
3D model of the classroom, then graduate students
of the building physic analyse acoustics of the classroom, using 3D model in Odeon simulation software. As the consequences of the analysis and simulations of Classroom 214 has acoustical problems
which are mainly related with speech are identiﬁed
as the persistence of the sound in the classroom and
the speech intelligibility across the listeners.
Reverberation time is one of the primary importance of acoustic parameters that gives the ﬁrst idea

Figure 3
Varied pattern
designs as a result
of diverse dividing
options.
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Figure 4
Dynamic pattern
design depending
on the location of
the attraction point.

Figure 5
Ceramic art wall
design alternatives.

Figure 6
Architectural
School of Istanbul
Technical University
Classroom 214.

about an acoustical behaviour of a room. (Figure
7). Wallace Sabine is the founder of the science of
the Architectural Acoustic, discovered the relationship and eﬀects between sound, space, and material
of acoustic quality of the space. By knowing the surface area of the constituent materials, their absorp-

tion coeﬃcients, and the volume of the space, the
reverberation time can be predicted (Peters, 2010).
Reverberation is an objective measurable indicator
of the persistence of a sound after its source turned
oﬀ and it is mainly depended on the volume and absorption amount of the room. As the absorption de-
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Figure 7
Recommended
reverberation times
(Long, 2005).

Figure 8
Reverberation times
of the classroom for
diﬀerent frequency
bands.

creases and reﬂection increases, reverberation time
gets longer and the room sound dies in a long time
in the room. A larger volume also aﬀects the reverberation time to be longer. Reverberation time deﬁnes the appropriate acoustical conditions for diﬀerent functions. A longer reverberation time causes the
speech to be less understandable which it is not a
preferred situation for a room.
While site visit to classroom 241, very long reverberation time that aﬀects speech intelligibility is experienced as is also observed in Odeon software simulation. The simulation results for diﬀerent frequency
bands are listed below (Figure 8). As it can be seen
from the results the large volume of the class and a
large number of reﬂective surfaces, cause reverberation time to be much higher than the criteria. However, reverberation time does not change too much
around a room as a constant average level is pervasive that gives an idea of the speech intelligibility in a

room while it is not the only parameter that eﬀects it.
The understanding of the speech depends on many
diﬀerent things while the main factors are the character of the source, the distance between the source
and receiver, and the background noise.
There are diﬀerent ways to measure the speech
intelligibility. One of most common and standardized objective method is the speech transmission index Speech Transmission Index (STI). It is an index
gives a result between 0 and 1, which indicates worst
and best speech intelligibility respectively (Figure 9).
Odeon Software was used to measure the STI for
diﬀerent positions in the simulated classroom. Under
the assumptions about the speaker, surface materials
and background noise, STI values as grid response of
the whole classroom can be seen in the ﬁgure 10. As
expected from the experience the results are very low
and even at the front seats conditions are poor to understand the speaker.
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Acoustic Proposal and Pattern Modiﬁcation
While proposing an acoustical element to enhance
the indoor quality, it is considered that the building’s
being listed as a ﬁrst-class historic building. To avoid
closing the ribs on the ceiling and making a permanent change, the absorptive sound panel in other
saying an acoustical ceiling cloud was proposed. It
is thought that they have an advantage in terms of
barely attaching to the ceiling and does not entirely
cover and close the ribs. Acoustical ceiling clouds
are widely used for noise reduction and reverberation
control in auditoriums, restaurants, atriums and multipurpose rooms.
During the studies of the acoustic ceiling cloud
design, the entire pattern as structure and substructures were analysed to design fabrication steps and
system for the acoustic ceiling cloud design pattern.
To enable design for this, a mathematical connection between acoustics and architecture is required
(Reinhardt, Cabrera, & Hunter). In this process, the
pattern was optimized according to construction requirements as deﬁning continuous and discontinuous axes on all lines in the acoustic cloud pattern (Figure 11). The line from 0 to 5 and the line from 0 to
7 were discontinuous lines in the pattern which were
hard for implementation of the acoustic ceiling cloud
pattern. Thus, these lines were removed from the
entire pattern. As it can be seen in the new single
hexagon module, the red axe was added to the pattern structure to make the pattern more rigid (Figure
12).
To construct this 3D composition, the 2D pattern was transformed in 3D cloud by transforming 2D
lines into 3D surfaces. Afterwards, the pattern structure was treated like a Lego consisting of 5 layers to
increase both the number of reﬂective surfaces as an
acoustic solution and to prevent the cutting of the
each and every element of the pattern. In the layer
system of the pattern for construction, pattern structure was named as from the top to bottom as the
ﬁrst layer is the top layer, the third layer is the middle layer, and the ﬁfth layer is the bottom layer that
the structures were designed without slits between

layers which provide nesting to all the layers easily in
the construction process (Figure 13). And the metal
pipe was designed to hang the acoustic cloud design
to the ceiling from the four corners of the rectangular acoustic cloud. Therefore, acoustic cloud panel is
designed as a self-supporting system to provide the
acoustic solutions to the classroom 214.
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Figure 9
Distribution of STI
in three diﬀerent
cases.
Figure 10
Acoustic properties
of the classroom as
ODEON outputs.

Figure 11
Analysis of structure
and substructures.

Figure 12
Rules of the new
structure.
Figure 13
Layer system of the
acoustic panel unit.

Figure 14
Acoustic panel
design renders for
the classroom 214.

Figure 15
Absorption
coeﬃcients of
Basotect 50mm

Figure 16
Frequency bands in
which human
speech is most
eﬀective for three
diﬀerent cases.

Figure 17
Distribution of STI
in three diﬀerent
cases.
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It is aimed to reduce the reverberation time in accordance with the speech function by increasing the
absorptive surface in the classroom, and to provide
a more homogeneous distribution of sound in the
volume. The coﬀered slab at the ceiling is a part of
the architectural character of the building, so a suspended ceiling which would conceal the slab and
lower the volume was not possible. So, a transparent absorptive sound baﬄe was suggested by the
designer to overcome the problem. The desired absorption was aimed to be provided with the material,
depth, and complexity of the suspended structure as
well as acoustic panel design (Figure 14).
50mm Basotect® melamine foam is used as the
absorbing material because its absorption eﬃciency
is 50mm (Figure 15). Sound baﬄes positioned at a
distance of 2m from the ceiling which is expected
to enhance its eﬀect. The room is modelled without and with the ceiling baﬄes and the reverberation time results are listed below for before and after
the acoustical treatment (Figure 16). It is seen that
baﬄes would be mostly eﬀective. Especially for the
mid-frequencies 250Hz, 500Hz, 1000Hz in which human speech is most eﬀective the reverberation times
are lowered to the recommended levels as 0,70-1,00
s. The simulated STI results for the speech intelligibility are listed below for before and after the acoustical
treatment (Figure 17).
According to the simulation outputs, the reverberation time is decrease in frequency bands where
human speech is most eﬀective with the ﬁnal design.

CONCLUSION
This study explored computational thinking and
making from paper-based 2D geometric pattern generation to its evolution into 3D acoustic panel and its
realization. It also includes various methods as intuitive tendencies, collaborative multi-disciplinary research conducted with building physics students by
utilizing integrative thinking and making.
Consequently, the 3D pattern not only have a
graphical value that could be described as an art, but
also alter the acoustic conditions of the classroom.

However, when the geometry was structurally analysed and materialized, it has become an architectural
element at the end. As a result of the analysis made
for the acoustic panel design, the absorptive acoustic panels to be designed at the ceiling to reduce the
reverberation time and create more suitable environments for lectures as well as other functions. The
complexity of the pattern with the accurate material
would provide most of the solutions for the long reverberation.
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This paper presents a computational approach to generating architectural forms
for large spanning structures based on a ``paper-cutting'' technique. Using this
approach, a flat sheet is cut and scored in such a way that a small application of
force prompts it to expand into a three-dimensional structure. Our computational
system can be used to estimate optimal cutting patterns and to predict the
resulting structural characteristics, thereby providing greater rigor to what has
previously been an ad-hoc and experimental design approach. To develop the
model, we analyzed paper-cutting techniques, extracted the relevant formative
parameters, and created a simulation using finite element analysis. We then used
a data-mining approach through 400 simulations and applied a regression
analysis to create a prediction model. Given a small number of input variables
from the designer, this model can rapidly and precisely predict the transformation
volume of a paper-cutting pattern. Additional structural characteristics will be
modelled in future work. The use of this tool makes paper-cut design approaches
more practical by changing a non-systematic, labor-intensive design process into
a more precise and efficient one.
Keywords: Paper-cut, Transformable geometry, Design method, Model
prediction, Data mining, Regression analysis

INTRODUCTION
In recent years architectural designers have become
interested in the traditional art of kirigami, otherwise known as “paper-cutting.” Similar to the betterknown art of origami, which involves only folding
paper, kirigami allows for both folding and cutting
of a thin sheet to create intricate three-dimensional
designs. In the architectural sense, kirigami can

be seen as a model for generating large-scale deployable structures that can transform their shape
without any complicated joints or sophisticated electromechanical means. This is a signiﬁcant shift from
the current paradigm of large-scale adaptive designs,
which usually require precision robotics and heavy
electromechanical, pneumatic, or hydraulic -compo
nents. Adaptive designs based on a “paper-cutting”
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approach have the potential to greatly reduce the
power requirements, cost, and complexity of these
structures, producing lightweight alternatives that
can quickly transform from a thin 2D sheet to a large
3D structure with minimal force requirements.
In previous research architects and engineers
have already demonstrated the potential of structures based on paper-cutting and paper-folding
methods, on a wide variety of scales. For example, physicists at Cornell University cut a microscopic
sheet of graphene with the goal of building nanostructures that can be used in ﬂexible and stretchable electronics. (Blees, Barnard, Rose and Roberts
2015)Other researchers have used this same approach in eﬀorts to develop advanced materials for
breathable yet protective garments. (Baseta, Sollazzo, Civetti and Velasco 2017) In architecture, thin
sheets of materials such as PDMS have been cut in
pre-deﬁned patterns to allow rigid rotation, bending, and twisting, thus creating open pore spaces in
response to environmental factors such as sunlight.
So far, however, this model in architecture has been
mostly limited to shells and ﬂexible curtains. Its potential uses in large-scale transformable structures
have not yet been extensively developed.(Strickland,
2011)
Previous work with paper-cutting approaches in
architecture has mostly been carried out on an adhoc basis, following a time-intensive process of experimentation to develop unique design solutions.
Paper-cut systems tend to have strongly nonlinear
behavior, and there is a lack of formal, mathematical knowledge about their structural properties. The
characteristics and optimization of these kinds of
transformative systems have not yet been rigorously
studied. The purpose of the current research was to

contribute to this knowledge, and to help develop a
more systematic paper-cutting design approach, by
collecting data on paper-cut transformations and integrating that data into a computer software model.
Our work focused on predicting the deformation
of a paper-cut design; in other words, the amount
of “stretch” that a particular cutting pattern will produce. As a ﬁrst step toward creating a more holistic paper-cut analysis system, we focused exclusively
on circular cutting patterns (described in more detail
below). Future work may address other types of cutting geometry. To be able to predict the results of a
particular cutting pattern, we used a simulation and
regression-analysis approach. The end result of the
project was a custom software tool that can rapidly
calculate the deformation volume of a circular cutting design based on a few simple inputs.

METHODS
The goal of the research was to develop a software design tool to calculate the amount of deformation produced by various circular paper-cutting
designs and therefore assist in creating structurally
eﬃcient, ﬂexible, and adaptable spaces using the
paper-cutting approach. To accomplish this goal, a
regression-analysis method was used. First, the behavior of circular paper-cutting models was analyzed
to determine the relevant transformation parameters. Second, a computer simulation was constructed
and used to generate a very large data-set on the
behavior of diﬀerent circular cutting possibilities. Finally, the data collected from the simulation was statistically analyzed to create a prediction model (Figure 1). Each of these steps is explained in detail in the
following sections.
Figure 1
Software
components used
in the computer
simulation and
regression analysis.
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Figure 2
Some of the basic
parameters of a
circular paper-cut
model.

PHASE ONE: MORPHOLOGICAL EXPLORATION OF KIRIGAMI ARCHITECTURE
Figure 3
Hand-made
physical prototype
of a circular
paper-cut model.

• Outside circle radius
• inside circle radius

For this initial study, we decided to focus on one type
of kirigami pattern - a circular cut. This form has the
beneﬁts of a step-by-step opening ability, geometrical predictableness, and relatively straightforward
force and expansion calculations, while also providing important adjustable variables in the cutting pattern. Physical prototyping was used at the beginning
of the project to investigate the possibilities and limitations of various circular paper-cut models. These
initial experiments allowed us to understand the kinetic possibilities and geometric properties of successful designs, and to identify relevant parameters
for later simulation . As shown in Figures 2 and 3, we
extracted the basic principles of successful circular
paper-cutting designs and quantiﬁed them as variables:
•
•
•
•
•
•

Number of rings
Ring width
Number of nodes in each ring
Sheet material
Sheet thickness
Node length

The “rings” in a circular paper-cut design are the sections of solid material. Each solid ring is separated
from the other rings by making a thin circular cut. The
“nodes” in the design refer to the locations where two
rings are joined together; in other words the nodes
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are breaks in the circular cuts (Figure 2). Experimentally adjusting the pattern of rings and nodes in several hand-made models gave us a general, tactile impression of how these variables aﬀect the resulting
structure’s adaptability and form (Figure 3).
To further reﬁne our understanding of the circular paper-cutting technique, we used a rapidmodeling and laser-cutting process. This allowed us
to explore a variety of diﬀerent prototypes in maquette scale, and to more closely examine the eﬀects
of changing diﬀerent variables. First, we created a
2D parametric model in the Grasshopper/Rhino software platform, which allowed us to adjust individual
variables such as the ring width and the number of
nodes. Then, we used this model to laser-cut a variety of intricate patterns (Figure 4). From this process we gained several important insights about the
constraints and potentials of the models’ geometry.
For example, we discovered that in a circular papercutting pattern, cuts far from the center play a signiﬁcant role in the model’s expansion, whereas cuts near
to the center hardly aﬀect the expansion range at
all. Iteratively exploring the possibilities of the papercutting model made it possible to clarify what at ﬁrst
seemed to be a very complicated geometry. Soon we
began to quantify some of the eﬀects that were created by adjustments in the variables.

PHASE TWO: COMPUTER VISUALIZATION
AND SIMULATION
In the second phase of the research, we moved from
physical experiments to computer simulation. The
simulation of an architectural model is routinely used
in the second phase of the design processes to generate predictive data and to ﬁne-tune a design solution (Ellis et al 2006). For our purposes, we wanted to
develop a simulation that would allows us to quickly
collect deformation data for a huge number of circular paper-cut models. Eventually, this approach could
also be used to visualize the structures’ behavior, investigate various material features, apply loads on
the model, and set support areas for analysis.
Our ﬁrst eﬀort at simulation involved importing the 2D paper-cut model from Grasshopper/Rhino
into the popular SolidWorks software platform. Unfortunately, a lack of ﬂuid compatibility between the
design program and the simulation program made
this process infeasible for our needs. For every
new simulation, we had to make changes to the 2D
model in Grasshopper/Rhino and then re-import the
data back to SolidWorks, which became a very timeconsuming process. We also soon realized that other
alternatives oﬀered signiﬁcantly better 3D meshing
and simulation tools for our purposes. We, therefore,
decided to recreate the 2D model in a diﬀerent program that would be capable of natively simulating
its expansion to a 3D structure. We were able to use
the ANSYS software suite for this purpose. ANSYS is
primarily a ﬁnite-element-analysis software tool, with
the capacity to provide an accurate analysis of the
structural behavior of a transformable architectural
model.
We began with the “SpaceClaim Direct Modeler”
tool, which is available as part of the ANSYS Workbench. Scripting in the SpaceClaim environment
uses an open-source programming language called
IronPython. Using the built-in script editor in SpaceClaim, we created a program to generate circular
paper-cut geometries with options for all of the relevant variables(Hueg-Huang 2017). The script was
designed so that it accepts simple user inputs for (a)
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Figure 4
Laser-cutting from a
parametric model
enabled us to
create complicated
patterns and to
investigate the
eﬀects of changes
in the design
variables.

Figure 5
Creating the 2D
paper-cut model in
ANSYS SpaceClaim
using an
IronPython script.
The input variables
are shown in the
left-hand panel, as
“script parameters.”

the number of rings, (b) the number of nodes, (c)
the node length, (d) the sheet thickness, (e) the outside circle radius, and (f ) the inside circle radius. We
did not need to include an input for “ring width” in
the model, because the combined values for inner radius, outer radius, and number of rings will deﬁne the
ring width. The “sheet material” variable was ﬁxed
throughout all simulations to one particular type of
structural steel, as discussed below. Once the relevant information is entered into the ANSYS program,
the script produces the ﬂat paper-cut model (Figure
5).
After the script created the basic structural geometry for a particular set of input values, the ANSYS
Workbench was used to apply ﬁnite element analysis. This is a mathematical technique that is used
to prepare the model for simulating 3D forces. In ﬁnite element analysis the overall structure is broken
down into a large number of substructures (“ﬁnite elements”) so that the eﬀect of forces on the individual
parts of the structure can be analyzed. (Logan 2016)
There are various methods available in ANSYS workbench for this process, and we experimented with
several of them. The most eﬀective method seemed
to be “automatic with adaptive size function” (Figure

6).
Finally, the simulation material was selected. We
chose nonlinear structural steel, with a yield strength
of 2.5*10ˆ8 Pascals, a tangent modulus of 1.45*10ˆ9
Pascals, and a large deformation condition. To ensure that the simulation of structural transformations
was carried out as accurately as possible, we selected the ANSYS option for nonlinear analysis. Using a linear analysis of the structural transformations
would be less resource-intensive, but that approach
assumes that the stiﬀness of the structural material
does not change throughout its transformation. For
our paper-cut model, the stiﬀness will change as a result of its large deformation (a phenomenon that we
noted consistently in our initial physical prototypes),
so we needed to use the nonlinear alternative. It is
also worth mentioning that ANSYS provides two suboptions for nonlinear materials, called “bilinear” and
“multilinear” (Rosen 2018). The multilinear option
is more resource-intensive but generally more accurate. For our model, we found that using the multilinear option signiﬁcantly slowed the processing speed
with only a minimal increase in accuracy. Considering this, the bilinear option was chosen.
At this point, we were ready to begin applying
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Figure 6
Generating a 3D
mesh for the
paper-cut model
using ﬁnite element
analysis in the
ANSYS Workbench.
The “automatic
method with
adaptive size
function” was
applied, and the
simulation material
was set as nonlinear
structural steel.

forces and transforming the model. In setting the
boundary conditions we considered the disc structure to be resting ﬂat on the ground, under the inﬂuence of normal gravitational forces. A dynamic
upward force was applied to the inner edge of the
structure. The outer edge was considered to be ﬁxed
in place. We applied an increasing upward force to
500N over a one-second time period to expand the
structure, and then gradually removed this force over
another one-second time period to allow the structure to collapse back to a ﬂat position (Figures 7 and
8).
The ANSYS software provided a variety of data
about the structures’ behavior and transformation in
response to the applied force. Displacement values
were obtained for three regions on the structure (inner ring, middle ring, and outer ring), and the stress
load was calculated for these same structural locations (Figures 9 and 10). At the end of the process,
after the structures had been expanded and then allowed to collapse, a small degree of permanent deformation was noted, as indicated in the diﬀerence
between the initial condition and the ﬁnal displacement value (Figures 9 and 10). For our current purposes, the most signiﬁcant data point was the max-

imum displacement value over time. We recorded
this data point for simulations of 400 diﬀerent papercutting patterns, allowing us to create a regression
model in the next phase of the project. Other outputs, such as the maximum stress load, will be addressed in future work.

PHASE 3: DATA COLLECTION AND REGRESSION ANALYSIS
To quantify the results of changes in the model’s variables, we ran simulations on 400 diﬀerent circular
paper-cutting patterns. In all of these simulations,
the structural-steel material parameters and the applied forces were kept the same. The independent
variables that were changed during the simulations
included the outside circle radius, the inside circle radius, the number of rings, the number of nodes per
ring, and the node length (Table 1). These independent variables were manipulated in various combinations to measure their eﬀect on the dependent variable of maximum structural displacement.
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Figure 7
An upward dynamic
force up to 500N
was applied over
one second to the
inner ring of the
paper-cut structure
and then removed
during another
one-second time
period to allow the
structure to
collapse back .
Figure 8
A partially
expanded
paper-cut
simulation.The
colors in this image
represent the
extent of
displacement due
to applying force to
the inner ring.

Table 1
Independent
Variables That Were
Adjusted in the
Structural
Simulations.

The data resulting from the simulations was stored in
a Microsoft Excel ﬁle. Some initial patterns could be
ascertained just from a cursory review of this information. For example, by reviewing the data for variations in the number of rings (with other independent
variables held constant) we quickly noted that models with less than 6 rings had only a small amount of

expansion. This was expected, since a greater number of rings allows for more spaces in the structure
and thus greater structural opening. Somewhat less
intuitively, we also noted that models with a larger
number of nodes exhibited very little structural expansion (Figure 11).
To create a more rigorous predictive model
based on this data, we applied a formal statistical regression analysis. This technique can be thought of
as a machine-learning approach in which the outcome of a multi-variable system is estimated based
on an extensive data-set (Freedman 2009). Several
regression algorithms were explored in order to ﬁnd
the algorithm that had the lowest predictive error
for our data. Ultimately the “Kernel Ridge” algorithm
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Figure 9
A graph of a sample
structure’s
maximum
displacement over
time. The green line
indicates the inner
ring, and the blue
line indicates a
middle ring. The
red line indicates
the outer ring,
which was ﬁxed in
place.

Figure 10
A graph of a sample
structure’s stress
load over time. The
green line indicates
the inner ring, and
the blue line
indicates a middle
ring. The red line
indicates the outer
ring, which was
ﬁxed in place.

was selected as the best suited to accurately identify the patterns that exist in the dataset. This approach combines “ridge regression” (the method of
linear least squares with l2-norm regularization) with
the “kernel trick”.(a pattern analysis based on computing the inner relationships between paired data
points) (Theodoridis and Konstantinos, 2008)
Applying this technique, we were able to obtain
a Root Mean Square Error (RMSE) of 5.4860, with a
polynomial kernel of degree 8 and the alpha of 0.5.
The nonlinear kernel of 8 conﬁrmations the complexity of model behaviour and the highly nonlinear re-

lationship among variables. The prediction performance of the Kernel Ridge regression algorithm was
assessed by validating its results against a portion of
the simulation data (15%) that had not been used
in the development of the regression model (Ling
2014). Using Kernel Ridge, we were able to obtain a
Root Mean Square Error (RMSE) of 5.4860, with a polynomial kernel of degree 8 and an alpha of 0.5. The low
RMSE indicates that the regression model closely ﬁts
this external data set and thus has a strong predictive
power (Figure 12).The nonlinear kernel of 8 conﬁrm
the complexity of the model’s behavior and indicates
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Figure 11
(Left) when other
independent
variables were held
constant, increasing
the number of rings
in the model
increased its
maximum
deformation.
(Right) when other
independent
variables were held
constant, increasing
the number of
nodes per ring
signiﬁcantly
decreased the
maximum
deformation.

that there is a highly nonlinear relationship among
the independent variables

RESULTS AND DISCUSSION
Our results indicate that the complex, multifactorial
behavior of circular paper-cut structural transformations can be successfully modelled with regression
analysis. It is important to note that this work is only
a ﬁrst step in developing a more sophisticated papercutting design software tool. There are a tremendous
number of factors that we did not include in our simulation model, such as diﬀerent potential types of cuts
and node properties, diﬀerent types of structural ma-

terials, diﬀerent force amounts and force dynamics
during transformation, overall scale, stress calculations, and error allowances. The complexity of these
issues make the simulation process extremely complicated and time-consuming. In addition, there are
a variety of other paper-cut techniques beyond the
circular pattern that may have valuable uses in architectural design.
Nonetheless, our initial regression model
demonstrates that these obstacles can be overcome,
and that quick, rigorous methods to identify optimal cutting patterns for various design tasks can be
created. For designers who are seeking to create
transformable structures based on a circular paper-

Figure 12
Validating the
Kernel Ridge
regression model.
The model’s
predictions (in
orange) closely
match the portion
of the data set (in
blue) that was not
used to create the
regression model.
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cutting approach, our model will quickly identify the
deformation volumes that are likely to be achieved
by speciﬁc cutting patterns. This in itself can help to
eliminate a lot of the ad-hoc experimentation and
guesswork that is currently required in developing
such designs.
To disseminate the results of our work, we created a simple, console-based user interface that accepts circular-cutting-pattern design variables as inputs and calculates the predicted amount of maximum structural deformation based on our regression
model (Figure 13). This tool can provide a good estimate of a circular paper-cut structure’s behavior for
use during early design stages. It is not intended
to replace conventional prototyping and simulation,
but it can assist in project development and provide
a “sanity check” for architects during the early design
stages.
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FUTURE WORK
We are currently working to increase the accuracy of
prediction in our model by improving the ﬁnite element analysis algorithm, the size of data-set, and
the regression algorithm. This will lead to a reduction in prediction error as well as the ability to incorporate a larger number of variables into the analysis, thereby making the model more appropriate for
real-world conditions. In future work we also plan to
model other simulation outputs beyond deformation
volume, such as the maximum stress placed on the
structure’s nodes during transformation. Eventually,
we hope to expand our paper-cutting design tool to
provide a large array of structural predictions for a
variety of cutting patterns, and to create an intuitive
graphical user interface for the program.
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Figure 13
We created a simple
software tool with a
console-based user
interface that
predicts the
maximum amount
of deformation for
various circular
paper-cutting
patterns.

Combining Geometries and Descriptions
A shape grammar plug-in for Grasshopper
Bianchi Dy1 , Rudi Stouffs2
National University of Singapore
1,2
{akidribm|stouffs}@nus.edu.sg
1,2

A persistent challenge to the more widespread use of shape grammars in
architectural research is the creation of rules and rule sets for application in
design contexts, while leaving space for design creativity despite the limitations
of a rule-based system. A hybrid of associative and rule-based approaches may
alleviate this. We present one such development, a Grasshopper shape grammar
plug-in that embeds a rule-based approach within a parametric modelling
environment. It supports shape emergence, visual enumeration of rule
application results, and the parametric definition of shapes and shape rules even
when selecting a non-parametric rule matching mechanism. Grasshopper's
ability to handle geometries and text together allows for external descriptions
and labels as attributes to points, enabling definition and application of
compound, geometric and description rules. Well-known examples from shape
grammar literature are implemented using the plug-in, with a focus on rule
definition and application in the context of interaction between the parametric
modelling environment and the rule-based interpreter, and simultaneous use of
geometry, descriptions, and descriptions as attributes in rules.
Keywords: shape grammar, shape grammar interpreter, parametric modelling,
Grasshopper, rule-based, descriptions

INTRODUCTION
Research into parametric or associative modelling
goes back at least as far as Sutherland’s Sketchpad
(Sutherland, 1963). Research into shape grammars is
only slightly younger (Stiny and Gips, 1971) but does
not yet enjoy the same success, with one possible
reason being the persistent challenge of structurally
creating rules and rule sets for application in design
contexts. The hybrid of associative and rule-based
approaches may alleviate this challenge.

We present one such development, a Grasshopper shape grammar plug-in that embeds a rule-based
approach within a parametric modelling environment. It supports shape emergence, visual enumeration of rule application results, and allows shapes and
shape rules to be deﬁned parametrically, even when
adopting a non-parametric rule matching mechanism. Additionally, the plug-in supports parametric rule matching and the speciﬁcation of descriptions, enabling deﬁnition and application of descrip-
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tion rules in tandem with (parametric) shape rules.
This paper focuses on rule application in the context
of interaction between the parametric modelling environment and the rule-based interpreter, and the simultaneous use of geometry and descriptions, both
external and as attributes to geometry, in rules using
the plug-in. Relevant examples are presented.

SORTAL GRAMMARS
Shape grammars come in a variety of forms, with labeled shapes (Stiny, 1980), i.e. line segments with
labeled points, as the most basic formalism. “Sortal grammars” integrate a wide variety of forms and
act as a class of formalisms for shape grammars,
using “sortal structures” as representational building blocks (Stouﬀs and Krishnamurti, 2001; Stouﬀs,
2012). These structures are deﬁned as formal compositions of other primitive, sortal structures (also
termed “sorts”). Component sorts specify a partial order relationship on their individuals and forms, thus
deﬁning both matching and arithmetic operations
for rule applications. Shapes may be either objects
or attributes in object-attribute relationships, or both
(or neither, but this case would not count as a shape
grammar).
The organizing structure of sortal grammars enables the implementation of diﬀerent kinds of shape
grammars, not limited to speciﬁc formalisms, design
languages or contexts. As such, using sortal structures enables a modular implementation of a generalized, ﬂexible shape grammar interpreter for different grammar forms. This sortal shape grammar
interpreter (“SortalGI”) has been developed as a library and an API in the Python programming language, with graph-based representation for parametric shapes, and combinatorial enumeration of potential matches. It supports both parametric and
non-parametric shape grammars, including line segments, plane segments, points, circular arcs, Bezier
curves, labels, weights, colors, enumerative values,
and (parametric) descriptions, in 2D and 3D.
The shape grammar interpreter is accessible in a
Python development environment; within the Rhino

3D modeling environment [1] through an API; and
as a Rhino/Grasshopper plug-in [2], requiring no programming or scripting. Though the entire library
is available within the Rhino 3D modeling environment, the current API does impose a few restrictions.
The Grasshopper plug-in is currently limited to parametric and non-parametric points, line segments,
plane segments, circles, ellipses, Bezier curves, labeled (description) points, non-parametric circular
arcs, and descriptions.

THE SORTALGI GRASSHOPPER PLUG-IN
The SortalGI Grasshopper plug-in makes part of
the SortalGI library and interpreter available within
Grasshopper. As such, shape rules may be deﬁned
parametrically even if the selected rule matching
mechanism is non-parametric, as illustrated in the
discussion. Text descriptions may also be deﬁned as
part of rules or shapes alongside geometry, with dedicated components for single or multiple rule application generations and support for visually enumerating them. All plug-in components are discussed in
this section.

Shapes
The plug-in deﬁnes both a rule object and a shape
object. Grasshopper geometries (and text descriptions) are stored in shape objects as sortal data structures, as Grasshopper geometries do not maintain
text objects very well.
• The basic Shape component only accepts
points, line segments, surfaces, polylines and
labeled points. The resulting shape object
and its corresponding geometry are returned.
• A dShape variant also accepts standalone text
descriptions (collected through a Panel component). Text descriptions are distinguished
by description type; these types are predeﬁned as part of the set-up component (see
section Setup). Descriptions are embedded in
the shape object; these are not visualized in
Rhino or as geometry but are separately accessible as a list of text.
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• Both prior components accept an optional
reference point, which moves the shape from
the reference point to the origin and is useful for drawing the left-hand-side and righthand-side of a rule beside one another rather
than overlapping.
• Text Point creates a Rhino text object from a
point and a single-line text. This serves as a labeled point (when the text is enclosed within
double quotes) or a description point input to
Shape.
• S2G visualizes shape objects as their corresponding geometry. Any descriptions embedded in the shape object that are not part
of labeled points are separately returned as a
list and can be read using the Panel component.
Geometric operations such as Move and Rotate are
redeﬁned as Grasshopper components acting upon
shape objects. Each component accepts a shape object and any additional data required to inform and
apply the transformation, such as a vector to move a
shape along, and a base plane and angle to rotate a
shape. There are also components to ﬁnd the union
(Sum), intersection (Product) or complement (Diﬀerence) of two shapes.

Rules
A rule object may constitute either a shape rule, parametric or non-parametric, or a compound rule combining a shape rule with one or more description
rules (Stiny, 1981; Stouﬀs, 2018).
• The Rule component constructs a nonparametric rule object from a rule name and
brief explanation of the rule, a left-hand-side
shape object and a right-hand-side shape object. Any mismatch in description types, i.e.
if present in one rule side and absent from
the other rule side, is automatically resolved
by adding an empty description of that type
to the relevant side’s shape object within the
rule. While the right-hand-side of a rule may

be left empty, the left-hand-side must have
a minimum set of geometry and/or descriptions present.
• The pRule takes the same inputs as the Rule
component but returns a parametric rule object. Parametric rules have diﬀerent minimum
requirements for the left-hand-side geometry
from non-parametric rules.
• Both Rule and pRule outputs are accepted as
‘rule’ inputs and can be deconstructed by the
Rule Info component, which returns a rule’s
left-hand-side and right-hand-side shape objects, and a multi-line text consisting of the
rule’s GUID component, rule name and rule
description.
Rules can be applied onto shapes by connecting the
relevant rule component corresponding to a rule object to the Apply, Apply All, or Derive components (see
section Rule Applications). Alternatively, the Get Rule
component accepts a rule name or names (text separated by line breaks, through the Panel component)
and returns the corresponding rule object(s). This
output may serve as rule input for all rule application
components.

Rule Applications
The general process for applying a rule starts with
detection and matching of the rule’s left-hand-side
onto the target shape. Should a match or multiple matches be found, rule application involves subtracting the part corresponding to the match from
the target shape, after which the right-hand-side is
added under the same transformation as the lefthand-side is matched. This transformation is a similarity transformation (translation, rotation, reﬂection
and/or uniform scaling) for a non-parametric rule. In
the case of a parametric rule, matching relies on a
combinatorial enumeration of potential matches on
the basis of distinguishable elements, that is, the inﬁnite carriers of line segments and their intersection
points and the ordering of intersection points (and
endpoints) along the inﬁnite carrier. As such, there is
no explicit transformation, and suﬃcient correspon-
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dence must exist between the rule’s left-hand-side
and right-hand-side in order to allow rule application
to succeed.
There are three plug-in components to apply a
rule onto a shape:

the resulting shape can be visualized aside from the
original shape at the given distance along the X or Y
axis. The displacement values are optional; default X
and Y values for the translation vector(s) are deﬁned
from the bounding box of the original shape.
Figure 1
Specifying inputs to
the Setup
component.

• The Apply component returns a single rule application that can be chosen from all possible
rule applications by inputting an optional rule
application index (the application is randomly
selected, if unspeciﬁed).
• The Apply All component yields the output
from all possible rule applications in a list.
• The Derive component accepts a list of one or
more rule objects, possibly retrieved through
the Get Rule component. The rules are applied
in sequence, each on the result of the preceding rule application. The desired rule application for each step may be chosen by inputting an optional list of rule application indices. If unspeciﬁed, the applications are randomly selected. The component returns the
list of shape objects resulting from each step
of the derivation.
Next to a rule object and a shape object, all application components accept an optional sub-shape object to limit potential matches, with rule application
always performed on the entire shape. For Derive,
speciﬁcally, a list of sub-shapes may be accepted.
All application components also return a translation vector or list thereof for visualizing the resulting
shape(s) aside from the original shape. The original
shape object is returned in failure cases, such that any
subsequent rule application may still apply.

Setup
The plug-in includes a Setup component that initializes the sortal grammar interpreter and controls
some global settings for Grasshopper geometry such
as the text size of labeled points in the Rhino work
space, and the X and Y displacement values used by
the Apply and Apply All components to create translation vector(s), such that using a Move component,

Figure 2
Specifying inputs to
a Shape (top) and
dShape (bottom)
component.

More importantly, the Setup component takes a list
of description names through the Panel component
(separated by line breaks) to predeﬁne the active description types that will be used in rules and shapes.
If any description type not present in this list is speciﬁed in a rule or shape deﬁnition, the respective component raises a warning.

THE PLUG-IN IN ACTION
To get started using the plug-in, ﬁrst install the sortal library and plug-in. Afterwards, place Setup as the
ﬁrst component in the Grasshopper ﬁle to initialize
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Figure 3
Deﬁning two
non-parametric
rules (after Knight,
2003, p. 128).

the shape grammar interpreter. Ensure that it runs
ﬁrst before all other SortalGI components by pressing
CTRL+B while selecting the component.
If any descriptions will be used in the grammar,
these description types must be declared by their
type name as string input to Setup; each description
type is separated with a line break (Fig. 1). This can
also be done later, when description types need to
be added as more rules are developed. Other optional values such as displacementX, displacementY
and textSize can be set to ﬁxed values or sliders at any
time. Changing their inputs will trigger recalculation
of all plug-in components.

Shape Deﬁnition
To create a shape, connect one or more components
that represent or collect geometry to the G input of
the Shape or dShape component. The relevant geometric elements will be converted to their sortal representation and outputted as shape object S.
For dShape, collect any external descriptions in a

Panel and connect this to the D input. String values
may also be directly stored in D, but they must be surrounded by double quotation marks (“‘”’) to be read
as static strings. Description individuals are declared
by stating the description type ﬁrst, followed by a
colon (‘:’) and then the description’s value (Stouﬀs,
2018). Multiple shape descriptions of the same type
can be written in one line by separating them with a
vertical bar (‘|’) per description individual (Fig. 2).
The output G of both shape components contains the pruned geometry present in the output
shape object S, with D containing the external descriptions. Any output geometry from a plug-in component (except for Text Point) may be used as geometry input to any Grasshopper component, allowing
interaction between the plug-in and Grasshopper’s
other components.

Rule Deﬁnition
The optional reference point input may be used to
reposition the shapes deﬁning the rule sides. In Fig.
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3, the reference points are indicated by the cross
marks. Specifying a reference point moves the geometry from the reference point to the origin. Moving
both the left-hand-side and right-hand-side shapes
may relate them in space (through overlapping); their
location after movement due to the reference point
is what is stored in the output shape object S.
Both parametric and non-parametric rules are
created using string inputs for the rule name and rule
description, and with rule sides deﬁned by either the
Shape or dShape component, or from any S output of
another plug-in component.
Rule names should not be repeated within the
same Grasshopper ﬁle. Both Rule and pRule components will raise an error or warning message if the geometry of the left-hand-side is insuﬃcient or if the
rule name has been repeated.

Conversely, Fig. 5 illustrates the ability of the plugin to generate and visualize all possible rule applications with Apply All. For viewing clarity, the multiple results of a single component are drawn separate
from one another by connecting the relevant rule application component to the Move component.
Figure 5
A step by step
derivation (after
Knight, 2003, p.
128) using a single
Derive component.

Rule Application
To apply a rule onto a shape, connect the rule object as output by a Rule or pRule component and
any shape object output to any of the rule application components described in the section Rule Applications. Preview geometry of the result(s) is generated in place; however, translation vectors are generated based on the given displacement values or the
bounding box of the input shape. The optional subshape input may be used to limit the discovery of rule
applications to a speciﬁc region of the initial shape.
A variety of approaches can be taken for rule application. Apply or Derive can generate step by step
results; Apply All generates all potential rule applications for a given rule and initial shape combination.
A short derivation using the two rules from Fig. 3 is
shown in Fig. 4, using the Derive component. The
same derivation can be achieved using a series of
Apply components to generate results step by step.

APPLICATIONS AND DISCUSSION
The value of this shape grammar plug-in stems from
its ability to support shape computations, rule applications and derivations, and their visual enumeration, within an interaction between parametric or
associative modelling and rule-based generation.
Moreover, it supports the deﬁnition and application
of shape and description rules in tandem. In principle, the plug-in only supports 3D shapes, but 2D is
naturally included as a degenerate 3D case. Next, we
demonstrate a 3D example, using surfaces to represent 3D blocks.
This example is taken after Stiny (1981) and exFigure 4
The Apply All
component allows
to enumerate all
possible rule
applications (after
Knight, 2003, p.
128).
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Figure 6
Nine rules to create
designs made up of
blocks from
Froebel’s building
gift 6 (after Stiny,
1981, pp. 260-264).

Figure 7
Panel texts showing
deﬁnitions of
description rules
corresponding to
geometric rules 1, 2,
4 and 7 in Fig. 6
(after Stiny, 1981,
pp. 260-264).

plores the use of label attributes and external descriptions in tandem with geometry to constrain
matching and to record textual information about
the design. Speciﬁcally, the grammar creates designs
made up of blocks from Froebel’s building gift 6 (after Stiny, 1981, pp. 260-264). The grammar is composed of nine rules; all of them except rules 8 and
9 include description rules. Fig. 6 shows the shape
rules 1 through 8, Fig. 7 shows the description rules
corresponding to shape rules 1, 2, 4 and 7. Note that
Stiny’s grammar consisted of 17 rules as he distinguished rules operating in diﬀerent directions. Instead, the rules presented here automatically capture
directional information. Speciﬁcally, the description
rules contain references to the corresponding shape
rules that allow these to extract information from the
shape rule application. However, rules 8 and 9 are additional and are due to extra labels. Note also that
while Stiny combines various description entities in a
single description rule, separating the entities using
the hash sign (‘#’), for the sake of clarity, these entities are considered here as separate descriptions and
description types.

Fig. 8a shows the initial shape, upon which rule
1 is applied iteratively to obtain Fig. 8b. Due to rotational symmetry, there will be four possible applications for rule 1 at each step. The directionality and
location of rule applications for rule 1 is limited by
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Figure 8
Labeled shapes and
descriptions
resulting from a
derivation of the
grammar illustrated
in Fig. 6 and Fig. 7
(after Stiny, 1981,
pp. 260-264).

the presence of the labeled points “a” and “b”. The
inclusion of a description of type “column_locations”
(Fig. 7) in the initial shape is also necessary to ensure
matching, as rule 1 must ﬁrst recognize the presence
of this description type in the shape to match successfully.
Aside from constraining the geometric side of
the rules, the labeled points “a”, “b”, and “c” serve
as links between the geometry and the descriptions. Rule 1 (Fig. 7 and Fig. 8b) records the sequence of coordinate locations visited by the rule using these labeled points and, hence, the complete,
step-by-step history of a labeled shape as it is generated by the grammar. This information is subsequently used in rule 2 to collect certain properties
of the shape or design, such as the number of pillars, the number of walls and the location of the
rooms. In particular, the contents of “column_locations” help generate the contents of “column_count” (the number of unique coordinate tuples in
“column_locations”), “wall_count” (the number of
unique segments that can be gathered from “column_locations”), and “room locations” (the loops of
coordinates tuples in “column_locations”) (Fig. 8c).

Rules 4 through 6 similarly track the locations of the
‘stiles’, ‘doors’ and ‘windows’ by storing the locations
of two points in a tuple (Fig. 7). Rule 7 draws from
multiple descriptions to determine adjacency information, i.e., combining “room_locations”, “door_locations” and “stile_locations” to obtain “adjacency_matrix” (the connections between the rooms and the
outside through stiles and doors) (Fig. 8d). Thus, a
block-by-block description of the design can be derived based on these descriptions.
Obtaining this information from the descriptions
is only possible through additional functions such
as length, distance, segments, etc. To this end,
“room_locations”, “wall_count” and “column_count”
rely on description functions like “loops”, “segments”,
and “unique” to compute their right-hand-side values based on the coordinates previously recorded in
“columns_locations”. Rule 7 (Fig. 7) illustrates how
the adjacency matrix can be obtained in Fig. 8d with
the “adjacencies” function. The SortalGI library and
plug-in support a number of additional descriptions
functions.
Deﬁning the shapes and shape rules in this example parametrically, especially their ratios and di-
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mensions, e.g., using sliders, allows the same grammar to apply to varying block dimensions. In general,
altering the dimensions of the deﬁning rule shapes
may change the number of rule applications or remove the match between the initial shape and a rule.
Fig. 9 and Fig. 10 demonstrate the application of
parametric rules in a short derivation based on the
ice ray lattice grammar by Stiny (1977). There are
ﬁve (parametric) rules in this example (Fig. 9). The
ﬁrst rule identiﬁes the initial shape (a quadrilateral)
and labels its vertices. The succeeding four rules all
behave similarly in that they split the left-hand-side
polygon, be it a quadrilateral, triangle or pentagon,
into two smaller polygons contained by the original
shape.
Figure 9
A SortalGI
adaptation of the
ice ray lattice
grammar by Stiny
(1977) illustrating
the speciﬁcation of
parametric rules.

As the input polygons to the rules are parametrically
deﬁned in Grasshopper, altering their shape may affect the result by triggering a recalculation of the rule
applications and, thereby, return completely diﬀerent results from prior computations or potentially increase or decrease the number of matches, thus altering the derivation completely. Changing the locations of the start and end points of the right-handside line segments (“ice rays”) will also trigger a recalculation. Speciﬁcally, computing new ice rays uses a

point-on-line feature of the sortal library to generate
new line segments. A new point is randomly generated within a certain range of the line segment and its
precise location cannot be predicted ahead of time.
This feature allows for creativity in that the derivation is no longer deterministic, but exploratory. However, one drawback is that prior results are lost, as the
new applications do not retain any history of previous runs.
The role of labels and descriptions in the examples is mainly to limit rule application, or to contain information not readily expressed by the geometry. Previous iterations of shape grammar interfaces
have generally had limited capabilities in combining
geometries and descriptions into shapes. The ability of Grasshopper to handle text and geometry together allows for combining shapes and descriptions
in shape or rule objects, and as attributes of points
(label descriptions attached to points as created by
the Text Point component). Furthermore, the two description types may be related, e.g. the label value of
a labeled point may be used in the left-hand-side of
a description rule, thus enhancing the expressiveness
of rule application. This ability is used to great eﬀect
in the description type “index” in Fig. 9, which generates the integer label for new polygon vertices, to
prevent the polygons from merging and the ice rays
from intersecting one another. It is increased with
every successful application to create distinguishing
polygon attributes; the labeled points at polygon
vertices indicate which polygon(s) the vertices are
part of (see Fig. 9). The letter value of the label varies
based on the polygon type, with “A” for quadrilaterals, “B” for triangles and “C” for pentagons. Labeled
points lying on vertices shared by two or more polygons will have multiple labels, separated from each
other by a vertical bar (‘|’).

CONCLUSION
We have presented a shape grammar plug-in for
Grasshopper that supports both 2D and 3D geometries as well as non-parametric and parametric behaviors. Shapes and rules may be deﬁned paramet-
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rically even in cases where the rule matching mechanism is non-parametric. The plug-in also allows
for compound, geometric and description rules to
be deﬁned and applied in tandem on shapes. Despite or thanks to its rule-based system, the plugin provides room for exploration and unexpected
outcomes, especially when using parametric rules.
There is certainly more opportunity to investigate additional components that can further support exploration and may facilitate generation and synthesis on
a larger scale, e.g., an urban scale.

REFERENCES
Knight, T.W. 2003, ’Computing with emergence’, Environment and Planning B: Planning and Design, 30(1), pp.
125-155
Stiny, G. 1977, ’Ice-ray: a note on the generation of Chinese lattice designs’, Environment and Planning B:
Planning and Design, 4(1), pp. 89-98
Stiny, G. 1980, ’Introduction to shape and shape grammars’, Environment and Planning B: Planning and Design, 7, pp. 343-351
Stiny, G. 1981, ’A note on the description of designs’, Environment and Planning B: Planning and Design, 8(3),
pp. 257-267
Stiny, G. and Gips, J. 1972 ’Shape grammas and the generative speciﬁcation of painting and sculpture’, Proceedings of IFIP Congress 71, Ljubljana, Yugoslavia,
pp. 1460-1465
Stouﬀs, R. 2012 ’On shape grammars, color grammars
and sortal grammars’, Proceedings of eCAADe 2012,
Prague, pp. 479-487
Stouﬀs, R. 2017 ’A practical shape grammar for Chinese
ice-ray lattice designs’, 2nd International Workshop
on Cultural DNA, Daejoen, South Korea
Stouﬀs, R. 2018, ’Description grammars: A general notation’, Environment and Planning B: Planning and Design, 45(1), pp. 106-123
Stouﬀs, R. and Krishnamurti, R. 2001 ’Sortal grammars
as a framework for exploring grammar formalisms’,
Mathematics and Design 2001, Geelong, Australia,
pp. 261-269
Sutherland, I. 1963, Sketchpad: A man-machine graphical
communication system, Ph.D. Thesis, MIT
[1] https://www.rhino3d.com/
[2] http://www.grasshopper3d.com/

ACKNOWLEDGMENTS
This work received funding support from Singapore
MOE’s AcRF start-up grant, WBS R-295-000- 129-133.
The authors would like to thank Bui Do Phuong Tung
for his development work on the SortalGI library.

508 | eCAADe 36 - SHAPE, FORM & GEOMETRY | Concepts - Volume 2

Figure 10
Rule application of
the rules from Fig.
9., demonstrating
both the potential
rule applications
from the same rule,
and generative
variations from the
same derivation.

See the Non-existing but Still Visible
An “unplugged” way to deal with perspective illusions.
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1
Lodz University of Technology
1
marcingorko@poczta.onet.pl
Creation of a geomerical illusion in a staircase will be discussed. This will be
done by the classical approach to geometry, by selecting the ``punto stabile''
point and a 3D structure. This structure, consisting of simple elements, will be
projected from observer's eye over punto stabile onto two vertical walls. As
observer walks up the stairs, the percepted illusion will change its shape. The
goal of this paper is to show how easy such illusions - once popular in the baroque
period - can be created, and how creation of such illusions support further
developement of spatial imagination. It is important to note, author of the illusion
has full control over how such fictive architecture will be seen by an observer.
That means, the author will determine all aspects of interior's perception - a point
very important when it comes to the relationship between a person and space.
Keywords: illusion, perspective, vision, perception, projection

INTRODUCTION
In a time, where almost all modern design and modeling steps in the ﬁeld of architecture are performed
by means of computers equipped with advanced
software, this is a contribution to the old-fashioned
“pencil & paper” technique of creation of a 3D geometric illusion - a forgotten skill nowdays. An imaginary, non-real structure will be created in a staircase
of the Building of Civil Engineering at Lodz University
of Technology. According to the rules of central projection, this structure will be projected on adjacent
walls, where it will be visible to any person walking
up the stairs. While being in motion, the observer will
experience a slightly diﬀerent image changes when
compared to what would be expected if observed
objects would be real. This is always associated with
a certain “wow-eﬀect” and shall focus observer’s in-

terest on the phenomena of optical illusion. Especially, if observers are students of faculties like “Architecture” or “Interior Architecture”, where the development of creativity and spatial imagination must
ne emphasized. The idea itself is of not new ofcourse,
the concept of such illusions dates back at least to
baroque period and many of such paintings - also
called “quadrature” and discussed in works like Górko
in 2004 - survived to our time and still fascinate people. Now not so popular as they could be, they deserve being recalled and introduced to all, who shall
train his/her creativity and spatial imagination. Further, obtained visual eﬀects will be discussed, where
the relations between eye’s path across the staircase
and imaginary structure will be shown. This also play
a key role in the process of understanding how a perspective and human eye work. With this in mind, an
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architect or designer will be able to create more interesting, better objects, interiors nicer to stay in or public spaces inﬂuences by an alterative way - by some
ﬁctive elements, being impossible to be done in real
world.

the classical approach to descriptive geometry. However - since both walls are vertical, their projections
on a horizontal plane (top view) or vertical plane (side
/ lateral view) will appear as straight lines. This obvious fact greatly simpliﬁes the process of projection,

IDEA OF AN ILLUSION
Human’s two eyes sense of vision lets perceive depth,
but what we see and how do we recognize the space
around is strongly inﬂuenced by former visual experiences. From earliest days, our brain has the ability to save certain patterns. This helps quickly recognize seen objects, without prior precise analyze of
them. In the majority of cases this has positive eﬀects
on how we recognize our surroundings, however sometimes this leads to a misinterpretation of what
is observed, especially if the ability to see 3D ceases.
Creation of any illusion use following property: if spatial relationship of ﬁctive architecture are well made,
the image of it on eye’s retina will be the same as from
real objects. In other words, rays of light coming to
the eye can form the same image regardless of true
point’s positions in space. All those rays converge in
a common point, the eye of the observer. This point
must precisely be deﬁned and its projection on the
interior’s ﬂoor is called “punto stabile”. Interiors with
multiple punto stabile are known and were discussed
by Pozzo in 1693. For the presented illusion, punto
stabile was chosen for a person at a position just before entering the ﬁrst step of the stairs. A look slightly
overhead will show the illusion, as seen on the Figure 1. It consists of three beams perpendicular to the
front wall, fourth beam that’s runs at a right angle to
them and seems to support them as well as a small
diagonal ﬁfth element - they all form a structure frequently encountered in houses with wooden slabs
and roof construction. To make the appearance more
attractive, especially when observed in motion, elements of illusion are projected on two diﬀerent walls.

PRINCIPLES OF PROJECTION
Any illusion to be executed in an interior, must be
projected onto some surfaces - two walls in this case.
This is a 3D task, which might appear complicated in
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Figure 1
First concept of an
illusion, as observed
from proper
position over the
punto stabile.

Figure 2
Side view of the
staircase with
projection of the
illusion from
observer’s eye on
the frontal wall.

Figure 3
Top view of the
staircase (black),
ﬁctive elements
(red) and
perspective rays
from the eye (E)
which project
indyvidual points
from the ﬁctive
structure onto both
walls.

Figure 4
Explanation how
points of the
illusion can be
found by means of
some elementary
calculations in XY
plane.

making it even selfexplaining. Initial concept of the illusion is shown on the Figure 1. Thus, a 3D task can be
replaced by several two dimensional constructions,
easily to be executed without a computer use. Below on Figure 2 shown is a side view of the staircase, with positions of punto stabile (P.S.) and the observer’s eye (E) indicated. The plane of horizon lays
just over the surface of the ﬂoor ahead at the end of
the stairs. This makes one vanishing point to be easily accessible when doing checks while the illusion is
being painted. Any veriﬁcation of obtained results
can be done without any further eﬀorts. Mentioned
structure of beams in shown in red color, and points
A, B, C, D and E denote important edges to be projected. Every point on the ﬁctive architecture, when
connected with the eye, gives one perspective ray,
thus creating a pencil of rays convergent to the eye.
If reversed in direction - those rays will pierce frontal
wall in points A’, B’ C’ D’ and E’ which mark the projection of selected edges on the wall. Of special interests
are three beams in parallel position as each of them
will be projected in a diﬀerent way: the rightmost
one will entirely be projected on the frontal wall.

The one in the center and the left one will be projected on both frontal and left wall. Similar is true
for the long beam - its edges will be projected on
both planes. Missing informations about points relationships in space will be gained from another view projection from above will determine where all key
points will be located. In this view - explained on
the Figure 3 - eye of the observer and punto stabile
occupy the same spot - they are arranged one over
another. One can clearly see what foreshortenings
will apply for beams perpendicular to the frontal wall.
Such top view projection is also best suitable for introducing some computational methods, as an alternative to strictly descriptive geometry methods. A
cartesian, orthogonal frame of reference XY must be
introduced, the choice of axes position, however can
vary, depending on author’s preferences. Two most
logical options would be: options “one” Axes X and
Y lay in the planes of walls (we can safely assume,
there is a right angle between walls) and position
of the eye will be described by two coordinates Xe
and Ye. Second option would be putting the centre
of the frame of reference at eye, and pointing both
axes X and Y parallel to corresponding walls, as can
be seen on the Figure 4. As coordinates of any given
point in the view Xi, Yi can be measured in the view,
one can easly write down an equation of a straight
line that goes throug chosen point and the eye. Having the equation done, it easy to ﬁnd crossing points
with walls. Thus a number of coordinates can be obtained and whey will be the base for the paintwork
at the staircase. For ﬂat, vertical walls with a right angle between, both placements of the frame of reference seems to be equally useful. In a general case,
however, placing the (0,0) point at observer’s eye will
work better if the surrounding walls are not planes
(like in a circular room for example, where the shape
of a wall be be given by the circle’s equation).
Placing the (0,0) point at observer’s eye also simplyﬁes writing all needed equations for straight lines
taht go through selected points. Both methods:
graphical, based on two drawing only and numerical, based on equations in two dimmensional frame
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of reference bring the author to the same results.

bile. Let’s say, stays on the higher level as simulated
on the Figure 5. In this case, perspective rays used to
create the illusion are not the same as watched - two
diﬀerent pencils of rays come into play.
The more the observer moves from punto stabile, the more both pencils of rays diﬀer from each
other and distortions of the illusion are more obvious. Construction of the staircase perspective with
the illusion, when observed from a very distant point
will be shown below. In particular, the construction
shows the illusion as seen from the higher ﬂoor.

Figure 5
An illusion of the
rightmost beam, as
seen form a higher
level.

Figure 6
All three beams
being constructed,
note weird shape of
beam that “breake”
at the edge of walls.

This approach was successfully used in [3], where
some elementary trigonometry is used to explain
certain properties of Ames Room. illusions. Calculation do not introduce any mistakes regarding accuracy of point’s positions, but method based on descriptive methods is much closer to the former “spirit
of perspective”, which is of high educational value.
There is certainly no better way to practice perspective, as to construct some 3D objects, and a classical
drawing clearly emphasize spatial relationships between the observer, objects and surfaces on which
this object will be projected.

ILLUSION SEEN AWAY FROM PUNTO STABILE
The most interesting thing about perspective illusions is their behavior when watched not from a
point over punto stabile. All the diﬀerences between
observed perspective of real architecture and ﬁctive
architecture force the observer to ask question: “why
is it like this?”, When observer observes the illusion
form above punto stabile, ﬁctive elements are seen
as they should be, without any distortion. Thinks become interesting when observer leaves punto sta-

It all starts with a perspective image of the staircase,
where both vanishing points V1 (out of image, at left)
and V2 as well as the horizon will be recovered. Than,
data gained while designing the illusion will be used
to introduce all key points on walls. First step is the
introduction of all important vertical edges on the
frontal wall, which are represented by points P‘, R’, S‘
and T’ in Figure 3. Heights of all important points
were taken from a similar construction, explained on
the Figure 4. This lets obtain the view of the rightmost beam. For the middle and left beams, construction of the perspective is much more complicated. It
starts the same way on the frontal wall as described
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Figure 7
First stage of
horizontal beam
construction frontal wall
involved only.

kind of deformations can be expected.
Following is the construction of the horizontal
beam, which is nothing new in terms of geometry,
principles mentioned above let obtain projections of
visible points and edges on walls, as shown on the
Figure 8. Being the largest element and exposed to
view, this beam will strongly inﬂuence the overall
perception of the illusion.

Figure 8
Horizontal beam
added to former
elements.

previously, but at the edge between both walls, the
perspective will “break” and rapidly change the way
it look from higher level. This is well visible on the
Figure 7. Points U‘, V’, W‘ and Q’ deliver data where to
locate corresponding projections on the left wall. At
this stage - when all three beams were constructed
on walls - a clear conﬁrmation of an error-free construction is possible - all edges, that are parallel to
each other run to common vanishing points V3 (low
over the ﬂoor) and V4 (on the left / bottom, not on
image). Both these points can be found on walls
and can be used to verify if the paint job has been
done without any mistakes. Vanishing points V3 and
V4 will represent observer’s eye projections on both
walls. When observer moves - its eye will be projected in diﬀerent spots on walls, possibly not it positions occupied by V3 and V4. How strong the observed illusion will be distorted, can be expressed by
the distance between vanishing point and actual projection of observer’s eye. As the eye - at least in theory
- can freely move in three diﬀerent directions, various

For clarity, straight lines to vanishing points V3 and
V4 were left, in the painted work they will obviously
be skipped. Last step in the construction process is
the addition of the ﬁfth diagonal element, also protruding prom the left wall. Of course, some more elements can also be added, but this would be at the
costs of good visibility and overall clean appearance.
Very interesting must be the ﬁrst encounter with the
illusion - something unexpected and surprising will
be watched, and as the observer has to walk across
the punto stabile, there will be at least a moment,
when the intended perspective will be seen. When
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continuing the motion up the stairs, observed perspective will gradually be distorted according to principles mentioned earlier. Even more impressive will
be the change in perspective if watched in a reverse
sequence - ﬁrst glimpsed at III ﬂoor as shown on Figure 9 - and than followed by eye while walking down.
To further reinforce visual eﬀect, some textures, colors and even shadows can be added. To a skilled
architects, only his/her imagination will set borders.
Below a ﬁnal view of the distorted illusion is show - a
rather strange view, weirdly broken at wall’s edge.

imagination, creativity and inﬂuence the way we see
our world. Even if modern computer techniques are
more and more advanced and sophisticated, such
tasks can easily be done “unplugged”, just based on
basic principles of projective geometry. If needed
- simple calculations can replace some constructive
drawing job or can be done as complementary part
of the task. Diﬃculty of the task will raise if designed
illusion would be intended to be painted on surfaces
that are not ﬂat. A cyllindical wall or a spherical dome
immediately come to mind. In such case one has
to handle non-collinear perspective, which would be
much more time consuming, and where the use of
computer could certainly bring some beneﬁts.
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CONCLUSIONS
Geometrical illusions in interiors are very ﬁne opportunity to play with perspective, develope spatial
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Figure 9
Final view of the
illusion as seen
from a higher level
(III ﬂoor of Civil
Engineering
Building).

Adapting Modern Architecture to a Local Context
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The purpose of this study is to analyze Abraham William Hajjar's single-family
houses in State College, PA, using shape grammar as a computational design
methodology. Hajjar was a member of the architecture faculty at the
Pennsylvania State College (now The Pennsylvania State University), a
practitioner in State College, and an influential figure in the history of
architecture in the area. In this study, shape grammars are used specifically to
verify and describe influences of modern architecture, as defined by Hitchcock
and Johnson (1932), and influences of local traditional American architecture on
Hajjar's domestic architecture. The underlying hypothesis is that Hajjar's work is
the result of a hybridity phenomenon that can be traced through a computational
design methodology. The first step in this endeavor and the study focus is to
establish Hajjar's single-family architectural language. Future work will be
concerned with verifying and describing the hybridity between modern
architecture and traditional architecture expressed in Hajjar's work by
comparing his grammar with grammars underlying modern and traditional
architecture likewise.
Keywords: shape grammar, modern architecture , American architecture,
William Hajjar, hybridity, single-family houses

Introduction
The residential architecture of A. William Hajjar, a
faculty member at Penn State and a practitioner in
the area in the mid-twentieth century, incorporates
many of the shapes, rules, and features of both European modern architecture and traditional American
architecture. In this regard, his work reﬂects a quality
that may be unique to certain architects in certain situations, in this case, to faculty-practitioners producing residential architecture in small American college

towns in the mid-century. On the basis of this hybridity, this study oﬀers an investigation of this architectural phenomenon by comparing and contrasting it
with both the modern architecture of the time and
the traditional American architecture of the local context. Via computational design methodology, this
comparison will provide information to identify and
establish Hajjar’s single-family architectural language
and verify and describe its hybridity.
The theoretical outcomes of this study answer
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the following central questions in regard to the
methodology and context: Can shape grammars be
used to verify and describe the possible hybridity between modern and traditional architecture in Hajjar’s work? And, more broadly, can shape grammars
be used to describe architectural hybridity phenomena in general? And, what inﬂuence did the social
and technological contexts have on the layout of the
houses designed by Hajjar? Highlighting Hajjar’s architecture is a signiﬁcant aspect of this study such
that insights into and interpretations of his work are
generated and presented herein. However, Hajjar’s
work features primarily as a case study for verifying
the eﬀectiveness of the shape grammar methodology to analyze hybridity in architecture.
The notion of hybridity between modern architecture and traditional architecture, or the duality
between modern and traditional, international and
local, and designed and vernacular in architectural
practice has already been addressed in the literature.
Terms or ideas such as “high style” versus “popular” architecture in the mid-twentieth century (Devlin & Nasar, 1989), “Brazilian popular modernism”
(Lara, 2008), “critical regionalism” (Frampton, 1983),
and “vernacular modernism” or the contrast between
vernacular traditions and the twentieth-century built
environment (King, 2016) all refer to this duality, although in various geographic locations or time periods. Furthermore, the practice of mixing elements
of European modernism with elements of traditional
American styles in architectural practice began much
earlier in the twentieth century, although not in the
context of domestic architecture. As scholars such
as Leland Roth note, most skyscrapers built in the
1920s combined selected elements of the International Style with traditional revival styles such as Renaissance and Gothic typologies (Roth, 1979). In a
U.S. college town such as State College, in the mid
twentieth century, a key question on this point pertains to whether this hybridity can be described accurately, and if yes, whether shape grammars as a computational design method can be used successfully
for this purpose.

Methodology
This paper is part of a larger research project that includes the following steps: (1) tracing Hajjar’s life and
practice to identify likely inﬂuences on his work; (2)
developing a shape grammar for the houses he designed in State College; (3) identifying or developing
grammars for some of his likely inﬂuences; (4) comparing Hajjar’s grammar to the grammars of such inﬂuences to determine the nature and extent of their
impact on his work; and (5) identifying aspects of
the social and technological context that may explain
such inﬂuences-i.e., trends in regard to lifestyle and
available technology. This paper focuses on describing Hajjar’s single-family architecture by developing
a grammar of his work. It includes an eﬀort to identify and account for the rules Hajjar followed in designing single-family houses, a derivation of houses
he designed, and solutions generated by the grammar that he did not design. Future papers will focus
on other methodological steps related to the notion
of hybridity.
Shape grammars are a speciﬁc class of production systems where transformational shape rules are
applied recursively from an initial shape (Stiny &
Gips, 1971). Since the 1970s, the concept of shape
grammar has been used in architectural analysis
when a pattern of design characteristics or a stylistic repetition of shapes in architecture is evident.
This method has been used to analyze examples of
historical architecture, such as the Palladian Villas
(Stiny and Mitchell, 1978), Frank Lloyd Wright’s Prairie
houses (Koning and Eizenberg, 1981), Queen Anne
houses (Flemming, 1987), and Alvaro Siza’s houses
at Malagueira (Duarte, 2005). Given that the houses
created by the study’s focal architect show evidence
of shared shapes and transformation rules, the shape
grammar methodology is appropriate for testing the
hypothesis. For example, many of the houses designed by Hajjar include a wing (i.e., a garage) connected through a breezeway to the main volume.
This main volume in his early work is a simple shoe
box, which regardless of size and orientation usually
has a low-pitched roof. This volume sometimes com-
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prises two stories, usually with the bottom one hosting the main living area (living room, dining room,
and kitchen) and the top one the sleeping area.
This study owes a debt to the work of other authors. In 1983, taking the transformation of Frank
Lloyd Wright’s Prairie houses into Usonian houses as
her focal case, Knight showed how stylistic evolution in art and design can be explained by the evolution of the underlying grammars. In 2001, Çolakoğlu used this idea to propose a methodology to
design contemporary houses from vernacular Turkish Hayat houses. Four years later, Chase and Ahmad
used grammatical transformations to understand hybridity in design. Then, in 2011, Eloy and Duarte
proposed the concept of transformation grammar to
adapt an existing house type to contemporary living needs. In the same year, Kruger et al. (2011)
advocated the use of transformations to study Alberti’s inﬂuence on Portuguese classical architecture.
More recently, Benrós (2018) used transformations in
design to study the phenomenon of hybridity in architectural languages. Against this background, the
present paper is principally concerned with developing a shape grammar for Hajjar’s architecture as the
initial step, but the ultimate purpose is to contrast Hajjar’s grammar with grammars of traditional American
architecture and modern architecture.

William Hajjar
Abraham William Hajjar (1917-2000) was born on
February 11, 1917, in Lawrence, MA, the youngest of
a large immigrant Lebanese family. He received his
bachelor’s degree in architecture from the Carnegie
Institute of Technology (now Carnegie Mellon) in
1940 and his master’s degree from MIT in 1941
(Hadighi et al., 2016). In 1942, Hajjar joined the
Department of Architecture at the State College of
Washington, and in 1946, he moved to State Colleg
to teach at the Pennsylvania State College. When Hajjar moved to State College, most single-family residences in the area were in the Georgian revival, Colonial revival, Tudor, and Cape Cod styles, although
ranch and split-level houses were also starting to ap-

pear. Given that he designed and built thirty-two
single-family houses in the area, Hajjar had a signiﬁcant inﬂuence on the architectural language of
the houses built in the area afterwards, especially in
neighborhoods adjacent to university campus, like
College Heights. In doing so, he contributed to the
stability and popularity of localized/Americanized
modern architecture by reshaping mid-twentieth
century modernism in the area and, to some extent,
in the United States.
While Hajjar was at Carnegie, the school’s philosophy of design was dominated by the Beaux-Arts,
in line with most of the architecture programs in
the US. It was probably at MIT that Hajjar was introduced to modernist architecture by proponents of
modernism, such as Lawrence Anderson, who was
Hajjar’s supervisor. Anderson not only designed the
ﬁrst modernist building on an American campus (MIT
Alumni Pool-1939), but he also tried to bring a modern outlook to MIT’s program in the late 1930s. He advocated for Alvaro Aalto’s appointment as a research
professor in architecture at the school in 1940. More
importantly, it is likely that Hajjar was inﬂuenced by
modernist ideas propagated by the German émigrés:
He was at MIT when Gropius and Breuer were at Harvard, a time when students from the two schools attended lectures together and when Anderson would
often invite Gropius, Breuer, and other outside critics
to MIT to review the students’ work (Anderson, 1992).
Hajjar designed and built his thirty-two singlefamily houses in State College in two neighborhoods
close to the Penn State campus. Many of his houses
blend into the traditional houses in the neighborhood in terms of exterior building materials, volumes,
and roof shapes. However, Hajjar’s houses have an
internal organizational structure that is both modern
for the time and unique to his work.
After a few years at Penn State, Hajjar built his
ﬁrst residential design in the area-his own family
home. The house consists of a simple shoebox and
a garage connected to the main house via a breezeway. With cement blocks for the base and wood
cladding for the top part, together with a sloped roof,
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Hajjar’s design is similar to other houses already built
in the area. However, there is no front porch and no
entrance in the front façade. In fact, the front façade
seems to be a side façade when compared to those
of other houses in the area. In addition, most of the
local Colonial revival houses had a garage at the back
of the building, whereas Hajjar rotated the organization of the house to include the garage at the front
with the main entrance to the house hidden in the
breezeway. Many of his later designs, are similar to
his ﬁrst family house.
Hajjar took advantage of the sloped sites of the
College Heights neighborhood by situating the entryway between the two main levels of the houses-a
feature that can be read as an adaptation of the midcentury split-level eﬀect. Although in section and
façade there are similarities between Hajjar’s architecture and mid-century split-level houses, in terms
of the interior planning, the organization of the fenestration, and the slope of the roof, there are noteworthy diﬀerences. Hajjar’s interior planning leans
toward a modernist idea of open plan, especially
in the public part of the house (living room-dining
room-kitchen). Speciﬁcally, typical mid-century splitlevel houses were still organized so that the living
room faced the street, whereas Hajjar’s designs are
open with the kitchen facing the street and the living
room at the back of the house.
In the plans, the entryways to Hajjar’s houses are
generally in the middle open space, which could include a hall and a family/sitting room. Hajjar’s typical plan can be read as a modern plan with an open
space in the center, rooms organized on both sides,
and the service spaces, including the bathroom, staircase, and hallway in the middle. However, it can
also be read as a very traditional plan as used in the
Georgian period and the Georgian Revival, i.e., a developed hall-parlor organization or as a developed
foursquare design (Figure 1).

Figure 1
A typical Georgian
plan vs. Hajjar’s
typical plan.

Considering the spatial relationships in Hajjar’s
houses it is possible to identify ﬁve subtypes of ﬂoorplans (Figure 2): (1) tri-partite organization, where a
breezeway connects the garage to the inhabitable
space, the lower ﬂoor hosts the living areas, and the
upper ﬂoor the sleeping area; (2) split-level organization, where the sleeping area is a half ﬂoor above the
living area; (3) butterﬂy or cross-shape organization;
(4) compact organization, where a square-shaped
plan reﬂects Hajjar’s idea of a core area; and (5) linear
organization.
Figure 2
Subtypes of Hajjar’s
single-family
houses in State
College.

Hajjar’s Grammar
The grammar of Hajjar’s single-family houses was developed based on the ﬁve subtypes described above.
The grammar encompasses four phases or groups of
rules:(1) Rules that capture the way in which Hajjar
situated his houses on the lots (Rules 1-2, Figure 3); (2)
Rules that describe the formal relationships between
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Figure 3
Selected rules of
Hajjar’s grammar:
locate house on
plot and deﬁne
relationship
between volumes.
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Figure 4
Selected rules of
Hajjar’s grammar:
divide interior
space into smaller
spaces.

mass volumes (Rules 3-5, Figure 3); (3) Rules that describe the way in which the interior space is divided
into smaller rooms or spaces (Rules 6-29, Figures 3, 4
and 5); and(4) Rules that generate details such as the
placement of closets and wall thicknesses.
Figures 6 and 7 show derivations of designs in
the corpus used to infer the grammar. In addition
to all the houses designed by Hajjar included in the
corpus, the grammar can generate Hajjar-inspired
houses-solutions generated by the grammar that
were not designed by Hajjar (Figure 8). To facilitate
the generation of designs and eliminate human input
while applying rules to generate houses, a computer
program has been developed. The code was written
in the Python scripting language for Rhino.

Discussion
As noted earlier, this paper is part of a larger study
undertaken with the purpose of analyzing Hajjar’s
hybrid architecture by developing a grammar of his
work and comparing its shape rules with grammars

for works of modernist and traditional American architecture. The selection of works with which to compare Hajjar’s work was based on the analysis of his
personal and professional life, through which likely
inﬂuences were identiﬁed. Among them are the
works of immigrants including Gropius and Breuer,
with whom Hajjar was in contact while at MIT, and
of Frank Lloyd Wright, whom Hajjar’s son referenced
as an important inﬂuence on his father’s work (personal interview, 2016). It is important to note that
a shape grammar of Wright’s Usonian houses has already been created (Knight, 1983) based on a transformation grammar of his Prairie Style houses (Koning & Eizenberg, 1981). The grammar of Gropius and
Breuer’s architecture in the United States needs to be
developed, though. In terms of traditional American
architecture, it is necessary to identify house types
or styles that might have inﬂuenced Hajjar’s architecture and develop the corresponding shape grammars. Preliminary analysis suggests some possibilities in this regard but further work is needed to con-
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ﬁrm them. In any case, a grammar for the Buﬀalo Bungalow houses developed by Downing and Flemming
(1981) will be considered in the analysis.
An important question in comparing shape
grammars pertains to the level of detail needed. This
question can be answered by ﬁnding where hybridity exists, whether in the functional organization,
the building system, or in the decoration, following
Habraken’s deﬁnition of house type (1988). At this
stage, Hajjar’s grammar is used to describe the spatial relationships in his interior layout and the volumetric relationships in his overall design, mainly because the preliminary analysis suggests that hybrid-

ity might be most important at this level. The next
step is to determine the extent to which the rules of
the respective grammars are similar or diﬀerent. By
comparing the rules of Hajjar’s grammar to those of
other grammars, we may be able to determine which
rules have been maintained, changed, deleted, or
added. In this regard, it is important to note that the
grammars must be developed in a way that enables
comparison, as noted by Benrós in her comparison
of Palladian Villas, Wright’s houses and Siza’s homes
(2018).

Figure 5
Selected rules of
Hajjar’s grammar:
divide interior
space into smaller
spaces (continued).
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Figure 6
Derivation of the
Snowdon House,
designed by Hajjar
in 1959.

Figure 7
Derivation of
Eisenstein House,
designed by Hajjar
in 1954.
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Figure 8
From left to right:
Euwema House,
Ferrell House,
Christ-Janer House,
as well as a
Hajjar-inspired
house, all
generated by the
computer program
based on the
grammar.

Future Possibilities
In the present paper, Hajjar’s single-family houses
were analyzed via a shape grammar. Although College Heights is designated as a historic district, midtwentieth-century houses added to the neighborhood are not considered historic features of the
neighborhood. At present, the authors of this paper
are in negotiation with the Borough of State College
and the Pennsylvania State Historic Preservation Ofﬁce to determine whether a “new” College Heights
historic district with modern houses can be designated. Should this eﬀort meet with success, any new
house built in the neighborhood would be required
to conform to certain regulations and design guidelines. In this context, the grammar of Hajjar’s houses
might be helpful.

Contributions
The proposed study makes a contribution to the ﬁeld
of architecture not only by presenting shape grammars as a tool for verifying and describing hybridity between modern and traditional architecture, but
also by describing the work of Hajjar, a local architect who contributed to the stability and popularity
of modern architecture in the United States. Furthermore, it is our hope that the study will show the potential of shape grammars as a complementary tool
that architectural historians can use to verify formal
and functional similarities between styles in a rigorous way.
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This paper presents educative aspects of visualization techniques based on an
idea by B. Hillier to illustrate architectural forms with the space syntax theory. It
explores and renders the technique of transformation and implementation of
syntactic analysis in order to convey to students of Architecture spatial concepts
and to differentiate spatial arrangements that present understandably similarities
and differences. The technique is applied to plans of well-known examples from
the history of Architecture and illustrates to a sufficient extent the theoretical
interpretations taught in the architectural design studio.
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INTRODUCTION
In the studio courses of architectural design in National Technical University of Athens, we start by
studying examples of architecture from a wide variety of buildings through history. Our purpose is
to explore the Ideas in architecture that transcend
time and place. By using comparative methods, we
are trying to investigate how architects in diﬀerent
epochs and diverse cultures struggled with similar
or divergent spatial concepts. Because of the wide
range of architectural sources in the course, it is important to carefully note the speciﬁcs of these examples so the students can understand the conceptual relations we draw between them. In this eﬀort
we use various transformational techniques that convert the architectural plans into diagrams that share a

common characteristic denominator.Permanent pursuit of the teaching of architectural design is the formation of a coherent process of producing diagrams
that will translate in the same way architectural plans
by creating a common base of comparison. Very often various diagrammatic techniques lead to oversimpliﬁcation and misleading ideas that should be
avoided when explaining the roots of architectural
solutions. This paper investigates a transformational
technique that we employ to convey to our students
spatial concepts and to diﬀerentiate spatial provisions showcasing in a comprehensible way similarities and diﬀerences. The technique is based on an
idea found in Bill Hillier’s book “Space Is The Machine”.
Hillier’s idea is to introduce the architectural plan ﬁrst
as a shape. “[...] It is clear that any shape can be rep-
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resented as a regularly constructed mesh of cellular
elements, or tessellation, provided we can scale the
mesh as ﬁnely as we need. This can then be treated
as a graph, and thus expressed as a pattern of universal graph distances.[...]”. (Hillier 2007 p.80)Hence
Bill Hillier applies the syntactic analysis he introduced
together with Julienne Hanson (Hillier, B. & Hanson,
J., 1984) calculating “[...] the mean depth of each
cell from all others, and express the results in a distribution of dot densities for the square elements in
which the higher densities, or darker colors, stand
for greater integration - that is, less depth - graded
through to lightest colors for the least integration, or
greatest depth.” (Hillier 2007 p.81).Initially we found
out in discussions with students during the course of
the Architectural design that elucidated geometrical
shape examples presented by Hillier in “Space is the
machine” had an enormous acceptance by students.

METHODOLOGY
To investigate further B. Hillier’s ideas I developed
software in the AutoLisp programming language,
within the AutoCAD environment that allowed me
to try out various conﬁguration patterns in order
to study the impact they had on students of architecture. Initially, the research began based on
Hillier’s idea that any shape could be represented
as a regularly mesh of cellular elements, or mosaics,
that he called “tesselation” , provided we can weigh
the mesh with the precision we need. During the
ﬁrst phase of the software development, the examples found in Hillier (2007) were repeated, indicating the central position of the structural analysis of
the shapes, deﬁning the normal shapes as conﬁgurations.. The research, moreover, had the ordered task
of trying to explain to young students diﬀerences between the shapes that trained architects understand
almost self-evidently. In this context even trivial remarks, like centrality in a square shape comparing
to a circular one, could be illuminated by Hillier’s example in a sense that the examples are illustrated
marking the centre of a circle with the “highest integration, and that integration reduces evenly in con-

centric rings around the centre. In a perfect circle,
all edge locations will have an identical degree of
integration [...]”. In contrary in a square shape “[...]
the pattern of integration not only runs from centre to edge, but also from the centre of the edge to
the corners. The square form is thus more complex
than the circular form in a simple, but critical way.”
(Hillier 2007 p.81).The introduction of an overlying
shape that determined the calibration of the system
quickly gained the interest of research by identifying
diﬀerent states of the shapes. This again after Hillier
(2007:p90) : “buildings are not pure shapes, in the
geometric sense of free-standing forms in a uniform
context, but oriented shapes, in the sense that they
are oriented to and away from the ground on which
they stand. If we take this simple fact into account
in analyzing building façades as shapes then we easily ﬁnd some very suggestive results. This can be
demonstrated by simply standing shapes on a line,
which we will call the ‘earthline’.”
Figure 1
Reconstructed
example of the
three buildings
(oriented shapes
standing on an
“earthline”) after
Hillier (2007:p90).
Indeed, by studying Hillier’s examples, they established their importance for students to understand
basic concepts taught in architectural design. For example, the square shaped building anchored to the
ground reduces the original eight symmetries to a
simple bilateral symmetry which is generally the understanding of an actual building in which someone
distinguish the left-right symmetry but not the up
and down one. (There are no recorded examples illustrating the up-down symmetry). Also the general
impression we have for the shapes of the buildings. A
breadth and long building is perceived as a building
anchored to ground in opposition to a tall one that relates to the horizon and these ideas surprisingly disclosed to students in a particularly vivid way. Of par-
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ticular interest was experimentation with the understanding of shapes and the regulating line which has
the obvious property of drastically diﬀerentiating the
distribution of the calibration in the shapes. For example, the 20X24 cells rectangle as shown in ﬁgure
2 since the introducing of the four regulating lines
on its edges inverses the calibration values and exhibit as more integrated areas the edges instead of
the center of the shape.
Figure 2
A 18X24
Rectangular
Tesselation open
and bounded with
4 regulating lines.
Figure 3
Barcelona Pavilion,
designed by Mies
van der Rohe.
Tesselation analysis
with out (above)
and with regulating
shapes.

Figure 4
Tesselation analysis
of alternative
Spatial
arrangement (2
sofas in a
rectangular
room)(cell grid : 20
cm)

tion of integration values was the decision to introduce the regulation shapes only as “calibration actuators”. Large-sized shapes joined with multiple cells
gain de facto the higher integration values. At the
same time, they raise the relative position of integration value of all the cells with which they are directly
adjacent. Upon completion of the integration values
calculation for each cell, the “calibration actuators”
are removed from the list and the values are sorted by
including only smaller cells. These transformations
then illuminate the combinatorial aspect of architectural conﬁguration exemplifying the assessment
of well-known architectural plans (like the Barcelona
Pavilion shown in ﬁg 3) and identifying similarities
between architect’s theoretical beliefs. In Barcelona
Pavilion, designed by Mies van der Rohe, a 636 cell
tesselation conﬁguration by introducing a standard
one meter grid, insertion of walls and pool shapes
as regulating shapes gives a calibration that better
describes the spatial qualities of the building. Unfortunately the pavilion was to be bare, with no exhibits, leaving only the structure accompanying a single sculpture and specially-designed furniture, thus
it is pointless to investigate the functional aspects of
the space. Nevertheless the open space in front of
the central swimming pool appears better integrated
with the right-over entrance, the entry hall is well integrated while the rest-room and the small pool are
discreetly isolated. The technique allows a plethora
of information regarding the architectural conﬁguration to be exploded, introducing a diﬀerentiated
pedagogical model to assist the teaching of architectural design.

COMPARATIVE ANALYSES
Extensive experiments with transformation of architectural plans in tesselation conﬁgurations enabled
us to conclude the importance of the analysis once
the technique of introducing the adjustment shapes
to calibrate the distribution of integration values. Of
primary importance in the calibration of diﬀerentia-

The transformational research using tesselations
then passed into small layouts of domestic spaces.
Thus we produced mappings of the syntactic values
of diﬀerent spatial arrangements producing visuals
that enable students to diﬀerentiate similar spatial
arrangements. In these spatial arrangements a set
of basic elements, the shapes of the furniture of the
room are combined with a tessellation of square grid
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to represent the transition area in the room plan. Illustrating the integration value of diﬀerent conﬁguration (see ﬁg 4) we were able to illuminate traditional theoretical notions that we were using in the
studio during architectural education. Exploring key
notions of these discussions that focus on the distribution of movement on a domestic layout, identifying non-discursive architectural ideas like symmetry asymmetry , crowded - empty, bounded-unbounded
etc.

After various discussions with students illustrating
the properties of geometrical shapes we developed
the idea a little further, and closer to everyday studio
experience. We started describing by tiles of squares
of a size 60 cm x 60 cm to get as close to a space occupied by a free standing man, the tiles had no overlaps and no gaps and at the beginning were simple
conﬁgurations of functional layouts capturing important aspects of how they ﬁt into everyday living patterns. We analyzed with the method of tesselation
as described above many well-known buildings of
modern architecture. Mostly houses where there was
evidence of the placement of furniture by architects
where the furniture marked the use of the premises.
The main reason for the above option is the engagement of the furniture in the tesselation analysis deﬁned as regulating shapes. In fact, the 60x60 cm grid
deﬁnes the motion in the house and the presence
of furniture constitutes the function within individual rooms. One of the houses analyzed is the famous
Robinson House in Williamstown, Massachusetts designed by Marcel Breuer in 1947 (see ﬁg 5). The
house covered an immense expanse of land and features a design which interacted with the landscape
which surrounds it. As the plan shows, the house features the binuclear design which Breuer became famous for. The bi-nuclear house encompasses separate wings for the bedrooms and for the living, dining and kitchen areas. These two main parts are
separated by an entry hall. The house is single leveled, and the two wings connected by the halls are
of two diﬀerent shapes, a rectangle and a square.
The rectangular area is smaller; it contains the garage
and bedrooms. The square area contains the living
spaces, which include the kitchen and dining area.
Inside the living room, a dominant stone ﬁreplace
acts as the focal point. All sorts of established studio analysis like Solid-Void, Parti, Symmetry, Hierarchy, Regulating Lines , Center-Perimeter etc were applied with little success on deﬁning a non disputable
argument as the suggested line of analysis. In contrary Tesselation analysis managed to recompile the
designer line of thinking. Both the bi-nuclear de-
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Figure 5
Marcel Breuer:
Robinson House,
Williamstown,
Massachusetts,
1947 Tesselation
Analysis.

sign as diagrammatic starting concept and the hierarchy of spaces are vividly exposed in the diagrams.
While the house is split into the two main areas, there
are levels of enclosure within that. The main integrating core is of course situated in the entry acting as a bridge to public and the private areas of the
house. It is surprisingly illuminative that the most of
the well integrated areas of the house are those next
to the public sitting areas and the living room situated in the bedrooms wing. Kitchen is also well integrated together with the invisible to the main living area access to dining room. If you exclude the
northern bedroom, which does not have an exclusive
bathroom, thus is connected to the main hallway and
through the bathroom, thus gaining higher room integration values, all the other bedrooms are totally
isolated, including the maids room that is next to the
well integrated kitchen area. It is interesting to note
the southwest corner of the living room which is isolated because the architect did not design any infrastructure for use. It’s a big empty space behind the
ﬁreplace-facing sofa.
An interesting analysis is accomplished from the
comparison of the two types of apartment building
built by Le Corbusier in Marseille. The design of Unite
d’Habitation in Marseille establishes an innovative
approach toward spatial organization to accommodate the living spaces. Le Corbusier designed the
residential units to span from each side of the building, as well as having a double height living space reducing the number of required corridors to one every three ﬂoors. By narrowing the units and allowing
for a double height space, Corbusier is capable of efﬁciently placing more units in the building and creating an interlocking system of residential volumes.
Every three ﬂoors two long residencies interlock with
opposite functional diagram. One unit with the entry
from above has a small footprint dedicated to kitchen
and dining and because of the void of double height
space that overlooks downstairs has the living space
placed within the main bedroom downstairs. The
other interlocking unit has the entry downstairs with
kitchen/dining and living with the main bedroom up-

stairs and the double height space that overlooks
downstairs onto the living room. This is a challenging
layout for all sorts of analytic systems of ﬂoor plans.
The two types of apartments have shifted the central
core of well-integrated cells. In the case of the apartment with the entrance bellow, the well-integrated
area is located on the ﬂoor immediately after the
climbing staircase and the corridor linking the three
bedrooms. In the apartment type whose entrance is
up, the central core is closer to the entrance and the
dining room. The two oblong bedrooms of the children have diﬀerent exposure to privacy as well, while
the central bedrooms in both types are much less isolated than other classical privacy arrangements such
as those of Marcel Breuer that we examined above.
What is important, however, is that two apartments
that students of architecture in principle regard as
equals are completely diﬀerent as to the degree of
privacy they provide for tenants. This diﬀerence may
be implied by the instrumental analysis launched by
Bill Hillier and its development described above.

DISCUSSION
Bruce Archer in his article ”The Three Rs” establishes
that design belongs to a third area of human knowledge ”[...] concerned with the making and doing aspects of human activity [...], distinct from sciences
and the humanities” (Archer 1979). He argues for
the existence of a diﬀerent approach to knowledge
and of a diﬀerent manner of knowing, (also in Archer
1979b), which diﬀers from those in the sciences and
humanities: ”Where Science is the collected body
of theoretical knowledge based upon observation,
measurement, hypothesis and test, and the Humanities is the collected body of interpretive knowledge
based upon contemplation, criticism, evaluation and
discourse, the third area is the collected body of practical knowledge based upon sensibility, invention,
validation and implementation. Hence, although introducing students to architectural design is a diﬃcult task to be comprehensibly prescribed, researching into its mechanisms and functions provides the
opportunity to test methods that enable students to
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Figure 6
Le Corbusier: Unite
d’Habitation in
Marseille (1947).

grasp spatial qualities and ﬁnally increases their sensibility in order to develop innovative design thinking. Bill Hillier from another point of view emphatically underlines that in the theory of architecture
no idea is more seductive than that architecture is
an ars combinatoria ”[...] - a combinatorial art: the
idea that the whole ﬁeld of architectural possibility
might be made transparent by identifying a set of basic elements and a set of rules for combining them so
that the application of one to the other would generate the architectural forms which exist, and open up
possibilities that might exist and be consistent with
those that do. By showing architectural forms to be
a system of transformations in this way, the elements
and rules would be held to be a theory of architectural form - the system of invariants that underlie the
variety to be found in the real world.” (Hillier 2007 p.
216)
In this paper we underscore the shift from mechanistic pedagogy to systematic pedagogy in design
studio by introducing a method of explicit transformation of spatial layouts in color-coded images

able of conveying the diﬀerences discussed in the introductory seminars to architectural design. These
transformations illuminate the combinatorial aspect
of architectural conﬁguration exemplifying the assessment of well-known architectural plans (like the
Barcelona Pavilion shown in ﬁg 4) and identifying similarities between architect’s theoretical beliefs. The technique allows a plethora of information regarding the architectural conﬁguration to be
exploded, introducing a diﬀerentiated pedagogical
model to assist the teaching of architectural design
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Physarum polycephalum, also called slime mold or myxamoeba, has started
attracting the attention of those architects, urban designers, and scholars, who
work in experimental trans- and flexi-disciplines between architecture, computer
sciences, biology, art, cognitive sciences or soft matter; disciplines that build on
cybernetic principles. Slime mold is regarded as a bio-computer with intelligence
embedded in its physical mechanisms. In its plasmodium stage, the single cell
organism shows geometric, morphological and cognitive principles potentially
relevant for future complexity in human-machines-networks (HMN) in
architecture and urban design. The parametric bio-blob presents itself as a
geometrically regulated graph structure-morphologically adaptive, logistically
smart. It indicates cognitive goal-driven navigation and the ability to externally
memorize (like ants). Physarum communicates with its environment. The paper
introduces physarum polycephalum in the context of `digital architecture' as a
biological computer for self-organizing 2D- to 4D-geometry generation.
Keywords: generative geometry, bio-computation, Voronoi

OVERVIEW

ior and material-driven architecture.

The introduction gives an introduction into the multicellular membrane organism. Part one contextualizes slime mold in the domain on network theory and
presents lab-experiments of the physical organism.
Part two deﬁnes the underlying logic of growth show
the digitization of the self-organizing behavior using
Python for Grasshopper. Here I am showing the morphological change from a branch-based geometry to
a Voronoi-based geometry. The conclusion considers Physarum as liquid geometry computer and cybernetic disruptive bio-architectural device. This part
describes the possibility for a transfer from bio-digital
form-driven architecture to digital-biological behav-

INTRODUCTION
Physarum polycephalum, literally is translated to
‘multi-headed bubble’. Etymologically the term
Physarum stems from the Greek word φυσα-physa,
means Blasé, Pustel (Ger.) or bubble (Engl.) and
shows similarities to the translation of bubble into
Russian пузырь-puzir. (Kluge, 1967) It is a bright yellow amoeba-like, single organism with numerous nuclei. The Physarum’s yellow color is the result of a
pigment typology called Flavin. The tone can range
from greenish yellow to bright yellow to deep or-
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ange; it is an indicator of the PH-value. (Seifriz and
Zetzmann, 1935) (Kambly, 1939) The organism enlarges through foraging in search of nutrition. Its
structure reveals three distinct geometric patterns:
(a) on the edges Physarum polycephalum develops
thin branches, searching their environment for food,
b) distinct Voronoi pattern after a growth period
(ﬁg. 1a).Physarum is a system describing the characteristics of a liquid geometry computer-in conversation with its environment. Every system is goal
driven-so is slime mold in conversation/interaction.
The organisms goal is survival. It seeks achieving its goal by organizing the intake and distribution of nutrition through its entire body most eﬃciently for its capabilities. The molds behavior results in forming geometric patterns, namely branching as directed network graph, and Voronoi/Delaunay as an undirected network graph. While foraging
the organism shows bulging blob-like (binary large
object) geometric structure at the tips revealing a
double-curved bulging droplet-like surface geometry Those clusters of blobs have an intricate topography at their edges demonstrating a landscape of
regularly shaped and rounded hills. Figure 1b shows
the rounded hills converged into sphere-like structures - geometrically akin to a meta-balls system. In
the article “Intelligence: maze-solving by an amoeboid organism” on the smartness of the slime mold
Physarum polycephalum, Nakagaki observed the intelligent decision-making behavior of the Physarum
plasmodium. The organism was challenged with
a maze-solving problem in order to reach the vital food, deposited on either entrance of the maze.
The organism grew one connection on the shortest
path possible between both sources, retracting all
other links it had created prior to realizing that the
food sources were connected. (Nakagaki et al., 2000)
The project illustrated how a problem of computational complexity (here Botenproblem, travelling
salesman problem (TSP)) could be managed by a living system without brain by applying biological intelligence. Since then there is an increase in experimentation with cellular slime mold in the ﬁelds of e.g., un-

conventional computing (Jones, 2015), art, network
theory and urban planning and architecture. In 2016
Veloso and Krishmanturi utilized the slime mold algorithm for generating, designing and optimizing corridors in architectural spatial arrangements. The research links biological computation with circulation
problems in buildings and urban spaces focusing on
the development of networking methods, such as
Adjacency Graph Selection (AGS) the authors Veloso
and Krishmanturi developed. (Veloso, 2016)

PART 1: SLIME MOLD AS LIVING NETWORK
THEORY
The following paragraph contextualizes slime
mold in the domain of network theory and labexperiments of the physical organism oﬀers an insight into the organisms theoretical/algorithmic and
parametric behavior and the corresponding physical appearance. In principle the growth is according to a morphing network graph - a mathematical
logical model - consisting of vertices (nodes) and
edges. The network graph of Physarum is a nonlinear data structure. A non-linear data structure is
a network graph in which a node is connected to
more than one other node, meaning that several relations - in form of edges - provide the possibility
for alternative ﬂows on information. Non-linear data
structures are more resistant then linear data structures since they have several ways of connection.
Non-linear data structures show requisite variety (according to Ross Ashby the ﬁrst law of cybernetics). It
is one strategy of viability. (Ashby, 1957) (Heylighen,
2001) The growth behavior of slime mold shows different stages. Firstly, it grows from a central point
equally and radially in all directions (ﬁg. 2a). The
centralized network changes after a short while to a
hierarchical tree structure (branching) (ﬁg. 2b). Depending on how nutrition sources are distributed,
the graph remains undirected, or if an attractor (a
food source) is added becomes directed (ﬁg. 2c).
Figure 2c shows two further phenomena: ﬁrstly, the
foraging of branches once the food source had been
inoculated; here to be seen at the perimeter of the
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Figure 1
a: connection of
‘attractors’ b:
foraging ‘blobls’.

Figure 2
left a, centre b :
Physarum
undirected to
directed growth;
right c: ‘external
memory’ substance
in centre.

dish, and secondly, a visible substance in the center
of the dish. This substance informs the organism,
that it had been there and that there is no need to
return to this space in the near future. The organism
shows, similar to ants, a material intelligence, describes as ‘external memory’. Once the organism has
grown into a full Voronoi pattern, we can assume it
is an undirected network graph. Apart from forming
a morphing Voronoi (ﬁg. 3a), that guarantees vitality
throughout the system, the organism can create an

intricate nest-like 4-dimensional complex structure
(ﬁg. 3b). Those structures are hardly visible by eye.
They become visible through a 10-fold magniﬁcation. Figure 3b also shows the mold spanning diagonals from the horizontal surface if the Petri-dish’s
ground to the vertical surface of its rim. Other experiments show that the mold is also capable of building
up vertical columns - presenting an intricate multiple
folded and structurally ornate external membrane as
shown in ﬁgure 3c.
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Figure 3
left a: Voronoi
pattern; centre b:
diagonal
best-spanning;
right c: vertical
material growth.

PART 2: THE DIGITAL SELF-ORGANIZING
GROWTH OF PHYSARUM
from branching through DLA to Voronoi
In the early stage of its search for food the Physarum
Polycephalum applies a branching algorithm; in a
later stage the organism shows a Voronoi patterning algorithm. This can be achieved through the application of principles found in self-organizing multiagent system, e.g., swarming or diﬀerent types of
cellular automata (CA). (Jones, 2016) Python for GH
has been used to digitize the material structuring of
Physarum in a 2-dimensional space. The emphasis on
the research is to understand the growth pattern of
the organism; thus, we have disregarded the tubelike physicality of the individual connecting ‘arms’ of
the organism. We investigate, understand better and
‘simulated’ the underlying logic of growth and formal
structuring. Hereby we prepared the expansion into
3- and 4-dimensional space, to be manifested further
in the next step. Figure 4 show the diagram of digitizing the self-organizing behavior of Physarum Polycephalum using Python for Grasshopper in 2D.
In the research we tested diﬀusion-limited aggregation (DLA), one type of CA. It presents one way
of creating the form of branching, also used here; this
is achieved by agents ‘randomly’ wandering through
space directed by Brownian motion and aggregating
once close to each other. The aggregating behavior is the result of attraction of the agents to each

other. In a multi-agent system simulation, the attraction force between agents can be varied. While the
ﬁrst phase (branching) - of forming the ﬁnal geometric pattern (Voronoi) - is driven by attraction the second phase - forming the Voronoi pattern - is driven
by the generation of repulsive ﬁelds; a method tested
in the computer sciences in the past by Jeﬀ Jones
and Andrew Adamatzky. (Adamatzky, 2009) (Jones,
2015) We combined the two formation algorithms
(ﬁg. 4) in order to simulate the parametric dependencies in the geometry in either phase. Overlaying the
two logics enables the morphological change from a
branch-based geometry to a Voronoi-based geometry in one syntax. Figure 4 shows the input parameters of phase 01 (undirected): number of branches, a
location of a starting point of growth, location of attractor points and a proximity threshold as circumference distance of the attraction point. Once an undirected network graph passes the proximity threshold it becomes a directed network graph (vector) foraging to the attraction point. At this moment operations of phase 02 - the Voronoi patterning - start.
The diagram on the bottom right on ﬁgure 04 shows
an enlarged region of the point population around
branch nodes. Like on other scripts that are embedded in the environment Grasshopper, the expression
can be controlled as an operation of post-algorithmic
‘manual’ adjustment. In the present script, we can
globally change edge lengths and location of bifur-
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Figure 4
“Computational
biology” process of
Phy.

cation points by changing the attraction circumference distance - a ‘manual’ post-algorithmic processing in the ﬁrst phase. By moving an attraction point,
the network morphs and the Voronoi pattern adjusts
- a ‘manual’ post-algorithmic processing in the ﬁrst
phase. Naturally, the adjustment in phase 01 informs
the output of phase 02.

CONCLUSION
Physarum polycephalum as liquid geometry computer and cybernetic disruptive bio-architectural device is one of the currently examined steps of a
transfer from bio-digital form-driven architecture to

digital-biological behavior and material driven architecture. The mold combines morphology, structure,
infrastructure and metabolism; its algorithmic and
parametric design strategies for architectural optimization and computational urban planning for a
lean networked cognizant architecture. We suggest a
transfer from the organism’s behavior in a global regional and local scale of architecture and urban design (ﬁg 05). F05a and 05c show the primary branch
which consolidates into the ‘shortest path’ and main
infrastructural link forming the edges of each cell
in the Voronoi typology. Computing the underlying logic of both phases of Physarum in combina-
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tion with its cognitive intelligent capacity of externalizing memory suggests adaptivity based on environmental circumstances. We consider undirected
and directed branching as well as the construction
of infrastructure. Our introduction of the circumference as a changeable threshold is a crucial component. The organisms protoplasmic network paired
with its structural abilities (ﬁg. 03b, 03c), embedded
intelligence of physically behaving towards growth
and survival and learning/training capabilities suggests a novel ﬁeld of interdisciplinary research for
(a) bio-architectural design methods and strategies
and (b) advanced computing material on a human
scale for e.g., surfaces and building scale for e.g., construction or spatial changes according to the needs
of the inhabiting actors. The outlook of this paper invites to a joined investigation into an extended digital theory in architecture through the parallels of biocomputers to the digitally networked space. The next
stage may examine the mold’s algorithmic and parametric design strategies intelligent cyber-physical
building components made of soft and hard matter,
partly regulated through liquid bio-computers based
on learning and cognitive neural principals.
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Figure 5
Global, regional and
local morphology.
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The increased interactivity of digital simulation tools has offered a wide range of
opportunities that may provoke a paradigmatic shift in urban design practice.
Yet, research results did not provide any clear evidence that such shift seems to
exist. Further studies are required to examine the methods and impact of their
usage on decision-making and design outcome. To that goal, this research uses
the single-case study design that has been pursued in three phases: literature
review, online survey, and semi-structured interviews. The results have shown
inadequacies, inconsistency, and ineffectiveness of usage of the tools that are
most appropriate to the design activities of each phase and thus a limited impact
on critical areas of the decision-making. The impact of the tools` usage is found
to be correlated with not only the extent of their usage, but also with a variety of
procedural and substantive factors such as the plan methodology, extent of tool's
usage, choice of the appropriate tool, and planners' skills and capabilities in
using those tools.
Keywords: Urban Simulation , Urban Design Practice

1. INTRODUCTION:
1.1. Research background
Literature suggests the emergence of a neo-planning
paradigm where urban design and planning tasks
are carried out through web 2.0 and combine data
sources in new ways via real-time collection, new
forms of interactivity, and new methods of data visualization (Hemmersam et al 2015). The ways and
modes of participation and decision-making processes are changing and the emphasis tends to be on
new tools and structures (Wallin et al 2012; Wiliamson
and Parolin 2012).

The ﬁeld of urban design encompasses very different design approaches, tools, and media (Billger
et al 2016; Marsall, 2015). Modes of representations
employed while designing frame designers‘ thinking
and have a strong inﬂuence on the scheme’s design
(Angelova 2015; Carmona et al, 2010). They would
inﬂuence how eﬀectively designers design, communicate, evaluate and represent design proposals (Carmona et al, 2010; Neto, 2006). Hence, the tools’
choice, integration, and pattern of usage through the
design process are of critical importance in urban design practice.
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The increased sophistication and interactivity of
simulation and visualization tools oﬀer a wide range
of opportunities for designers and public to visualize
and communicate the constituent plans, to conduct
sensitivity analysis, to increase design collaborations
and to enhance the quality of design and decisionmaking (Caliskan 2015; Derix et al, 2012).
There are a number of design theories, principles, and assumptions that are adopted intuitively
and developed after encountering numerous examples of successful and unsuccessful urban design
strategies. With the development of a reliable set of
simulation and analysis tools, many of the urban design theories, principles, and assumptions could be
evaluated for eﬀectiveness with much greater certainty than is currently possible, bringing a higher
level of rationale and rigor to the practice of urban
design (Besserud & Hussey 2011).

1.2. Research Problem
Planning departments will employ a wider scope of
simulation and decision-support tools that oﬀer interactive applications with a wide range of opportunities for designers and public (Derix et al, 2012). Despite the potential promised by the usage of those
tools to provoke a paradigmatic shift in urban design practice, research results did not provide any
clear evidence that such shift seems to exist. Instead,
they showed that same design steps were pursued
conventionally but with the support of IT tools and
that the interactive capabilities and dynamic simulation of the design decisions have not been eﬀectively
used. Thus, urban designers are expected to examine
the role of simulation technologies at various phases
of the design development process.
The gap in our understanding of how interactive simulation techniques could support the design
activities and decision-making has expanded to become a new area of inquiry with considerable room
for the expansion of knowledge (Kunze et al, 2012;
Lewis et al 2012). The empirical research literature on
the usage and impact of those tools on the design
decision-making in real urban design and planning

processes is sparse and rare (Billger et al 2016). Much
of the knowledge about potential outcomes comes
from studies that have narrowly focused on particular
technologies within a single scale or context (Kunze
et al 2012; Slotterback 2011). A few studies were focused on their impact on the design outcome, but a
systematic outlook on the impact of their usage on
decision-making and various design activities has to
be empirically examined (Derix et al, 2012).

1.3. Research objectives
This research departs from the hypothesis that simulation tools may support design activities and result
in improving various aspects of the decision-making
process including participation, 2D, 3D and 4D design representations, and decision quality (Appleton
and Lovett 2005; McGrath, 2008; Carmona et al, 2010;
Bosselmann, 2008; Besserud &Hussey 2011; Kunze et
al, 2012; Derix et al 2012).
Urban Planning and Design departments that
have used computational tools in their practice may
help gathering evidence regarding this hypothesis.
This research has used the mixed-method approach
to examine the extents and methods with which
those tools have been used in the Department of
Planning in Portland, Oregon that has always been
cited it for its exemplary urban design practice.
The objective of this study is twofold. First, it
documents and assesses the extent to what urban
designers and planners are using urban simulation
tools in support of various phases. Second, it empirically investigates and assesses how various methods
and extents of usage of simulation tools may inﬂuence the design and decision-making process in an
attempt to establish a relation or a correlation between them.

2. RESEARCH METHODS AND DATA COLLECTION
This research has been pursued in three phases. In
the ﬁrst phase, a review of the related literature has
been pursued to construct theoretical propositions
to which the empirical results have been compared.
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In the second phase, a questionnaire survey was forwarded to all urban designers and planners working
at the Department of planning, City of Portland, Oregon, US.
The questionnaire consisted of four closedended questions and one open-ended question.
Question one asked planners to identify the extent
to what they used simulation and visualization tools
and techniques (SV tools hereafter) during the design process. The question listed twenty-nine techniques collated from reviewing related literature and
have been categorized into ﬁve main functions following the framework of Ryan (2007). Question two
asked designers to identify the extent to what they
used SV techniques at each phase of the urban design process. The questions listed four phases including their constituent design activities as described by
Cooper and Boyco’s model (Cooper and Boyco 2010;
Boyco, Cooper, Davey, and Wootton, 2006). Question
three asked designers to assess the impact of using
SV tools on decision-making and quality of the design outcome. In question four, the participants were
asked to assess the extent and the phase(s) at which
they use each of the fourteen SV tools that are commonly used in urban planning departments (Slotterback and Hourdos, 2009; Al-Kodmany 2002, Simpson
2005; Al-Douri, 2010). The survey has meant to explore two key substantive factors: the staﬀ’s level of
expertise in the SV usage, and the approach to its
usage. In the third phase, the semi-structured interviews have helped gather rich qualitative data that
have been used to triangulate the quantitative data
collected from the survey.
A total of 25 invitations were sent to all potential participants listed in the Department’s website.
The response rate was 64% among whom 40% were
self-identiﬁed as planners with the remainder consisting of people working in the related ﬁelds of research, GIS, and transportation planning. The distribution of responses for the staﬀ years of experience
and ﬁeld of practice, is comparable to the characteristics of planners in the US planning departments (Slotterback 2011), thus suggesting a relatively represen-

tative sample.
The empirical observations were compared to
the theoretical propositions and to the results of similar research to highlight any patterns and consistencies that could explain and justify the mechanism and
improvements in the design decision-making and
outcome. The comparison has helped drive conclusions about the usage of SV tools in planning departments and professional practice.

3. EMPIRICAL FINDINGS AND JUSTIFICATION
3.1. Extent and methods of usage of simulation tools:
The simulation techniques listed under each category were sorted in descending order according to
their weighted average mean (table 1). The results
showed that those categories were employed with
a variety of extents at an average of [2.06] (ﬁgure 1).
In the collaborative & participation visualization category, all techniques have been used above average
level. The results show that simulation techniques
are being used more extensively for design reviews,
collaboration and data communication with design
participants and stakeholders. This is inconsistent
with the theoretical proposition that most urban information systems fail to create conditions for communication and constructive dialog between professionals and decision makers and thus remain to
serve only experts in the long-term (Angelova et al
2015). Their usage, compared to the results of previous studies, was higher in extent and eﬀectiveness of
supporting core design activities (Al-Douri 2013).
In the thematic mapping & visualization category, 8/10 of its techniques have been used at an
above-average level. The simulation tools have been
used more extensively and eﬀectively for analytical
techniques at early design phases such as the thematic mapping, analysis, and overlay analysis of spatial data when their potential role in decision-making
support is at the highest layers.In the data navigation & visualization category, 1/3 of its techniques
has been extensively used to generate visualizations
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of the proposed design. These results are consistent
with the theoretical propositions regarding the extensive usage of visualization techniques to represent design alternatives and visualize complexities of
the spatial structure at a variety of scales. In the urban
modeling category, 2/4 of its techniques have been
used at an above-average level for the assessment of
the environmental impact and visual impact of the
design solution on the study area (table 1, rows 3.13.2).
Finally, only 1/7 technique of the simulation &
visualization category is being used at an aboveaverage level for modeling and testing the proposed
zoning changes (table 1, row 4.1). Although the extent of their usage is markedly higher than the results
of previous studies (Al-Douri, 2013), there is a very
limited usage in real-time dynamic visualization and
simulation of the design decisions and changes over
time that could support the generation of design solutions (rows 4.1-4.7).
Subsequently, all techniques were sorted in descending order according to their weighted average
mean (ﬁgure 1). There were 17 techniques that have
been used above the average [2.2-3.8] and that may
be clustered in three levels A, B and C. The ﬁrst level
(A) includes one technique that is related to generating static 2D visualizations. The second level (B) includes 10 techniques that are being used at a high/very high level predominantly for design communication, collaboration, and analysis such as communicating design information and solutions with design
participants and stakeholders, reviewing the project
to get feedback from the public, and visual analysis and thematic mapping. The third (C) includes 6
techniques that have been used predominantly for
analytical functions at an above-average level. The
six least-extensively used techniques were related
to pursuing planning scenarios, animations, simulations, and real-time dynamic visualization.
This pattern of usage is in line with the argument regarding the planners’ preference to use conventional static 2D visualizations over their dynamic,
real-time 3D simulations (Ryan 2007). They suggest

that simulation techniques have been ineﬀectively
used in the planning process and that their capabilities appeared to have not been employed through
the design process. This is consistent with the literature premises concerning the low extent of usage of
simulation techniques in US planning departments.
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Table 1
Extent of usage of
IT techniques and
functions

Figure 1
Extent of usage of
IT techniques and
functions

3.2. Extent of usage of IT Tools at various
design phases
The results of question two were analyzed to highlight the patterns of simulation tools‘ usage at various design phases. The design phases and their
constituent activities were sorted in descending order according to the weighted average of tools’ usage (table 2).The overall extent of usage was aboveaverage [2.67] at phase 1, increased in phases 2 [2.73]
and phase 3 [2.72] but declined sharply in phase
4 [2.23]. The pattern of usage through phases 1-3
shows that the simulation tools have been used at
“sometimes”, “high”, or “very high” extents at all design activities, but they have been used either with
little, sometimes or high extents in phase 4 (Figure
2). This pattern is inconsistent with the results of a
previous study which showed that IT tools usage was
limited at the initial, analytical phase but increased
at the conceptual and design production phases (AlDouri, 2013). They are also inconsistent with the literature which suggests those tools are extensively used
at the initial design phase when their inﬂuence is potentially the highest and then gradually declines in
the following phases.
This pattern of usage is aligned with the results of
question 1. Phases (1-3) which featured the highest
overall usage involve require the usage of analytical
and communication techniques which were the most
extensively used techniques, and also require the usage of simulation and modeling techniques which
were the least eﬀectively used ones (table 1). Also,
phase 4 with the lowest overall usage, requires selective usage of simulation, visualization and modeling techniques which were the least extensively used
techniques. This pattern of usage is inconsistent with
the theoretical proposition that too much detail and
visual realism in visualizations at the initial stages of
the design process are often not necessary and can
even be misleading, as that information will not be
decided on until a later date (Billger et al 2016).
These results show that the visualization, communication, and analytical techniques are being
used eﬀectively in core design activities at the ini-

tial design phases when the impact of their usage on
the quality of the design process and product is at its
highest. Conversely, the simulation, dynamic visualization, and urban modeling have been ineﬀectively
used. Their declining usage in phase four which typically requires extensive and eﬀective communication
and outreach is inconsistent with the mission of the
planning department that emphasizes outreach to
the community and stakeholders. Hence, all design
activities were sorted in descending order according
to their weighted average (ﬁgure 2). There were 7
design activities that involved an above-average usage of simulation and visualization techniques with
a weighted mean average that ranged from [2.693.06] and there were 6 activities that involved belowaverage usage of those techniques with a weighted
mean that ranged from [1.88-2.56]. Ironically, environmental impact assessment and testing design alternatives were among the activities that involved
the lowest usage of those techniques.
These inadequacies may be due to a variety of
procedural and substantive issues. First, the planners’ limited capability and skill of usage of the simulation techniques that are most appropriate to each
design phase. Second, the results have been inﬂuenced by the methodology of the development process. The conjecture-led cognitive nature implies
that the analytical work in urban design practice does
not represent the ﬁrst and foremost phase in urban design thinking. Instead, it runs in parallel with
the other consecutive steps: conjecturing, modeling,
and testing in design (Çalışkan, 2012). In addition, designing by alternative is not always applied in practice; alternative thinking in design is not taken as a
cognitive tool to make design synthesis. Instead, it is
utilized as a communication tool to enhance the original design argumentation either against the external
stakeholders or within the design group itself.
Finally, the results may be interpreted in light of
a study that was pursued to compare the beneﬁts of
the 3D methods of information interrogation over alternative 2D methods. The ﬁndings showed that the
2D resource allowed faster and more accurate deci-
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sions to be made, even though the 3D resource allowed a greater understanding of more speciﬁc information. The users believed that 3D resources allowed
increased spatial awareness and subsequent understanding of information, and would, therefore, allow
them to make quicker decisions (Ryan 2007). Hence,
it is essential for urban designers to use a combination of both 2D and 3D resources during the design
process.
Thus, it is critical to choose, align, and eﬀectively use the techniques that are most appropriate
to each design activity and phase. Similarly, the planners’ skills of usage of advanced tools and techniques
are critical to contemporary urban design and planning practice. Hence, the alignment of the nature of
the design methodology with the available tools and
techniques opens a wide range of possibilities to support designers in core design activities.

3.3. Overall Impact of usage on the design
process and product
The results of question three were analyzed to assess
the impact of SV tools usage on the design process
and product. The areas of impact were sorted in descending order according to their weighted average
of response (table 3). The results show three levels of
impact: high, medium and low. The highest level includes areas 1 and 3 where the impact of all sub-areas
but one is above-average. The medium level includes
area 5 where the impact of 50% of the sub-areas is
above-average. The low level includes areas 2 and 4
respectively (ﬁgure 3). These results are aligned with
those of question 1 and 2 regarding the extensive
usage of analytical and communication techniques
in phases 2 and 3. They are consistent with the notion that the highest impact of visualization tools is
its ability to represent contextual complex data (AlKodmany 2002).
The medium impact on the decision-making
process (area 5) particularly activities 5.5 and 5.6 (table 3) is a discrepancy that is due, in part to two factors: ﬁrst, the inappropriate choice of tools that are
relevant to the design activity, and second, the planner’s limited capability and skill of using the available range of dynamic techniques. Those factors
would restrict the planner’s analytical vision and the
urban analysis that is predominantly pursued with
conventional 2D maps rather than 3D dynamic tools
(Ahmed and Sekar, 2015). These results are consistent with those of questions 1 and 2, which showed
that the simulation, real-time dynamic visualization
have been ineﬀectively used to support the relevant design activities (rows 2.4-2.5, table 1) and thus
may not support eﬀective communication and design decision-making. Ineﬀective communication
does not allow professionals and decision-makers to
combine eﬀorts and collaborate at all design phases,
particularly the early phases, and hence will not lead
to the desired impact on the quality of the plan (Angelova, 2015; Kunze et al 2012; Billger et al, 2016).
Hence, all areas of impact were collapsed and
sorted in descending order according to their
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Table 2
Extent of usage of
IT techniques and
functions at each
phase of the design
development
process

Figure 2
Extent of usage of
IT techniques and
functions at each
phase of the design
process

Table 3
Assessment of the
impact of IT tools
usage on the design
outcome and
decision making

Figure 3
Assessment of the
impact of IT tools
usage on the design
outcome and
decision making:
grouped in areas

Figure 4
The impact of IT
tools usage on the
design outcome
and decision
making

weighted average, 10 of which were above the average with a weighted mean that ranged from [3.694.15], and 13 that were below the average [3.0-3.62]
(ﬁgure 4). These areas of impact were clustered into
three groups A, B, and C. In the high-impact group
(A) (rows 1-10, table 3), almost all survey participants
replied with either [strongly agree] or [agree] of the
impact of the simulation tools on increasing the effectiveness of visualization, the eﬃciency of communication, and the understanding of the relation
between the urban system and its constituent subsystems. In the average-impact group (B), (rows 1118, table 3) nearly 50% of the survey participants
replied with either [strongly agree] or [agree] of the
impact of the simulation tools on increasing the efﬁciency of the design and decision-making process.
In the low-impact group (C), (rows 19-23, table 3)
only 25-30% of survey participants replied with either
[strongly agree] or [agree] of the impact of the simulation tools on cost-eﬀectiveness and management
of the plan and the urban systems and subsystems.
These results provide evidence that simulation
tools could support designers in various design activities, and they would allow them working at various
scales, levels of abstraction, and hierarchical order of
the urban subsystems that may result in increasing
the equality of design decision-making and product.
To do so, it is imperative to address the inadequacies
that led to the ineﬀective usage of those tools and
techniques along the design process.
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3.4. The IT tools used across design phases
The simulation tools were ranked in descending order according to their weighted average mean of usage and were clustered into four groups, A through
D; extensive, high, average and low respectively (table 4). In group C, Sketchup has been used at an
above-average level [2.17], whereas real-time and dynamic simulation and 3D modeling have been used
at a moderate or little/very little usage by 5/12 of
the survey respondents. In group D, urban simulation/virtual reality [0.92] and Revit/AutoCAD [0.64]
have been used at a little or very little extent or not
used by 10/13 of the survey respondents.
The results of questions 4.1 and 4.2 were combined in one chart to relate the extent and consistency with which each tool was used along the design phases (ﬁgure 4). The results show that some
tools such as Desktop GIS and the Internet were used
with high extent but predominantly in two phases
(2 and 3) (rows 1-4, table 5). Some tools were used
at an above-average level at all phases but predominantly in only one phase, whereas other tools were
used very ineﬀectively at one or two phases.
The results show three patterns. First, the most
eﬀective usage occurred in phase 2, but the least
eﬀective was in phase 3, which involves developing and selecting the plan. Second, the analytical
and communication tools, such as the GIS, the Internet, and Google Earth have been used extensively
and consistently at the appropriate phases. Third,
SketchUp and urban modeling tools have been used
at an above average level at all design phases but predominantly in phase 2 whereas the urban simulation
and VR have been used at a below-average level only
in the ﬁrst two phases. They could have been used in
other phases to support a variety of visualization and
decision-making activities (Table 4 and 5).
These results show that the usage of 6/14 of the
SV tools was ineﬀective and inconsistent. These results are aligned with those of question 1 regarding the high usage of analytical and communication
techniques and the average usage of the decision
making and visualization techniques (Table 1, Fig-

ure1). They are also aligned with the results of question 2 regarding the extent of support those tools
provide for a variety of design tasks. They may explain the medium impact on the areas of decisionmaking and comprehensiveness of work (Table 2, Figure 2). These ﬁndings provided evidence that the impact of SV usage is not correlated only with the number of tools used in each design phases or the extent
of their usage but also with the choice of the tool (s)
that is/are most appropriate for each design activity
and phase. This highlights the importance of increasing the planners‘ knowledge and skills of the capabilities, potential, and methods of the tools’ usage to
support the variety of design activities along the design process.
Table 4
The extent of usage
of each IT tool and
technology

Table 5
Design phases at
which each IT tool
land technology
was used the most

4. Conclusions
The research provided evidence that SV tools could
support designers in pursuing core design activities
that would ultimately aﬀect decision making and the
quality of the design product. The ﬁndings showed a
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wide variety of extents of usage across the ﬁve categories of techniques and across the four phases of the
design process. The urban modeling and simulation
& visualization that could support the generation and
assessment of design alternatives were the least extensively used categories at a below-average level.
In particular, there was a very limited usage of animation, real-time dynamic visualization, and simulation of the design decisions and changes over time.
These results suggest that the capabilities of simulation techniques have been ineﬀectively used through
the design process.
The pattern of the SV tools’ usage has involved
inadequacies and ineﬀectiveness in the extent of usage, inconsistency across design phases, and inappropriate choice of the tools that are most relevant to
each design activity. Thus, the impact of their usage
on design and decision-making process and comprehensiveness of work was at an average and belowaverage level respectively. In particular, they have a
very limited impact on critical areas namely, the time
used for generating alternative design strategies, the
number of those strategies, and the assessment of
the environmental and visual impact of those strategies on the urban system. Instead, they could have
been employed to generate, test, and evaluate, for
eﬀectiveness and performance, a greater number of
alternative strategies with certainty and rigor that
could have ultimately improved the design outcome
and decision-making process.
The considerations that are typically addressed
in urban design practice are expanding to include
issues such as environmental sustainability, health
and well-being, security, and economic and social
vitality that require an eﬀective usage of the increasing amount and diversity of information using
performance-based criteria for evaluation and assessment. Similarly, the shifting paradigms in contemporary urban design practice requires challenging or examining the applicability of the existing
urban design principles, models, and approaches.
Thus, the methodology of the plan development
plays a pivotal role in the eﬀective employment of

simulation and visualization tools to support designers and planners in pursuing those activities and
tasks. The methodological issues need to be addressed early in the development process and requires a comprehensive framework for simulation
tools usage.
Therefore, it can be inferred that the impact of usage pf SV tools on the decision-making and outcome
is correlated not only with the extent of their usage
but also with a variety of procedural and substantive
factors particularly the following:
• The planners’ choice of the tool with the appropriate technical capabilities to the nature
of the design activities.
• The capability of the available digital tools to
visualize and represent diﬀerent kinds of data
with the level of realism and detail that best ﬁt
a speciﬁc purpose.
• The planners’ level of expertise with the capabilities and methods of usage of the variety of
IT tools including data handling and representation,
• The consistency and eﬀectiveness with which
SV tools are used across the design process.
• The planning and development methodology
employed.
Yet, among those factors, the design methodology is
the most inﬂuential one that can aﬀect the eﬀectiveness of computational support in design decisionmaking. Thus, it is strongly recommended that urban planners and designers examine how the alignment of the appropriate simulation and visualization
tools with the design activities and phases and with
the nature of the design methodology could eﬀectively support the decision-making process and ultimately help transform the group work from one way
to multiple ways and aﬀect the design outcome. On
the other hand, the emerging geospatial technologies such as GPS, remote sensing, BIM, cloud computing, wireless communications, and parametric modeling may be used to support a wide array of design
activities. Their role, methods of usage, and potential
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support to urban designers at various phases of the
design process have yet to be examined.
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Stringent requirements of efficiency and sustainability lead to the demand for
buildings that have good performance regarding different criteria, such as cost,
lighting, thermal, and structural, among others. Optimization can be used to
ensure that such requirements are met. In order to optimize a design, it is
necessary to generate different variations of the design, and to evaluate each
variation regarding the intended criteria. Currently available design and
evaluation tools often demand manual and time-consuming interventions, thus
limiting design variations, and causing architects to completely avoid
optimization or to postpone it to later stages of the design, when its benefits are
diminished. To address these limitations, we propose Algorithmic Optimization,
an algorithmic-based approach that combines an algorithmic description of
building designs with automated simulation processes and with optimization
processes. We test our approach on a daylighting optimization case study and we
benchmark different optimization methods. Our results show that the proposed
workflow allows to exclude manual interventions from the optimization process,
thus enabling its automation. Moreover, the proposed workflow is able to support
the architect in the choice of the optimization method, as it enables him to easily
switch between different optimization methods.
Keywords: Algorithmic Design, Algorithmic Analysis, Algorithmic Optimization,
Lighting optimization, Black-Box optimization

INTRODUCTION
Since the creation of the digital computer, architecture adopted computer science tools and techniques
to change its own practices. This lead to the dissemination of digital modelling tools, which simpliﬁed the
design of highly complex buildings. However, these
days, it is not enough to have a well-designed building, it is also necessary to ensure that it has a good

performance at various levels, such as, thermal, lighting, structural, and environmental, among others. To
this end, several simulation-based analysis tools were
developed, which take a specialized model of a building (designated analytical model) and simulate its behavior regarding the intended metric. However, this
process has several problems: (1) despite the existence of tools that attempt to convert a 3D model
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into its corresponding analytical models, this conversion is frequently fragile and can cause loss of information or errors; (2) hand-made analytical models
might be a more faithful representation of the original model but they require a considerable amount of
eﬀort to create; (3) ideally, the analysis’ results would
afterwards be used to guide changes in the original
design, but this requires additional time and eﬀort
to implement, as also does redoing the analysis to
conﬁrm the improvements. This explains why performance analysis is typically postponed to the later
stages of the design process, only to verify if the performance meets the standard requirements. Unfortunately, by following such process, it becomes very
diﬃcult to optimize a design, which, nowadays, has
become an important requirement for ensuring the
design of eﬃcient and sustainable buildings.
In order to fully support optimization processes,
several changes should be implemented in the design process. First, we need to be able to quickly
change a design and, almost simultaneously, produce its corresponding analytical model. Secondly,
we need to automate the analysis process and to use
it as an objective function for an optimization algorithm.
In this paper, we discuss and evaluate these
changes in the context of a lighting optimization
problem, proposing a more eﬃcient and ﬂexible
workﬂow for optimization processes

Algorithmic Design
As mentioned, the implementation of changes to a
design should be simpliﬁed, and, in fact, one way
of speeding up design changes is to use parametric
models. These models have parameters representing
degrees of freedom in the design, which the architect is willing to manipulate in the search for a better performing design. A particularly good approach
to produce parametric models is through Algorithmic Design (AD) (Terzidis 2006). Here, instead of directly creating a 3D model in a CAD or BIM tool, the architect creates a program that can be executed with
diﬀerent values of its parameters to produce the cor-

responding 3D models. This considerably improves
the implementation of design changes, allowing for
a broader exploration of the design space.

Algorithmic Analysis
Similarly to AD, in Algorithmic Analysis (AA), the analytical model is produced by an algorithm, instead of
being created by hand or by relying on fragile conversion tools (Leitão et al. 2017). The novelty is that this
algorithm is the same that is used for AD, but conﬁgured diﬀerently, so as to match the requirements of
the analysis tools being used. For example, for lighting analysis tools, a truss might be represented by its
surfaces, while for structural analysis tools, it might
be represented by a graph of nodes and edges. In
either case, the same algorithm is capable of generating diﬀerent models for diﬀerent types of analysis.
Moreover, AA is also concerned with the automation of the whole analysis process. In practice, this
means that not only is the generation of the analytical model automated, but so is the setup of the analysis tool and the collection of its results.

Algorithmic Optimization
With the ability to quickly update a design, to generate the corresponding analytical model, and, ﬁnally,
to automatically evaluate the design in an analytical
tool, it becomes possible to implement automated
optimization processes. We name these processes
Algorithmic Optimization (AO) and they are the main
focus of this paper.
AO treats the analyses’ results for diﬀerent variations of the design as the functions to optimize.
These functions, also known as objective functions,
have a domain which corresponds to the range of acceptable designs as speciﬁed by the architect. Moreover, since we do not know their mathematical form,
these objective functions are often treated as blackboxes, and, as a result, information about the their
derivatives cannot be extracted. For this reason,
methods depending on function derivatives cannot
be used to address this problem. Instead, we use
black-box (or derivative-free) methods, which can be
divided into three distinct subclasses: direct search
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methods, model-based methods, and metaheuristics
(Koziel and Leisson 2011; Wortmann and Nannicini
2016; Wortmann et al. 2017).
Direct Search Methods. Although there seems to be
no precise deﬁnition for direct search methods (Kolda
et al. 2003), they are often identiﬁed as methods
that iteratively: (1) evaluate a ﬁnite sequence of candidate solutions, proposed by a simple deterministic strategy; and (2) select the best solution obtained
up to that time. They are regarded as valuable tools
to address complex optimization problems, not only
because most of them were proved to rely on solid
mathematical principles (Kolda et al. 2003), but also
due to their good performance at initial stages of the
search process (Rios and Sahinidis 2013; Wortmann
and Nannicini 2016).
The main limitations of these methods are, on
the one hand, the performance deterioration with
the increase on the number of input variables and, on
the other, the slow asymptotic convergence rates as
these methods approach the optimal solution (Kolda
et al. 2003).
Metaheuristics Methods. Metaheuristics (Glover
and Kochenberger 2003) are methods that employ
simple mechanisms, called heuristics, to locate good
solutions in complex design spaces, while considering the trade-oﬀ among precision, quality, and computational eﬀort of the solutions. These methods often rely on randomization, and biological or physical
analogies to perform robust searches and to escape
local optima. Additionally, through these heuristics,
the designer is able to increase the overall performance by adding domain-speciﬁc knowledge. Moreover, their non-deterministic and inexact nature confer them the ability to eﬀortlessly handle complex
and irregular objective functions (Wortmann et al.
2017).
Nevertheless, metaheuristics are only eﬀective
when provided with large numbers of function evaluations (Conn et al. 2009). However, in the architectural practice, it is often the case that a small evaluation budget is available, hence lessening the convergence and performance guarantees (Hasançebi et al.

2009).
Model-based Methods. Model-based methods are
known to be very eﬃcient methods to approach
time-consuming processes, allowing to reduce the
computation time. These methods are able to provide instant estimates of the design’s performance,
by supplementing or replacing the original objective
function by its approximation (Wortmann and Nannicini 2016). This approximation (or surrogate) model
is generated from a set of known objective function
values, and is then used to determine the promising
candidate solution to evaluate next. The result of this
candidate solution is then used to improve the surrogate and this process is repeated until a stopping
condition is satisﬁed (Koziel and Leisson 2011).
Additionally, black-box methods might be classiﬁed as local or global (Nocedal and Wright 2011).
Local algorithms seek a point in a feasible region for
which the corresponding objective value is higher
than the value of any other point in its vicinities. This
point, known as local optimum, is not guaranteed to
be the the globally optimal, i.e., the best of all locally
optimal solutions in the whole design space. Since
these methods look for optima within neighbouring
regions, the initial point of the search may be crucial to ﬁnd the global optimum, i.e., if the initial point
is closer to a region containing a global optimum,
then the algorithm is likely to converge to that global
point, otherwise it might be trapped in a region with
a local optimum. Global methods avoid this entrapment by exploring a broader area of the search space
before yielding a solution, to ensure they are not
caught in locally optimal solutions.
In this paper, we propose to complement AD
with the algorithmic evaluation and optimization of
the design’s performance. As a case study, we evaluated our proposal in the context of lighting performance. To this end, we combined diﬀerent optimization methods available in existing software libraries,
which allowed us to eﬀortlessly test diﬀerent algorithms. Moreover, we used the AO approach to compare the performance of ten black-box methods, covering both local and global methods of the previously
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mentioned subclasses. Additionally, we tested multiple variants of some of the methods to assess their
inﬂuence on the quality of the obtained solutions.
At the same time, we compared the impact of hotstarting local methods in their performance.

METHODOLOGY
Direct Search Methods. We tested the implementation of four direct search methods from the NLopt
library ([1]- Johnson 2009). Three of which are local optimization method, namely, SUBPLEX (Rowan
1990), PRAXIS (Brent 1972), and Nelder-Mead Simplex (NMS) (Nelder and Mead 1964), and one global
method, DIRECT (Jones et al. 1993).
SUBPLEX subdivides the design space into subspaces to overcome the diﬃculties of NMS with respect to high-dimensional problems. SUBPLEX iteratively selects a set of subspaces to move to and to
seek for a better solution. These subspaces are explored by NMS.
PRAXIS moves from one region to other by iteratively applying line search algorithms to each direction. The goal of these line search algorithms is to determine a better solution along a certain dimension.
NMS constructs a geometric ﬁgure, known as
simplex, to envelope a region of the design space.
After creating it, the algorithm moves the geometric
ﬁgure across the design space by iteratively changing
its vertices.
DIRECT is an algorithm that recursively subdivides the design space into smaller multidimensional hyper-rectangles, estimating the quality value of each rectangle. DIRECT uses these values
to focus the search on more promising regions of
the design space and to further subdivide those in
smaller hyper-rectangles. Besides DIRECT, we also
test a local variant -DIRECT-L- claimed to be more efﬁcient for functions with few local optima (Glabonsky
and Kelley 2001).
Metaheuristics Methods. We tested the implementation of three global metaheuristics methods,
namely, the CSR2, ESCH, and ISRES. All these methods are available in the NLopt library as well.

CRS2 (Price 1983) is a metaheuristic algorithm
that starts with a random set of designs and randomly applies heuristic rules to the solutions in the
set.
ESCH (Santos 2010) creates an initial population
that is then iteratively recombined according to a
speciﬁc distribution function, instead of the uniform
distribution, and then mutated. The mutations are
the result of combining two diﬀerent mutation operators -the gaussian variation and the duplication
gene mutations.
ISRES (Runarsson and Yao 2005) is a global evolution strategy method, i.e., a method that maximizes
the suitability of the candidate designs given by a
ﬁtness ranking function. The candidate designs are
evolved iteratively by combining the application of a
mutation rule and diﬀerential variation.
Model-based Methods. We tested two implementations of global model-based methods available in the
pySOT open-source library ([2]- Eriksson et al. 2015).
In both methods, the surrogate model is generated
from nine initially sampled design candidates, and
then explored by a perturbation strategy to determine which candidate to evaluate next. The selected
methods are based on Radial Basis Functions (RBF)
(Gutmann 2001) and the Gaussian Process Regression (GPR) (Rasmussen and Williams 2006). Additionally, we tested a linear interpolation for RBF (RBF-LL),
and cubic interpolations for RBF (RBF-CL, RBF-CC).
On the other hand, from the NLopt library, we selected two local model-based implementations, i.e.,
methods that rely on the construction of simple, partial models of the objective function (Koziel and Leisson 2011): COBYLA (Powell 1994) and BOBYQA (Powell 2009). COBYLA uses the concept of simplex to iteratively generate linear approximations of the objective function, whereas BOBYQA generates quadratic
approximations instead.

Lighting Optimization Problem
We combined the three previously referred approaches -AD, AA, and AO- to address the optimization of lighting conditions of a room in an isolated pri-

552 | eCAADe 36 - SIMULATION, PREDICTION & EVALUATION | Explorations - Volume 2

Figure 1
Representation of
the shading panels’
geometric pattern
and its design
variables.

vate house in Portugal, previously addressed by Caetano et al. (2018).
The room was designed with a set of façade
shading panels that modulates the daylight conditions on the interior. The panels were composed of
a set of horizontal wood bars of diﬀerent sizes (see
Figure 1), which alternated between one full-length
bar and a set of smaller bars. For aesthetic reasons
we randomized the size and the position of the small
bars along the panel’s width. These bars were restricted by their minimum and maximum lengths,
the length’s step, and the maximum distance separating two consecutive bars.
To evaluate the quality of the lighting conditions
inside the room, we used Radiance, a ray tracing software that enables accurate and physically valid lighting and daylighting simulations (Ward et al. 1998),
and we measured the performance results in terms of
the spatial Useful Daylight Illumination (sUDI) (Nabil
and Mardaljevic 2006), which we then optimized.
Figure 2 represents some variations of our case study
with diﬀerent sUDI values.

The performance was accessed according to the
time necessary to reach high-quality solutions, i.e.,
solution with sUDI values greater than 95%. According to the current practice (Cichocka et. al. 2017),
we have considered the methods within diﬀerent
time frames, hence evidencing the strength of each
method.
To simulate the time constraints and the lack
of knowledge about the optimization methods, we
used the default parameters for all methods and we
considered the number of evaluations to be 60 and
15 for the ﬁrst and second phases, respectively. For
the second phase of tests, we further constrained the
number of evaluations to simulate a real scenario,
where the designer runs a few evaluations to determine a reasonable solution, which he then uses to
hot-start the local method.
After running the ﬁrst phase of tests, we chose
a design with a reasonable sUDI value and used it as
the starting point for the local optimization methods.
All tests were run on an Intel Xeon CPU ES-2670 with
2.60 GHz where each evaluation takes approximately
7 minutes.

BENCHMARKING
For this particular problem we subdivided the tests
in two phases: (1) we compared both global and local model methods’ performance; and (2) we analyzed the impact of the starting point’s choice in the
overall performance of local methods. The impact of
the starting point was tested by providing each algorithm with two initial guesses: both a good and a bad
solution, i.e., with values of sUDI of 78% and 7%, respectively.

RESULTS AND DISCUSSION
This section presents and discusses the quantitative
results for the conducted tests.

Test phase 1 - Global and local methods
The obtained results for 60 function evaluations reveal that NMS, CRS2, and all global model-based
methods, except RBF-CL, are the most promising
methods, achieving sUDI values above 95%, while
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Figure 2
Representation of
shading panels’
geometric pattern
with diﬀerent sUDI
values (from left to
right, 7%, 62%, 90%
and 100%).

the least promising methods are PRAXIS, COBYLA
and BOBYQA, achieving sUDI values inferior to 75%.
Figure 3 shows that, even though some methods
have performed poorly throughout the entire process, they still managed to improve the initial design. Also, it is possible to observe that, in general,
global model-based methods exhibit very good performance in the early phases of the optimization process, immediately converging to near optimal solutions. However, after a few iterations, CRS2, a metaheuristic method, temporarily outperforms modelbased methods, achieving a sUDI value of 98%.
Additionally, the obtained results seem to evidence the sensitivity of local methods to the presence of local optima, as both direct search and

model-based local methods converged to sUDI values inferior to 80% after approximately twenty evaluations. Curiously, SUBPLEX, an improved version of
the NMS method that is capable of handling higherdimensional problems more eﬀectively, performed
poorly throughout the whole process, increasing the
initial value of sUDI by only 9%. In contrast, NMS
conﬁrmed to be a very eﬃcient option to address
problems with few dimensions (Rowan 1990), having
found a design with a sUDI value of 99% after eighteen iterations.
Figure 4 demonstrates the improvements of
each optimization method throughout the time of
execution. The performance of all methods seems
to stagnate after two hours. GPR clearly outperforms
Figure 3
Test phase 1Maximum spatial
Useful Daylight
Illuminance (sUDI)
as a function of the
time in evaluations.
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Figure 4
Test phase 1Maximum spatial
Useful Daylight
Illuminance (sUDI)
as a function of the
time in hours.

all other methods for the ﬁrst two hours, after which
CRS2, NMS, and RBF-LL yield better designs achieving
values of sUDI of 98%, 99%, and 98%, respectively.
For time frames of one hour, RBF-CL and RBF-CC are
approaches to consider, producing designs with values of sUDI of 82% and 87%, respectively.
After seven hours, DIRECT achieves its best design with a sUDI value of 98%, while its locally biased variant, DIRECT-L, achieves a mild value of 78%,
hence emphasizing the sensitivity of local searches in
optimization processes. The metaheuristic ESCH exhibits a similar performance to DIRECT-L, whereas ISRES ﬁnds a reasonable design with a value of sUDI of
90% after four hours.

Test phase 2 - Hot-starting local methods
Figure 5 exhibits the results of running ﬁve local algorithms for 15 function evaluations. On the one
hand, when provided with a mild initial design, both
COBYLA and NMS found the best designs achieving a sUDI value of 99%. On the contrary, PRAXIS
found the worse, and showed no relevant improvement over the initial design in terms of daylight illuminance. Nevertheless, it initially managed to out-

perform other methods, achieving values of sUDI of
80%. After the eighth iteration, COBYLA and NMS
quickly converged to near optimal designs, with sUDI
values of 99% and 98% respectively. BOBYQA and
SUBPLEX struggled to improve from the initial design.
On the other hand, when provided with a bad initial design, the best daylight illuminance result has a
sUDI value of 15% and was found by NMS after the
ninth iteration. NMS, COBYLA, and SUBPLEX exhibit
similar performances, stagnating in a design with a
sUDI value of 11% after three iterations, with NMS being able to further improve the design after ﬁve iterations. PRAXIS exhibits the worst performance among
all methods, showing no signiﬁcant improvements
throughout the whole optimization process.

CONCLUSIONS
In the past, Caetano et al. (2018) optimized the
room’s lighting conditions by consecutively experimenting with multiple designs. However, that mechanism lacks rigor and ﬂexibility, as it provides no
guarantee that an optimal solution will be found in
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Figure 5
Test phase 2Maximum spatial
Useful Daylight
Illuminance (sUDI)
as a function of the
number of function
evaluations.
Hot-start (HS) methods that start
with a mild sUDI
value (78%).
Bad-start (BS) methods that start
with a bad sUDI
value (7%).

the least amount of time possible. Instead, an algorithm capable of directing the search towards the
global optima should be used. In this paper we proposed to improve the AD process by extending it to
include the algorithmic assessment and optimization
of the design’s performance. This allows to quickly
generate diﬀerent types of analytical models, which
are then inputted to diﬀerent simulation engines,
thus enabling the application of optimization processes regarding diﬀerent aspects, such as structural
and lighting, among others.
As it has been previously stated by Wortmann
and Nannicini (2016), the selection of the most effective method is important to allow an eﬃcient design exploration when complex and time-consuming
simulations are necessary. Consequently, the choice
of the optimization method should be based on the
results of several tests with diﬀerent methods for a
ﬁxed number of evaluations or a ﬁxed amount of time
(Hamdy et al. 2016).
Considering the need to test multiple optimization methods, this work applied AO, which allowed
us to easily combine optimization techniques available in existing software libraries, such as NLopt and

pySOT. We were, thus, able to eﬀortlessly test diﬀerent methods, and assess their performance in terms
of the trade-oﬀ between performance and time. Additionally, we concluded that it is possible to further
improve local methods’ performance by hot-starting
them with the knowledge we have about the problem (i.e., by providing them with an initial good design): in our particular case, if we initialize them with
a design that has higher values of sUDI, it is more
likely that these algorithms will show better performance.
In this paper, two test phases were conducted.
The ﬁrst phase considered both global and local
methods, for which a limit of 60 function evaluations and default parameters were used. The GPR
and RBF-CC exhibited good performance throughout all the optimization process, both achieving the
maximum sUDI values after forty evaluations. When
constrained by hourly time frames, CRS2 becomes
the best method to apply, converging to a value of
sUDI of 98% in less than an hour. In general, all local methods struggled, except for NMS that quickly
converged to 99% after twenty iterations. The second phase tested the impact of the starting points on
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local methods by running each local method twice,
providing them with two diﬀerent starting points.
The impact of the starting point on the methods’ performance is evident, with NMS and COBYLA achieving the best results. In both cases, BOBYQA and
PRAXIS struggled to improve the sUDI value of the initial design. Surprisingly, and unlike previous benchmarks (Wortmann et al. 2016), SUBPLEX did not excel
at any of the tests, nor did DIRECT.
In sum, this work emphasized the importance of
testing diﬀerent methods in the initial stages of the
design, specially when facing tight time constraints.
Depending on the characteristics of the problem, certain methods exhibit better performance than others, and it might be advantageous to dedicate a small
amount of the evaluations to determine which algorithm performs best. To this end, AO reveals itself as
a ﬂexible and eﬀective approach with several advantages for architectural optimization problems.

FUTURE WORK
Future research should consider the application of
the proposed algorithmic approach to diﬀerent tests
cases (e.g., diﬀerent performance criteria, diﬀerent
number of variables, diﬀerent designs). Moreover, to
further support benchmark’s results, it is necessary
to perform more optimization runs per algorithm,
which requires a larger number of experiments. In
the case of lighting analysis, these experiments are
highly time-consuming, hence lessening the number
of experiments. Nevertheless, we plan to enlarge the
benchmarking by including more test cases, as well
as more optimization methods, and, ultimately, incorporate them in an AD tool. Finally, we also plan to
extend AO to address other optimization problems,
namely, Multi-Objective Optimization.
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Accuracy and time are metrics inherently associated with the design process and
the energy performance simulation of buildings. The accurate representation of
the building is an essential requirement for energy analysis, which comes with the
expense of time; however, this is in contrast with the need to minimise the
simulation time in order to make it compatible with design times. This is a
particularly interesting aspect in the case of complex geometries, which are often
simplified for use in building energy performance simulation. The effects of this
simplification on the accuracy of simulation results are not usually reported. This
paper explored these effects through a systematic analysis of several test cases.
The results indicate that the use of orthogonal prisms as simplified surrogates for
buildings with complex shapes presents a worst-case scenario that should be
avoided where possible. A significant reduction of geometry complexity by at
least 50% can also be achieved with negligible effects on simulation results, while
minimising the time requirements. Accuracy, however, deteriorates rapidly below
a critical threshold.
Keywords: Building performance simulation, Energy analysis, Geometry
simplification

INTRODUCTION
The availability of sophisticated digital design tools
has ushered in an era of architectural complexity
(Stevens & Nelson 2015). Accuracy and time are metrics inherently associated with the design process
and the energy performance simulation of buildings.
The accurate representation of the building is an essential requirement for energy analysis, which comes
with the expense of time; however, this is in contrast
with the need to minimise the time intensity in order to make it compatible with design times (Picco

& Marengo 2015) . This is a particularly interesting
aspect in the case of complex geometries consisting
of curved surfaces, as predicting the energy performance of buildings with complex forms presents several challenges.
First, abstracting building information models
(BIM) so that they are suitable for energy modelling
is “currently a heuristic process requiring experience
and skill” (Dobbs & Hencey 2012). The U.S. General Services Administration (GSA) BIM Guide states:
“the greater the complexity of a geometric model,
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the greater the risk for errors in translating that geometry from a BIM to an energy analysis tool” [1].
In this respect, one of the recommendations for research in building performance simulation from the
IBPSA Focus Group on Emerging Trends and Needs
of Building Simulation (IBPSA-USA Emerging Simulation Technology Research Subcommittee 2016) was
that research should “inform best practices for the
level of complexity appropriate to each phase of design”. This includes identifying the impact from the
adoption of diﬀerent levels of model ﬁdelity, including single zone, core and perimeter, and detailed
multi-zone models. The results from this meeting
therefore identiﬁed the need for the investigation of
the sensitivity of building energy simulation to geometric ﬁdelity.
Second, some conversion processes create a
high-ﬁdelity model that may be too complex and too
time-consuming to analyse. This may result in reducing the number of analysis iterations and thus increasing the possibility that an optimal design solution is missed. To attempt to solve these problems,
some may substitute their complex building form
with a simple prism of the same approximate volume.
However, the eﬀect of using substitute simple prisms
on the accuracy of the simulation is unknown. This
paper aims to address this problem.

PREVIOUS STUDIES
Complex building geometry is often simpliﬁed for
use in building energy performance simulation
(Smith et al. 2011). Several studies have been undertaken regarding the accuracy of energy analysis
results after model simpliﬁcation has taken place.
For example, Picco and Marengo (2015) studied the
impact of various building model simpliﬁcations,
such as those regarding building construction types,
building obstructions and thermal zoning, on the
outputs of the dynamic energy simulations. Their
study showed that strong simpliﬁcations on the
building geometry do not correspond to a strong deviation of the energy analysis results compared to
detailed models. The strongest impact on the re-

sults was found to occur due to simpliﬁcations that
strongly change the thermal zone deﬁnition of the
model depending on the complexity of the building. Bosscha (2013) also performed a sensitivity analysis comparing the level of detail and the accuracy
of building energy simulations, by varying the geometry, the material properties and the HVAC settings. It was concluded that the increase in accuracy gained by more detailed geometry and zoning
is highly dependent on the type of HVAC simulation
used to simulate the building. The ‘Building Energy
End-Use Study’ by Amitrano et al. (2014) explored
the impact of the level of detail on the accuracy of
the energy model using a benchmark oﬃce building.
They concluded that detailed geometry can improve
a simulation’s reliability by 5 to 15%. Moreover, Klimczak et al. (2018) analysed the impact of simulation
model simpliﬁcations on the quality of simulation results in a residential building case. The simpliﬁcations
included the removal of shading elements, the reduction of internal walls and thermal zones, performed
in diﬀerent iterations. The results showed that a considerable impact was incurred by the exclusion of the
shading devices on the south façade (while on the
northern hemisphere), so this simpliﬁcation should
not be considered in future studies.
All the aforementioned studies dealt with sensitivity analyses on the impact of model simpliﬁcation
on energy simulation results in oﬃce or residential
building types, presenting valuable results. However,
they all addressed simple box-shaped buildings with
planar surfaces, presenting no sophisticated geometry. Consequently, there was no mention of a geometry simpliﬁcation process with regard to complex geometry consisting of curved surfaces. Curved building geometry needs though to be post-rationalized
as planar elements given the planar constraints associated with energy simulation tools (Chatzivasileiadi
et al. 2018). More speciﬁcally, one of the geometrical requirements for energy analysis based on these
constraints is that if curved surfaces are to be used,
the segment count should be as low as possible [2].
Using the lowest segment count though might re-
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sult into an over-simpliﬁcation of complex models,
which might jeopardise the accuracy of the results.
This paper therefore addresses this shortcoming and
presents a suggested range for the number of segments considering the accuracy of the derived results
and the time required for energy simulation based on
three experiments.

REDUCING BUILDING GEOMETRY COMPLEXITY
In order to better understand the eﬀects of reducing
geometry complexity on energy analysis time and accuracy, we devised three experiments. The ﬁrst experiment focused on the eﬀects of reducing the complexity of the plan (footprint) of a single-story circular oﬃce building while keeping the elevation simple
and constant. The second experiment focused on the
eﬀects of reducing the complexity of the plan (footprint) of a single-story cross-shaped oﬃce building.
The third experiment focused on the eﬀects of reducing the geometrical complexity of the overall threedimensional shape of a tall oﬃce building. The area
and the volume remained constant in all tests. The
cooling loads were derived and compared, as simpliﬁcations seem always to have a greater impact on
the estimation of cooling loads, compared to heating
loads (Picco & Marengo 2015) . The simulations were
conducted using a 64-bit Microsoft Windows 7 enterprise operation system with 2.00GHz Intel Core i54590t processor and 8GB RAM memory. We used the
Grasshopper plug-in in Rhinoceros 3D to model the
test cases and the Honeybee plug-in with EnergyPlus
v. 8.5.0 (Crawley et al. 2000) to perform the energy
simulations. The simulation time was derived from
the EPlus results. We ran the same experiment several times and did not notice any signiﬁcant variation
in simulation times between runs. Thus, the reported
data is from one run. All experiments contained an
internal core and perimeter spaces. The number of
perimeter spaces are proportional to the number of
ﬂoors for each experiments. Therefore, for the ﬁrst
two experiments, there is only one perimeter space
(since the test models are all one-story ones), while

for the third experiment several perimeter spaces are
created along the height of the building, according
to the number of segments included. In addition, the
buildings in the ﬁrst two experiments do not contain
any interior walls, ﬂoors, or ceilings, while in the third
experiment they do. These conﬁgurations result to
one thermal zone for the ﬁrst two experiments and
to multiple thermal zones for the third experiment.
In the simulations the midrise apartment zone program is used, the zones are conditioned with an ideal
air loads system and the default construction in Honeybee library for Energy Plus were used.

Experiment 1: Reducing the complexity of
the footprint
The experiment involved the creation of 45 singlestory circular oﬃce buildings each with a ﬂoor height
of 3m, with windows along the whole perimeter,
a window-to-wall ratio of 50%, and a ﬂoor area of
100m2. The only variation was in the number of wall
sides of the buildings which were varied from 48 to 4
sides with a decrement of 1 side per iteration. A matrix including a representative sample of these models is presented in Figure 1.
The ﬂoor area of each building was kept constant
by increasing the radius of the circumscribed circle
around the polygon according to an equation that
computes the radius R of a regular polygon with n
sides and an area A (Equation 1 and Figure 2).
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Figure 1
A matrix of 24
buildings with
identical ﬂoor area,
ﬂoor-to-ceiling
height, and
window-to-wall
ratio, but with
varying number of
sides
(representative
sample of models
used in Experiment
1, 27 sides upper
right to 4 sides
lower left).

We considered the building with the largest number
of sides (48) to be the ideal and most accurate representation of an actual building. We then compared it
to the simulation time required and the cooling load
results of the remaining 44 buildings. The chart below reports the number of sides, the simulation time
in seconds, and percentage of deviation of cooling
load results when compared to the ideal case - i.e. the
building with 48 sides (Figure 3).
The chart shows that the accuracy deviation remains relatively stable or presents a slight increase as
the number of sides is reduced, and then it reaches a
point when it increases sharply. By setting a 1% accuracy threshold, after which the sharp increase occurs,
we identiﬁed the suitable cases with regard to the extent by which the complexity of the footprint can be
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Figure 2
The equation and
geometry of a
regular polygon
with area A,
number of sides n
and inscribed in a
circle with radius R.

Figure 3
Line chart showing
the eﬀect of
reducing geometry
complexity on
simulation time and
percentage of
accuracy deviation
(Experiment 1).

reduced without a signiﬁcant accuracy deviation. In
the model with 12 sides, which barely reached this
threshold, the simulation time is reduced by 75%,
while there is an insigniﬁcant accuracy deviation of
0.97%. A building with 12 sides consumes 32 seconds
to simulate compared to a building with 48 sides that
would consume 2 minutes and 7 seconds (127 seconds) to simulate.

Experiment 2: Reducing the complexity of
the footprint of a cross-shaped building
The experiment involved the creation of 22 singlestory cross-shaped oﬃce buildings each with a ﬂoor
height of 3m, with windows along the whole perimeter, a window-to-wall ratio of 50%, and a ﬂoor area of
100m2. The ﬂoor area of each building was kept constant using the same equation as in the ﬁrst experiment. The only variation was in the number of wall
sides per arc at the endings of the cross shape, which

were varied from 22 to 1 side with a decrement of 1
side per iteration. A matrix including a representative
sample of these models is presented in Figure 4.
We considered the building with the largest
number of sides (or faces) per arc (22) to be the ideal
and most accurate representation of an actual building. We then compared it to the simulation time required and the cooling load results of the remaining
21 buildings. The chart below reports the number of
faces per arc, the simulation time in seconds, and the
percentage of deviation of cooling load results when
compared to the ideal case - i.e. the building with 22
faces per arc (Figure 5).
Similarly to the results for circular building, the
chart shows that the accuracy deviation remains relatively stable or presents a slight increase as the number of sides is reduced, and then it reaches a point
when it increases sharply. By setting a 0.2% accuracy
threshold, after which the sharp increase occurs, we
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Figure 4
A matrix of 9
interval buildings’
examples with
identical ﬂoor area,
ﬂoor-to-ceiling
height, and
window-to-wall
ratio, but with
varying number of
wall sides per arc
(representative
sample of models
used in Experiment
2, 9 sides upper
right to 1 side lower
left).

identiﬁed the suitable cases with regard to the extent by which the complexity of the footprint can be
reduced without a signiﬁcant accuracy deviation. In
the model with 3 faces per arc, which barely reached
this threshold, the simulation time is reduced by 97%,
while there is an insigniﬁcant accuracy deviation of
0.17%. A cross-shaped building with 3 faces per arc
consumes 1 minute and 8 seconds (68 seconds) to
simulate compared to a building 22 sides per arc that
would consume 40 minutes and 42 seconds (2442
seconds) to simulate.

Experiment 3:
Reducing the threedimensional complexity of a tall building
The experiment involved the creation of 20 tall buildings each with windows along the whole perimeter,
a window-to-wall ratio of 50%, and a volume of approximately 8,000m3. The only variation was in the
number of segments along the height of the buildings which were varied from 22 to 3 segments with a
decrement of 1 segment per iteration. Due to modelling limitations using the loft component with a
straight option in Grasshopper, the results for mod-

els with 1 and 2 segments were neglected, as there
was a considerable deviation in volume compared to
the rest of the models. For this experiment, as Energy Plus does not accept non-planar surfaces, we
needed to depend on Honeybee’s internal meshing
processes, which automatically translated the curved
tower representation to the analytical model that was
then exported to Energy Plus. All buildings were
scaled appropriately to ensure the same overall interior volume (Figure 6).
We considered the building with the largest
number of faces (90) to be the ideal and most accurate representation of an actual building. We then
compared it to the simulation time required and the
cooling load results of the remaining 19 buildings.
The chart below reports the number of segments
along the height of each building model, the simulation time in seconds, and percentage of deviation
of cooling load results when compared to the ideal
case - i.e. the building with 90 faces (Figure 10). Similarly to the results for circular and cross-shaped buildings, the chart shows that the accuracy deviation remains relatively stable or presents a slight increase as
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Figure 5
Line chart showing
the eﬀect of
reducing geometry
complexity on
simulation time and
percentage of
accuracy deviation
(Experiment 2).

Figure 6
A matrix of 16
buildings with
identical interior
volume and
window-to-wall
ratio, but with
varying number of
height segments
(16 segments lower
left to 1 side upper
right).

the number of sides is reduced, and then it reaches a
point when it increases sharply. By setting a 1% accuracy threshold, after which the sharp increase occurs, we identiﬁed the suitable cases with regard to
the extent by which the complexity along the height
of the buildings can be reduced without a signiﬁcant
accuracy deviation. In the model with 7 segments
along the height of the building (30 faces in total),
which reached this threshold, the simulation time is
reduced by 63%, while there is an insigniﬁcant accuracy deviation of 1%. A building with 7 segments
consumes 2 hours 5 minutes and 17 seconds (7,516
seconds) to simulate compared to a building with 88
faces that consumed 5 hours 36 minutes and 28 seconds (20,188 seconds) to simulate.
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Figure 7
Line chart showing
the eﬀect of
reducing geometry
complexity on
simulation time and
percentage of
accuracy deviation
(Experiment 3).

DISCUSSION
The systematic analysis presented in this study addressed only geometrical aspects of several test case
buildings, including a circular-plan building, a cruciform building and a tower. Diﬀerent iterations in
terms of the simpliﬁcation of the geometrical complexity were pursued by reducing the number of surfaces of the buildings, which were then simulated
in EnergyPlus. The results indicate that a signiﬁcant
reduction of geometry complexity can be achieved
with negligible eﬀects on simulation results, while
signiﬁcantly minimizing the time requirements. Accuracy, however, deteriorates rapidly below a critical
threshold.
An important ﬁnding of these experiments is
that the accuracy deviation rose sharply for simple

prismatic buildings. In the ﬁrst experiment, the building with 6 sides had a deviation percentage of approx. 6% and the one with 4 sides has a deviation
percentage of approx. 10%. In the second experiment, the building with one face per arc has a deviation percentage of over 8%. In the third experiment,
the building with 14 faces has a deviation percentage of approx. 3.2%. Therefore, despite the many
energy simulation tutorials where simple orthogonal volumes are used, the use of orthogonal prisms
as simpliﬁed surrogates for buildings with complex
shapes presents a worst-case scenario that should
be avoided where possible. While more studies are
needed, one conclusion of this limited experiment is
that the geometry complexity of a building can be reduced by at least 50% without signiﬁcant loss of ac-
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curacy in energy simulation results. This is in contrast
with what has been claimed in an earlier study, i.e.
that detailed geometry can improve a simulation’s reliability by 5 to 15% (Amitrano et al. 2014), so further
investigation is required in this respect. A signiﬁcant
gain in reduction of simulation time was also demonstrated, in the range of 75% for the ﬁrst experiment,
97% for the second one and 63% for the third one.
In order to consider the full impact of reducing
geometry complexity on energy simulation results,
there needs to be a comprehensive sequence of experiments leading to studies integrating as large a
spectrum of parameters as possible. Further systematic studies considering more complex geometries,
diﬀerent building types and sizes, a bigger number of
thermal zones, any shading impacts from neighbouring structures or other aspects including construction, building services and diﬀerent climate zones
could enhance these preliminary results presented in
the current paper. These could contribute to the development of a framework regarding the extent of
the impact of a range of geometry or other simpliﬁcations on energy analysis results.

CONCLUSIONS
Complex building geometry is often simpliﬁed for
use in building energy performance simulation. The
eﬀects of this simpliﬁcation on simulation results accuracy is not usually reported. This paper explored
these eﬀects through a review of the literature and
a systematic analysis of several test cases. The results indicate that a signiﬁcant reduction of geometry complexity can be achieved with negligible effects on simulation results, while signiﬁcantly minimizing the time requirements. Accuracy, however,
deteriorates rapidly below a critical threshold. An
important ﬁnding of these experiments is that the
accuracy deviation rose sharply for simple prismatic
buildings. In the ﬁrst experiment on the circular-plan
building, the building with 6 or 4 sides has a deviation percentage of approx. 6% or 10% respectively.
In the second experiment on the cruciform building,
the building with one face per arc has a deviation per-

centage of over 8%. In the third experiment on the
tower building, the building with 6 faces has a deviation percentage of approx. 3.2%. Therefore, despite
the many energy simulation tutorials where simple
orthogonal volumes are used, the use of orthogonal prisms as simpliﬁed surrogates for buildings with
complex shapes presents a worst-case scenario that
should be avoided where possible. While more studies are needed, one conclusion of this limited experiment is that the geometry complexity of a building
can be reduced by at least 50% without signiﬁcant
loss of accuracy in energy simulation results and signiﬁcant gain in reduction of simulation time.
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The objective of this research project is to simulate and evaluate the effect of
movement velocity and cognitive abilities on the visual perception of three groups
of urban users: pedestrians, cyclists and car drivers.The simulation and analysis
is based on the 3D Dynamic Visual Analysis (DVA) (Fisher-Gewirtzman, 2017).
This visibility analysis model was developed in the Rhinoceros and Grasshopper
software environments and is based on the conceptual model presented in
Fisher-Gewirtzman (2016): a 3D Line of Sight (LOS) visibility analysis, taking
into account the integrated effect of the 3D geometry of the environment and the
variant elements of the view (such as the sky, trees and vegetation, buildings and
building types, roads, water etc.). In this paper, the current advancement of the
existing model considers the visual perception of human users employing three
types of movement in the urban environment--pedestrians, cyclists and drivers--is
explored.We expect this research project to exemplify the contribution of such a
quantification and evaluation model to evaluating existing urban structures, and
for supporting future human perception-based urban design processes.
Keywords: visibility analysis and simulation, predicting perception of space,
movement in the urban environment, pedestrians, cyclists, car drivers

INTRODUCTION:
Urban transportation in a future sustainable city
should rely on pedestrians, cyclists and public transportation (Knoﬂacher, 2006). These means of transportation would contribute to good urbanity. While
the car still remains the main transportation solution
in many cities, “ecological” transportation solutions

are increasingly adopted to reduce the dependence
on cars. To encourage pedestrian and cyclist transportation, proper routes, that provide not just essential attributes such as safety but also special experiential perceptions, should be developed through planning and design decisions.
Visibility inﬂuences people’s perception and be-
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havior, because the human environment is largely
understood through vision (Cullen, 1971; Broadbent,
1990; Kultsova et al, 2013; Kultsova et al, 2012; FisherGewirtzman, 2016). Visibility along an urban path or
route may change as a result of the velocity, means,
and purpose of movement. Visual perception of
humans in the same location may vary in diﬀerent
circumstances, such as the lighting of the environment (natural or artiﬁcial light), the time of day, the
weather, temperature, density of people and vehicles, activities taking place, etc. in addition, the cognitive abilities of speciﬁc humans, with reference to
their age, mental or physical condition, may inﬂuence perception along a path.
In this paper, we present a novel visibility simulation and analysis model, the 3D DVA model, which
can adopt to changing velocity and cognitive conditions of diﬀerent groups of urban users, recreating
the relevant experience for each one. A pedestrian
is more likely to collect many more details and cues
from the visual environment; a cyclist focuses more
in the direction of movement, and the car driver concentrates not only on the direction of movement but
also by the fact that his view is limited by the car
frame.

RESEARCH OBJECTIVE
The objective of this research is to develop a reliable simulation and analysis model for predicting visual perception with three typical urban user groups
(pedestrians, cyclists, and car drivers), moving at different velocities and with diﬀerent orientations along
the same urban path. In addition, the possibility
of simulating variant cognitive conditions, based on
changes due to aging or other physical and mental conditions, is demonstrated. In this paper, we
present a comparative analysis, to exemplify the differences and similarities.

LITERATURE REVIEW:
Movement in the urban environment
Movement is central to simulation of spatial activities at building and street level (Batty, 2003). Simu-

lating movement in the urban environment involves
the representation of the physical environment, and
the inﬂuence that it can have on the subjects moving through it. Several models have been developed
to explain and predict movement patterns in urban
environments (Haklay et al., 2001), amongst them
agent-based models simulating pedestrian behavior.
Cavens et al. (2005) presented a method integrating both, the physical environment and the strategic
decision of individuals. In addition to modeling the
pedestrian’s physical movements with their decision
making, the study also simulated the reaction of hikers to change in the landscape.
Most research works focus on one means of
transportations, such as pedestrian movement: one
example is Puusepp et al. (2018), who developed
a synthesis method for modeling data and urban
qualities as perceived by the individual pedestrian.
Their agent-based model simulates the route selection mechanisms of individual pedestrians. They
argue that after calibrating the agent-based model
with ﬁeld observations, the model will allow urban
planners and city authorities to evaluate the impact
of future urban design scenarios on pedestrian ﬂows
in the city.
There has been an increase in recent years in the
understanding of how the built environment aﬀects
the travel behavior of cyclists. Rybarczyk G. (2014)
described a modeling approach for urban planners
to understand cyclists‘ travel patterns. The approach
used an agent-based model to investigate how smallscale urban design details can aﬀect cyclists’ wayﬁnding. They based their model on observed bicycle
volume. Hull and O’Holleron (2014) assessed bicycle infrastructure in several European countries.
They compared a range of factors that inﬂuence cyclists: coherence, directness, attractiveness, safety
and comfort of the network. Their aim was to explore
whether introducing good design to the existing bicycle infrastructure could encourage more people to
cycle. Some of the factors may be translated to visual cues, and could be implemented as future extensions to the DVA model. The 3D DVA model can
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be adjusted to analyze several modes of transportation, and to simulate the visual perception of space
in each.

Visibility analysis in the urban structure
Researchers have endeavored to describe the complexity of the urban structure with analytical models and tools designed to represent this complexity by measuring the wide range of data available,
with its numerous and varied characteristics (Batty,
2013). Several research studies have explored the
relationship between urban space morphology and
how users perceive its experiential qualities (FisherGewirtzman, 2017), some with 2D and others with
3D visual analysis. A recent overview of 3D visibility analysis and representations of three-dimensional
isovists was presented by Dalton and Dalton (2015).
They observed various attempts, and reported on
their capacity to represent meaningful complex spatial information. They also presented expert evaluations of these various attempts.
The 3D Dynamic Visual Analysis (DVA) (FisherGewirtzman, 2017) simulates and predicts the visual
perception of a human moving along an urban path.
This analytical model was assessed in an experiment
conducted in an immersive virtual environment, using variant urban path morphologies. Movement
velocity was equal for all paths (Fisher-Gewirtzman,
2018). The challenge of diﬀerent movement experiences was negotiated by further developing and reﬁning the potential of this model.

MODEL DESCRIPTION
Introduction: general description
The simulation and analysis model presented in this
paper is based on the 3D Dynamic Visual Analysis
(DVA) (Fisher-Gewirtzman, 2017). This visibility analysis model was developed in the Rhinoceros and
Grasshopper software environments. This enabled a
3D Line of Sight (LOS) visibility analysis, taking into
account the integrated eﬀect of the geometry of the
environment, as well as variant elements of the view
such as the sky, trees and vegetation, buildings and

building types, roads, water etc.
The visibility analysis is based on Lines of Sight
from each viewpoint, aimed at a target surface. Calculations sum up the accumulated length of all Lines
of Sight from each viewpoint. A maximum length is
set to represent distant views and the sky view. Consecutive viewpoints along a path are deﬁned by the
user. The distance between the viewpoints can be
changed according to the characteristics of the path.
In the case of comparison between variant paths, it
is important to deﬁne a set number for all the paths.
The Lines of Sight are created by drawing lines from
the viewpoint to a grid of points that are projected on
a curved plane in the direction of movement along
the deﬁned path - see Figure (2). The Lines of Sight
are intersected by the ﬁrst opaque element or surface they meet, and their length is measured and
recorded. The ﬁnal stage consists of summing up the
calculations of all viewpoints deﬁned along the path.
The dynamic movement of walking along an urban path was represented as the accumulated visibility calculations of consecutive viewpoints along that
path directed towards a target point, and was represented through graphs documenting distance and
intensity of visibility for each view point

Simulating visual perception while using
variant urban transportation modes:
The model described above simulated pedestrian
movement in the urban environment; the proposed
extension presented in this paper simulates the visual perception of additional groups of urban users,
namely pedestrians, cyclists and drivers.
The diﬀerences between the three are reﬂected
by four main parameters:
1. Height of viewpoints
2. Field of view.
3. Number of samples along the path representing the ratio of the variant velocities.
4. Location/orientation of the designated paths:
pedestrians‘ paths, cyclists’ paths and vehicle
routes.
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Figure 1
Diﬀerent height
and location of the
paths

Each path was situated at a diﬀerent height and location. The pedestrian path was located along the sidewalk; the viewpoints were located 170 cm above the
ground (the average eye level for a pedestrian). The
cyclist path was located along the center walkway,
where a pathway could be designated for cyclists;
viewpoints were located 185 cm above the ground
(the average eye level for a cyclist). The driver path
was deﬁned along the traﬃc pavement, with viewpoints located 135 cm above the ground (the average
eye level for a driver). (See Figure 1).
The ﬁeld of view is represented by a diﬀerent dispersion of the lines of sight for each type of user, as
well as the velocity of movement. Pedestrian movement (i.e. at a lower speed) was simulated by dispersing lines of sight evenly in all directions up to the limitation of 180°, assuming that a pedestrian would look
around in all directions during movement and not
only focus on the direction of movement. When the
speed of movement increases, the view tend to focus
more in the direction of movement. Consequently,
more lines of sight are concentrated towards the center, and the ﬁeld of view becomes narrower. (Fig. 2).

Figure 2
Diﬀerently
dispersed Lines of
Sight for each user

To express the variant velocities along the paths, consecutive viewpoints were deﬁned at diﬀerent distances. To simulate a pedestrian (the lowest velocity),
the distance between viewpoints was the shortest.
For higher velocities, such as for the cyclist and the
car driver, the consecutive viewpoints were deﬁned
further apart. The ratio between distances simulating each velocity was deﬁned according to the differences in time for traveling a speciﬁc route, as de-
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Figure 3
Viewpoints deﬁned
relatively to each
other

Figure 4
Analysis results and
trends

ﬁned in Google Maps, for a vehicle, a cyclist, and a
pedestrian. The path chosen was a 1 km route along
Rothschild Boulevard, in Tel Aviv, Israel. According
to Google Maps, the average pedestrian will take 12
minutes to complete this path (assuming an average
speed of 1.4 m/s); a cyclist will take 4 minutes (average speed of 4 m/s in this area); and a vehicle will take
3 minutes (average speed of 5.5 m/s in this area, assuming the absence of traﬃc jams). The consecutive
viewpoints for the pedestrian path were located every 5 meters. The samples for both cyclist and vehicles paths were relatively located along the path. (see
ﬁgure 3).

Demonstrating the three-way analysis
Visibility analysis considering the accumulated
lengths of Lines of Sight at each viewpoint along a
1km route was conducted, simulated the three urban
users. The outcomes of the analysis are represented
in three graphs: pedestrian in blue, cyclist in green,
and car driver in red. Each user had a diﬀerent number of consecutive viewpoints. The pedestrian path
had 200 viewpoints in total, the cyclist 68, and the
driver path the least with 52 in total. (See Figure 4).
Some trends could be identiﬁed from the graphs.
Similar trends are marked in green (parts A, C, D,
F), and the diﬀerentiated trends are marked in red
(parts B, E). These trends occurred at speciﬁc loca-
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tions along the route (see Figure 5). Some of the similar trends occurred where maximum visibility was
calculated for all three users, such as at a junction
along the street. Another similar trend occurred at
the point of the minimum visibility calculation for all
three users, where the path was at its narrowest section. Another trend was the increase in visibility towards the end of the route (see part “F”). This was due
to the fact that there were no towers in this direction,
and the open view towards the sea was located further along the same direction. As for the diﬀerentiated trends, in parts “B” and “E” visibility peaked for
the cyclist’s path, while the pedestrian and the car
driver were quite similar. Looking at the path itself,
the cyclist at this point had an open view and was
able to see much more of the sky, compared to other
parts of his route.

The driver’s path had the highest average visibility
calculations, mainly due to two reasons: The ﬁrst is
that there were the fewest number of obstacles in his
way (the pedestrian walked right next to the building’s façades, and the cyclist traveled beneath the
trees). The second reason is the manner in which
the lines of sight for the car drivers were scattered.
They focused more towards the center and direction
of movement, where there were fewer obstacles.
In addition to the accumulated total visibility

of each view point, this model can provide a separate visibility analyses regarding the variant layers of
information (type of buildings and functions, trees,
road, sky etc.) as perceived by all three users. The
separate visibility analyses along the path were compared for the three users. The dominant elements of
the view that inﬂuenced the variant users’ visual perceptions are emphasized in the graphs. As an example, the trees were one of the most visually dominant
elements for the cyclists, since they cycled beneath
the trees along a path designated for cyclists, in the
center of the boulevard (see Figure 6).

Simulating variant cognitive conditions
This model can also simulate perception of various
psychological aspects, as well as medical / aging /
disability induced aspects. As an example, the age
of car drivers may range from between 16-18 to old
age; they may be sober or drunk; they may suﬀer
from short sightedness etc. Following is an example of how this model can be adapted to simulate
an urban driver with full cognitive abilities, and another with lower cognitive abilities. Full cognitive
ability is simulated by all lines of sight in each viewpoint. Thus, with the lower cognitive ability simulation, the lines of sight are reduced randomly by a
certain percentage at each viewpoint along the designated path. Figure 7 illustrates four possible conditions, where visual perception is 100%, 80%, 60%
and 40% respectively. The deduction of rays is carried on randomly at each viewpoint along the designated path, so that the number of rays is deducted
evenly along the path. Future work will consider calibrating the model with real human cognitive conditions. In addition to reducing number of rays, shortening the length of maximum rays could simulate the
visual abilities of short-sighted people.

SUMMARY, CONCLUSIONS AND FUTURE
PLANS:
This paper presents a novel simulation and 3D dynamic visual analysis (DVA) regarding the visual perceptions of three groups of typical urban environ-
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Figure 5
Trends locations
along the street

Figure 6
Analysis results
regarding the
variant layers of
information

Figure 7
Four possible
conditions where
visual perception is
100%, 80%, 60%
and 40% for each
viewpoint along the
path.

ment users: pedestrians, cyclists, and car drivers. The
motorcycle, potentially a more sustainable means of
transportation than a car (Jittrapiroment et al, 2016),
was not simulated, although it can easily be deﬁned
in a future development of the model. The analysis
calculations considered orientation and consecutive

viewpoints along a path, height, and the ﬁeld of view
for each of the users, with regard to their movement
velocity along the path. A demonstration and comparative analysis was conducted to present the similarities and diﬀerences between the diﬀerent groups
of urban users. A preliminary approach towards vari-
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ant cognitive abilities is proposed. This should be calibrated with real physical and mental conditions.
This analysis and simulation can be used for studies of current and future urban design proposals, simulating the visual perception of diﬀerent urban users
when moving along variant urban paths. Outcomes
may provide the data for a future generative urban
design model. We expect this research project to illustrate the contribution of such a quantiﬁcation and
evaluation models to the future urban design processes. In addition to evaluating design alternatives,
this model could suggest the optimization of path selection, to match the best experience for the individual. (i.e. bicyclists would choose a green safe path,
pedestrians a path along many cafes, etc).
Assessing this model with experiments in real
and virtual environments is proposed as a future research project. Assessment may provide an opportunity for calibrating the model, facilitating a more accurate human perception simulation.
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There is a typical symbiotic relationship between behavior and space. Design and
evaluation of space are also inseparable from people's behavioral needs.
Therefore, the study of behavior patterns can be regarded as the process of
exploring the relationship between human and space. Traditional behavioral
research lacks precise micro-individual data and analytical tools to express
complex environments, and is more inclined to macro and qualitative static
analysis. With the maturity of indoor positioning technology, the use of big data
as a medium to quantitatively study the laws of behavior has gradually penetrated
into the micro-level of indoor space. This paper begins with a brief introduction of
the behavioral performance research process in history. The paper then describes
the method that constructs the observation, quantification and visualization
process of behavior data by using UWB positioning technology and visualization
implementation system through an on-site experiment of office space. The last
part of this paper discusses the establishment of spatial redesign method by
mining the behavior data, and translating the results into spatial attributes.
Keywords: behavior data visualization, UWB interior positioning technology,
data mining, spatial redesign method

INTRODUCTION
The analysis of “behavior performance” is an important way to establish the quantitative relationship between human and architectural space. The
purpose of behavior data extraction and analysis is
to help people know better of the space. Over
the past 50 years, research on design methods and
evaluation systems based on human behavior has

emerged. In the former digital age, the quantitative
study of Space Syntax and Behavior Mapping has an
advanced guidance in the era that digital technology has not yet been popularized. With the gradual maturity of interior positioning technology such
as Wi-Fi, Bluetooth, ZigBee, RFID and UWB (UltraWideband) , the accurate collection of behavior data
is becoming much more feasible, which provide a
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larger amount of precise and eﬀective data, laying
the foundation for the establishment of behavior
data visualization system. However, the common
problem in all current behavior data visualization researches is that the study of behavior data is only limited in the stage of visualization and does not relate
the mining results of behavior data to the design of
a new space or the redesign of a existing space. In
short, the establishment of the current visualization
system does not include space design or redesign. In
the early stage of this research, the behavior visualization system has been established using UWB interior positioning technology and JavaScript visual programming language. Based on the existing research
results, this paper proposes a space redesign method
for the existing spatial layout and establish a new visualization system combining interior behavior data
characteristic and space layout result.

BACKGROUND
Traditional behavioral performance research
The term “behavioral sciences” was oﬃcially named
in an interdisciplinary conference in Chicago, USA in
1949. At the same time, building related environmental behavior research also emerged. Some psychologists in that period explored the real environment layout and space arrangement had a signiﬁcant impact on people’s behavior. After 1960s, architects gradually joined this ﬁeld of research. The most
representative of these researches is Kevin Lynch’s
book ‘The Image of City’ which describes the cognitive style of environmental sites and behavior. This
part was later summarized by Gary T. Moore and extended to an interdisciplinary research branch (Figure1). Moore pointed out that there is a large deviation between the behavioral cognition and the real
situation of environments. The study of the behavior
pattern and its characteristics would help architects
to truly understand the speciﬁc demand of the behavior to the space.

Figure 1
The
interdisciplinary
system based on
the three elements
of ‘Environment
Behavior Society’

Later on, the environmental analysis method and the
building evaluation system based on the behavior
pattern appeared in the public’s vision. Bill Hillier established an analytical method and theory based on
the behavioral visualization and the relative depth of
space – ‘Space Syntax’. It expresses the human visual
perception behavior in the space through data visualization by showing the speciﬁc numerical range of
the descriptive variables with diﬀerent colors, and divides the space environment into a number of components (Figure 2). Based on environmental cognition behavior, Space Syntax deﬁnes a data language
that measures the relationship between architectural
space and behavior from the perspective of behavioral performance. However, Space Syntax cannot
timely and accurately reﬂect the speciﬁc behavior
data of the building users in the physical environment, so that their behavior characteristics and rules
cannot be excavated correctly.
Figure 2
Three types of
behavioral analysis
methods in space
syntax: axis, convex,
sight
In 70s twentieth Century, William H. Ittelson ﬁrst proposed the ‘Behavior Mapping’, from the perspective
of behavior to space, using data statistics as a method
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to excavate the characteristics and laws of behavior.
Subsequently, Ittelson summed up the behavior notation as 5 elements in the 1996 published article
visual perception of makings, describes the subjective presentation of the behavior of space by the way
of artiﬁcial observation and recording. Nilda Cosco,
from the University of North Carolina College of design, used Behavior Mapping to study and analyze
preschool children’s physical activity in 2010. He regarded the Behavior Mapping as a means of direct
observation of behavior. He collected the behavior
data of children and the surrounding environment,
and studied the degree of association between the
two. It hoped to make some strategies to inﬂuence
the design of architecture and environment with the
help of this research in order to create an outdoor environment that is more conducive to children’s activities (Figure 3).
Figure 3
Physical activity
Behavior Mapping
of child center

Figure 4
Behavior analysis &
Space redesign
process

However, with the abundance of behavioral activities and the complexity of the building environment,
Space Syntax and Behavior Mapping are restricted by
the number of samples and the precision of data. It
is diﬃcult to reﬂect the complex behavior characteristics of the new era. The behavior research in architecture needs to introduce more systematic tools and
methods.

of behavior data observation system, big data mining and behavioral information dimension visualization make architects better understand the relationship between behavior and space. Behavioral performance research is no longer just a content of building
evaluation, but has become a basic element to optimize and dominate the architectural space.
In the era of big data, human behavior data are
gradually accumulated through the devices of Internet of things. Quantitative research on behavior can
turn to a speciﬁc analysis of behavior data. Therefore, the acquisition and use of behavior data will be
the key content in the process of behavior quantiﬁcation. In the use of data, the statistical model represented by machine learning has been applied to the
analysis of behavioral events, and a relatively good
result is harvested. The speciﬁc ways of utilization
include spatial analysis, computation model and behavior simulation. Generally speaking, the behavior
data collected by the digital positioning device reﬂects the multi-layer characteristics of the behavior
from time series, spatial distribution and individual
information, which plays a guiding role in the layout
and operation of the built environment. Data visualization is not only the result of behavior quantiﬁcation, but also an important direction of space layout,
especially of the redesign of an existing space.
Based on the above discussion, the space redesign method needs four parts: Taking the behavior data observation system as the framework; Using
digital technology as a data collection tool; Mining
the pattern of behavior characteristics through data
visualization system; Translating the result of data visualization into guiding principle of space layout (Figure 4).

Behavioral performance research in digital
age
With the rise of interdisciplinary and the development of digital technology, the quantitative research
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BEHAVIOR DATA VISUALIZATION RESEARCH
Behavior data acquisition and storage
based on UWB technology
In order to obtain behavioral data and information
with a larger sample size, more variety, and more
comprehensive behavioral characteristics, we need
to use digital positioning equipment to complete the
collection of behavioral data. Among the numerous positioning technologies, the author selected
four types of devices commonly used in behavior research: RFID, Wi-Fi, Zigbee, and UWB, and conducted
comparative studies from the perspectives of measurement range, accuracy, application scenarios and
data characteristics (Figure 5).

In this research, the oﬃce space is chosen as the experimental space for behavior visualization and redesign of spatial research. As the area of oﬃce space
is moderate, the type of behavior is relatively simple,
the interference factor between behavior is small, so
it is easier to judge the attribute of space. It is suitable to study the method of space rearrangement.
Through the analysis of the four kinds of positioning
equipment above and experiment site, the UWB positioning system is used to conduct the collection of
behavioral data for oﬃce space.
A complete UWB positioning system requires at
least 3 base stations to determine the location of

label in the space. In addition, as the intersection
node of the entire system set up, switchboards are
connected to each base station reconciliation server
through CAT6 cable. All the data information will be
solved in the solution server. The behavioral data can
be called and calculated in the visualization system
and showed on the display terminal (Figure 6).
Figure 6
UWB positioning
system

According to the TOA (Time of Arrival) location algorithm, the distance between each label to the base
station could be measured. When more than three
positioning base stations are arranged, we can make
a rectangular coordinate system on the space plane
and give each base station a position coordinates.
To undertake the TOA calculation discussed above,
the distance between each label and each base station will be solved by locating engine and server. In
theory, the positioning system will automatically select the three sets of distance data of the best signal intensity, and use the Trilateration algorithm to
transform the distance information between the label and the base station into the coordinate data. At
this point, the positioning is completed.
When the system calculates the location data of
the label by the Trilateration algorithm, the server will
provide the four types of information: the label number, the current moment, the position abscissa X, the
position ordinate Y. In data-calling phase, Websocket
network protocol can ensure high frequency transmission of data communication, providing technical
guarantee for real-time behavior of visual interface.
In data-storing phase, the data is backed up into a
SQLite database, stored on a computer’s hard disk,
which can be used to perform conditional queries,
classiﬁcation statistics, and data operations in the
SQLite language. The coordinate data of high frequency outputs (including Tag_ID, Pos_x, Pos_y and
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Figure 5
Speciﬁc
performance of four
types of positioning
technology

Time) are called by API interface in real time and provide technical support for the design of behavior visualization interface (Figure 7).
Figure 7
Behavior data
acquisition and
storage process

Data visualization interface
When the data acquisition and storage are completed, JavaScript visual programming language was
used to write visualization interface. By invoking the
API data, analyzing and mining the data information,
it is translated into the behavioral elements of oﬃce
staﬀ including Behavior Heat map interface and Behavior Cluster interface.
The JavaScript language was used to build a realtime Behavior Heat map interface. The mathematical
logic behind it is the kernel density estimation which
is a function to estimate the unknown density in the
probability theory. The speciﬁc estimation formula is
as follows:
Figure 8
Behavior
visualization
interface

p(x) =

N
∑
N (x − Xn , z)
1

N

to a certain extent, reﬂecting people’s area preference (staying habits), areas with high crowd concentration (agglomeration areas), and the use of transportation corridors. Based on this series of behavior
rules, the inﬂuencing factors can be dug out and fed
back to design (Figure 8 (a)).
In addition, machine learning algorithm is introduced to perform K-Means Cluster on the past 400
tagged output points (one point per second). Firstly,
K anchor points are selected randomly as the initial
cluster center (the average distance from the cluster
center to each scatter in the cluster is the smallest).
Then the distance between each scatter and each
cluster center are calculated, and then the scatters
are assigned to their nearest cluster center. Clustering centers and the scatter points assigned to them
are considered to be a cluster. Once all the scatter points have been assigned, the cluster centers
of each cluster are recalculated based on the existing objects in this cluster. Iterative clustering operations will continue to run until the cluster center is
no longer change. Through the process, scattered
points with similar characteristics will be classiﬁed
and self-organized intelligently under unsupervised
learning, and we can judge the people belonging to
the same group according to the division of the cluster, and the cluster center is very likely to be an important factor for the aggregation of individuals (Figure
8 (b)).

(1)

Among them, N(x,y) It is the probability density function of the normal distribution. z is a set of parameters. The position coordinates of each tag at the
current time are recorded and displayed as a dotted
ribbon that radiates outward from the center of the
circle, while the color corresponds to the cumulative
heat value in the range of 0-1, gradually changing
from warm colors to cool colors. The patches of different colors overlap with each other and the accumulated thermal values of some points change continuously. The heat map can describe the distribution, density and trend of the population in real time,

SPACE REDESIGN VISUALIZATION SYSTEM
RESEARCH
On-site experiment of oﬃce space
Using the UWB positioning technology and behavioral visualization interface, we chose the architec-
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ture design company’s oﬃce space for experimentation. The oﬃce space experiment was selected from
9:00 am to 6:30 pm as the execution time of this experiment (employee work time is from 9:00 am to
5:30 pm). The speciﬁc date was set for January 17,
2018. The author came to the lobby of the oﬃce at
8:30 in the morning and randomly distributed 15 positioning tags to the employees who were asked to
remain wearing them to leave the company on the
same day (Figure 9).

need to communicate frequently and who need to
communicate frequently to similar areas in order to
reduce their communication costs and improve their
work comfort (Figure 10).
Figure 10
Data visualization
interface

Space redesign method

Through 9 hours of continuous data collection,
more than 20000 behavior data were collected and
recorded. According to the data visualization interface, the behavior rules of the whole oﬃce are presented. We can intuitively analyze some of the behavior information without the aid of computer algorithm analysis tools.
Through the behavior heat map, we can see that
the employees’ behavior is concentrated in some certain area. By comparing the spatial layout of the ofﬁce, it can be found that most of the active orange
area staﬀ gathering easily is the area where the team
leader is located, and the employees used to gather
in these areas to discuss and communicate. These
active areas should be the space to be emphasized
in the follow-up space design update process. In
other words, these areas are more inﬂuential factors
for later spatial remolding.
In the clustering visualization process, the clustering center is where employees stay longer. Therefore, we speculate that the employees around the
cluster center are occupied for a long time and work.
This part of the staﬀ may have a greater workload and
will face overtime, which can be veriﬁed by comparing the behavioral heat map after work. The company manager can compare the seat arrangement
and clustering results and exchange employees who

The acquisition and visualization of behavioral data
has helped us to solve the problem of how to quantify
the invisible behavior characteristics in the process of
spatial redesign, and the focus of this paper is on how
to make a deeper mining of the quantitative behavior
characteristics and establish a set of forming systems
that determine the spatial distribution through the
behavior characteristics. According to the traditional
spatial graphic design method, furniture and partition are set by the designer’s past design experience
and behavior prediction in the built space. However
these two points in the space redesign stage can not
help designers make the correct judgments. Diﬀerent from the traditional design methods based on experience and prediction, the spatial redesign study
from the direct quantitative behavior attributes can
provide a precise and convenient prototype for the
designer.
In this research phase, we ﬁrst analyze the spatial factors that aﬀect behavioral characteristics. In
the original layout of the oﬃce space, the pantry between the east and the west is a region with high activity in the original space, and we attribute it to a
potential factor aﬀecting the behavior. Based on the
characteristics of behavioral data excavated from the
previous step, we try to extract rules that aﬀect spatial layout. From the label data stored in the database,
we extract the time information of each behavior
sample, deﬁned as T, to be an important factor in
the spatial layout. And then the degree of associa-
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Figure 9
Base station
arrangement and
tag (label)
distribution in
oﬃce space

tion between behavior and space is deﬁned as a constant B. T is a variable, which is updated and stored
in real time by the positioning system. B is based on
the experience of the original space property and the
speciﬁc behavior produced in this space. For example, there are more resting behaviors in oﬃce space
while less active behaviors, then the correlation between primitive spatial form and triggering behavior
is lower. Correspondingly, the value of B is reduced.
At the same time, according to the characteristics of
the original spatial layout, we further generalize the
active degree of the original spatial characteristics to
a constant S. The more active the original spatial attributes (such as the pantry and the discussion area),
the more diversiﬁed the behavior is, and the larger
the numerical value. In our space forming algorithm,
T generalizes the behavior characteristics, S generalizes the original spatial characteristics, and B can
be understood as the degree of correlation between
T and S. The process of spatial redesign forming is
shown as Figure 11.
Figure 11
The process of
spatial redesign
forming

ation range of the anchor point and its surrounding
range. The farther the blue cube away from the anchor point, the lower its reduction attribute is. On the
basis of this form, the entity is divided into many cubic blocks of 330mm by the minimum scale of space
use function, which simulate furniture in the plane
layout in the subsequent forming process. According to the algorithm, the solid block that are far away
from the center of the active area are retained and are
modeled as space partitions. Small cube blocks approaching the center point are reduced. We can control the magnitude of the cube reduction according
to the size of the adjusted B value. In the experiment,
we set the B value from 0.5 (50%) to 0.75 (75%). The
correlation degree of the interaction between space
and behavior becomes larger and the amplitude of
the cube reduction becomes larger, indicating that
the behavior property needs more space. When increasing the S value, it can be seen that the area of the
original entity is gradually reduced to form a larger
space, which indicates that the space utilization rate
is not high due to the improper layout of the original
plane in the course of the behavioral characteristics
based forming, so these space should be paid more
attention to and adjusted its function in the redesign
stage.

CONCLUSION

According to the above principles, we have established a space forming algorithm based on the existing spatial layout and spatial behavior characteristics.
The initial space of the original space is deﬁned as a
complete cube, and the ﬁnal space will be carve out
according to the behavior characteristics and the law
of spatial generation. In the algorithm, a reduction
attribute is applied to the blue cube within the radi-

From the perspective of behavior performance, this
paper ﬁrst combs the historical evolution process
of behavior research, and points out that the development of behavior research needs to introduce
systematic observation methods and more accurate
data acquisition tools. Secondly, the performance
and application scene of behavior data acquisition
tools are discussed, and ﬁnally UWB positioning technology is selected. Then, by studying the working
mode and data visualization system of UWB positioning technology, the development of the behavior visualization system is completed. Finally, a method
of spatial redesign form is established, through it the
behavioral data collection and analysis experiments
were carried out on the oﬃce space. We hope that
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through this study, we can summarize and reﬂect on
the past behavior research methods, and provide a
complete and feasible visual analysis method for the
future study of indoor space behavior in order to establish a scientiﬁc and eﬃcient process for the redesign of existing space.

Zhao, Y, Guo, Z and Yin, H 2018 ’BEHAVIORAL DATA
ANALYSIS AND VISUALIZATION SYSTEM BASE ON
UWB INTERIOR POSITIONING TECHNOLOGY’, Proceedings of CAADRIA, Beijing, p. 11
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Daylight standards are one of the main factors for the shape and image of cities.
With urbanization and ongoing densification of cities, new planning regulations
are emerging in order to manage access to sun light. In Estonia a daylight
standard defines the rights of light for existing buildings and the direct solar
access requirement for new premises. The solar envelope method and
environmental simulations to compute direct sun light hours on building façades
can be used to design buildings that respect both daylight requirements. However,
no existing tool integrates both methods in an easy to use manner. Further, the
assessment of façade performance needs to be related to the design of interior
layouts and of building clusters to be meaningful to architects. Hence, the present
work presents a computational design workflow for the evaluation and
optimisation of high density building clusters in urban environments in relation to
direct solar access requirements and selected types of floor plans.
Keywords: Performance-driven Design, Urban Design, Direct Solar Access,
Environmental Simulations and Evaluations, Parametric Modelling

INTRODUCTION
The importance of daylight and solar access for the
construction of pleasant and healthy living environments is as old as building practice itself. Exposure
to solar radiation was already considered an important characteristic to be taken into account during
urban planning in Ancient Greece for the determination of the orientation, height and distance of buildings (Butti and Perlin 1980) (Figure 1). In his The Ten
Books on Architecture, Vitruvius underlines the importance of designing buildings speciﬁc for latitude
and climate (Morgan 1914).

In more recent times planning regulations for
sunlight access contributed signiﬁcantly to the shape
and image of cities. The New York Zoning Resolution
of 1916 in order to get the desired ﬂoor area forced
developers to realise the gradual stepping-back of
high-rise buildings characteristic of Manhattan at the
time (Willis 1995). Adequate quantity of natural light
and ventilation were among the main requirements
that shaped the plan of Barcelona of 1859 by Ildefons
Cerdà in which the square blocks were only occupied
on two opposite sides of alternating orientation NESW or NW-SE (Coch and Curreli 2010).
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between diﬀerent cities of the same country. In Estonia direct solar access in residential premises is regulated by the standard “Daylight in dwellings and ofﬁces” (Estonian Centre for Standardisation 2010). The
standard states that when a new building is realised,
its mass and height should be designed in order not
to deprive existing surrounding dwellings of more
than 50% of their actual direct solar access hours on
a daily basis during the period between 22 April to 22
August. For new buildings it is required that at least
one room for apartments up to three rooms receives
minimum 2.5 hours of direct solar access every day
during the above mentioned period of the year.

BACKGROUND

Direct solar radiation is the most appreciated source
of natural illumination for its superior quantity and
quality due to the full colour range more than other
components, such radiation diﬀused by the sky or
reﬂected by the surrounding environment (Reinhart
2014). The use of natural light as the main source
for interior illumination was predominant until the
second half of the last century when energy became
cheap, justifying the excessive use of electric lighting
and inﬂuencing the design of buildings such as the
use of increased ﬂoor plan depth. The use of daylight
regained importance after the oil crisis of the 1970s
and consequent energy eﬃciency concerns (Reinhart
and Selkowits 2006). The actual momentum of daylight is also due to the increasing evidence of its relation with occupants’ physiological and psychological well-being due to the variability of natural light
related to the alternation of day and night that reinforce the circadian rhythm (Samuels 1990).
Nowadays regulations for daylight and access to
natural light for existing and new buildings are diﬀerent from country to country, and in some cases also

The solar envelope method permits one to calculate
the maximum bulk and heights of one or more buildings in relation to their location on a given lot in order
to allow the surrounding existing facades to receive
the required amount of direct solar access (Knowles
1981, 2003). The method uses sun azimuth and altitude angles for the speciﬁc latitude at the required
hours and days of the year and shadow fences on the
surrounding facades above which sunlight must be
guaranteed.
Computer software to calculate solar envelope
surfaces has been developed for decades. After pioneering tools usually not released to be used by
designers characterised by few functionalities that
permitted their use to a limited number of urban
conﬁgurations, nowadays advanced tools permit one
to generate solar envelopes easily with adequate
ﬂexibility to be used in diﬀerent urban scenarios
(Solemma 2015, Sadeghipour and Smith 2013).
The available tools integrated in popular design
and parametric software nevertheless present limitations. The main ones are the diﬃculty to include
the surrounding buildings in the calculations and the
ﬁxed start-and-end hours selection. This prohibits
analyses that require more nuanced deﬁnitions of
time of interest i.e. quantity of hours during the day
without an exact time limits indication. To overcome
these limitations, the authors have developed more
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Figure 1
Plan of 4th century
BCE ancient Greek
city of Priene in Asia
Minor characterized
by streets aligned
east-west to expose
homes toward
south for winter
sun. (Source: Butti
and Perlin 1980)

eﬃcient solar envelope generation workﬂows and
methods to be used in dense urban environments
and in cases of ordinances that require a diﬀerent
time selection as for the Estonian daylight standard
(De Luca 2017a, De Luca and Voll 2017a).
The solar collection surface method has been developed to determine the minimum height at which
windows of new buildings should be located in relation to the location and orientation on a given lot of
the building and to the height and distance of surrounding buildings in order for glazed areas not to
be overshadowed during speciﬁc hours of the day
and period of the year, so as to fulﬁl the minimum required direct solar access (Capeluto and Shaviv 1999,
2001). The above mentioned computer tools also
permit one to calculate solar collection surfaces for
speciﬁc latitudes and urban conﬁgurations.
Also in this case the available tools have signiﬁcant limitations i.e. calculate direct solar access hours
on the horizontal surface of the lot whereas windows are located on the vertical surfaces of the building walls that receive less sun light than horizontal
surfaces and, similarly to the solar envelope, use a
ﬁxed start-and-end time setting that is not eﬃcient in
the case of quantities of required direct solar access
hours that is to say when it is not possible to specify
which hours..
To tackle these limitations a workﬂow has been
developed to generate more eﬃciently solar collection surfaces in relation to the Estonian daylight standard with the scope to determine portions of building facades fulﬁlling the requirement of a minimum
2.5 hours of direct solar access in the required period
(De Luca and Voll 2017b).
Nevertheless the solar collection surface
method, at the basis of actual computer tools or of
the mentioned advanced workﬂow, is only eﬃcient
for a single building characterised by a simple rectangular footprint. The reason is that it cannot take
into account self-shading of articulated buildings or
shading of a cluster of buildings on each other because solar collection surfaces are built on empty lots
to be used in a variety of scenarios.

In order to eﬃciently evaluate the direct solar access performance of building clusters in urban environments, analysis of sun light hours needs to be
performed for each conﬁguration. In this regard a
method has been developed that takes into account
maximum building volumes through a solar envelope on the given lot, performs analysis of sun light
hours and computes the portions of the building
façade that fulﬁl or don’t fulﬁl the direct solar access
requirement of new residential premises of the Estonian daylight standard and calculates ﬂoor areas (De
Luca 2017b).
The algorithm developed permits one to compare a multitude of building cluster pattern variations to evaluate trade-oﬀs of façade ratios fulﬁlling
the direct solar access requirement against building
density (total buildable ﬂoor area). While it is useful for initial investigations the method presents two
limitations: some ﬂoor contour polylines generated
from the intersection of the building masses and the
solar envelope are too irregular to be used for actual
design; and more importantly the performance evaluation is limited to the envelope of the cluster buildings without taking into account its inﬂuence on the
possible design of building ﬂoors.
The present research constitutes a signiﬁcant advancement of the previous work in relation to the
mentioned limitations. It uses three-dimensional
cells to model the building masses for more sound
envelopes and ﬂoor subdivision and it performs an
initial ﬂoor plan division in relation to the façades direct solar access performance. Diﬀerent ﬂoor plan
layouts are tested against the ﬂoor plan divisions for
the evaluation and optimisation of building cluster
layouts.
Since the 1960’s several methods for automated
ﬂoor plan layout design have been developed such
as Shape Grammars, Generative Systems, Constraintbased, Cellular Automata and Space Syntax (Lobos
and Donath 2010, Schneider et al. 2010). While a vast
amount of research on automated plan layouts exists,
a lot of it is dedicated to building plausible form for
virtual game environments (Lopes et al. 2010).
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Currently there is a lack of studies that include
environmental factors as a constraint for the interiors
design. This study uses graph traversal as the basis for
the development of a search algorithm (Skiena 2008).
Graph theory is used in diﬀerent studies for ﬂoor plan
optimisation, mostly to analyse relationships of interior spaces through graph nodes and edges in the
form of bubble diagrams and to provide a number of
possible design solutions and single apartment layout patterns (Nassar 2010, Nourian et al. 2013).
Due to the large quantity of dwellings, up to several hundreds, present in each building cluster variation and the initial stage of this research phase, graph
theory is used in this study for a more limited task.
The search algorithm realised automatically divides
ﬂoor plans constituted by squared cells on the basis
of façades direct solar access performance in order
to evaluate the ﬁtness of diﬀerent ﬂoor plan layouts
determined by the designer and the performance of
building cluster variations.

METHOD
The present research develops a performance-driven
design method to ﬁnd optimal conﬁgurations of
building clusters for direct solar access in urban environments, buildable ﬂoor area and ﬂoor plan layout. The direct solar access performance is related to
the Estonian daylight standard for existing and new
buildings. The aim is to realise high density building clusters with the largest possible quantity of to-

tal ﬂoor area and the largest ratio of new dwellings
fulﬁlling the solar access requirement using three
three diﬀerent apartment size options. The work
has been developed integrating parametric and environmental design tools available in Grasshopper for
Rhinoceros and custom tools realised in Python. The
parametric model developed for the performance
evaluation of building clusters in urban environments is composed of four parts.

Building pattern generation
For the development of the method, the lot containing the building clusters is located in a dense urban
environment. On the lot the solar envelope is generated in advance to determine the maximum height of
the cluster buildings, on the basis of their size, location and orientation, using the mentioned advanced
workﬂow (Figure 2). The maximum height of the solar envelope is set to 45 metres, the same as the highest surrounding buildings.
In the current phase of the work, to limit the
complexity of the model all the cluster conﬁgurations
present four buildings, each one located in one equal
sector obtained from the subdivision of a squared lot
of 150 m in size. The ﬁrst part of the parametric model
permits one to change the width, location and orientation of every cluster building inside its own area independently. The building depth is ﬁxed (24 m) and
the orientations allowed are perpendicular to each
other (90° diﬀerence). The building’s footprint sizes
are always a multiple of 3 m. The parametric model
Figure 2
The solar envelopes
generated on the
urban lot for the
two case studies.
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Figure 3
Top. The ﬂoor plan
cells sorted as outer
(light grey), inner
(medium grey) and
core (dark grey).
Center. The outer
ﬂoor plan cells that
fulﬁl the
requirement (light
blue) and that don’t
fulﬁl the
requirement (dark
blue). Bottom. The
ﬂoor plan division
through search
algorithm.

allows a minimum distance between buildings of 8 m
as required by local ﬁre prevention regulations.
Consequently the planar squared cells 3-metres
in size are extruded by 3 metres to form the polyhedra of the building ground ﬂoor. A vertical array
of polyhedra with 15 steps generates the maximum
building mass composed by cubic cells divided by
ﬂoor. The parametric model determines the allowed
height of the four buildings, deleting the ﬂoors located outside the solar envelope mesh.
The ﬁnal part of the ﬁrst block of the parametric model sorts the buildings’ cells in three groups:
Outer, the most external building cells; Inner, for a
depth of two cells that together with the outer cells
set 9 m as the available ﬂoor depth for the dwellings;
Core, the cells not accounted as a usable ﬂoor plan
where stairs, elevators, circulation and building systems are located (Figure 3 top).

center). The information relative to the façade direct
solar access performance is used for division of the
ﬂoor plans.

Floor plan division
The third section of the parametric model generates
a division of each ﬂoor plan of every cluster building on the basis of the ﬂoor façade performance relative to the direct solar access requirement. The inner cells of the ﬂoor plan are sorted and associated to
the outer cells that fulﬁl the requirement, are colour
coded light blue and assigned to the group marked
with value 1, or are associated to the outer cells that
don’t fulﬁl the requirement, colour coded dark blue
and assigned to the group marked with value 0.

Direct solar access
In the second block of the parametric model, direct
solar access simulation, is performed. The environmental design tool generates the sun path for the required period, the sun’s position is calculated every
15 minutes and the relative sun vectors are used to
calculate the quantity of sun light hours received by
each outer building cell.
For the scope the vertical external faces of the
outer cells of each ﬂoor/building are isolated and the
total quantity of sunlight hours during the required
period is calculated. A portion of the parametric
model computes if each outer cell has at least one
external surface, of maximum two, that receives the
required minimum 2.5 sunlight hours per day . If the
condition is met then the cell fulﬁls the requirement.
The outer cells are divided into two groups and
are colour coded: those that fulﬁl the requirement,
are coloured light blue and marked with the value 1;
those that don’t fulﬁl the requirement, are coloured
dark blue and marked with the value 0. In this way
it is possible to assess the portions of the building
façades that fulﬁl or don’t fulﬁl the requirement for
each cluster building and for each variation (Figure 3
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The allotment of the inner cells is executed through a
tool developed for the present research based on the
Breadth-First Search (BFS) algorithm. BFS explores a
graph constituted by vertices V and edges E connecting the vertices to select all the vertices reachable
from a source vertex S through the adjacency list of
the graph and computes the smallest number of E
between S and V i.e. the shortest distance (Cormen
et al. 2009).
On the basis of the adjacencies of the ﬂoor plan
cells a network (graph) of nodes and edges is built.
Each cell is a data node connected to its face sharing
neighbours via the graph edges. Starting from the
inner cells adjacent to the outer ones, iteratively the
algorithm assigns each inner cell to group 1 or 0 on
the basis of the number of neighbours of group 1 or 0.
A rule set by the designer deﬁnes the order of precedence in cases of cells adjacent to the same quantity
of cells of both sets. The process stops when all cells
are assigned. In this way each ﬂoor plan is divided
into areas inﬂuenced by the facade portions that fulﬁl or don’t fulﬁl the requirement. The core cells are
excluded by the search process (Figure 3 bottom).

Optimal conﬁgurations of building clusters are
those that permit to build the maximum total ﬂoor
area with the maximum ratio of dwellings fulﬁlling
the requirement.

CASE STUDIES
The method can be applied in diﬀerent ways during
the schematic design phase to ﬁnd the optimal building cluster conﬁgurations for direct solar access, ﬂoor
plan layout and total ﬂoor area. Possible applications
are through manual selection of buildings location,
size and orientation parameters and activation of the
simulation and computation process, automation for
the determination of all possible parameter combinations or through optimisation processes.

Floor plan layout evaluation
The ﬂoor plan cells assigned to group 1 (light blue)
and group 0 (dark blue) are used to evaluate the ratio
of dwellings that fulﬁl or don’t fulﬁl the requirement
of speciﬁc layouts chosen by the designer. For the
development of the method three ﬂoor plan layouts
are chosen (Figure 4).
Floor plan layout type A is composed of small
apartments, all of 6 cells (2 rooms - 54 m2). The layout of type B is composed of small and medium size
dwellings of 6 and 9 cells (2 rooms 54 m2 - 2-3 rooms
81 m2). The ﬂoor plan layout of type C is realised by
medium and large size apartments of 9 and 12 cells
(3 rooms 81 m2 - 108 m2). Every dwelling of every
size, 6, 9 or 12 cells, fulﬁls the requirement if it contains at least 3 cells of group 1. In this way division of
the ﬂoor plan is used to evaluate if each apartment
has an area ratio suitable to a minimum of one room
which receive the required direct solar access.
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Figure 4
Scheme of ﬂoor
plan layout type A
with units of 6 cells
(top), type B with
units of 6 and 9 cells
(center) and type C
with units of 9 and
12 cells (bottom) for
one of the four
possible buildings
width.

As the ﬁrst and the second methods are very time
consuming, and additionally the ﬁrst does not guarantee that optimal results are found, multi-objective
optimisation through the Grasshopper plugin Octopus (Vierlinger and Bollinger 2014) has been used for
the study cases. The objectives used are:
• Objective 1 - Maximisation of the number of
apartments that fulﬁl the requirement (MAF)
• Objective 2 - Maximisation of the total buildable ﬂoor area (MFA)
• Objective 3 - Maximisation of the total number of apartments (MNA)
The ﬁrst and second objectives are conﬂicting because massive buildings overshadow each other,
thus decreasing the ratio of apartments fulﬁlling the
requirement. The scope is to ﬁnd optimal building cluster conﬁgurations for Objective 1 and 2 and
trade-oﬀs of the two. The third is a reinforcement of
Objective 1 for the generation of high density clusters
and permits to evaluate combinations of ﬂoor plan
layout types for each building cluster conﬁguration.
The method is tested on two case studies with
the same lot but with diﬀerent urban environments.
In the ﬁrst case study, buildings of diﬀerent heights
surround the plot at a close uniform distance suitable
for a street, whereas in the second case study some
buildings are more distant, forming two open areas
between the lot and their location (Figure 2).
For each case study four multi-objective optimi-

sation processes are performed using the ﬂoor plan
layouts of type A, B and C and additionally a “mixed”
type M for all of the cluster buildings. In order to maximise the number of apartments fulﬁlling the requirement and the total number of apartments for every
cluster variation, a portion of the parametric model
selects the layout with the highest ratio of dwellings
fulﬁlling the requirement (up to 100%) among the
ﬂoor plan layout types A, B and C for each ﬂoor of
every building. Using ﬂoor plan type M each cluster
building is constituted of diﬀerent ﬂoor plan layouts.

Case study 1
Due to the shape of the solar envelope characterised
by two slopes approximately symmetrical toward the
east and west, a uniform slope towards the north and
a steep slope towards the south, the vast majority of
the optimised cluster conﬁgurations for the four ﬂoor
plan layout types present buildings with a high aspect ratio footprint with the long sides aligned northsouth (Figure 5).
This is the building orientation with a larger ﬂoor
area and smaller number of apartments not fulﬁlling
the requirement located on the short northward side
that hardly receive the required direct solar access
in dense urban environments. The cluster conﬁgurations optimised for MAF present buildings with a
larger distance between them. This forces the buildings to be located in areas of the plot where the
height of the solar envelope is shorter, thus reduc-

Figure 5
Building cluster
conﬁgurations of
case study 1
optimized for MAF
(100%) using ﬂoor
plan layout type M
(left) and for MFA
and MNA using
ﬂoor plan layout
type A (right).
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ing their total ﬂoor area and total number of apartments. The conﬁgurations optimised for MFA and
MNA present tight layouts toward the centre of the
lot, since this is the area in which the height of the
solar envelope is maximum, at the expense of the ratio of dwellings fulﬁlling the requirement.
Using the ﬂoor plan layout type A or B it is not
possible ﬁnd a building cluster conﬁguration with all
of the apartments fulﬁlling the requirement, whereas
type C permits this at the expense of total buildable
ﬂoor area and number of apartments (Table 1). The
reason is due to the larger size of the apartments
with a larger façade used for ﬂoor plan layout type
C , which increases the possibilities to have at least
one room or window (façade module) receiving the
required sun light. Using ﬂoor plan layout type M,
it is also possible to ﬁnd building clusters optimised
for MAF (100% of apartments fulﬁlling the requirement) and with a signiﬁcant increase in the number
of dwellings compared with type C.

Case study 2
In the second case study the urban form generates
a solar envelope characterised by a more articulated
shape. Comparing the one of case study 2, it presents
the addition of two bulges located toward the open
areas beside the lot. As the solar envelope is larger
than in case study 1 the majority of the building cluster conﬁgurations present larger maximum ﬂoor areas.

For the same reason as for case study 1, the building cluster conﬁgurations optimised for MAF present
buildings with a high aspect ratio footprint, aligned
north-south and located quite far apart from each
other in order to reduce mutual overshadowing at
the expense of total ﬂoor area and number of apartments. Conversely the diﬀerent shape of the solar envelope of case study 2 inﬂuences the building cluster conﬁgurations optimised for MFA and MNA to a
greater extent. Searching for larger mass buildings, in
many cases the optimisation solver selected the orientation east-west for one or both of the buildings
located under the solar envelope bulges, since this
allows to take advantage of large footprints and the
maximum possible height (Figure 6).
Similarly to case study 1 the ﬂoor plan layout
type C and M are those that permit one to design
building clusters with all of the apartments fulﬁlling the direct solar access requirement (100% of the
dwellings). Also for case study 2, the use of buildings with ﬂoor plan type M permits the signiﬁcant increase of total number of apartments compared with
ﬂoor plan layout type C, even though the maximum
ﬂoor area remains similar. The taller buildings comparing case study 1 of the cluster conﬁgurations optimised for MFA and MNA, despite being orientated
east-west thus exposing the long side to the north,
permits to obtain higher ratios of apartments fulﬁlling the requirement due to reduced overshadowing
of the buildings surrounding the lot (Table 1).
Figure 6
Building cluster
conﬁgurations of
case study 2
optimized for MFA
and MNA using
ﬂoor plan layout
type A (left) and for
MFA using ﬂoor
plan layout type M
(right).
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Table 1
Results of the
multi-objective
optimization
processes for case
study 1 and 2. MFA
maximum ﬂoor area
(m2), MAF
maximum ratio of
apartments
fulﬁlling the
requirement (%)
and MNA maximum
number of
apartments. Bold
text indicates the
maximum values
for each case
study/ﬂoor plan
type.

CONCLUSIONS
The proposed study presents a method for the evaluation and optimisation of building clusters in urban
environments during the schematic design phase in
relation to direct solar access requirements in Estonia,
buildable ﬂoor area and preferred type of ﬂoor plan
layout.
The method has been applied to two case studies on two diﬀerent urban areas through multiobjective optimisation. In this way it has been possible to determine building masses that respect the
rights of light, allowing surrounding existing building
facades to receive at least 50% of the existing daily
insolation, optimised for the objective of the highest
possible ratio of new apartments that fulﬁl the solar
access requirement of a minimum 2.5 hours of direct
sun light in at least one room every day for the period between 22 April and 22 August or optimised for
the objective of the largest total buildable ﬂoor area

or for trade-oﬀs of the two objectives. The method
also permitted to compare the performance of ﬂoor
plan layouts composed by diﬀerent apartment types
and sizes in terms of ratio, total and per ﬂoor/building, of dwellings that fulﬁl the direct solar access requirement.
The developed method can easily be adapted to
other countries and locations that use the quantity of
sun light hours as a daylight requirement by changing the amount and type of selection of the daily
hours and period of the year, but not to those countries whose daylight regulation is based on land use
such as setbacks, ﬂoor to area ratio and ﬁxed heights.
This study emphasises the potential of
performance-driven methodologies in architecture
and urban design through the integration of computational design and environmental simulations
for building compliance and occupants’ comfort.
Despite the well-deﬁned ﬁeld of investigation the
present research makes it evident that computational design methods can eﬃciently integrate the
quantitative performance of buildings and urban
districts with the formal aspects of the architectural
discipline.
The future work of this research has three directions. The ﬁrst is to improve ﬂoor plan optimisation
through the automatic selection of single dwelling
types and not ﬂoor plan types like the present study,
and through automated ﬂoor plan layout design. The
second is to include the possibility of a varying number of cluster buildings. The third is the integration
in the studies of other performance aspects such as
interiors daylight, energy and urban microclimate, to
improve the whole performance and quality of the
living environments.
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The article presents two methods for generating 3D city models. The methods are
based on LiDAR and GIS-2D data. The first one enables to create automatically
simplified city models that include buildings in the LoD1 standard (excluding roof
geometry). The second one provides for generating precise 3D city models
including all components of the city space, such as buildings, tall green, city
infrastructure. This involves direct transformation of DSM (Digital Surface
Model) data as mesh-3D. The analyses presented are based on data available in
Poland (in particular GIS). The results of the study can be easily applied for
analysing other cities in Europe and elsewhere in the world. The article presents
possibilities of using such models to urban analyses. The methods and figures
included in the article have been developed using C++ software developed by the
author.
Keywords: airborne LiDAR scanning, Digital Surface Model, BDOT 10k, city
visualization, digital urban analysis, urban design

RESEARCH AREA & RESEARCH GOALS
The research area discussed in the article covers the
use of various 3D data for visualisation of the city for
the purpose of urban planning, basic and advanced
urban analyses and visualisation of their results. Currently available input data include, inter alia, vector
3D models, semantic models, e.g. CityGML, ‘virtualreality-mesh’ models (known from Google Earth),
clouds of points from aerial scanning LiDAR and their
derivatives such as DSM (Digital Surface Model) and
DTM (Digital Terrain Model), ground scanning data,
street view pictures, and digital GIS 2D resources.
The availability of data necessary for the above
mentioned applications as well as their quality vary
in diﬀerent countries of the world. In Western Europe and in many other countries, CityGML (Kolbe

and Gröger 2003; Kolbe 2009) is the oﬃcial standard
which covers a detailed description of the city space.
In practical terms, the data resources are often incomplete and concentrated chieﬂy on buildings. Poland
is one of EU member states having a high potential
for implementing advanced 3D applications, since
the country has a full LiDAR high quality data (as of
2018) for all cities (Kurczyński and Bakuła 2013). For
this reason, the scope of the study focused on using
data resources developed in Poland. Nevertheless,
the analyses also have a universal dimension applicable in other countries of Europe and in the world.
Research presented in the abstract aimed at the
following:
1. Possibility

of

automatic

generation

of
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CityGML LoD1 models for Polish cities using
DSM, DTM and BDOT10k (GIS 2D);
2. Possibility of 3D visualisation of cities and advanced urban analyses based on DSM and
DTM using 10cm ortophotomaps models;
3. Assessment comparing the eﬃciency of the
above solutions for the purpose of urban
planning, architectural design a cityscape development.
The research was implemented based on experience
in creating 3D city models and C++ software developed by the author of the article, which enables to
process CityGML models and LiDAR data. The software was used to provide advanced urban and landscape analyses for the purpose of urban planning by
the team headed by the author and covering several
cities in Poland and Germany.

DIGITAL RESOURCES AVAILABLE IN
POLAND AND IT’S EVALUATION IN EUROPEAN CONTEXT
In recent years, the development of IT technologies,
landscape remote detection techniques, photogrammetry and geo-information studies opened new possibilities for the generation of 3D city models. The
process can be now implemented faster, cheaper
and it can be fully automated (Isikdag and Zlatanova
2009). Finally, while using Google Earth we can
view landscapes in the majority of agglomerations in
the world, including all major cities in Europe. Not
only has the number of models been growing, but
also their precision (higher degree of reality) and the
number of interfaces that enable to view virtual city
models. A factor determining the possibility of using
3D data in scientiﬁc research and designing is their
availability. The virtual-reality-mesh data (Cousins
2017) [1, 2, 3] presented, inter alia, at Google Earth,
are virtually inaccessible for urban planning and they
are used for visualisation only. Although, the EU INSPIRE Directive requires all EU member states to facilitate access to spatial data, the degree it has been
implemented in those states vary.

In Western Europe, CityGML (City Geography
Markup Language) (Kolbe 2009) is the applied and
available standard for recording city models. According to the standard, data are independent from their
environment, have identical structure for each city
and are recorded in the text format (strict XML, GML).
The structure of ﬁles can be viewed using an ordinary
text editor. CityGML enables the following: a) recording the geometry of a city in the form of surface vector model; b) describing mutual relations and hierarchical dependencies between model components
(data semantics); and c) good link with GIS resources.
CityGML covers various classes of objects that can be
presented at a diﬀerent level of details (LoD). In practice, a frequent drawback of CityGML models is that
they are incomplete (partial projection of all spatial
elements of city). However, from the point of view of
their architectural application, an advantage is their
good conversion to CAD.
In Poland, CityGML models are still under implementation. The situation may change, however,
in 2018. The CAPAP programme [4] intends to create CityGML models for all cities in Poland; However,
the models will include buildings generated in the
LoD2 standard. A digital resource which is exceptional in Poland comparing to other European countries is aerial scanning (ALS) and high resolution orthophotomaps. The ISOK (Kurczyński and Bakuła
2013) project has already generated DSM models for
all major cities in Poland using a 50 cm mesh and 10
cm orthophotomaps. Data are available for free for
scientiﬁc purposes and relatively cheap for commercial applications (cost of 1km2 DSM is about 0.50€).
The DSM (Digital Surface Model) is a cloud of
points on a regular mesh derived from the aerial scanning (ALS/LiDAR). It is a set of data of an elementary structure and a huge size. Considering resolution available in Poland (50cm), DSM enables to develop images of architectural facilities while taking
the geometry of their roofs into consideration, together with high rising components and chimneys
(ﬁgure 1). The drawback of the resource is that it does
not have data semantics and, consequently, a sim-
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Figure 1
DSM (Digital
Surface Model) of
Warsaw in a quality
available for all
major cities in
Poland (50cm grid)

ple possibility of separating speciﬁc components of a
city. An advantage of the resource is its completeness
- in other words equal, objective and complete coverage of 3D urban substance of a city in the model.
Yet another resource available in Poland is
BDOT10k (Chałka et al. 2011). It includes GIS 2D data
covering the entire country and all cities. Although
‘10k’ means theoretical precision corresponding to
the scale of 1:10000, in fact data are much more precise. This applies in particular to buildings, silhouettes of which are reﬂected with maximum precision.
BDOT10k includes a number of various layers. Additional information is available for various categories
of objects. In the case of buildings, they refer to the
function of a facility, number of ﬂoors and historical
value.

RESULTS: DEVELOPED METHODS & PROVIDED SOFTWARE SOLUTIONS
The research discussed in the article proposes two
options for the use of digital data in the 3D city visualisation and in architectural design, urban planning
and landscape development. Although proposed
solutions are adjusted to data available in Poland,
methods and software used are universal and can
easily be converted to other digital resources.

Creation of CityGML LOD1 models using
DSM, DTM & BDOT10k
The ﬁrst of the two solutions is to use LiDAR and
BDOT10k data to develop models made to CityGML
LoD1 standard and their transfer to the CAD environment to be used by architects and urban planners. The LoD1 3D (Kolbe 2009) model covers bodies of buildings only. It neglects the geometry of
their roofs, protruding components and other architectural components as well. The basis to determine
the third dimension of a building based on BDOT10k
data is to calculate height attributes. The research
adopted the calculation of height parameters using
DSM and DTM models. It is crucial, de facto, to determine two ﬁgures for each facility: a) foundation coordinate, b) height above ground level. The analysis
focuses on all DSM and DTM points within the envelope of a building.
The software developed enables automated development of 3D LoD1 models and their visualisation.
The ﬁnal result can be described in the CAD format
(e.g. DXF) which covers: a) LoD1 models of buildings,
b) land conﬁguration model made to required precision level, and c) vector outline of other BDOT10k
data ﬁtted into 3D land conﬁguration (ﬁgure 2).
The basis of LoD1 is to calculate height attributes.
The more precise the parameters, the closer is the
LoD1 model to the actual 3D structure of a city. The
application of DSM data gives much opportunities
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Figure 2
CityGML LoD1
model of Warsaw
produced by
combination of
DSM, DTM &
BDOT10k

for precise calculation of an average building height.
bdot10k 3d-cad explorer software was developed to
support the application of the method. The principle of developing such models has been described in
greater detail in a separate article (Rubinowicz 2017)
[5].
According to objectives of the method, the resulting 3D model needs to be as simple as possible, and its structure needs to be easily processed in
the CAD environment. Such models can be applied,
among others, to imaging of the spatial context in architectural and urban projects, analysing the height
structure of the city, and examining urban parameters, e.g. development intensity. They can also be
used for a more advanced urban analysis in which the
simpliﬁcation of the 3D city model is used (Zwoliński
2014).

Application of geometry of DMS as a mesh3D
The second solution the article proposes is to use full
geometry DSM as mesh-3D. LiDAR and DSM data can
be easily visualised as a cloud of points. Thus, we can
observe contours of buildings, green and other spatial components of the city. There are also a number
of programs that can develop a simpliﬁed visualisation. However, this is insuﬃcient for the complete visualisation of the city. For this purpose and to provide advanced urban analysis, it is necessary to en-

sure the possibility of precise examination of vistas
including eﬀects of obstructing the view by certain
facilities reﬂected in the model.
The DSM triangulation to mesh-3D is an extremely simple task. The cloud of points can be easily
converted to a vector model (by connecting neighbouring points with triangles). However, a key issue is the huge size of such a model, which is a
challenge for processing. To reach high ﬁdelity of 1
km2 of the city using DSM at the quality available
in Poland we need as much as 8 million triangles,
which is incomparably more than in reality-mesh-3D
or CityGML models (Cousins 2017) [3]. For the desired
eﬃciency of calculation, it is necessary to apply relevant recurrent algorithms and on-the-ﬂy triangulation. The software enables to process large areas of
the city (up to 180 km2) in full DSM quality for the
purpose of urban visualisation and analysis.
At the same time, the fact that points are ﬁtted
into a regular mesh enables to use a hierarchical division of the model into sections (bounding boxes).
This signiﬁcantly expedites calculation. In practice,
the speed depends more on the complexity of the
city space rather than the resolution and size of the
DSM model (this bodes well for the application of
more precise DSM models like 50cm grid). To increase visualisation quality of valuable data is provided by DTM (Digital Terrain Model). DTM enables
to determine the height above ground, and it can be
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expressed by using, for instance, diﬀerent shades of
colours. Facades can be reﬂected by analysing the inclination of the mesh to make the image more vivid.
Finlay, application of orthophotomap ensures better
identiﬁcation of space. The result of visualisation of
a city based on application of proposed method is
shown below (ﬁgure 3).

DISCUSSION: EVALUATION & APPLICATION OF RESULTS
Methods presented in the article use LiDAR data (in
particular DSM, DTM), GIS 2D data (BDODT10k) and
aerial photographs (2D ortofotomaps). Thus, we obtain two kinds of models: a) simpliﬁed vector model
in line with the LoD1 standard, including bodies of
buildings without roofs, b) precise model based on
DSM data interpretation as 3D-mesh that covers all
spatial components (buildings, trees, infrastructure,
land etc.). The precision of city imaging is not decisive regarding the applicability of the model. Depending on planned applications sometimes complete and other times general reﬂections of the city
are more appropriate.
In the case of the ﬁrst method, we obtain a simpliﬁed image of the city in line with the LoD1 standard. The intention of the solution proposed in the
article is to create possibility of creating a model in
a speedy, totally automated method which is fully in
line with the GIS2D resource. Input data include 2D
outlines and DSM cloud of points. A similar solution is
used, inter alia, in British OS MasterMap Topography
Layer (Ordnance Survey 2016). Contemporary studies on geometry of buildings based on LiDAR data
are much more advanced from those proposed in the
article. Software developed [6] facilitates the reconstruction of buildings in the LoD2 standard (including
geometry of roofs). However, the process is not fully
automated and some facilities (ca several percent of
them) need to be corrected (Xiong et al. 2013). In the
case of larger city areas, this necessitates much eﬀort.
The process is also directed on examining the geometry of buildings and instead other components of
the city are neglected, e.g. tall green.

In the case of the second method (DMS as a
mesh-3D), we obtain a full picture of the city, which
is developed while taking into consideration of all
components of space. The result can be confronted
with virtual-reality-mesh models [3]. The technique
involved is based on inclined aerial pictures of high
resolution (usually <10cm pixel size) and additional
LiDAR data. The model is developed automatically
by complex algorithms that require major computing
capacity and, in practice, requires the use of supercomputers. This produces full and plastic image of
a city which we may admire, inter alia, using Google
Earth. The idea of virtual-reality-mesh, however, is
dedicated solely to visualisation, in particular in online services, as well as in VR (Käser et al. 2017).
Source data are inaccessible which excludes their application for analytical purposes and designing. Their
geometrical precision is diﬃcult to assess. Undoubtedly, the number of triangles reﬂecting the city space
in the virtual-reality-mesh is much smaller than in the
case of direct DSM triangulation. It also seems that
the reﬂection of the tall green in DSM is much more
precise.
The visualisation of the model is the simplest
form of its application. For analytical purposes, it is
necessary to have full access to source data, including the use of their structure and GIS data. The ﬁrst of
the methods that enables to create 3D models in the
LoD1 vector form can be used, for instance, with the
application of the “3D negative” (N3D) method (ﬁgure 4b). The intention of the method (Zwoliński 2014;
Zwoliński and Rubinowicz 2016) is to reﬂect space
in between buildings and the analysis of its parameters. In this particular case, the reduces precision of
the model is favourable. The second method (DMS
as a mesh-3D) is provides a good basis for cityscape
and landscape analyses, e.g. Visual Impact Size (VIS)
(Czyńska 2015) (ﬁgure 4a), Visual Protection Surface
(VPS) (Rubinowicz and Czyńska 2015), and Visual Exposure Map (VEM) (ﬁgure 4c). The resulting model
enables visual impact assessment of buildings (VIS),
planning of the cityscape protection measures (VPS),
and the identiﬁcation of strategic vistas in the city
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Figure 3
Full precision
imaging of the city
structure in line
with the full quality
of DSM with
orthophotomap –
visualisation of
Warsaw

(VEM). Examples of urban analyses developed using
3D models based on methods presented in the article
are presented in ﬁgure 4.

CONCLUSIONS
The article proposes two options of using a combination of LiDAR and GIS data for the purpose of architectural design, urban planning and landscape development: a) minimum - LoD1 simpliﬁed image of city,
and b) maximum - full 3D representation of city based
on DSM.
The ﬁrst option (see section Creation of CityGML)
refers to the creation of CityGML LoD1 models. Such
a simpliﬁed image of the city can be used, inter alia, to
visualise an urban context for planned spatial transformation. The model can be easily imported to CAD.
The software is going to be made open source. It can
also be used for the CAAD education.
The second option (see section Application of
geometry of DMS) applies to the full precision imaging of the city structure in line with the DSM model.
The complexity of the model excludes the possibility
of processing it by the standard CAD program. However, the software presented in the article enables to
use data for visualisation of cities and various urban
analysis.
Solutions and simulations presented are based
on data available in Poland. This applies in particular to LiDAR data which are developed in Poland with

the highest possible precision for all major cities. Status and quality of digital resources that enable to develop 3D models has been steadily growing globally.
In this context, the study presented are universal and
can be adapted to analyses in other countries.
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The problem of interferences due to the refurbishing activities of a complex
building, carried out in parallel with the daily activities that characterize it, is not
to be underestimated, especially when talking about a hospital structure.
Consequently, the benefits that would be obtained by reducing the presence of
construction activities result important in terms of safety and health of users,
above all hospital patients. Setting the best solution of Gantt in the early stages of
planning can be a winning strategy, as well as being able to recognize the safest
and fastest path (e.g. predicting which is the fastest way to reach the rooms taken
into consideration by the refurbishment). At the same time, being able to check
which activities are most penalized by the presence of the construction site and to
set which are essential for the survival of the activities that characterize the
environment to be refurbished, e.g. the hospital ward, is a valid support tool for
the healthcare staff. The proposed tool aims, on the one hand, to help designers
by proposing the best possible Gantt solutions in relation to the management of
daily activities that can not be suspended and on the other hand to support
healthcare staff in the organization of these latter.
Keywords: Refurbishment, Complex building, Construction site, Space syntax,
Bubble diagram, Gantt

INTRODUCTION
The main aim of this research is to propose a tool to
support the organisation phase of the refurbishment
showing to the professionals a classiﬁed list of best
Gantt solutions according to their needs and the relative data supplied.
The refurbishment and modernisation of complex structures (e.g. schools, hospitals, airports, ofﬁces) are often in the condition of having to be carried out without having suﬃcient time to plan the
relocation of activities and users at other locations
[Ross et al. 2011].

Moreover, many activities of the construction site
can be considered highly risky for the health of the
users who are hosted by these structures (e.g. the
immunosuppressed patients of a hospital ward are at
high risk of fungal infections due to dust) or they can
compromise the perfect performance of the activities
(e.g. the loud noise can compromise a student’s understanding of a teacher’s lectures);
The complex structures already foresee by default an important series of safety procedures to be
followed and which are to be intensiﬁed with the installation of a building site within them. If we talk
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about hospitals, an example that can clarify the level
of this problem is the following: a hospital aisle to
comply with safety procedures is designed according to certain construction rules and its sharing/subdivision, on the construction site side creates the difﬁculty of ensuring the assigned part is hermetically
sealed, while on the hospital side the narrowing of
the corridor section can create problems both in the
case of a strong ﬂow of patients (e.g. emergency, ﬁre)
or for simple walking with a wheelchair or for traveling with the litters (the corridors of a hospital are
sized to allow simultaneous passage in both directions).

STATE OF ART
The spread of the use of BIM helped professionals
during the early design phase to reduce the geometrical interferences thanks to the clash detection [Eastman 1992] but in the context of refurbishment design
for complex buildings (e.g. hospitals, airports, universities), the question of the logical-operative interferences between construction activities and daily operations, not to be suspended, it should not be underestimate. Therefore, being complex buildings characterized by multiple renovations activities, it is necessary to be taken as to ensure that work routines can
take place in parallel to the construction work.
The main method to facilitate the continuity of
the service of a complex structure (e.g. a functioning hospital structure) in the presence of a construction site inside it is the reduction of construction time.
Among the various tools available, the Planning is indispensable, as it allows the multidisciplinary coordination between the diﬀerent actors involved (e.g.
hospital staﬀ, workers, designers), providing for the
partition of the project into steps and deﬁning for
each of them priorities, times, interconnections and
resources. This work is schematized and outlined
through a time schedule, which is highly recommended to be supported by a Gantt [Truﬀo 2008].
For these reasons our tool works to provide the best
possible Gantt solutions based on the data provided
at the beginning of the design phase and the needs

of the organizers of the hospital activities. Indeed,
through our tool, we have tried to expand the Gantt
in order to allow a contemporary view of the construction site activities according to a sequential bar
graph (typical of the classic Gantt) adding a planimetry that shows the areas involved in the refurbishment work, all according to the activities considered
to be essential by the hospital staﬀ.

METHODOLOGY
The main aim of our research is to reduce the negative impact of construction activities due to the long
presence of those activities on the surrounding building environment where they are operating and, at
the same time, due to the wasted time caused by interferences between those activities and the daily operations. Our workﬂow follows those 7 steps:
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Figure 1
Bubble diagram

Figure 2
Connections

Figure 3
Simpliﬁed scheme
of time related to
path and activity

Step 1: From the spatial model to the schema,
ﬁrst of all we have to export a schema of each ﬂoor
from BIM or CAD as bitmap of 1/3 [m] per [pixel];
Step 2: Import the schema, we analyse the
bitmaps schema. Rooms are colour-coded (for each
room and aisle a diﬀerent colour was set). Moreover,
each colour-coded-room is linked to a combination
of daily operations. For example, in a ward composed
of 5 rooms, the daily operation-colour-coded schema
could be the following: Room 0 (red; operation A),
Room 1 (blue; operations A and B), Room 2 (magenta;
operations B and C), Room 3 (green; operation C),
Room 4 (purple; operations C and D), Room 5 (light
grey; aisle - connection), the Doors in Yellow and the
Entrances in Orange;
Step 3: Bubble diagram. Starting from the
schema we create a Bubble diagram by analysing adjacencies (see Figure 1). We look at the yellow cell
(door) and connect these to the surrounding rooms.
Moreover, we also take the entrances and connect
them to the centre of the adjoining room or aisle. Fur-

thermore, we connect entrances to adjoining doors
if the distance of these is smaller than the distance to
the room/aisle centre (see Figure 2).
In our case, using NetLogo software [Blikstein et al.
2005], through the setting of agents (called turtles) as
activities and the connections between them (called
links) we were able to do a paths analysis.
This step allows us to manage a lot of info in an eﬀortless way to represent them graphically.
Analysing the diagram, we can ﬁnd the topological
relationship between rooms and aisles. Two rooms
or aisles a and b (a ≠ b) are one of: Adjacent (= connected by a door), touching (connected by a wall but
no door), reachable via other rooms or aisles, Isolated
(=not reachable because no path exists between a
and b) [White 1986].
NB: the automation of this last phase will be
taken into consideration for future works.
Step 4: From Paths analysis to Distance and Time
analyses, adding the calculation of the shortest distance to tackle to connect diﬀerent spaces [Wurzer
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et al. 2011], e.g. rooms, aisles, we obtain the shortest time of impact due to the construction activities
in the environments surrounding.
We can consider this step composed of 3 sub-steps.
The ﬁrst one, through the bubble diagram, allows obtaining the analysis of paths [m], considering all entrances (E1 and E2) as the starting points.
With the next sub-step, converting these data from
distances [m] to time [s], we can obtain the table
of times necessary to face these paths (the average
walking speed is 1-1,5m/s but 1m/s is acceptable
considering a male worker with a normal weight carrying a tool [Browning et al. 2006]). In the last one,
adding also information related to the time to carry
out activities (e.g. following a schema like this: Path Door - Activity - Door - Path, calculated from both E1
and E2), deﬁnes the ﬁnal table of the Times (distances
and activities).
NB: to simplify, we considered the value of 10s for
the transport activity of construction waste materials
(Ta) and of 4s for the opening and closing of the door
(Td) (see Figure 3).
Step 5: Setting up of exceptions, thanks to
the topological relationships, our algorithm is capable of setting up the eventual exceptions that may
emerge during the design phase between the diﬀerent environments-functions (e.g. concerning to two

rooms, A and B, in communication between them but
with only the room A linked to the aisle, in case it is
decided to start the refurbishment with the room B,
we have to consider impassable also the room A because it will be occupied to the passage of workers
and products from the aisle to room B and vice versa)
or regarding the exceptions due to habits of construction activities (e.g. we can suppose the schema
of the refurbishment of 2 rooms like Door A - Room
A - Door A/B - Room B, it could become Door A Room A - Room B, namely we could consider the Door
A/B or locked as open or removed, depending on the
construction activity. It would be right if we were
talking about a standard construction site but, in our
case, considering the special environment of a hospital without suspending its daily activities and therefore with the construction site very close to the users,
especially patients, the doors were considered closed
and open by workers only when necessary);
Step 6: From Bubble diagram to Gantt solutions,
starting from the Bubble diagram and following the
logic of Dynamic programming, our tool is able to
compile all the tables regarding which rooms should
be renovated before or in parallel with the others.
Therefore, the algorithm outputs all the Gantt solutions feasible, depending on the settings of which activities as being required;
Figure 4
Visualisation of one
of the best Gantt
solutions
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Figure 5
the whole workﬂow
algorithm
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Step 7: Visualisation of best Gantt solutions, ﬁltering all the Gantt solutions acquired in the previous step with the data of the times table through the
cross-check, our tool is able to highlight and suggest,
the list of best Gantt solutions, sorted by the shortest path (in seconds [s]), depending on which activities we set as not suspendables. This list is shown
through a speciﬁc html page where every solution is
accompanied by the entrance, selected for that solution, and the phases characterising it (visualisable on
an additional screen) (see Figure 4).
The resume of our whole workﬂow algorithm is
given in Figure 5.

CONCLUSIONS AND FUTURE WORKS
The aim of our tool is to reduce the wasted time and
helps both hospital and construction staﬀ to design a
well-organised refurbishment, providing a list of the
best Gantt solutions in terms of time, distances and
expected activities.
The next step of our research will concern the
implementation of the algorithm within the 3D environment, taking care of the relations between rooms
not only on the same ﬂoor but also between diﬀerent
ﬂoors.
Moreover, through the interpolation of the Bubble diagram and the paths analysis, we will able to
extrapolate the useful data to obtain from our tool an
Adjacencies matrix automatically.
Furthermore, considering the context of refurbishment design of complex buildings and their
maze of rooms and aisles, we evaluate extremely opportune to tackle the question of the interferences
due to the reallocation of activities and tools (Staﬀ &
Stuﬀ ) in case of need of a temporary rearrangement
in another place, in order to allow the correct carrying out of the construction activities and to ensure
the continuity of services related to the daily operations.
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In this paper, we introduce the Visit Potential Model (VPM), an integrated model
to evaluate public space characteristics. It is an initial attempt to model and
predict the potential presence of people in public places (i.e. their Visit Potential);
the presence and flux of people being the underlying driver of all public space.
We achieved this by combining a proposed universal law of visit frequencies in
cities with a gravity measure for accessibility. We also demonstrate how this
model can be extended to represent public space quality and liveliness throughout
the hours of the day - a crucial concept in public space design. The paper
primarily discusses the development of the calculation model, describing three
variants to calculate Visit Potential values for public spaces: based on a public
space's accessibility to people, the potential number of people visiting attractors,
and the number of people moving through and occupying a public space.
Keywords: public space quality, liveliness, weighted graphs, accessibility,
walkability

INTRODUCTION
Public space is the essential fabric of the built environment. Hence, we need methods and tools that
can support designers in making informed decisions
regarding the qualities and characteristics of public
space, whether existing or newly proposed. Evaluating public space quality is not straightforward. It

depends on a wide spectrum of often interrelated or
subjective characteristics, such as the amounts and
types of users of the space, the geometry, topology
and attributes of the space, the functional and material characteristics of surrounding buildings, climate
and time of day, and many others.
While the quantiﬁcation of public space quality
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is a relatively new area of research, several methods
and models have been put forward in recent years.
For example, Mehta (2014) developed a Public Space
Index that measures inclusiveness, meaningful activities, comfort, safety, and pleasurability using a 45 parameter multi-criteria assessment; Ewing and Handy
(2009) developed operational deﬁnitions to measure
ﬁve urban design qualities related to walkability imageability, enclosure, human scale, transparency,
and complexity; Ewing et al. (2015) argued that the
amount of pedestrian activity in a street strongly correlates with the amount of street furniture, the ratio
of active to inactive land use, and the transparency of
the ground ﬂoor façades.
Despite their individual merits, such approaches
are of course fragmented: they evaluate diﬀerent aspects of public space, applying various ways to evaluate the human activity within them, and target speciﬁc types of urban space or speciﬁc locales. Hence,
it is not always clear to what extent the results can
be used to inform the design of other public spaces.
This is particularly the case for new designs, which do
not yet have human activity to evaluate. We argue
that the quantitative evaluation of public space qualities would beneﬁt from a more integrated framework: one that applies to all parts of a network of
public spaces, and can model the potential presence
of people in these spaces.
In this paper, we introduce the Visit Potential
Model (VPM), an integrated model to evaluate public
space characteristics. It is an initial attempt to model
and predict the potential presence of people in public places (i.e. their Visit Potential); the presence and
ﬂux of people being the underlying driver of all public space. We achieved this by combining a proposed
universal law of visit frequencies in cities (Schläpfer
et al., 2017) with a gravity measure for accessibility
(Hansen, 1959; Sevtsuk & Mekonnen, 2012). We also
demonstrate how this model can be extended to represent public space quality and liveliness throughout
the hours of the day - a crucial concept in public space
design.
The development of an integrated model and

framework for a topic as complex as public space
quality brings with it signiﬁcant boundary conditions in terms of scope and time. The VPM aims
to be a rough gauge to inform and support the design of good public space; as many aspects will be
over-simpliﬁed, the model should not be considered
a tool to provide precise simulations or fool-proof
recipes for public space quality. The work presented
in this paper is part of the ﬁrst phase of a multi-phase
project. Our current ambition is to develop the VPM
into a design support tool that combines the most
relevant parameters that inﬂuence people’s use and
appreciation of public space into one spatial multicriteria assessment framework. Hence, the main use
of such a tool would be explorative, comparative and
pedagogical. In the second phase, we will test the
validity of the VPM using various big data gathered
in existing public spaces.
The Visit Potential Model is a weighted graph
model. The graph represents the connectivity of
two categories of nodes: public spaces and objects.
There are three types of objects (cf. ﬁgure 1): population objects represent people going in and out
of buildings such as houses or oﬃces; attractor objects represent destinations that people visit, such as
shops or parks; ﬁnally, transport objects represent interchanges where people change from walking to
other modes of transport or vice versa, such as bus
stops or bicycle sheds (it is a pedestrian model). A
VPM is constructed along three stages:
1. Graph Representation. The public space
network is represented as a graph using a convex mapping approach, subdividing urban
space into interlinked convex public spaces.
The three object types are plugged into this
graph (implying that each object can be accessed through at least one public space).
Convex mapping is currently done by hand.
We are exploring the use of an automated
methodology to consistently subdivide the
urban void into a set of convex void components (cf. Sileryte et al., 2017; Beirao et al.,
2015).
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Figure 1
This diagram
illustrates howthe
Visit Potential of a
public space
emerges from
interactions
between
population,
attractor, and
transport objects.
On the right, it lists
the three stages of
a Visit Potential
Model.

2. Calculation Model. In the second stage, a
Visit Potential (VP) value is calculated for public spaces in the network. A space’s VP-value is
an estimate for the potential number of people present in that space. It is an aggregate of
diﬀerent contributing addends that depend
on the type of object-object interactions that
take place in a particular space; these addends are calculated using (combinations of )
a visit frequency law, gravity-type measures,
and shortest paths. We derived three diﬀerent
variants of VP (explained in the ﬁrst section).
3. Multi-Criteria Assessment Framework. The
third stage introduces spatial characteristics
and qualities to the Visit Potential Model,
which are represented as edge weights of
the public space graph. In essence, good
public spaces - which includes streets - will
decrease (perceived) walking distances. We
are developing a Multi-Criteria Assessment
(MCA) framework to construct a ranked and
weighted list of composite indicators (OECD,
2008) that quantify urban design qualities.
Such a framework will not be able to represent all public space qualities (equally), and
some criteria (e.g. smell or noise) might be
hard to include in a design support tool. However, this does not take away the possible beneﬁts of pursuing a robust, integrated MCA approach.

Each of these stages features in the following three
phases of the research:
1. Development. We apply a model-based
approach, putting forward general minimal
models of human interaction in public space.
2. Validation. Our proposed minimal models
are then put to the test, and compared to
data and measurements from existing public
spaces.
3. Application. As the goal of the VPM is
evidence-informed urban design and planning, we apply it in various urban design cases
to explore its potential as a design support
tool.
In this paper, we primarily discuss the development
(phase 1) of the calculation model (stage 2). The ﬁrst
section describes three model variants to generate
VP-values for public spaces: one estimates a public
space’s accessibility to people, one estimates the potential number of people visiting attractors, and one
estimates the number of people moving through and
occupying a public space. In the second section, we
explain how time can be introduced by means of a
variable available population, and how transport objects act as input-output nodes in a VPM system. The
third section discusses how urban design characteristics inﬂuence graph weights and could enable us
to estimate the liveliness of public spaces. Throughout these three sections, we illustrate our work us-
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ing “idea models”: parametric models of an urban
area with a constant population and periodic boundary conditions, but variable urban morphology, plot
and population density, object distribution and attributes. This concept is introduced in the ﬁrst section. The Visit Potential Model and the idea model
have been developed in Rhino and Grasshopper. We
conclude the paper by discussing contributions, limitations, and future work.

FIRST SECTION: THREE MODEL VARIANTS
THAT ESTIMATE PEOPLE’S PRESENCE
The Visit Potential Model (VPM) was inspired by and
based on a universal law of movement in cities proposed by Schläpfer et al. (2017), stating that the
number of visits to a certain part of a city decreases
as an inverse square of the visiting velocity, deﬁned
as the product of visiting frequency and travel distance. Because this power-law decrease is taken to
be universal, the entire distance-frequency distribution for a certain location can be estimated when
one visit ﬂux, for one particular visiting velocity, is
known. Data analysis of mobile phone location data
from four places (Boston, Singapore, Portugal and
Senegal) provided strong evidence. According to
Schläpfer et al. (2017, p.9), the total number of visitors to an area in a city can be determined using the
following formula:
f0 Qtot
r (rmax ) −2
v
(1)
2πln (rmax /r0 )
Here, q(v) is the total number of visits for a certain visiting velocity v, which is the product of frequency f
and distance r. The factor that quantiﬁes the relation
between q and v depends on f0 , the resolution of
the frequency or smallest time interval, Qtot
r (rmax ),
which is a measured total ﬂux of people visiting the
analysed location (from at least one particular visit
velocity), and rmax and r0 , the maximum distance
(e.g. city boundary) and minimum cell size of the
analysed urban system.
Eq. (1) describes a large resolution, stochastic
model to estimate urban visit frequencies, distances
q(v) =

and movement ﬂuxes; the ﬁnest resolution illustrated
by Schläpfer et al. (2017) is a daily frequency and a
cell size (r0 ) of 250 by 250 meters. In developing the
VPM, we adapted eq. (1) to develop a model to estimate potential visit ﬂuxes in public spaces. This implied introducing a ﬁner spatial resolution: smaller
cell sizes and a ﬁner, hourly temporal resolution. Consequently, some parameters eliminated in the above
method were re-introduced (e.g. a shift from linear to
path distance, or the explicit modelling of attractors).
Starting from eq. (1), we propose three variant equations to estimate the Visit Potential of public spaces,
each one with a more ﬁne-grained resolution, each
of which will generate diﬀerent relative diﬀerences in
VP throughout a public space network.

Visit Potential as Proximity to People
As the ﬁrst aim of the VPM is to inform the design of
new public spaces, there is no way to measure a total
number of visits in a given time (cf. the total measured ﬂux in eq.(1)) required to construct the q(v)
power-law distribution of visits to a certain location.
We propose to replace this measured visit inﬂux by
a potential number of visits, expressed as an accessibility to “people in public space”. A gravity-measure
expresses the accessibility of a location as the aggregate of the attractiveness of other locations modiﬁed by a distance
decay factor; for example, in the
∑
N
β
equation Ai =
j=i Wj /(dij ) (Sevtsuk, 2010,
pp. 38-39), Ai is the “accessibility” of a location i out
of a total number of locations N , Wj is the “attractiveness” of a location j, dij is the distance between
i and j, and β is the power by which distance decreases attractiveness.
We derived the equation for the Visit Potential (VP) of a public space by substituting the factor
Qtot
r (rmax )/ln (rmax /r0 ) in eq. (1) with the access
to Population in all population objects j, similar to the
attractiveness Wj in a gravity measure. Here, Population represents people going into and out of the
buildings that are connected to the public space network during a period of time. Such buildings (housing, oﬃces, hotels, ...) are named population objects.
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The total sum of all Pj is the total number of people
present in public spaces within the studied system.
This results in eq. (2) below:
V P (1)i,f =

|J |
∑
f0 Pj
j=0

Figure 2
This VP(1)-analysis
of a 12 block urban
area shows
signiﬁcantly less
Visit Potential in
streets without
entrances, and
higher VP-values
than the example in
ﬁgure 3.

Figure 3
This VP(1)-analysis
of a 4 block urban
area has the same
population and
area as the example
in ﬁgure 2, but a
lower and more
uniform Visit
Potential per public
space.

2π

(f · dij )−2

(2)

• V P (1)i,f is the Visit Potential of a public
space i ∈ I = {0, . . . , |I|}, for visit frequency f ∈ F = {f0 , . . . , fmax }
• |I| is the cardinality of the set of public spaces
I, i.e. the total number of public spaces
• Pj is the ingress-egress rate (number of people entering and leaving) of a population object j ∈ J = {0, . . . , |J |}
• |J | is the total number of population objects
• dij is the (shortest path) distance between
public space i and object j
Illustration. We illustrate the diﬀerent Visit Potential
equations by applying them to parametrically generated examples of urban fragments (see ﬁgures 27); we call these “idea models”, as we use them to
compare diﬀerent urban planning related hypotheses. The model used in all illustrations represents an
urban area of 250 by 250 meters with a population of
1000, but variable urban morphology, plot and population density, object distributions and attributes.
The model has periodic boundary conditions (it is
“donut-shaped”), implying that the parallel boundaries (streets) are pairwise identical, and the four corner cells are one and the same. Public space cells are
represented as a graph (in white) with a VP value per
cell. Population and attractor objects are modelled
as 3D points with attributes, connected to the closest public space (this edge distance is ignored). They
are visualised as volumes representing buildings; the
roof of each building lists the population (ingressegress). Buildings containing attractors have a yellow
roof and list their need frequency (see below).
Figures 2 and 3 show VP(1)-values for two diﬀerent idea models. The former is characterised by 12
blocks of 6 buildings each, and has a population distribution that increases towards the centre of the idea

model (from 7 to 27). The latter only has 4 blocks,
each holding 12 buildings, and has a uniform population density of 21 per building. Despite identical
populations, the urban variant in ﬁgure 2 a has twice
the total VP of that in ﬁgure 3 (1517 versus 755), or
1.5 versus 0.75 VP per capita; however, the average
per public space is closer (15 versus 13). Note that attractors have no inﬂuence on VP(1)-values.

Visit Potential as Accessibility of Attractors
The second variant introduces reasons for people to
move: attractor objects. These objects represent destinations that people visit. An attractor object has
two attributes: a maximum capacity (the maximum
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number of people it can “serve” in an hour, which is
used for reference compared to VP values) and a need
frequency (how often most people need that type of
attractor). The need frequency (nf ) is a way to distinguish between diﬀerent attractor types; it is more
likely that people buy groceries than jewellery. It is
expressed as number of times per day; in the example in ﬁgures 2-5, the need frequencies of the adaptors are evenly distributed along 10 possible values:
2/day, 1/day, ½ days, ¼ days, 1/8 days, 1/16 days, 1/32
days, 1/62 days, 1/128 days, and 1/256 days. These input attribute values are transposed to per hour need
frequencies internally.
We expand on eq. (2) by multiplying all Pj values by the aggregate need frequency of all attractors
connected to a public space i (nfi ). Hence, attractors with a low need frequency reduce the scope of
the population that would be attracted to it. This further implies that public spaces without attractors no
longer have a VP-value. The visit velocity and need
frequency have an equal weight. This can be formulated as:
V P (2)i,f =

|J |
∑

nfi

j=0

f0 Pj
(f · dij )−2
2π

(3)

illustrate the interplay of attractors and population
independent of pedestrian movement. VP(2)-values
provide information about the relative attractiveness
of diﬀerent public spaces in the system (the value
takes into account its attractor need frequency and
proximity to population). VP(2) is a relative measure;
in the image, values have been multiplied by 100 in
order to apply the same exponential colour gradient
as the other examples.

Visit Potential as Aggregated Pedestrian
Movement
VP(2) does not take into account that a person that
visits a particular attractor also visits all the spaces
(s)he passes on the way. The third variant does, and
assumes people will take the shortest path from population to attractor objects. It measures how many
people pass through a particular public space on
their shortest path from population objects to attractor objects. In order to determine how many people
in a population object go to each attractor in the system, Pj is split according to the relative weight of the
attractor need frequency and the inverse square of
the distance (in essence, a destination’s VP(2) relative
to aggregate VP(2)). The equation becomes:
V P (3)i =

∑|A| ∑|J |
a=0

j=0 SPja,i

[
· Pj ·

]

−2

2

(dja )
∑|A|
−2
a=0 (dja )

+

nf
∑|A| a
2 a=0 nfa

(4)

With:
• |A| the total number of public spaces with attractors
• a an element of A ⊆ I
• SPja the set of public spaces that form the
shortest paths
{ from j to a
1
if i ∈ SPja
• SPja,i =
0
if i ∈
/ SPja

Illustration. Figure 4 shows VP(2)-values for the
same idea model as shown in ﬁgure 2; these values

The normalisation of distance and need frequency
implies that all people represented by Population values are moving about in public space. They are no
longer decreased by the distance (as in eq. 3 and 4);
the distance now determines how many people go
how far, instead of how many go or not.
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Figure 4
A VP(2)-analysis for
the same urban
area as shown in
ﬁgure 2 shows the
relative attraction
of public spaces,
based on proximity
to people and
attractor need
frequency.

Figure 5
The VP(3)-analysis
of our 12 block
urban area shows
the impact of
including shortest
paths (pedestrian
movement) in the
estimates for
people’s presence
in public spaces.

Illustration. Figure 5 shows VP(3)-values of the same
idea model. These values represent the aggregate
movement patterns of all 1000 people in the idea
model: each person in each building goes to an attractor, but many more go to attractors that are closeby and have a high need frequency. Each public
space a particular person passes through gets one
more VP added to its total; if there are multiple shortest paths, all are added. The image demonstrates
that including shortest paths will result in signiﬁcant
VP-values for well connected spaces (e.g. crossings),
even when these are not close to attractors. As VP(3)values take all population into account (they are not
discounted based on distance), this example’s VP per
capita (8.7) and per public space (89) are much higher
than those of the VP(1) example.

SECOND SECTION: TIME AND TRANSPORT
Time is an important parameter in public space design. The VPM equations developed in the previous section estimate the presence of people within
a single time range. However, these equations can
be turned into dynamic models with an hourly resolution by making Population values dependent on
the hour of the day (i.e. replacing Pj by Pj,t ). For
example, an oﬃce building will likely have a higher
ingress-egress rate at the start and end of a work day
than late at night. This 24-hour time information also
allows the modelling of “opening hours” for attractor and transport objects, further diﬀerentiating the
dynamic aspects of city life throughout a day. Such
activity distributions are closely related to activitybased demand generation used in transport mod-
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Figure 6
VP(3)-values
generated by one
population object
at two diﬀerent
times; one
transport node in
the centre. Left
image at
12:00-13:00 (Pj,t =
13, Beta = 0.2, all
attractors open);
right image at
22:00-23:00 (Pj,t = 5,
Beta = 0.8, one
attractor closed).
elling. In collaboration with experts on the topic,
we are developing 24-hour Population curves for different building types, representative for Singapore,
drawing from an agent-based “synthetic population”
modelled using statistical household information (cf.
Erath et al., 2016).
In what we have discussed so far, the VPM was
considered a closed system: it has an internal population of pedestrians, but no exchange of people
to and from urban areas outside of the modelled
system. This is addressed by introducing transport
objects, which represent interchanges where people
change from walking to other modes of transport or
vice versa, such as bus stops or car parks. Transport
objects act as an input-output for the model. For example, it is possible to set a factor β, which determines the percentage of the population that has to
leave their urban area (to go to work, for example).
Estimates for β at diﬀerent hours of the day can again
be derived from activity-based demand generation.
The VPM can also compare the number of people visiting an attractor to that attractor’s maximum capacity, and re-route visitors to transport objects in case of
undercapacity, or pull in external visitors from transport objects in case of overcapacity. These diﬀerent
forms of movement to and from transport nodes all
generate diﬀerent and additional pedestrian move-

ment that is included in VP(3) scores. Such information could be used to inform the planning of amenities from a temporal perspective, for example. Unlike
data-driven approaches (e.g. D’Silva, 2018), a modeldriven approach could be useful when existing data
is not available (e.g. for large scale urban expansion
projects).
Illustration. Figure 6 shows the same idea model at
two diﬀerent times (12-1 pm and 22-23 pm). The urban area has 8 blocks of terraced housing with two
attractors, one transport node in the centre, and a
uniform population distribution. The visualised values show the paths followed by the population of
one object to visit all attractors and the central transport object, and how the population is split along
these paths (cf. VP(3) and factor β). The image on
the right shows the eﬀect of attractor closing hours
and a higher β factor, but it is applied to a lower
population Pj,t . Aggregating all these routes coming from all buildings results in the total VP(3)-values.
Note that the visualised VP-values in the image are
rounded values, and that the periodic boundaries
were switched oﬀ for this partial result.
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Figure 7
VP(3)-analysis of an
8 block urban area,
including several
open spaces
(dot-hatched); in
the right image, the
impedance of open
spaces has been
reduced, resulting
in more people
moving through
these spaces.

THIRD SECTION: PUBLIC SPACE QUALITIES
AND LIVELINESS
We are developing the VPM as an integrated model
to assess public space qualities and inform urban design. Visit Potential is the “currency” driving these
assessments. The characteristics of individual public
spaces in the network (represented as convex spaces)
can be represented as edge weights; positively rated
characteristics decrease the impedance of an edge,
and vice versa. The characteristics of public spaces
are known to aﬀect perceived and real walking distances (e.g. Erath et al., 2017). Figure 7 illustrates this
principle. In the right image, all open spaces in the
model (dot-hatched) have weight of 0.5 instead of 1;
as the edge weight is the average weight of the nodes
it connects, this implies distances between two open
spaces are reduced by half and those between open
and normal spaces by 1/3rd. This change in graph
distances aﬀects proximities and routing, increasing
the Visit Potential values of better public spaces.
The main challenge is quantifying public space
qualities, as they have a high degree of interrelation,
and are often related to human perception and preference (see the introduction for examples). We are
developing a Multi-Criteria Assessment (MCA) framework to construct a composite index (e.g. OECD,
2008) to rank and weight the performance of various

public space characteristics.This can then be used as
graph weights. In addition, together with VP-values,
the MCA framework will enable us to express the potential Liveliness of a public space, which can be deﬁned as the ratio between occupation and movement (e.g. Koltsova Jenne, 2017; Koltsova et al.,
2017). The diﬀerence between movement and occupation is an inherent part of VP(3) calculations (i.e.
the diﬀerence between people’s movement towards
an attractor and the public space they are going to),
but can be further informed by the characteristics of
a particular public space (e.g. there are places to sit,
transparent façades, ...). Estimating Liveliness will allow us to stratify public spaces into diﬀerent types (cf.
Koltsova et al., 2017), and to distinguish whether or
not a certain Visit Potential value is appropriate for a
certain public space.

DISCUSSION
In this paper, we introduced a model to estimate
the presence of people in public space, with three
variant equations that highlight diﬀerent aspects of
the interdependency of distance, population density,
land use, and morphology. In essence, the aim of
this calculation model is to understand how diﬀerent types of urban areas result in diﬀerent patterns
of human movement and occupation, ﬁrst and fore-
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most in terms of amounts of people, but with a direct
link to more qualitative concepts such as liveliness or
walkability. The work we presented is a ﬁrst step in a
multi-phase project; we explicitly discussed ongoing
and future work throughout the text. The crucial next
step is ﬁnding supporting evidence for estimated VPvalues in real public space. The information density
of this model also encourages us to explore a suitable data-visualisation and interface design, particularly important for a design support tool.
While at this point we have only illustrated applications of the Visit Potential model, the use of such
“idea models” can already support the exploration
of these interdependencies, allowing us to compare
values such as the average VP per capita or public
space, local extremes, or the distribution and variance of VP in a system. Moreover, comparing the
three variants of VP could help understand the relative importance of access to opportunities versus
morphology and routing. A combined model might
shed light on this traditional debate (cf. Batty, 2009).
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Nowadays, many buildings need to accommodate large numbers and/or large
concentrations of people. Despite the efforts to produce building designs that can
safely evacuate occupants, accidents continue to happen with dramatic
consequences. This happens, in part, because of the difficulty in anticipating the
consequences of design decisions regarding building's evacuation performance.
In order to improve the situation, one needs to resort to evacuation simulation
tools. These, however, have two problems: (1) they require analytic building
models that are difficult to produce manually, and (2) they tend to focus on
evacuations under non-emergency conditions, where panic phenomena is not
present. In this paper, we propose a combination between algorithmic design and
different evacuation simulators that allows for the quick simulation of many
design variations.
Keywords: Agent-based Modelling, Algorithmic Design, Evacuation
Performance, Evacuation Simulation

INTRODUCTION
The world population is now bigger than ever and
is increasingly concentrated in cities. As a result, architects are facing the need to design spaces that
can safely accommodate people in large numbers
and/or large concentrations, e.g., stadiums, concert
halls, hospitals, and shopping malls. In addition, the
implementation of novel architectural concepts also
pose the question of how safe these concepts are to
the occupants in the event of an emergency.
Recent examples of the dramatic consequences
of emergency evacuations include the more than
1500 injured while watching a football game in Italy
in 2017, and the more than 2200 deaths in the Hajj

in Saudi Arabia in 2015. Mass events are a reality
of our time and stampedes occur even without any
physical trigger. In these situations, safety measures
are determinant for the success of the event’s outcome. Now, more than ever, studying crowd behavior in case of an emergency evacuation is becoming a signiﬁcant part of performance-based design
(Kuligowski et al. 2005).
Studying crowd behavior is not a simple task.
People’s reactions can be unpredictable and, thus,
their simulation involves a large amount of complexity that traditional methods have diﬃculties to deal
with. On the other hand, full-scale evacuation simulations are quite limited: (1) exposing real people to
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danger is not ethical and the absence of panic, which
is characteristic of a real emergency scenario, makes
people not to take the simulation seriously, providing little useful information to the analysis; (2) determining the evacuation time based in just one experiment is highly unreliable so, in order to generate valid data, it is necessary to perform repeated experiments, preferably with diﬀerent people to avoid
memory eﬀects; (3) evacuations drills are usually performed after the construction is completed, thus any
necessary modiﬁcation to the design might delay the
project and increase its cost.
To overcome these issues, a good alternative is
a computational model that can reliably simulate
crowd behaviors in an evacuation scenario of the intended building. This model could be used at any
stage of the design process, thus informing the architect about the building’s performance, including in
earlier design stages, when design changes are easier
to accommodate.
In the last years, research in this area proposed
diﬀerent models and techniques that led to the
development of several tools such as EGRESS, EXODOUS, PATHFINDER, and SIMULEX (Gwynne et al.
1999). Some of these tools are based on Agent-Based
Modeling (ABM), an approach used for simulating human behaviors in diﬀerent scenarios, making it possible to model individual’s characteristics and interactions. However, despite using ABM to simulate
people movements in an evacuation scenario, some
of these tools, e.g., PATHFINDER [1], lack the emergency factor, making them inappropriate for simulating panic situations, where phenomena such as herding and clogging emerges (Pan et al. 2007).
The goal of this paper is to present a framework,
currently under development, for combining Algorithmic Design (AD) with evacuation simulation, handling both normal evacuations as well as evacuations
under the emergency factor. The framework is intended for the analysis and optimization of a design
in order to provide better performance in evacuation
scenarios, while taking into consideration other factors such as construction cost and space constraints.

In this paper, we discuss crowd behaviors and
the diﬀerences between normal and emergency
evacuations, we explain how to formalize the individual’s behaviors using ABM, and, ﬁnally, we present an
overview of the integration between ABM and AD.

CROWD BEHAVIORS
The study of crowd behaviors has been evolving
during the last decades, focusing primarily on the
dynamics of crowds under normal situations where
evacuations are smooth and orderly. Lately, with the
increasing number of crowd disasters, research regarding the analysis of crowd behaviors in panic situations has been receiving a lot of attention (Helbing
and Johansson 2009).

Normal Evacuations
The ﬁrst work that was developed concerning crowd
movements was based on non-emergency scenarios and, to address it, several models were proposed.
Tools such as PEDROUTE or PATHFINDER were developed and have been applied in diﬀerent areas,
namely urban design, traﬃc management, or planning guidelines.
These tools only consider normal situations,
where people tend to manifest some common attributes, including (1) searching for the most convenient way to an exit, i.e., the shortest and fastest path,
(2) avoiding detours even when one exit is crowded,
e.g., people tend to wait instead of searching for an
alternative, and (3) self-organization.

Emergency Evacuations
In case of an emergency, most of the behaviors observed in a normal situation are replaced by others.
(Almeida et al. 2011). The presence of panic is commonly motivated by the survival instinct, which is
awakened in life-threatening situations.
However, behaviors similar to panic are also observed in crowds that are looking for something
highly desired, e.g., running for discounts in “Black
Friday” or looking for the best seats in a concert. In
these situations, people tend to run as fast as pos-
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sible without concern to the most convenient path.
Moreover, when people are unfamiliar with the space
layout, there is a tendency to run for the same exit
where they entered even though that may not be
the shortest or safest path. Also, the nervousness increases, which leads to the lack of orientation and
to the emergence of physical forces (e.g., pushing)
which are responsible for the most common cause of
injuries and deaths in disasters involving crowd evacuations. Finally, phenomena like herding and clogging are extremely common in emergency scenarios
as result of the loss of independency in panic situations: people tend to transfer control of their actions
to others, creating a social contagion (Helbing and
Johansson 2009), which explains why some exits are
overcrowded while others are empty.
The resulting forces generated by physical interactions in panicking crowds can reach pressures up
to 4450N/m, suﬃcient to bend steel barriers or take
down brick walls (Helbing et al, 2000). As a result,
people start to fall and acting as obstacles, blocking
paths and exists, resulting in a further slower evacuation (Keating, 1982).To demonstrate the eﬀects of this
pressures, Helbing, Farkas and Vicsek, (2001) developed a pedestrian evacuation model which proved
that a column right in front of an exit can, counterintuitively, increase the evacuation outﬂow in 50% by
taking up the pressure from behind and thus reducing the number of injured people blocking the exits.

AGENT-BASED MODELING
Research and development on pedestrian dynamics has seen a rapid growth in recent years. Nowadays, there are several diﬀerent approaches to model
crowd behavior which diﬀer in numerous characteristics, either in modeling the pedestrians as well as
geometry. The fundamental variation is the scale at
which the crowd is modeled. In macroscopic models, the crowd is described as a whole while, in microscopic models, every pedestrian is considered as
an individual and the global behavior of the crowd
emerges from all individuals’ behaviors and interactions. For this last case, Agent-based modeling (ABM)

is a powerful paradigm that has been actively used
in several areas (Macal and North 2005). ABM is deﬁned as a collection of autonomous agents acting
as decision-makers, that can range from purely reactive to more complex deliberative agents (Bonabeau
2002).
In this paper, we focus on modeling human systems using ABM. With this paradigm, it is possible to
model individual characteristics of humans, such as
age, gender, and experience, inﬂuencing the interactions with the surroundings and other agents. To
this end, we will use the PATHFINDER tool, an agentbased simulation tool.
The ability to model crowd motion from individual behaviors and interactions, is what makes ABM
such a valuable tool for simulating human systems
(Bonabeau 2002). However, the modeling of the
agents representing human beings is still a challenging task. The Belief-Desire-Intention (BDI) is a wellknown architecture, proposed by Michael Bratman in
1987, that allows to model such complex agents, being the most studied and successful model to represent reasoning agents (Georgeﬀ et al. 1998). In this
paradigm, the decision making process of the agent
in an emergency scenario is a deliberative process
based on (1) human desires, e.g., exit the building
alive, (2) beliefs that express the knowledge of the
world, e.g., where the nearest door is, and (3) resulting intentions that are structured into plans to accomplish the desires, e.g., the set of actions that deﬁne the agent’s path to the exit door.

EMERGENCY EVACUATION
None of the current simulation tools can fully address
all human and social behaviors present in panic situations. However, simulation models that are based
on realistic assumptions regarding human behaviors
in emergency scenarios can provide a great contribution to engineering and public safety. To successfully simulate an emergency scenario, several social
aspects must be modelled, such as the presence of
leaders, the experience and knowledge of the occupants, the nervousness, the persistence, and the
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Figure 1
System
architecture: the
user creates an
algorithmic
description of a
design, which is
then used to
generate regular 3D
models for
visualization, as
well as specialized
analytical models
for diﬀerent analysis
tools, particularly,
for evacuation
simulation. When
combined with an
optimizer, the
framework can
automatically
discover the design
variation that has
the best
performance in
what regards
evacuation.

competitive/collaborative behaviors.
We are currently working on a new simulation
framework to extend a previous one (Sousa et al.
2017) with a new ABM implementation that takes
into account panic behaviors. The main objective
of this framework is to use ABM coupled with AD,
not only for analysis purposes, but also to optimize
designs regarding their evacuation performance. To
this end, the ABM implementation is treated as a
ﬁtness function and is used for the optimization of
the parametric design generated from the AD framework. Figure 1 describes the integration of the evacuation simulator in the AD process.
The proposed framework depends on the use

of AD. Initially, the user creates an algorithmic description of a design which, when executed, generates a 3D model of the design on selected ComputerAided Design (CAD) or Building Information Modelling (BIM) tools. However, the framework also supports backends dedicated for simulation. In theses
cases, the same algorithmic description of the design is used to generate specialized analytical models for diﬀerent analysis tools, particularly, for evacuation simulation. We plan to include, in the framework,
an optimizer that can automatically discover the design variation that has the best performance in what
regards evacuation.
In order to clarify the results produced by the op-
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timization, the framework also presents the designer
a set of graphical explanations, namely, the eﬀect in
the evacuation times of the diﬀerent design choices.
Due to the ethical diﬃculties that lie with validating panic situations in real life, we plan to validate our simulator by comparing it with others, e.g.,
PATHFINDER, for normal evacuations, or SIMULEX for
emergency evacuations.

EVALUATION
In order to evaluate our proposal, we adapted Khepri,
an algorithmic design tool, to work with an evacuation simulator. Khepri is a descendant of Rosetta
(Lopes and Leitão 2011), and is currently being developed to become its replacement. Khepri shares with
Rosetta the ability to have multiple backends for different purposes. This means that, from a single algorithmic description of a building, Khepri can generate
diﬀerent models, e.g., a 3D model for visualization,
or diﬀerent analytical models for diﬀerent types of
analysis. In the case of evacuation analysis, we have
two possible backends: one, that is still a work-inprogress, is dedicated for simulation of evacuations
under panic conditions, and the other, for non-panic
evacuations, is capable of generating analytical models for PATHFINDER, a well-established and validated
simulator. Given that the simulator for evacuation
under panic conditions is not yet validated, in this paper we will focus on the second backend and we will
explain the connection between the algorithmic design tool and the PATHFINDER simulator.

To use a realistic case study, we decided to evaluate our proposal on an emblematic building: the
Bauhaus, one of Europe’s most inﬂuential and revolutionary schools of design. It was founded in 1919, by
Walter Gropius, a German architect who intended to
unite the instruction of the ﬁne arts with technology.
Its Dessau building, designed by Gropius himself, is
an embodiment of the principles of the school. Its innovative use of materials, and its simple and straightforward design contributed to the development of
what is known as the modernism style. Nowadays,
the Bauhaus is considered one of the greatest inﬂuences on modern architecture.
In order to test the evacuation performance of
the Bauhaus building, as well as possible improvements to that performance, we created an algorithmic version of the building. Obviously, the parameters of the algorithm can be instantiated with values
that allow the original building to be exactly reproduced, as is possible to see in Figure 2. However, it is
possible to change these parameters so that diﬀerent
versions of the building can be produced. Given that
we did not want to fundamentally change the building, we considered an hypothetical situation where
the building would be subjected to a remodeling effort in order to improve its safety. To that end, many
diﬀerent things can be changed but, for evaluation
purposes, we decided to focus on just one change
that can trivially be implemented in the algorithmic
model and that allows us to easily visualize its impact: changing the width of all doors in the build-

Figure 2
The algorithmically
generated model of
the ﬁrst ﬂoor of the
Bauhaus building.
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Figure 3
A graphic with the
evacuation time for
diﬀerent doors’
width and diﬀerent
concentration of
people.

ing. It is known that this is a dimension that can have
dramatic eﬀects on the outcomes of an evacuation
(Sousa et al. 2017) and, as such, it becomes a relevant
use case for our proposal.
In order to measure the eﬀects of the doors‘
width, we changed just one line in the algorithmic
description of the Bauhaus building so that each
door would have its width enlarged (or reduced) by
a given fraction of the original design. The idea was
to test the evacuation characteristics of the building
as if, during its remodeling, the architect decided to
make the exits, for example, 10% larger than they
were in the original project. In fact, we tested doors’
size that were between 70% and 130% of their original sizes. For each given factor, the algorithm version of the building was used to generated a corresponding analytical model, which was then given to
PATHFINDER and analyzed for diﬀerent numbers of
occupants. The graphic in Figure 3 shows the evacuation time for the diﬀerent doors’size and for diﬀerent numbers of occupants. Figure 4 illustrates a density map produced by PATHFINDER during the simulation, showing, with diﬀerent colors, the number of

people present at any given place.
There are a few important conclusions that one
might extract from this study.
The ﬁrst one is that by including in the algorithmic design tool a dedicated backend for evacuation simulation, it becomes almost trivial to evaluate the evacuation performance of diﬀerent versions
of a building design. In fact, one simply needs to
change the values of the design parameters and regenerate the corresponding analytical models. This
is in stark contrast with the traditional simulation process, where the architect needs to manually adapt or
create an analytic building model so that it can be
used by the simulation tool. For each change, additional manual labor needs to be done in order to
adapt the analytical model. Given all these manual
eﬀorts, it is not surprising to see that these simulations tend to be done only in later stages of the design process, when changes are no longer expected.
Unfortunately, that is also the stage where the results
of the simulation have limited eﬀect on the design.
A second important conclusion is that it becomes trivial to get additional insights regarding the
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Figure 4
A snapshot taken
after 10 seconds of
the evacuation
simulation of 400
people from the
Bauhaus building,
in which each
door’s width has
75% of its original
size.

simulation. As an example, during the evaluation
of our case study, we started by measuring evacuation times for door’s sizes increasing and decreasing
in multiples of 10%, and we then became surprised
not only with the non-monotonicity of the evacuation times, but also with the lack of signiﬁcant improvements. According to PATHFINDER’s results, it
looked like the original design was the best possible,
as evacuation times would tend to go up both when
we made doors larger and well as when we made
them smaller. In order to get a clearer picture, we
decided to test again, but this time using increments
and decrements that were multiples of 5%. Note that
this was a trivial change that could be evaluated in
a matter of minutes. The results, visible in Figure 3,
show that, indeed, the original design was very good,
but they also show that evacuation times can be improved if we enlarge all doors by just 5%. This improvement can be dramatic when the building contains large numbers of occupants.
A third conclusion is that it might be important to

also test some non-parametric features. For example,
we discovered that, in this case study, the presence or
absence of an additional door could have a huge impact on the evacuation performance. This is a binary
feature that is trivial to implement but not trivial at
all to anticipate. This means that, despite all the automation provided by the combination between algorithmic design and evacuation simulation, it is still
important to have the architect in full control of the
process, so that, as he gets more and more insight regarding the evacuation, he starts experimenting with
less parametric design features. This is particularly
important when the framework is being used for automated optimization as, in this case, we might miss
some design changes that would have a considerable
impact on the improvement of the evacuation times.

CONCLUSIONS
Due to the development of buildings capable of accommodating large numbers and/or large concentrations of people, and to the increasing number
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of crowd disasters that have been happening, the
ability to deal with evacuations is becoming critical. The diﬃculties in evaluating these evacuations
with full-scale drills and the associated ethical problems pose the need to perform computational simulations. However, these simulations present two
problems: (1) they require analytic building models
that are diﬃcult do produce manually, and (2) they
tend to focus on evacuations under non-emergency
conditions.
In this paper we proposed a framework based
on the combination between algorithmic design and
diﬀerent evacuation simulators that allows for the
quick simulation of many design variations. We
evaluated our framework with PATHFINDER, a wellknown validated evacuation simulator. However, despite its usefulness for simulating normal evacuations, PATHFINDER does not correctly handle emergency evacuations.
To overcome this problem, we are currently developing a new evacuation simulator based on an
ABM approach that also handles emergency situations, considering the several human and social behaviors that emerge in these events.
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This paper presents a way to predict people's interest in a public space based on a
space's ``attractiveness'' as a movement attractor. Two generative systems are
integrated into the prediction model. The Cellular Automata (CA) is the core of
simulation engine and the Shape Grammars (SG) is a descriptive language for
the CA rules. Both, CA and SG exhibit complementary features counteracting
each other's drawbacks. Having translated social behaviour into a set of rules,
the CA algorithm applies them to distinguish people's leisure interest attractors
from places with a minor attractiveness. The tool is designed to be used at
various urban scales by city planners and venture capitalists. It is dedicated
towards the early stage of planning process to evaluate the future attractiveness
of places. The case study is located in the central district of Lisbon, Bairro Alto.
One of the important aspects are description of the rules with SG and
interpretation of the CA results. Implemented in Python for Grasshopper and
visualised in Rhinoceros3D. The article does not present the final solution, rather
is an experimental attempt to interpret and describe the already explored urban
context of Cellular Automata.
Keywords: Behaviour Prediction, Cellular Automata, Shape Grammars, Space
Attractiveness, Urban Simulation

OVERVIEW
Cities are multi - factor structures that are possible to
analyse, yet challenging to predict. Having information about presumed attractors of people’s interest in
public space would give various possibilities for interpretation. Knowing future attractive spaces in a city
would examine the eﬃciency of public transport and
the local zoning plan or would beneﬁt the targeting
of new investments. The tool may be used in various

scales from the regional and urban to architectural.
Technically, with major adjustments, it could be used
on country or global scale. The case study is focused
on a part of a Bairro Alto, a district of Lisbon.

CELLULAR AUTOMATA AND SHAPE GRAMMARS CONTEXT
Prediction of human behaviour has a long history
and is one of the unﬁnished research topics to be
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explored during decades. Cellular Automata (CA)
model has been investigated in the crowd behaviour
context since 90s (Dudek-Dyduch and Wąs 2006).
Initially, the researchers focused on car traﬃc, then
pedestrian dynamics prediction in practice (Fukui
and Ishibashi 1999; Burstedde et al. 2001; Dijkstra
2000). Former experiments show that human mobility can be predicted with a 93% accuracy rate (Song
2010). Yet that method was not CA based and relied
on tedious collection of data location from 50 000 cell
phones to monitor the behaviour. To contextualize
CA, in 1998 the environmental Research Institution of
the Dutch government used the ﬁrst CA-based integrated model to assist planners and policy makers for
new urban planning strategies (White and Engelen
2000). The LeefOmgevingsVerkenner (Environment
Explorer) is an integrated model of land use and the
regional distribution of population and economic activity in The Netherlands (White and Engelen 2000).
This model was used on a country scale.
Shape Grammars is a powerful tool for shape
generation. The model consists of sets of shape,
shape relations, shape symbols or labels and, most
importantly, the shape rule to execute while a speciﬁc conditions allow its application (Stiny 1980).
While researching behaviour simulation with SG,
plenty examples on simulating the logic of compositions are noted (Durate 2005; Stiny and Mitchell
1978) or sole human behaviour (Motalebi et al. 2017).
Also, urban development based on the SG models
were designed(Durante et al. 2007). This paper will
advance the idea of connecting Shape Grammars
and Cellular Automaton to predict the human attractiveness distribution in public space.

USING CA WITH SG
The method is based on G. Stiny’s Shape Grammars
(SG) concept and Cellular Automata (CA) model from
S. Ulam and J. V. Neumann. Both systems have pros
and cons but reveal a surprising compatibility and
complement each other. Both concept strives to recognize patterns and apply transformations regarding
conditions. SG uses transformation rules and start

the transformation process from the initial shape.
Rules are applied manually or by machine, always
as sequentially determined while CA runs out a set
of rules automatically and recursively from the initial
shape (Speller et al. 2007). After the iterative process,
SG design allows the analysis, explication, and evaluation. In the SG sequence the approach is slow but
determined by the designer. The CA recursive nature
is fast but does not allow changes during analysis
process. CA is easy to use for design generation but
too abstract and productively unrestrained. Choosing self-generating rules is beyond human capability
(Speller et al. 2007). SG is simple to perceive and conceive but manually laborious (Speller et al. 2007).
Similarities. Both provide an ease of design and
visualization. Essentially, one system can complement the weakness of the other to stand for fast behavioural genomic system (Speller et al. 2007) . In
other words, SG is an easily understandable model
to explain the meaning of the rules, which helps describing a particular rule. Hence CA is selected as
the “engine” to accelerate the iterative process and
to bring about acceptable performance.

DEFINING PARTS OF CA WITH SG
The authors added a 6th element to the list of the ﬁve
essential deﬁnitions to describe CA (White and Engelen 2000):
• ”A topography of cells,
• a state which characterizes the grid cells
• a deﬁnition of the closest neighbourhood of a
cell,
• a set of transition rules that determine the
state transformation of each cell,
• a sequence of discrete time step with all cells
updated simultaneously ” (White and Engelen
2000) .
• an initial state of cells in the working area.
Now, the CA parts will be explained in the SG vocabulary.
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Figure 1
Working region
preparation with
Shape Grammars
rules

Figure 2
Grid preparation
with Shape
Grammars rules

Topography of cells
The grid space is typically assumed to be two dimensional, rectilinear and homogeneous (White and
Engelen 2000). Alternatively, non-regular grids can
be used, as the cadastral one used by Stevens and
Dragićević (2007). 3D public spaces are exceptions in
cities, yet interesting to investigate with the 3D grid.
For the ﬂat nature of public spaces and also as the
attractiveness spread is interpreted as a human walk,
the 2D square grid is applied (ﬁgure 1). Case study is
located in a speciﬁc territory of the old town in Lisbon
which characterize with a binary type of spaces, public or private. No semi-usage spaces are visible which
make place homogenous and beneﬁcial for the clear
analysis. Blueprints of buildings are translated as the
lack of a grid, hence only the public space is populated with the grid (ﬁgure 2). This generates a question about rules of cells situated closest to the edge
(see “The closest neighbourhood”).

States of the grid cells
Conway’s Game of Life was characterized with two
types of cells, a dead and a life cell (Gardner 1970).
This binary concept is adopted into the attractiveness simulation (ﬁgure 3). Therefore, there is a distinction between interest, or the lack of the interest
which results with white or black colour of the cell respectively. Constituting more cell states could give
stochastic results which might diﬀer from the actual,
more intuitive results.

Initial state

Figure 3
States of cells

As both, SG and CA start from the initial shape, relevant data had to be analysed to construct the initial state of the design. The initial life is deﬁned by
the actual location of amenities (ﬁgure 4). Amenities
meaning facilities which make the place more attractive to people. To name few: restaurants, museums,
shops, pubs, benches, monuments etc. It is quantity, not quality taken under consideration. There is
no diﬀerence between one museum, or one bench
location. The data is obtained from the open source
platform Open Street Maps (OSM) [1] in an “osm” format ﬁle which is translated into a set of geometry in
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Grasshopper [2] for Rhinoceros [3] using Grasshopper
plug-in called Elk [4]. OSM stores data about various
typologies in cities. The one chosen for the initial life
generation are “Leisure”, “Shops”, “Tourism” [5] . Also,
building blueprints are extracted from the “osm” ﬁle.

The square grid is overlaying the buildings‘ outlines
map. The size of a cell is 400cm by 400cm (ﬁgure 4)
and is interpreted as a step. The size of a cell is adjusted to ﬁt at least 3 cells in a row or column in the
narrowest area. Thanks to that at least one cell has a
full Moore’s neighbourhood on a certain level, except
for the end of the street and another speciﬁc situations. Vertices of the grid, excluding the ones inside
the buildings’ outlines, are the cell point references.
As amenity location is not necessarily in the exact lo-

cation of the grid vertices, the closest vertex to the
amenity location becomes the initial life cell. The rest
is dead. This is how the initial shape is produced.

The closest neighbourhood
People are multi factor decision makers. The closest neighbourhood allows to specify the complexity
of region to be analysed during the local iteration,
see “Iterative Process”. Few important concepts were
considered for implementation. J.V. Neumann speciﬁed the closest neighbourhood in 2D square lattice
as 4 the closest cells (Gardner 1970) (ﬁgure 5) which
does not allow the diagonal cells to be analyzed. E.
Moore deﬁned it as 8 closest cells [6] (ﬁgure 5) which
allow the diagonal cells to be analysed. Another complex model assumed cells in a radius of 8 cells to
be the closest neighbourhood which result with 200
neighbours (White and Engelen 2000). In this case,
certain hierarchy of cells values is necessary to develop. Also, non regular grid systems with cadastral
neighbours are noted (Stevens and Dragićević 2007)
but it does not reﬂect the nature of human walk as
is to be analyzed. Authors decided to apply rules on
the preference of 8 closest neighbours, which is the
Moore’s deﬁnition.
Since the grid is irregular there are two main narratives of cells which are the closest to the border. As
transition rules base on amount of life cells, border
cells will have diﬀerent chance to become life than
cells with full closest neighbourhood. Firstly, border
cells can be ignored during iterative process and stay
frozen in the initial state but still interpretable by the
neighbour cells. This could aﬀect the ﬁnal output.
Authors assumed that in pedestrian walkways people would prefer middle of a street rather than walking close to a wall. In the interest of that, border cells
are treated with equal rules as the others.

Transition rules
This is a hearth of the Cellular Automaton. Selforganizing behaviour relies on transition rules and
executes each local iteration on their basis. To clarify, I will use a “life cell” to name attractive cell and a
“dead cell” to name an unattractive cell.
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Figure 4
Translation of
amenities location
into a initial life cells

Figure 5
The closest
neghbourhood
types, the Moore’s
neighbourhood
selected to the
model

Figure 6
Transition rules
illustrated with
Shape Grammars

All rules are based on amount of life cells in the
Moore’s neighbourhood. Each rule is illustrated with
two states of 9 cells - before and after the rule application. Thanks to the compound grammar (see section “Iterative process”), the state of analysed cell is
described either by number 0 (dead cell) or1 (life cell).
Rules are divided into four types (ﬁgure 2):
1.
2.
3.
4.

Analyse the dead cell and transform to life cell
analyse the life cell and stay life cell
analyse the life cell and transform to dead cell
analyse the dead cell and stay dead cell

The ﬁrst type (ﬁgure 6) brings the life from dead. This
rule type is applied when 2 or 7 cells are life neighbours. From the urban perspective, it is the optimal
location for new services. The area can be re-thinked
in terms of public transport, need for services or the
quality of street lights. Psychologically, the environment is interesting and balanced. A need for new life
is observed and the market has to be fed.
The second type (ﬁgure 6) states the cells are still

life after the local iteration. This rule is applied when
amount of the life neighbours is 3, 4 or 5. Literally,
it shows a balanced environment so the surrounding
conditions allow the life stay in place. From the urban perspective the amenities are well located to produce an attractive space. Pedestrians are not bored
nor overwhelmed with the attractiveness of the surrounding.
In the third type (ﬁgure 6), rules transform a life
cell into a dead after the iteration. This occurs while
the amount of the life neighbours is 0, 1, 2, 6, 7 or 8.
This is the case of either insuﬃcient amount of activity in the neighbourhood to sustain life or the overpopulation case. Practically speaking, the amount of
neighbouring attractive cells is too low to maintain
life. The area is imbalanced and the attractiveness
rate does not allow for a new life generation.
The overpopulation case seems arguable, as the
higher the attractiveness, the better for the growth
of interest. Albeit not. Growing amount of people appreciate space comfort. This approach states
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about overpopulation case, which is meant to reduce
amount of life in the case of over attractive space.
Mona Lisa by L. da Vinci is an unarguable masterpiece with extreme rate of attractiveness. Everybody
wants to see the painting but the crowd is inevitable
which destroys the sensation. Similarly, compare an
exclusive restaurant in a well-known place, with a
long queue pending and a restaurant with a shorter
queue, but less known. Statistically, we would enjoy
the meal more in the latter one.
The fourth rule type (ﬁgure 6) remain the cell
dead. This occurs while the number of the life neighbours is 0, 1, 3, 4, 5, 6 or 8. In eﬀect there is no life
appearing which means that the space is not attractive and did not use to be. This does not mean that
after the next iteration the cell will be still dead since
each iteration usually changes the neighbourhood.
Large amount of life neighbours seem to attract life
but when rules change to the lower amount of surrounding life, the map is rapidly populated with life
cells.
The number of life neighbour cells need to decide on the cell transformation is selected after multiple experiments with the rules. Sometimes the rules
resulted with total life aggregation in few iterations
or a complete life extinction. With the above rules a
certain balance and intuitive behaviour is achieved.
Worth of elaboration is the algorithmic optimisation
of the rules to achieve certain predicted, or measured
evolution.

ITERATIVE PROCESS

A sequence of discrete time step

The authors decided on using the Python scripting language in Grasshopper to process the rules in
an eﬃcient way. The pseudo code (ﬁgure 8) consists of input data, processing components and output data. Buildings outline, the amenities location
and the region of analysis, they deﬁne and construct
the grid. Cell size must be speciﬁed to deﬁne the
scale of simulation. The grid preparation is designed
with Grasshopper components and “Elk” Grasshopper plug-in [4] to extract the data from the open
source maps (see “Initial state”). The grid preparation step outputs Moore’s neighbourhood point in-

The interval time for each iteration as a real time interval can be measured with setting the initial state from
the known state of amenities in the particular year
and to compare it with the following years. Monitoring the amenities growth and calculating how many
iterations lasted the simulation to develop desired
conditions could give an approximate result on the
time interval of one iteration.

Two SG algebras are applied to distinguish local iterations from the global iteration (ﬁgure 7). A local iteration analyse the closest neighbourhood only. The
process of local iterations is ﬁnished while all cells are
analyzed. Subsequently, the 0 and 1 values from local iterations are translated into white (life) or black
(dead) cells. This procedure is called a global iteration. Having done a 100 iterations, we have in mind
global iterations. This compound grammar consists
of algebra of labeled shapes (white and black cells)
and algebra of sets of labels (numbers)(ﬁgure 7). The
ﬁrst algebra does not inﬂuence the latter. For that
reason a algebras translation rules has been developed (ﬁgure 7). As two following local iteration regions can intersect in 4/9, this would dramatically
false the result. One local iteration does not disturb the next one. A local iteration analyses cells
and outputs a number as a result (ﬁgure 7). Without
compound grammar SG would give arbitrary results
which are unacceptable. In the Python scripting language there is no such an issue because the procedural code executes the analysis of cells ﬁrst, then applies the new state of cells.

CA IN PYTHON FOR GRASSHOPPER
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Figure 8
Pseudo code of CA
simulation scripted
in Grasshopper and
Python

Figure 7
Example of one
global iteration

dexes and the boolean state of each cell. The boolean
“True” means the cell is alive, the boolean “False”
means the cell is dead. The data is passed to the “CA
engine” which execute two more inputs. Iterations
count (99 in the case study) and the CA rules to be
processed during each iteration. Rules are the same
as described with SG (ﬁgure 6), but formulated in a
conditional way. If the condition is satisﬁed, a particular transition is executed. The CA engine generates two outputs, new boolean state of cells is used
to visualize black and white cells. The frequency of
life of a cell indicates the proportion of the iterations
a particular cell was life out of all the iterations carried out. This data is processed into a visual representation section (ﬁgure 10) and the frequency graphs
(ﬁgure 11 and 12).

RESULTS
A hundred iterations are executed to specify the ﬁnal
result (ﬁgure 9). The analysed area is 212m per 212m.

The 400cm size square cells are set in the 53 per 53
cells grid. It gives 2809 cells, after mapping them on
the public space 2395 cells are left to be analysed. In
total 239 500 local iterations are being analysed to
give an interpretable result.
First the output was registered with dead (black)
and life (white) cells only (ﬁgure 9). Four general behaviours are visible. Behaviour A, the rapid population. In the initial state the region is dead. After few
iterations intensive life cells generation is observed
(ﬁgure 9). This case occurs when the narrow, populated with dead cells initial street is in the proximity of
the initial life from both sides. This case is observed
3 times. Behaviour B (ﬁgure 9), extinction of the life
cells from the region. Happened in the initially populated with life narrow street, resulted with extinction of life after 70 iterations. Behaviour C (ﬁgure 9),
connection of life from two separate life islands. Observed between the two concentrations of life cells in
the wide street. Behaviour D (ﬁgure 9), spontaneous
generation of life. In the 100th generation, initially
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Figure 9
Attractiveness
behaviour
prediction of the
case study region
located in Bairro
Alto, Lisbon

Figure 10
Frequency of cells’
attractiveness
simulation

Figure 11
Frequency of cells’
attractiveness
graphs
empty region is surprisingly inhabited with the life
cells.
This iterative analysis shows the actual state of
cells in the particular iteration. No record of the previous generations has been registered (ﬁgure 9). The
life frequency analysis focus on summing the quantity of life cell state during 100 iterations (ﬁgure 10).
The more reddish the colour, the bigger count of life
cells during the iterative process.
This method contributes to uniﬁcation of the result and getting rid of extremes with short lasting and
rapid changes. Each of 100 iterations have a record
and aﬀect the result. To compare the previous, black
and white analysis, the same regions are taken for the
closer look. In the region A, the life populated corri-

dor was maintained long which resulted with the reddish colours (ﬁgure 10). In the region B, both simulations present similar evolution - extinction case. In
the region C, the connection of the two life islands
happened similarly to previous simulation. In the region D, the diﬀerence is visible (ﬁgure 10). The spontaneous life outburst in the black and white simulation, was not recorded during the life frequency analysis. This reasoned with low frequency of the life appearance in the region.
The attractiveness graphs are prepared to relate
count of attractiveness with the particular cell during
single iteration (ﬁgure 11). Order of cell location goes
with columns top down from the left top corner on
the simulation graphic. They depict the tendency for
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growth of some regions from the beginning presenting certain regularity in amount of the life cells. The
two summits show the most attractive space which
is visible as red regions in the frequency of life cells
analysis (ﬁgure 10).
Figure 12
Topography of
attractiveness

The attractiveness topography graph (ﬁgure 12)
presents 100 iterations of 2D frequency of cells attractiveness graphs (ﬁgure 11). This allows to observe
the tendency of evolution upon the time increment
which is speciﬁed by the iteration count. Graph summits tend from the very beginning to be the most attractive at the end. Graph valleys show less attractive
corridors.

FUTURE ENHANCEMENTS AND CONCLUSION
Experimenting with the shape of grid is worth of a
closer look. For an instance, a hexagonal grid results
with the same distances from point to all neighbouring cells. This would reduce the heterogeneity of
cell distances which is x or x√2 (ﬁgure5). Plenty of
rule conﬁgurations have been tested and the most
intuitive to authors were selected. Worthy of development would be the algorithmic optimization of
the rules to achieve beforehand known state, this
would give another reason for the prediction legibil-

ity. To boost predictability rate, monitoring of amenities distribution growth would be necessary. Comparing real world results with the algorithm results
would not only measure the predictability rate, but
the time interval of iteration. Rules for implementing
new amenities would be interesting to design. This
would clearly demonstrate the most attractive place
in the analysed region and would inﬂuence the further growth.
The paper presents the ﬁrst approach to prediction of the space’s attractiveness with generative,
self-organizing tools such as Cellular Automata and
Shape Grammars. The two models complement each
other, the SG is used mainly as explanatory grammar
and the CA as the performance engine. Attempts to
deﬁne rules resulted with maps showing rule-based
topography of attractiveness over an undeﬁned time
interval.
The combination of two shape concepts (SG+CA)
illustrates the importance of shape generating simulation to be used in the early stages for design decisions. Having in mind the importance of shape to
convey complexity and to get a fast reading of it.
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Options for obtaining a ‘Gründerzeit’ ﬂat
A wet dream explored by means of a Cellular Automata model
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This work explores the dichotomy between old areas offering high-quality living
in a low-density neighborhood (typically near the city center) and
newly-developed areas with high-density and lesser quality in the suburbs. It
especially addresses the scarcity of rentable `Gründerzeit' flats in Vienna/Austria
which have a ceiling height of 3.40m and date back to the mid-19th century.
Other European cities have the same problem - supply of old properties perceived
as offering a high quality of living does not meet the demand, which leads to high
rent prices. The authors have captured the current situation of the housing
market using Cellular Automaton (CA) rules; their main contribution lies in the
exploration of three additional rules that seek to improve the availability of old
(i.e. `Gründerzeit') flats.
Keywords: Social Uprising through Cellular Automata

INTRODUCTION
This paper evolved from a certain frustration about
the Viennese house market. Rents are high, especially if you’re aiming at one of these “Gründerzeit”
ﬂats - turn-of-the-century apartments with a ceiling
height of 3.40m situated in the old parts of the town
(see Figure 1). In contrast, it is relatively easy to ﬁnd a
ﬂat in newly-developed areas of the city, which translates into a long commute and a neighborhood that
oﬀers little more than, well, residential areas. “Why is
that so?” the authors asked themselves. On the one
hand, we have well-established quarters in which
ﬂats are handed down from generation to generation, not entering the rent market at all. If there is indeed an opportunity for seizing one of these precious
“Gründerzeit” ﬂats, the costs are quite high and nevertheless these vacancies are rapidly ﬁlled by DINKs

(double income no kids) couples or Hipsters spending more than 1/3 of their income on housing. Areas
in development, on the other hand, oﬀer aﬀordable
rents - especially if the development was started in
the 1960ies and has still not ended (i.e. social conﬂict
zones). Newly-developed areas are as well on the affordable side if one considers buying instead of renting, then living in a 75m² ﬂat of a high-rise building
with a ceiling height of 2.75m and no surrounding infrastructure, just grassland waiting to be developed
such that the story can repeat itself.
Out of desperation, the authors have entered
these circumstances into a Cellular Automaton (CA)
so as to derive some answers for their pressing question mentioned before; the assumptions were:
• there are three types of cells, grassland
(green), old areas (gray) and newly-developed
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areas (yellow)
• old areas are characterized by high attractiveness (i.e. vicinity to other old area cells),
low density and quite stable structures (read:
scarcely any building activities going on),
while newly-developed areas are best described as the opposite
• the model wouldn’t be complete without a bit
of population dynamics, in which decline is
applied equally over all properties but growth
acts predominantly on newly-developed areas; the resulting development pressure principally acts on all parts of the city, but is higher
if attractiveness is high (i.e. the old parts)
A more formal translation of these rants into rules of
a CA are presented in section 3. To bore the reader,
we have also included a related work section before
that (section 2). The output of our CA is presented
in section 4. Section 5 then introduces several new
rules that seek to level the game for the authors, who
wish to get hold of one of these “Gründerzeit” ﬂats as
a result and overall aim of this paper. Section 6 then
discusses the insights gained before concluding.
Despite seemingly selﬁsh, this research oﬀers refreshing perspectives for a lot of other cities in which
scarcity of aﬀordable rent prices is also the issue - especially in European cities where the diﬀerence between old areas and newly-developed areas is clearly
visible.

RELATED WORK
CAs date back to the 1940ies (notably the work
of Stanislav Ulam andJohn von Neumann in Los
Alamos) but really got momentum with John Conway’s zero-player game “Life” in the 1970ies (Gardner 1970). Apart from mathematical occupation with
the subject (see e.g. Wolfram 2002), many applications for urban analysis have emerged since then
(see e.g. Michael Batty’s book “Cities and Complexity” [Batty 2005] which is one of the most comprehensive sources available on that topic). In architecture, authors have also used CAs for form generation (Herr and Kvan 2005; Krawczyk 2016) and subsequent translation into a design.
With regards to the large body of pre-existing
work, our approach tries to stay as abstract as possible: We are not so much interested in the form of
the evolving city per se but rather in the types of cells
and associated densities which we inscribe in them
(see next section). Of course, one could argue that
these densities do in fact translate into the number
of ﬂoors, and thus to a skyline from the inner city to
the suburbs. We would agree that this may be the
case, even though the translation of density to form is
yet another area of research that is beyond our paper,
among many other aspects (e.g. zoning, protected
areas, the inﬂuence of the topography on development of a city, evolvement along circulation axes, and
diarrhea of a hippopotamus in Budapest’s Municipal
Zoo).

FORMAL DEFINITION OF CA RULES
Our CA is a 2D lattice of cells with the following properties:
color: the type of the cell (green=grassland, gray=old
area, yellow=newly-developed area)age: a integer
that signiﬁes the amount of iterations since color was
changed
density: current occupancy of this cell, in units (see
further below for an explanation)
capacity: an upper limit for the density, in units (see
further below for an explanation)
value (computed property): a quantity mapped according to the color of this cell (defaults to gray=1,
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Figure 1
A typical
“Gründerzeit”
house in Vienna
(CC-by-SA
JonnyBrazil).

yellow=0.5, green=0 in our model)
quality (computed property): perceived attractiveness of a cell based on its own value and the value
of its surrounding cells:
[start with own value multiplied by 2
,→ in order to emphasize the
,→ importance of this cell over its
,→ neighbors :]
quality := 2 * value
ngrays , nyellows , ngreens := number
,→ of neighbors cells with the
,→ respective color
[contribution of green neighbor cells
,→ :]
if ngreens > 0:
[a few green neighbors are good (" park
,→ "), too many are bad (" rural ").
,→ uses the highest possible cell
,→ value (here: the value of a gray
,→ cell) multiplied by a factor of 2
,→ and increased by one as a basis ,
,→ then subtracts the number of green
neighbors. this yields value 4 for 1
,→ green neighbor , 3 for 2 green
,→ neighbors , 1 for 3 green neighbors
,→ , 0 for 4 green neighbors and so
,→ forth :]
quality := quality + (2 * value of a
,→ gray cell + 1 - ngreens)
[contribution of gray neighbor cells :]
quality := quality + (value of a gray
,→ cell * ngrays)
[contribution of yellow neighbor cells
,→ depends on own color :]
if color = gray:
[gray cells dislike yellow neighbors
,→ :]
quality := quality – (value of a
,→ yellow cell * nyellows)
else:
[green and yellow cells like yellow
,→ neighbors :]
quality := quality + (value of a
,→ yellow cell * nyellows)

As in every cellular automaton, we must not change
the state of cells immediately but rather maintain a

copy on which subsequent work is done. The state is
copied without change, except for the age property
which is immediately increased by one (rule 0):
RULE 0 (copy current to next state)
foreach cell:
color ' := color
capacity ' := capacity
density ' := density
age ' := age + 1

For simulating population growth and decline, we
employ an immaterial quantity which we call unit,
which we use to deduct from and add to the density
of a cell in each iteration. decline is a percentage factor applied uniformly over all occupied cells, signifying loss of population:
RULE 1 (uniform decline)
for each yellow or gray cells:
share := decline * density
density ' = max(density ' - share , 0)

The growth percentage, on the other hand, is applied with regards to the quality and the amount of
density missing in a cell. We split this step into two
rules applied successively, rule 2a and 2b. Rule 2a
ﬁrst calculates the amount to add (gray cells exhibit
only 80% of the preset growth, in order to account
for the “older” / more settled population). It then ﬁlls
up missing densities of this cell using this value, and
adds whatever exceeds the cell’s capacity to a global
pool for later distribution:
RULE 2a (fill up gray and yellow cells
,→ until capacity , add excess to
,→ global pool)
for each yellow or gray cells:
share := -1
if cell is gray:
share := growth * density
else:
share := 0.8 * growth * density
if density ' + share <= capacity ':
density ' := density ' + share
else:
excess := density ' + share –
,→ capacity '
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density ' := capacity '
global pool := global pool + excess

Rule 2b takes the value stored in the global pool
and distributes that from the highest-quality to the
lowest-quality cell.
In case the current cell is gray or yellow, we ﬁrst
ﬁll any missing densities up. Yellow cells additionally
increase their density as if additional building activity takes place: (1.) An additional percentage density
raise is applied to the mean density of a cell and its
surrounding neighbors. (2.) This yields a potential
for changing the density which is only realized if it
exceeds the current density of that cell (i.e. denser
surroundings can lead to additional growth). The capacity and density are then increased by the diﬀerence between the potential and the density, in order
to accommodate for more even more growth in the
next round. These two points eﬀectively make yellow cells grow faster than gray ones. It also leads to
the formation of local clusters of approximately same
height (as in satellite towns).
In case the rule encounters a green cell, it turns it
into a yellow cell and gives it initial density (defaults
to 1 in our model) as both density and capacity. It
also resets age of the cell in question to 0.
RULE 2b (second fill step for gray and
,→ yellow cells; grow yellow from
,→ green cells)
for each cells sorted by quality (
,→ descending), as long as global
,→ pool > 0:
if cell is gray or yellow:
missing density := capacity ' –
,→ density '
share := min(missing density , global
,→ pool)
density ' := density ' + share
global pool = global pool – share
if cell is yellow:
mean density := mean density of
,→ this cell and its neighbors
potential := mean density * density
,→ raise
if potential > density ':
additional share := min(potential

,→ – density ', global pool)
density ' := density ' + additional
,→ share
capacity ' := capacity ' +
,→ additional share
global pool := global pool - share
else: (patch type is green)
color ' := yellow
age ' := 0
share := min(initial capacity ,
,→ density to distribute)
capacity ' := share
density ' := share
density to distribute ' := density to
,→ distribute - share

In the next part (rule 3), we copy the new state to the
current state and apply two additional transition conditions. The ﬁrst such condition is that yellow and
gray cells being less than 10% occupied are turned
green, simulating abandonment. The second condition is that yellow cells older than yellow timeout (10
steps in our model) turn gray:
RULE 3 (switch states)
for each cell:
color = color '
capacity = capacity '
density = density '
age = age '
for each yellow or gray cell having
,→ density / capacity < 0.1:
set color green
set capacity 0
set density 0
set age 0
for each yellow cell having age >
,→ yellow timeout:
set color gray
set age 0
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Figure 2
CA after 60
iterations. (a)
Circular and (b)
fractal-like growth
pattern. (c)
Qualities (white=
best,
blue=medium,
black=worst).

The application of these rules yields a strictly circular distribution (see ﬁgure 2a) of gray and yellow
cells. Additionally we may show areas where density > initial density (see the black hatches in ﬁgure
2a). On a purely abstract level, this pattern of growth
would be adequate - however, we have also added
a more fractal-like generation (ﬁgure 2b) by making
each color transition depend on a probability.
Figure 3
CA after 70 and 80
iterations. (a) colors
and (b)
corresponding
quality map at 70
and (c, d) at 80
iterations.

Figure 4
Densities sampled
radially from the
city core (left in
each subﬁgure) to
the outer parts
(right). (a) 60, (b) 70
and (c) 80 iterations.

RESULTS
The diﬀerence between fractal and circular growth
lies in the fact that green cells remain within the
boundaries of the city (one might call them “parks”
or “unused” depending on one’s viewpoint). A visualization of qualities (ﬁgure 2c) shows that such enclosed greens are qualitatively high and thus serve
with higher probability for development (refer again
to rule 2b).

One further observation is that high-density areas
(black hatches in ﬁgure 2a, b) form at the boundary
between gray and yellow . This boundary is determined by the yellow timeout, i.e. the time it takes
yellow cells to turn into gray cells (which in turn prohibits further densiﬁcation). Figure 3 shows the CA at
70 and 80 iterations. Observe how the inner “gray”
core stays the same but high-density areas expand
outwards.
This wave of expansion is also clearly visible
when sampling densities radially from the city core
to the outer parts (see Figure 4a-c which show densities at t=60-80): The city center is dense only in its
innermost spot. Densities drop and gradually rise
until we reach the border between gray and yellow.
Over time, the density expands to the outer perime-

ter, however it does so non-continuously (see right
part of ﬁgure 4c showing a sudden drop-oﬀ in density).
After observing the dynamics of the model, the
authors wanted to know how the model behaves for
a pre-initialized city with a typical core/suburb structure. Figure 5 shows such a case (ﬁgure 5a: initialization with uniform density 1 for both inner core and
suburbs; ﬁgure 5b: observed qualities; ﬁgure 5c and
d: model after 20 iterations). Not how the inner core
stays stable, i.e. no high-density building evolve in
the city center.
Both scenarios answer the question of why the
city center contains fairly stable structures with comparatively low densities and old houses: Because
these areas are not open for further development
(i.e. added density), housing opportunities in these
areas are scarce. Vacancies resulting from decline
are rapidly ﬁlled because of the high quality in these
areas (see ﬁgures 5b and d). However, the model
also predicts “modern classics” - development areas which oﬀer high-quality, high-density housing
around the inner core as a result of previous new development and subsequent incorporation of these
modern houses into the old fabric of the city. While
the model clearly over-exaggerates the amount of
such areas, we do ﬁnd some real examples for this
in the social housing projects of the 1920ies that are
nowadays high in demand (see e.g. ﬁgure 6).
Another area where the model is clearly beyond
reality is the prediction of very intensive new development in the suburbs in contrast to little “old” parts
in that areas (see again ﬁgure 5c). However, most
cities have incorporated villages (and thus: old parts)
when growing; pre-initializing not only with a center/suburb map but also with smaller center/suburb
satellite settlements correctly gives the desired mixture between old and new, however, the rules behind
the formation of these satellites (are there only satellites? is it simply that some grow bigger and some
stay the same size?) is not part of the model.

SIMULATION, PREDICTION & EVALUATION | Tools - Volume 2 - eCAADe 36 | 643

NEW RULES
As mentioned, this paper’s goal is to give more people (and especially: the authors) the opportunity of
renting a “Gründerzeit” ﬂat. In that context, we want
to test three strategies of how this could be achieved
using soft pressure and/or clever technology, and
predicting the resulting situation with the help of our
CA. The three strategies are:
1. Restrict density (enforce inner courtyards and
3.40m per level)
2. Cheaper, pre-built “Gründerzeit” houses (including tall buildings that disguise as such)
3. Build on top of Gründerzeit houses, in approximate continuation of that style (see the “Marcellus Theare” in Rome depicted in ﬁgure 9 as
concrete example)

occur (see ﬁgure 7a for a color and ﬁgure 7b for a
quality plot). This is especially the case when the
enforcement of “inner courtyards” is misunderstood
and implemented as “establishment of mandatory
parks between cells” (not shown in ﬁgure 7; tested
with the CA, though). The main point is that quality
in such a scenario is unchanged for the “Gründerzeit”
districts - our main aim - and no new opportunity for
obtaining these is generated.

The architecture of the newly-developed districts is
not bound to a style, and even if we require similar
density values to inner-city “Gründerzeit” areas some
astonishing developments can occur (see an example in ﬁgure 7c; please take with a grain of salt - we
are not saying that this isn’t beautiful architecture but
only that it is “not Gründerzeit”).

Strategy 2 and 3 might seem very similar, but we
can assure the reader that they are not: “New Gründerzeit” houses will be built predominantly built in
the suburbs (using one uniform “Gründerzeit” style
that might be derived e.g. from a shape grammar),
while strategy 3 acts on the core of the city; in contrast to strategy 2, it requires an intricate occupation
with each individual house to be extended (read: design) and the outputs will likely not be as fully prefabricated.
Note also that this work is exploratory, we are not
interested (rather: we do not care at all) about heritage preservation, zoning, landmarks, geography,
and so on. This choice is deliberate since what we
want to look at is the output of a model, not everyday reality that is governed by a lot of more factors
such as politics - clearly beyond the eﬀorts we have
in mind with this paper.

Restrict Density
If new development areas cannot grow after they
have been built, the model predicts urban sprawl to
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Figure 5
Pre-initialized CA
simulating a
core/suburb
structure. (a) colors
and (b)
corresponding
quality map at
initialization and (c,
d) at 20 iterations
Figure 6
Results of applying
new rules to our CA
and likely (real-life)
examples of what’s
going to happen
then. (a, b)
Restricting density
and (b) example of
outcome (Seestadt
Aspern;
CC-by-SA/Andreas
Faessler)
Figure 7
The “Karl Marx Hof”
as example of a
newly-developed
area that has been
integrated into the
old fabric of the city
(CC-by-SA/Bwag).

Figure 8
(a) Example of
classicism applied
in the vertical, from
Shanghai [CC-bySA/Wechselberger]
(b) “New
Gründerzeit”
houses with a 50%
chance(c) quality
map.

Pre-built “Gründerzeit” houses
We know from China that classicism has no vertical limit (ﬁgure 8a), as does pre-fabrication. Why
not apply such knowledge also in European cities
(“live new, feel old”)? Our model says (see ﬁgure 8b)
that in that case we will experience only a few highdensity buildings (see black hatches in ﬁgure 8b), but
very much more low-density ones constructed in that
style - even at the very edges (emergent outcome
from giving modern construction and “New Gründerzeit” houses the same odds [50%/50%], see again
the gray spots at the outer limits in ﬁgure 8b). Also
astonishing is the fact that such “New Gründerzeits”
do not generaly oﬀer a higher quality than new construction by which they are partly surrounded (the
other half is greens; see ﬁgure 8c in comparison to
8b). Only the (high-density) ones located near the
center can oﬀer a similar quality than the old ones.
Figure 9
Results of applying
new rules to our CA
and likely (real-life)
examples of what’s
going to happen
then. (a) the
Marcellus Theater in
Rome
[CC-by-SA/Joadl] as
example of
densiﬁcation of old
buildings through
vertical
continuation in
“approximately” the
same style [also see
copyright notice
below] (b) result of
building on top of
“Gründerzeit”
houses (c) quality
map.

Build on Top of “Gründerzeit” Houses
The densiﬁcation of gray areas by means of vertical
extension (ﬁgure 9a) and annex buildings is nowadays commonplace on a small scale (e.g. attic conversions). However, for our model we assume a much
greater scale of building activities which involves
structural improvement, vertical growth and densiﬁcation of residual areas if possible (e.g. in large inner
courtyards). Since this is very costly, leaving the facade and reconstructing the interior (gutting) might
be an option in that case, despite obvious issues with
keeping the quality of the interior (i.e. large entrance
area previously intended for passage of carriages into
the inner courtyard, the piano nobile and so forth).
Our CA predicts a densiﬁcation of the inner city
on the one hand (see black hatches on top of gray
cells in ﬁgure 9b) and the formation of new areas with
low density on the other hand (see yellow patches

in ﬁgure 9b). The quality (see ﬁgure 9c) would be
highest in the center, however, there are also many
high-quality islands in the outer perimeters thanks to
the existence of enclosed green areas which raise the
quality signiﬁcantly.

DISCUSSION
If or not the three new strategies introduced under
section 5 have potential for leveling the game for obtaining a “Gründerzeit” ﬂat is the question in this part.
Clearly, strategy 1 (restrict density) does not lead
to the availability of more “Gründerzeit” houses. Over
time, the low-density development areas (yellow)
can turn into “modern classics” (see again ﬁgure 7) or
they may become social conﬂict zones with increasing vacancy rates leading eventually to their demolishment (cf. for example Pruitt-Igoe in St. Louis as
reported in Montgomery 1985).
Strategy 2 (pre-built “Gründerzeit” houses) is
clearly implementable, however one must be careful to (a.) keep a healthy mixture between diﬀerent
“Gründerzeit” subtypes, which could be achieved by
use of a shape grammar (see e.g. “Instant Architecture” by Wonka et al. 2003 who already generate
“Gründerzeit” houses); one would also (b.) need to
make sure that the “New Gründerzeit” types of buildings are embedded into a suiting urban context or put diﬀerently: a “Gründerzeit” house embedded
into a completely new area does not improve the situation. This may suggest the employment of such
building types on the border between old and new,
as previously shown in ﬁgure 2b. The associated cost
of renting would be mediocre, through employment
of mass production/pre-fabrication of components
(e.g. the typical facade ornaments). Certainly a good
strategy, overall.
The authors see strategy 3 as an addition to strategy 2 due to high costs. While the envisioned ”building on top” of Gründerzeit buildings” might be altogether impossible in practice, the introduction of
annex buildings and gutting of existing buildings
sounds feasible. High costs come not only from the
fact that old buildings need to be converted/rebuilt,
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but also from the requirement to custom-design extensions such that they ﬁt the pre-existing style. Over
time, however, the costs might be less of an issue:
Buildings dating back to the 1850ies slowly deteriorate - often-used sandstone mixtures lose their
binder, wood beam ceilings begin to vibrate constantly due to traﬃc and noise, leading to a decrease in stability and bending of ﬂoors, moisture and
dampness entering the cellar can lead to lasting damage in the bearing structure of the building and so
forth; that renovation must come at some point is
clear, but these activities can be combined with an
increase of density as well. So keeping an eye on this
strategy seems plausible as well, even though it does
not help solve scarcity and aﬀordability issues connected to ”Gründerzeit” ﬂats immediately.

CONCLUSION
Cities all over Europe suﬀer from a scarcity of aﬀordable living space especially in the old inner districts.
Renting in such areas is impossible since the number
of old apartments is constant and demand is high.
Addressing the dichotomy between old and new areas via use of a Cellular Automaton was our set goal.
Performed experiments suggest ways in which keeping an old ﬂair also in new development is possible.

FULL IMAGE CREDITS
• Figure 1 is Licensed under the Creative Commons Attribution-Share Alike 3.0 Unported license; Work: Historistisches Miethaus mit reich dekorierter Fassade und Balkon (Liechtensteinstraße 57, 9th District); Author: JonnyBrazil, Original Location: [1]
• Figure 6 is Licensed under the Creative Commons Attribution-Share Alike 4.0 license;
Work: Mitteltrakt des Karl-Marx-Hofes (12.
Februar Platz, 19th District); Author: Bwag,
Original Location: [2]
• Subﬁgure c of Figure 7 is Licensed under Creative Commons Attribution-Share Alike 4.0 license; Work: Seestadt Aspern, Wien; Author:
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Existing infrastructure in cities has become increasingly incapable of operating
at its designed efficiency. This demand has been created by the growth in
population generating a larger demand and strain on the existing infrastructure.
This paper explores how user-generated data could be utilised to create transport
infrastructure, more specifically bicycle pathways. Through a series of `four
sprints', a pathway generation system has been adapted from the behaviour of
Slime Molds (Physarum Polycephalum), in particular, its ability to define shortest
paths on a terrain. The first sprint outlines the design of a Slime Mold algorithm
between user-specified points, the second utilises the algorithm for pathway
generation in a macro and micro urban scale (acknowledging both the existing
infrastructure and cadastral), the third defines weight or effort limits for the
pathways in order to suite realistic user-profiles (fitness level of cyclist groups),
and the last sprint creates the start and end points for the pathway generation
from user-generated data, applying the Slime Mold system to a `real world'
context. Through the four sprints, a design tool has been created that can be used
to not only create and analyse cycle pathways, but tweaked for various other
forms of tangible transport infrastructure.
Keywords: urban planning, agent based modelling, optimisation and decision
support, transport planning

INTRODUCTION AND AIMS
Urban infrastructure and population growth are challenges faced by metropolitan cities around the world.
The suburban sprawl and increase in population outwards from the metropolitan centre has created issues in linking people to and from suburbia (Trubka,
Newman and Bilsborough 2010). However, the in-

herent problem does not necessarily lie with the rate
of housing growth, rather, the decline in eﬃciency of
transport links or with complexities involved when
proposing and developing new or complementary
transport routes. Here the paper argues that the generation of transport links are closely related and interlinked (Cervero and Duncan 2003) with (a) topog-
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raphy; (b) existing use of cadastral [being occupied
by existing infrastructure]; (c) existing infrastructure
[roads, paths, rails, etc.]; and (d) existing or projected
use of infrastructure. The research team acknowledges that economic, political, social, and various
other external factors undoubtedly inﬂuence the process of infrastructure planning, but will ignore these
factors for the sake of this research and the presented
paper due to their transient qualities which are constantly changing.
In order to achieve meaningful infrastructure
planning that is directly associated with the current
conditions of cities, the research team introduced
Slime Molds (Physarum Polycephalum) as the behavioural framework for the infrastructure generation. Slime Molds are single-cell non-intelligent organisms which colonate with a community of other
Slime Molds connecting themselves with their food
sources with the most optimised pathway. Hence,
designing and using an algorithm to digitally imitate
the behaviour of a Slime Mold became the outlining objective. Furthermore, in giving the Slime Mold
algorithm a meaningful generation purpose, the infrastructure generation was targeted and tweaked
towards cycle pathways. This purpose was to address
a cultural change towards the perception of cycling
as a mode of transport rather than a cardiovascular
exercise (Zander et al, 2013).
This paper reports on how a non-intelligent organic system can be used to generate cycle infrastructure with predetermined criterion set by the user,
in detail the items listed above on (a) - (d). Designing process systems that complement and responds
to nature in a meaningful and reasonable way is the
core philosophy of the research presented in this paper. Hence we argue for the use of Slime Molds
over other agent-based approaches due to the inherent intelligence of Slime Molds and their ability to
create the most optimal path between itself and its
food source relative to the environment surrounding
it (Beekman and Latty 2015). The Slime Mold does
not create the shortest straight-line path to the food
source, however it negotiates the topography to op-

timise the eﬀort required to reach the food. Taking
this conceptual idea and applying it to infrastructure
planning may improve accessibility and minimise effort from one point to another (Adamantzky 2014).
Therefore the research aim is to design a cycle
pathway generating algorithm which simulates the
natural behaviour of Slime Molds to produce a tool
which can be applied to workﬂows involving cycle
pathway planning. Further to this point, the research
aims to address the plausibility of designing infrastructure using organic behaviour within a parametric framework whilst optimising for speciﬁc purpose
or eﬀort criterion. Ultimately, the research sets out to
create a new understanding of infrastructure master
planning which responds to and is inspired by nature.

RESEARCH OBJECTIVES
The research investigation addresses the following
objectives which are met by the cycle path generating process (algorithm) as a series of rules that are
executed as calculations or problem-solving operations:
• Each path should connect two points (start
of cycling / end of cycling) with the most optimised (according to user parameters) path,
primarily based on the objectives below.
• Using eﬀort as a criteria for the generation, the
user may specify diﬀerent eﬀort weights to
generate a more customised cycle path, i.e at
a later stage statistical data such as age, populations health could play a role to deﬁne the
speciﬁc eﬀort..
• Argued that cycling is not necessarily a cardiovascular exercise, but a mode of transport, generated paths should be developed
so they respond to the topography of the chosen area, as investing eﬀort in cycling is mainly
deﬁned by cycling up-hill.
• Yet, as the tool is becoming capable of functioning in already built-up areas (brownﬁeld
vs. greenﬁeld sites), the generated path
should fundamentally respect the existing
context conditions such as roads (road hier-
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archy; as one may not desire or is able of cycling on a highway but can cycle on residential streets), housing (occupied cadastral one
can not build on), and (at a later stage) other
urban factors (speciﬁc to a particular site).
• Further, in order to reduce the cost of building new cycle paths, the tool should be able
to retroﬁt existing roads. The generated path
should primarily make use of the existing infrastructure (roads, cycle paths) and use the
hierarchy of these networks as a parameter in
which users can specify the generation on.
• Lastly, start and endpoint of generated paths
should reﬂect usage patterns from user data
(data from cycling uptake apps) - generate
paths only where evidence of concentrated
cycling activity exists (Hotspots) and direct
them to other ‘hotspots’, thus generating a
network based on existing demand.

METHODOLOGY
The research applied a dual methodology. Firstly, in
order to gain knowledge in the three main research
domains, a literature review in three ﬁelds of inquiry;
Slime Molds, environmental datasets for computational design, and cycling culture was conducted.
For the project development, as a second methodology, the research argues that an agile methodology would be the most appropriate due to its ﬂexibility when developing a software package. Agile software methodologies is a commonly used approach for software development under which requirements and solutions evolve through the collaborative eﬀort of self-organising and cross-functional
teams. Given that the software has to respond to very
distinct requirements (Slime Molds, environmental
datasets for computational design, and cycling culture) an agile methodology allows for adaptive planning, evolutionary development, and continual improvement, as it is ﬂexible to change. Consequently,
the research in its one and a half year duration could
respond to the change in the diﬀerent stages of research (four sprints), therefore allowing much more

leniency to produce or ﬁnish stages of the research
itself. This methodology applied to all four sprints of
the research where each sprint lead into the following sprint, allowing for a continuation of progress and
logical understanding.

PROJECT DEVELOPMENT
In considering the aims and objectives of the research, the development of the Slime Mold infrastructure generation tool was spread across four
‘sprints’. Each sprint succeeded the previous sprint,
using and developing further the functions and
methods used. This iterative design process focuses
on diﬀerent aspects of cycle pathway generation, all
adding and complementing to the overall goal of the
research.

Sprint 1 - Slime Mold algorithm
The initial design of the Slime Mold algorithm was
derived from studying the behaviour of the Slime
Molds. This algorithmic approach into understanding how Slime Mold’s behave allows a certain degree of imitation through programming within a digital environment. Once the Slime Mold has established a connection with its food source, the most
optimized connection is chosen, which does not necessarily mean the shortest straight path from a twodimensional plane, but a path in which is the shortest
from a three-dimensional plane (Tero, Kobayashi and
Nakagaki, 2007). The algorithmic testing was done
through a scaled model based on a real-world site in
Sydney’s western region. A 3d printed topography
was overlaid by agar and a Slime Mold grew from the
center of the landscape.
Along with other tests of speciﬁc conditions including three-dimensional petri dishes lined with
agar, the general behaviour of Slime Molds were
translated into the digital environment using visual
programming tools. During this translation of behaviour, it was observed that the Slime Mold could
not be predicted to a ‘ﬁne-grain’ resolution from the
comparison of the real experiment and the digital
counterpart. An error which has been deduced to
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multiple variables such as temperature, light, humidity, size of the slime mold, and more importantly the
age of the Slime Mold. However, this validation error did not drastically change the overall shape of the
Slime Mold as it still reached the food source with an
optimised path dependant on user input variables.

gradient cells would determine for the Slime Mold algorithm possible areas in which it is suitable to grow
on, becoming the ﬁrst user-deﬁned parameter in the
algorithm.
The next user-deﬁned parameter was the generation points for the Slime Mold algorithm, the
start and end points, or the Slime Mold and its food
source. Growing from the start point, the digital
Slime Mold grows similarly to the organic counterpart, expanding in every direction of the culled topographic surface ﬁnding and connecting itself with
the food sources or end points. A ‘stop’ function was
developed for the algorithm which determined the
termination of the Slime growth once all end points
had been connected to the start point, this function
stopped the Slime growing endlessly bouncing back
and forth from the site constraints (Yu et al, 2017).
An optimised pathway is determined by userdeﬁned variables (length, slope sizing) calculating
the connections between the start point and end
point, using an evolutionary solver, a minimum value
is produced which averages all parameters creating
the ﬁnal pathway infrastructure. The infrastructure
generated in this sprint was at a large macro scale,
similar to the real-life tests comparing national transport infrastructure and the Slime Mold growth (Tero
et al, 2010). However, to address the research objectives, the digital Slime Mold infrastructure generation
must be performed at a micro suburban scale, which
is address in Sprint 2.

Sprint 2 - Pathway generation using the
Slime Mold algorithm

Topography analysis was the driving framework for
the Slime Mold growth. Based on a Voronoi relaxing algorithm which outputted culled cells of the
topography, user speciﬁed criteria deﬁned how the
culled cells would be determined in relation to gradient slopes (Yu, Haeusler and Fabbri, 2017). The culled

At a micro-suburban scale, the aim of the sprint was
to generate infrastructure links between suburbs.
Due to the signiﬁcantly smaller area of the urban sites
compared to the sites in Sprint 1, the topography
analysis also had to be adapted to be compatible at a
higher resolution, requiring a more detailed analysis
of the landscape. A new method of topography analysis was deﬁned in order to suit the aim of the Sprint
(Fig.5), allowing the same usable culled cell system to
be implemented, whilst using a pseudo-gravity func-
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Figure 1
Initial Slime Mold
behaviour study
based on a 3d
printed topography
of Sydney’s western
suburbs, where the
food sources are
points of interest.

Figure 2
Computer
generated
topography - a
pseudo mountain.
The Voronoi
topography
analysis is used to
identify low
gradient cells.

tion to deﬁne the slope gradients (Yu et al, 2018).
Figure 3
Initial Slime Mold
growth test,
growing on the
available cells from
the Slime to the
food source.

tion to researched cycling user proﬁles (Daley, Rissel
and Lloyd, 2007), with quiet suburban roads more appealing for a cycle pathway as compared to a multicarriage motorway due to the safety concerns most
average cyclists have.

Sprint 3 - Cycle pathway generation using a
weighted Slime Mold algorithm

In the previous Sprint, the algorithm was not deﬁned to recognise existing infrastructure, allowing
the Slime growth to traverse over built property and
transport networks. This Sprint addresses this issue by deﬁning rules for the algorithm which states
whether the growth is allowed to traverse over existing cadastral.
Road hierarchy; primary, secondary, and tertiary
roads, have also been deﬁned as input variables for
the algorithm, with an attraction percentages set by
the user to pull the growth towards the speciﬁed road
hierarchy. The digital Slime Mold algorithm therefore
had also been adapted to better suit the conditions of
the Sprint, now growing on existing roads and avoiding existing cadastral (Fig.4).
The purpose of this Sprint was to develop the algorithm to be more versatile in negotiating the urban landscape. The road hierarchy was used in rela-

Expanding on the notion of user-proﬁles, this Sprint
introduces a ‘weighting’ or human eﬀort criteria as an
input variable in the Slime Mold algorithm, aligning
it with the philosophy and the objectives of the research. Previously, the generated cycleways did not
always suit a novice or intermediate cyclist, requiring
more eﬀort to traverse up higher gradient cycleways.
Similar to the road hierarchy attraction percentage introduced in Sprint 2, the eﬀort weighting is also
a user-deﬁned percentage between 1-100%, with
100% eﬀort the ability to travel in a straight line over
any gradient. This eﬀort percentage is scaled and
evaluated as the gradient values, used to signify human cardiovascular energy. The percentage itself is a
calculation variable to allow the Slime Mold growth
to evaluate the topography surrounding each point
in the cycleway generation process. This is similar to
the original Slime Mold growth described in Sprint 1,
however, at this stage, the algorithm also predicts the
entire route from each succeeding point grown to the
end point, evaluating the validity of the eﬀort criteria
before growing a new point.
The eﬀort weighting can be used in conjunction to the previously deﬁned road hierarchy allowing for a more robust approach in creating user proﬁles that initiates the growth of the Slime algorithm.
During the investigation of creating user proﬁles that
reﬂected novice cyclists, the eﬀort and road hierarchy percentages caused the Slime growth to traverse
back and forth within a short distance. This caused
an incompletion of the cycleway generation from the
start point to the end point. This was caused when
the input variables deﬁned by the user were too low,
constraining the algorithm to grow on a topography
that did not have the low speciﬁed gradient or road
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Figure 4
Cycle pathway
generation for
diﬀerent road
hierarchy; site
context (top left),
90% Primary Roads
(top right), 90%
Secondary Roads
(bottom left), and
90% Tertiary
(bottom right).
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hierarchy. It also suggests that a certain amount of
cardiovascular energy is needed in order for a cyclist
to traverse between the start and ﬁnish points of the
selected site.
Figure 5
Topography
analysis using grid
points and pseudo
gravity - creating
cells that match the
gradient criteria.

Figure 6
Cyclepath
generation only
using eﬀort
weightings; 100%
(top), 80% (middle),
and 50% (bottom).

Sprint 4 - Using Cycling uptake data to deﬁne start and end points of paths
In this Sprint, data was used from RiderLog’s mobile app where cyclist were able to log their trips
each time they cycled[1]. The app collected the geographic coordinates of the cyclist at short time intervals creating a shapeﬁle which displayed the route of
each journey. In aligning to the research objective of
designing a responsive tool that generated a cycleway due to existing demand, this Sprint analyses real
user data to create the start and end points used in
the Slime Mold algorithm.
In previous Sprints, the user operating the tool
was required to manually input the points for the
generation. This denoted that there was no aﬃliation
with the actual built environment as the user could
place points at random. It was probable that points
of interest such as transport hubs, schools, etc., could
be points that the user could input into the algorithm, but there was no evidence that cyclists traversed to these points of interest. The cycle data was
used to show the practicality of the tool in conjunction with evidence-based research development.
To create the points for the Slime Mold algorithm, an evolutionary solver was used to determine
the number of routes that started and ﬁnished within
a certain area of the site, producing a point in which
captures the maximum number of points within a
speciﬁed radius. The routes that start or ﬁnish from
these areas are also analysed, where the algorithm
searches for the maximum amount of intersections
between each route, displaying the paths that are
most commonly used by the cyclists that start or end
in the previous criteria.
The intersecting route points are used to help determine existing pathways that may be suitable to
be used in the algorithm, creating not only a pathway between the start and end points, but also points
along the route that have become ‘points of interest’.
It may also identify from an analysis perspective, lacking infrastructure between start and end points if cyclists are ‘forced’ to use the routes they take.
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Figure 7
User-generated
cycle data, with all
cycle paths (red),
and the cycle paths
that were selected
from the most start
(green) and end
(orange) points in a
selected area (blue).

Figure 8
Cycle pathway
generation using
diﬀerent
user-proﬁles; 55%
Eﬀort – 80%
Primary Road
Hierarch (Red), 20%
Eﬀort – 80%
Secondary Road
Hierarch (Blue), 45%
Eﬀort – 80%
Secondary Road
Hierarch (Purple),
and 65% Eﬀort –
80% Secondary
Road Hierarch
(Green).
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PROJECT EVALUATION
In understanding the behaviour of Slime Molds, and
cycling culture, an algorithmic tool was developed
over four iterative phases or sprints that could generate cycling infrastructure using custom user-proﬁles.
Through each Sprint’s tests and experiments, validity and plausibility of the algorithm could be demonstrated. As the algorithm was developed without being ﬁxed to a location (the location in Sydney functioned just as a test study) one can apply the developed algorithm for any location as long as all input
variables are present.
The tool that has been developed capable of
generating a network of cycle paths autonomously
with user-generated data and with certain criteria variables set by the user (road hierarchy, eﬀort
weighting, maximum points to capture, intersections). Although it may not be possible to digitally replicate the exact behaviour of the Slime Mold,
this research has demonstrated that the inherent
conditions of the Slime Mold can be translated and
adapted to be relative in an urban development context, and especially a human context with eﬀort as
the ﬁnal catalyst function.

SIGNIFICANCE AND CONCLUSION
Through the development of the four interlinked
sprints, the research has demonstrated and produced a working model for infrastructure design using a Slime Mold algorithm. The algorithm imitates
the behaviour of the organic Slime Mold which is
tweaked with human variables for practicality. Ideologically, the algorithm bridges not only the organic
and digital, but diﬀerent research disciplines from
computational design to urban master planning. The
case studies developed and tested demonstrate that
the design method is essentially plausible to be integrated within current design practices, not to redevelop the current process itself, but to aid and extend it. Consequently, we argue that the research
has created a multi-purpose digital tool that could
not only be used for the analysis of existing, but also
the designer of future cycle infrastructure, which also

presents new knowledge areas into computational
design applications. Furthermore, the background
framework could also be adapted from cycling to
other modes of transport such as car or rail, and further research could create new parameters and variables that can be utilised in the tool. Finally, the paper contributes to the discussion of biomimicry, and
the reasonable appropriations behind the relationships developed from studying nature in a computational age.
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``Smart City'' business model is guiding the development of future metropolises.
Software industry sales to town halls for city management services efficiency
improvement are, these days, a very protable business. Being the model decided
by the industry, it can develop into a dangerous situation in which the basis of the
new city design methodologies is decided by agents outside academia expertise.
Drawing on complex science, social physics, urban economics, transportation
theory, regional science and urban geography, the Lab is dedicated to the
systematic analysis of, and theoretical speculation on, the recently coined
``Science of Cities'' discipline. On the research agenda there are questions
arising from the synthesis of architecture, urban design, computer science and
sociology. Collaboration with citizens through inclusion and empowerment, and,
relationships ``City-Data-Planner-Citizen'' and ``Citizen-Design-Science'',
configure Lab's methodology provoking a dynamic responsive process of design
that is yet missing on the path towards the real responsive city.
Keywords: Smart City, Morphogenetic Urban Design, Internet of Things,
Building Information Modelling, Evolutionary Algorithms, Machine Learning &
Artificial Intelligence

CURRENT SCENARIO
It is currently acknowledged that two major errors
in urban planning approach have been made in the
recent past. The ﬁrst one (in the 50’s and 60’s) was
to conceive the idea of planning as a completely deﬁned and described system; the second one (in the
90’s), was to conceive the idea of planning as a result
of the guidelines established by the free market principles to determine the distribution of resources and
city decision-making. Yet only since the 90’s we had
the technology to develop the new idea of city that
was proposed by Jane Jacobs in the 60’s and its implications. Using an innovative and interdisciplinary
approach Jacobs argued against the schematic ideal

models that in her opinion, produced the destruction
of the public space and made the needs of the citizens not being covered by the city, setting then the
grounds of cities as problems of organized complexity. Until then, academics had defended the idea that
any urban planning problem could be perfectly described with a clear deﬁnition for all of its variables,
classifying it as a problem of disorganized complexity or even as a problem of simplicity. Within the
three types of problems in scientiﬁc thought, problems of simplicity, problems of disorganized complexity, and, problems of organized complexity, Jacobs argues that, despite normally being treated as
problems type 1 or 2, cities are really problems of or-
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ganized complexity. It is nowadays when, along with
the emergence of Big Data, we will be able to properly study cities as the complex systems Jacobs described.
In the current city design scenario the term
“Smart City” has emerged referring to a series of characteristics inherent to the idea of cities as complex
systems, but, the deﬁnition of the context is still disputable. The term Smart City should be applied to
“smart” and eﬃcient city resources management sustainability based. Unfortunately, the term is mostly
used as a marketing scheme by software ﬁrms, and its
meaning and deﬁnition is constantly being changed.
This has created a confusion within which, this term,
is usually associated to intelligent or adaptive behaviors in city design, when it actually refers to just a way
of improving the services that the city already oﬀers.
The software industry has taken the leadership
in the decisions and development of the paths to our
future cities. Because the software industry has not
yet found a proﬁtable business model that engages
social participatory systems in city design decisions,
there is a lack of interdisciplinary expert teams working with them in city design methodologies towards
a socially engaged “Eco-city” (Richard, 1987); a sustainable designed city is normally considered a city
designed for minimizing its environmental impact,
and in which the behavior of citizens must be aimed
to minimizing environmental impact.
That which can be called the “Smart City” business model is currently guiding the development of
our future metropolises. A recently emerged model
that is based on the sale, from the software industry
to town halls, of computer applications for improving
the eﬃcacy of city management services, (waste and
water management, pollution readings, traﬃc lights
performance, etc.). It is then a very proﬁtable business model as it implies town hall budget savings
on services maintenance that have provoked strong
partnerships between the software industry and local governments during the last ﬁve years. Being
the model decided by the industry, and without any
interdisciplinary expert teams included in the deci-
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sion making process, it can develop into a dangerous
situation in which the basis of the new city design
methodologies will be decided by agents outside
academia. Additionally, within academia this lack of
expert teams is starting to be criticized, and only recently there have been some attempts to create expert boards. As an example of this critisism, Frank
Kresin, Research Director of the WAAG society, Institute for Art, Science and Technology, argued at this
conference at Smart Cities World Fair 2013, that we
have to research the changes in how citizens perceive
their city; that we have to involve all perspectives in
the apps developments, including the citizens, defending that, social innovation should be based on
the new idea of a network in which all nodes have the
same value, being some of the nodes the citizens.
Urban planners and architects, software industry and computer science departments are developing current city planning methods separately. This
disconnection has to be remedied approaching this
kind of research from an interdisciplinary point of
view that will embrace a more complex and complete
research. Additionally, at the 2011 World Economic
Forum report, it was described consumer data as “the
new oil” that will emerge as a “new asset class touching all aspects of society”. Because we are at the beginning of the era of big data citizens are only considered as a rich source of data, but none of it is used to
improve their daily life or to develop the idea of “city
as a science”.

OUR MANIFESTO
Anthony Townsend(2013) argues that we should research the intersection of urbanization and ubiquitous computing to be able to establish the basis of
the development of our future cities. Following his
literature, for understanding cities, we must think
of them as systems of networks and ﬂows, arguing
against their design by simplicity reduction. To do
so, we speciﬁcally believe and follow the methodology that is drawing on “complexity science”, social physics, urban economics, transportation theory,
regional science, and urban geography we should

build and re-design the emergent urban forms upon
“The New Science of Cities” as Prof. Michael Batty
from University College of London defended, coining
the term in 2013 (Batty 2013).
Big Data and the Internet have completely transformed the interaction between citizens and their
habitat. The total population living in cities will grow
from 3.8 to 6.8 billion in the next few years, so it is
clear that a new approach is needed to make cities
more sustainable and eﬃcient. Future city development is starting to be studied based on this very new
transformation in citizenship interaction with data,
existing an urge for the development of new city design methods through the understanding of this new
paradigm. We do believe that it is of fundamental importance that a proper term-that will imply complexity of research methods and intelligent technologies
implementation-should be deﬁned for our new city
design procedures.

RESEARCH AIMS
At the Morphogenetic & Adaptive City Research Laboratory we strongly believe that expert teams, including industry, academia and citizens, should be the
decision-makers for deﬁning the future of cities collaboratively.
The Laboratory aims to develop a theoretical interdisciplinary discussion about the applicability of
the ‘Complex System Theory’ on the very basis of
the discipline. So that, some conclusions of system
representation and analysis methodology will be expected. Nevertheless the deﬁnition of the complete
systems will not be an aim, to discuss and relate, as
many important considered variables as possible will
deﬁnitely be a focus.
Regarding the interdisciplinary and professional
collaboration with citizens’ inclusion and empowerment, ”City-Data-Planner-Citizen”, (term coined by
Prof. Sahin Albayrak from TU Berlin), and, ”CitizenDesign-Science”(term coined by Gerhard Schmitt at
ETH Zurich’s Future Cities Research Laboratory), are
two new strategies for cities that are presented to integrate citizens’ design ideas and wishes in the ur-

ban planning and management process. Additionally, this methodology is a unity of local knowledge
and observation, which gives feedback to the design decision-making process. Also, apart from the
planning and urban management, this methodology can provide links for individuals’ daily decisionmaking criteria by its statistics that are collected from
the open-source data. ”The approach is to combine crowdsourcing citizens’ opinions and thoughts
through modern information and communication
technology (ICT) with active design tools. The active
design feedback from a city’s inhabitants is identiﬁed
as a yet missing but essential element in the path towards a responsive city.”[1]
Regarding to these methodologies, multiple
opinions and thoughts by citizens should be combined with active design tools, enabled through information and communication technology. “The active design contribution and feedback from city’s inhabitants is a still missing but essential step towards a
responsive city.” (Muellera et al. 2018) The deﬁnition
of the new relationship between big data, citizens,
and future design and management of cities and the
development and design of improved protocols are
main research focuses of our research laboratory.

RESEARCH LINES
This current situation makes the urge of academic
research emerge within an interdisciplinary environment. The following research gaps urging to be covered on behalf of our future cities development laboratory are the basis of our research lines:
• Interesting potential of the new citizen behavioral implication in city design that should
emerge from the new social empowerment
situation: The new relationship between
big data, citizens, management of cities.
The study of the relationships of ‘City-DataPlanner-Citizen’ and ‘Citizen Design Science’
theories: application, development and improved protocols of these theories will be the
basis of the development of the new discipline and the underlying general question all
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along the Lab-Life.
• Diﬃculties of analyzing the complexity of urban forms have been considered as an obstacle, because the existing tools and techniques could only study semi-linear relationships of the urban structure. The emergence
and development of bio-like (self-organizing)
structures in urban forms, as well as historical urban forms with heterogeneous components, require non conventional approaches.
Using key theories to study and analyze urban form can be done in two ways: First one
is the study of a frozen time frame or a historical reference, using tools such as “Space
Syntax”. Previously done research, like the one
that compares similarities and diﬀerences of
two Mediterranean Cities, Barcelona and Antalya through the Space Syntax theories and
software (Millán-Gómez and Birgonul 2018),
can be an example of this research line. The
second is to research on “Adaptive Complex
Systems” (Miller and Page 2007) and use real
time data, while modeling and visualizing.
• Need for further research on future design strategies based on academic interdisciplinary collaboration clusters and not only on
the developments of the software industry.
There is lack of research in the real future implications of this new technology and its relationship with the citizen and the built environment. The theoretical and foundation basis of
“The New Science of Cities” should be established.
• Need for reinforcement of research in the scalability of the current and future design methods and theories, solving lack of investigations in Geographical Planning technology related methods, which is emerging these days
in Asia because of great-expect population increase that could obsolete city planning in
terms of scale. Current debates about the
need of Geographical vs. City planning implementations occupy quite a few of the current
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theoretical discourses.
• Enhance decision-making criteria from citizens in design and planning for emergent territories. Lack of research in collaboration possibilities for ‘co-creation’ should be studied
within all the perspectives in architectural design, urban design, systems, and app development. Yet this should be done without forgetting the basis of all-citizens and how they perceive their city.
• Sharing data will make our cities grow, but
because of the implications of this change
of paradigm, its consequences deserve deep
study. So now that we have the technology
we can ﬁnally go into the deep implications of
this ‘Complex System Theory’ when applied to
city design.
• Constructing the framework for the transition
through ‘smart cities’ to ‘responsive cities’, as
well as deﬁning ‘livability and life quality values’ and ‘responsiveness’ of urban environment.
• Introducing a new research line as enhancing
the current softwares, design tools and digital
techniques for fabrication, and researching on
the further possibilities of these elements. Developing future use of the current tools, and
researching on potential usage for software.

METHODOLOGY
Drawing on complex science, social physics, urban
economics, transportation theory, regional science
and urban geography, the proposed Lab will be dedicated to the systematic analysis of and theoretical
speculations on the recently emerged discipline.
On the research agenda are questions arising
from the synthesis of architecture, urban design,
computer science and sociology. Interdisciplinary
expert teams should engage in developing and designing improved protocols for the relationship between research lines that have been referred in the
previous section.
The algorithm itself has become part of new pro-

jective methodologies and technologies. Advances
in the Architecture-Computation relationship have
had an exponential growth in recent years. With
a clearly interdisciplinary approach, we propose to
deepen in the relationship within the methodological process of design through the study of Artiﬁcial
Intelligence and its algorithms. Deep Learning (DL),
Machine Learning (ML), Muti-Agent System Design
(MAS), Person-centered Ambient Intelligence (AAL),
Evolutionary Computation (EC), Shape Grammar (SG)
or Linear and Logistic Regression (LR), have become
part of the architectural design process from the
Nano scale to the territorial scale, both in the data
analysis process, Data Mining, and in the theoretical discourse as well as in the language consolidation
process.

•
•

•
•

•

1. RESEARCH LINE: DATA AS A BUILDING
BLOCK OF INCLUSIVE COLLABORATION
(DATA CITY) & (INFORMATION CITY: BIM &
CIM)
Research Basis. The invisible data cloud that surrounds the citizens in the contemporary world might
contain massive amount of information about everything, yet; this data might be used for further research to develop innovational solutions for future
cities. Data and information is no longer a latent element, moreover, it is an incontrovertible layer of
smart-urban fabric.
Challenge.
• Complex system development by horizontal
collaborative control, in which eﬃciency in
city system management, the only one currently developed, will be just one layer within
hundreds of the systems.
• Unsupervised data pattern research towards
behavioral citizen pattern ﬁndings relevant
for design and city development.
• Identifying data with descriptive and prescriptive means for obtaining patterns in various
sets of time in order to organize data usable
structures.
• Behavioral patterns of data analyzed in terms

of future city design improvements: IT systems improvements and Physical city design
improvements.
Research upon the ‘open-data’ of citizens.
Analysis of the need of real-time data feedback access for an eﬀective adaptive governance and performance.
Further “IoT ”(Internet of Things) studies,
which focus on urban scale applications.
Regardless of the fact that “BIM” (Building Information Modeling) is a substantial theoretical concept in architectural and construction
industry and academic research regarding the
richness of the data provided, the potential
developments of the theory is a substantial
point of our research laboratory.
“CIM” (City Information Modeling) as an upraising context is speciﬁcally interesting regarding the ‘data city’ and ‘information city’
theories.

Case Study 1: Symbiotic Data Platform. This ongoing PhD project from our research laboratory investigates on advancing the progression of BIM theories.
The proposed platform aims to develop an interactive level of BIM, for the lifecycle phase of the built
environment, and which will be operated by the realtime occupant of the aforesaid properties. Currently,
the research is concentrated on the thermal data optimization to pursue the possible implementation of
BIM to real-time user interaction (Figure 1).
The research objective is to investigate on making beneﬁt of already existing BIM ﬁles to extract construction details and information, to a new algorithm
that will blend real-time weather/thermal information and also, the users’ body temperature data by
sensor interaction. The custom algorithm of the platform aims to interlace these variables, to create a realtime energy analysis, which thereafter perform the
thermal comfort optimization by making the physical adjustments in the HVAC System of the speciﬁed
space (Figure 2).
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Figure 1
Symbiotic Data
Platform Mobile
App Mock-Ups.

new equation is the ‘real-time data’ under the digital infrastructure layer. The interaction that occurs
by processing the real-time values that are facilitated
by the platform and also operated by the real activity driven input. As a consequence, the platform regulates a continuous receptive and responsive cycle.”
(Birgonul et al. 2018).
To conclude, this on-going project sets an example of how our research laboratory takes a position
amongst understanding the new terminology of ‘information city’ and explaining ‘data city’ by introducing recent layers of urban structure.
As a result of the performance of the platform, a ‘Real
-Time Information Model’ will be achieved, which will
be linked to each other to create the interactive network, which aims to create a collective synergy for the
community.
Even though the project currently has two dimensions such as private space applications and
public ‘urban’, to expound the ‘data city’ research line,
the public branch of the project is more adequate to
be represented in this paper by the following quotation: “By Symbiotic Data Platform, the city is interpreted as within 3-layers. The 3-layered city equation
consists in the digital infrastructure layer, the physical space layer and the virtual layer (which is the
user action-feedback: ‘data’). The added value of this
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2. RESEARCH LINE: CITIES, INFORMATION
AND INCLUSION
(RESPONSIVE CITY)
Research Basis. Prof. Batty introduces methods of
simulation that range from simple stochastic models to bottom-up evolutionary models to aggregate
land-use transportation models. Then, design and
decision-making models are presented to predict interactions and ﬂows in future cities. These networks
emphasize a notion with relevance for future research and planning: design of cities is a collective
action.
Challenge.

Figure 2
Flowchart of
Symbiotic Data
Platform.

Figure 3
Citycise Screenshot
(www.citycise.com)[2].

• Analysis and general study of how “new big
data” era aﬀects cities in developing countries.
• The need of breaking the digital barrier for:
1. Citizen participation
2. City design as co-working citizen based
3. Processes of co-creation of public services
4. Social equality increase
• An innovation Ecosystem: City Labs for social
innovation:
1. Citizen participation in problem solving
2. Trusting the ability of people to connect together
3. The government no longer as a “problem
solver”
• Applicability to all scenarios: American, Asian,
and European Cities and Cities in developing
countries.
Case Study 1: CITYCISE. “Citycise, Citizen exercise
your city!” project, (Founded by Dr. Cocho and Miss
S. F. Molina in 2013)[2], aims to empower citizens
through connectivity and social engagement giving
them a voice in the process of improving their cities

through an on-line platform (Figure 3).The idea is to
develop a platform where citizens are encouraged
to come up with their own ideas and suggestions
to spur the public and private sectors to meet their
needs. Citizens, newly enfranchised by higher living
standards and the power of connectivity, will be exponentially more and more demanding for their Governments to improve and support the modern development of future cities. The project explores how
people currently interact with their neighbourhoods
and cities along new methods of communication between cities and citizens. It was shaped to aim to generate ‘relevant’ data for ‘smart city’ innovators.
An article titled as “The new smart city - from hitech sensors to social innovation” by The Guardian[3],
mentioned the project, with an interview done with
Dr. Cocho. The Citycise project is highlighted on
the article by its added value of the citizen collaboration and the power of social media on the responsive city ideology. By Citycise project, citizens are
able to use their own data for their own good, while
building a strong community network. Dr. Cocho
also pointed out during the interview, that the business model of the smart cities are already success-
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fully focused on the aspects such as mobility, energyeﬃciency and management systems, yet, the social
innovation and the social engagement phase of this
business model is still an open gap, and it is needed
to be invested. Projects such as Citycise and academic research teams are currently working on those
ﬁelds, in a mutli-dicsiplinary manner, while bringing
in technologic, social and economic aspects together
in a melting pot, to develop contemporary solutions
for todays urban concerns (Figure 4).
It was designed and put into action local initiatives with social and environmental impact in cities,
thanks to the ﬁnancial backing of companies that aim
at connecting positively with the communities where
they operate. A win-win collaboration for companies
and citizens was develop so the three main actors of
the future cities were involved.

Case Study 2: UDaMaS Tentacles (Universal Daylight Managing System). This on-going research is
based on developing more eﬃcient energy supply
methods though IoT and data mining based on citizens improved relationship with technology. So that,
basing the research on the Barcelona’s Town Hall
Project “L’illa eﬁccient” (The eﬃcient Block), that is
studying how to improve energy eﬃciency on the
city’s “Eixample”, it is proposed a system located in
the block’s patios for reorienting sunlight towards the
north façades depending on user’s needs. In that
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sense, UDaMaS project, is divided various systems:
• HCI system through sensors and users data.
• A web platform that gathers user’s data from
sensing devices on their homes and from their
chosen preferences.
• A physical system composes by a number of
orientable mirrors located in the centre of the
patio.
• An aﬀordable easy fabrication based façade
ﬁlter pre-installed on the system users.
Depending on the users’ request, data read, preestablished preferences, weather and timing within
the year and day, the mirroring system will decide
which users will get the re-oriented sunlight and in
which rooms of their homes. Through the use of the
façade pre-installed ﬁlters also the type of lighting
and its intensity can be decided. In that sense the
main characteristics of the three sub-systems will be:
Block courtyard central reﬂector system (BCCRS):
• Multi-agent system with norm emergence
taking the decisions about what users to serve
and how the mirrors should orientate for not
interfering other mirrors movement or giving
shadow over them.
• OUTPUT: (1) Unit on/oﬀ. (2) Decision on which
house unit to mirror: norm emergence dependent on user/environment/surrounding
agents state. (3) Path to follow for locating itself at the adequate coordinates and with the
adequate angle.
Façade Filter Module (FFM):
• OUTPUT: (1) On/oﬀ mechanism. (2) 1/2/3/4
ﬁlter types deployment (Dependent on user
PRESET preferences).
UDaMaS system for user inputs and preferences:
Human/house inputs (HHi):
1. Body: Wearable 1.a. Body temperature, 1.b.
Heart frequency
2. Space: 2.a.Light meter (lumens), 2.b. Temperature
User Preferences (UPre):
1. Activation of FFM: 1.a. Type of light, 1.b. In-

Figure 4
Smart Cities: Which
approach to tackle
the same issue?

Figure 5
Pareto front and
most extreme
individuals for each
of the
multi-objectives.

tensity of light
2. Time lighting desired schedule
3. Weather input (We): 3.a. Night/Day 3.b.
On/Oﬀ Solar Capturing 3.c. Sunny/Cloudy 3.d.
Month

3. RESEARCH LINE: SMART REGIONS VS.
SMART CITIES
(SOFTWARE TOOLS) & (DIGITAL CITY)
Research Basis. Geographical and Regional smart
planning: the idea of the Adaptive & Morphogenetic
City must be scalable in some basic standards. 1.4 billion World population increase in the following years
is expected in Asia. Methodologies for standardization of regional basic initial procedures need to be
developed.
Challenge.
• To deﬁne ﬂows and their networks and introduce tools that can be applied to understand diﬀerent aspects of city structure. Future cities and regions planning methods basis.
• Introduce a multi-scale relation system for
both minimal units and city clusters.
• Deﬁnition of a complex world in which complexity comes through simplicity (i.e., car absence, 85% usage of public transport, diversity: of employment, entertainment, services,
etc.)

Case Study 1: The Evolutionary Adaptation of
Urban Tissues through Computational Analysis.
One of the main objectives for this project is to develop a strategy to propose an alternative distribution for the iconic Eixample’s block from Barcelona
city. This particular example aimed for reaching
the minimum area of green spaces set by the WHO
(World Health Organization) while using Cerdà’s original urban strategy (Busquets 2004). In the project,
blocks are allowed to change in diﬀerent ways and
must be self-aware of their surroundings in order to
become and optimized version (Makki et al. 2018)
(Figure 6).
Therefore, a mixed process is introduced to allow
both self-optimization and context detection. Each
of the blocks evolves based on several criteria (density, courtyard area, solar exposure...) but also depending on their neighbours and their relation between them. An underlying pattern detects connectivity between open courtyards in the blocks and
tries to create greater spaces and better visuals that
will later become green areas for the city. This pattern
behaves like complex systems previously mentioned,
responding and adapting to its own changes. In order to stablish the relation between the elements of
the city individuals, the algorithm cannot be single
blocks any more, but clusters working under mentioned connectivity pattern. And so, the algorithmic
evaluation is carried over these clusters and their connection value.
The strategy very much resembles a recursive
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Cellular Automata process where blocks keep changing based on their neighbours’ status, at the same
time that the evolutive algorithm changes the properties of the blocks and detects the proper relation
between them.

The method, foundational discourse of the discipline, main hypothesis to discuss and prove, and fundamental research guidelines must be the result of
the ‘Adaptive & Morphogenetic City Research Laboratory’ Life.
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The identity of an urban environment is important because it contributes to
self-identity, a sense of community, and a sense of place. However, under
present-day conditions, the identities of expanding cities are rapidly deteriorating
and vanishing, especially in the case of Asian cities. Therefore, cities need to
build their urban identity, which includes the past and points to the future. At the
same time, cities need to add new features to improve their livability,
sustainability, and resilience. In this paper, using data mining technologies for
various types of geo-referenced big data and combine them with the space syntax
analysis for observing and learning about the socioeconomic behavior and the
quality of space. The observed and learned features are identified as the urban
identity. The numeric features obtained from data mining are transformed into
catalogued levels for designers to understand, which will allow them to propose
proper designs that will complement or improve the local traditional features. A
workshop in Taiwan, which focuses on a traditional area, demonstrates the result
of the proposed methodology and how to transform a traditional area into a
livable area. At the same time, we introduce a website platform, Quick Urban
Analysis Kit (qua-kit), as a tool for citizens to participate in designs. After the
workshop, citizens can view, comment, and vote on different design proposals to
provide city authorities and stakeholders with their ideas in a more convenient
and responsive way. Therefore, the citizens may deliver their opinions,
knowledge, and suggestions for improvements to the investigated neighborhood
from their own design perspective.
Keywords: Urban identity, unsupervised machine learning, Principal
Component Analysis (PCA), citizen participated design, space syntax
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INTRODUCTION
East-Southeast Asia is currently one of the fastesturbanizing regions in the world, with countries such
as China climbing from 20% to 50% urbanization in
just a few decades. The identity of an urban environment is important because it contributes to selfidentity, a sense of community, and a sense of place.
However, under present-day conditions, the identities of expanding cities are rapidly deteriorating and
vanishing, especially in the case of Asian cities. The
elements and deﬁnition of urban identity have been
widely discussed by K. Lynch (1960), E. Relph (1976),
C. Norberg-Schultz (1979), J. Dixon and K. Durrheim
(2000), and H. M. Proshansky (2007). Nevertheless,
the principle was advocated signiﬁcantly by K. Lynch.
One recent study (Chang et al. 2017) uses data
mining technologies, including both unsupervised
machine learning and feature selection methodologies, to explore the important features of urban identities from the quality of open public space. The
quantiﬁcation of this quality is based on K. Lynch’s
theory (1960) and POI combined space syntax (Hillier
and Hanson, 1984). It demonstrates how public
space can be used to identify an urban identity by
quantization. However, this study does not demonstrate how designers can use this information to create urban designs according to these features. In fact,
these features could contribute to exploring the traditional features for historical areas, which could help
designers more clearly identify an urban identity.
Nowadays, cities are reconsidering their respective city models, trying to increase the strategic value
of their territory to transform into more attractive
and cohesive cities that oﬀer greater quality of life
and better citizen coexistence. In this way, a change
in their traditional identity is taking place. In other
words, cities need to build an urban identity that extends to the past. At the same time, cities need to
add new features to improve urban life. Therefore,
while data mining methodologies can help the designer consider the urban identity, the city also needs
new technology to enable its citizens to lead modern lives . In this paper, a novel framework integrated
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with data mining technologies and the citizen participatory tool is proposed for building creative urban
identities for contemporary and future life.
The data mining sources and the proposed
methodology will be discussed in section - Data
Source And Methodology. Urban identity designs
in the Taiwanese workshop are discussed in section
- Demonstration and Result. Discussion and future
works are discussed in the ﬁnal section.

DATA SOURCE AND METHODOLOGY
OpenStreetMap & POI Information
OpenStreetMap (OSM) is often chosen to form the
backbone of urban layouts because of its universal
coverage. It includes buildings, roads, transportation
stations, parks, ﬁelds, playgrounds, and POI. Diﬀerent types of POI are available, including restaurants,
shops, banks, and cinemas. After being collected
from OSM, the data are imported to 3D geometry
tools (Rhinoceros 5, Grasshopper, and Elk) and converted into 2D geometry data. The POI data obtained
from OSM including parks, shops, and train stations.

POI Integrated Space Syntax Analysis Data
DeCodingSpaces (Abdulmawla , et al., 2018) is a plugin software tool for the Grasshopper graphical algorithm editor in the Rhinoceros 5 environment. It
implements accessibility functions in space syntax,
including betweenness centrality, closeness centrality, gravity, weighted betweenness, and degree centrality. For this paper, DecodingSpaces was used to
analyze the diﬀerent features of the public space in
Taipei City. These features, integrated with attributed
weight (Chang, Buš, & Schmitt, 2017), could correspond with what K. Lynch identiﬁed as the ﬁve elements that bring out the quality in cities that can
be considered as urban identity. Attributed weight
closeness centrality (AWCC) and attributed weight
betweenness centrality (AWBC) were used to analyze
K. Lynch’s ﬁve elements of the quality of the city.

Figure 1
The system
architecture of
overall framework

Principal Component Analysis and K-means
clustering

Figure 2
The Nan Ji Chang
Urban
Redevelopment
Area

Clustering is an unsupervised machine learning
method that groups similar objects together based
on their natural similar characteristics. The K-means
algorithm is the most famous algorithm for clustering data by trying to separate samples into n groups
of equal variances, minimizing a criterion known as
inertia, or within-cluster sum-of-squares. For this paper, the clustering algorithm was used to help the designer to identify the features of urban identity from
public space. These features could be the characteristics of urban identity. However, the dimension of the
featured space is quite high. Therefore, dimensionality reduction is used to remove noisy and redundant attributes (Dash and Liu, 1997). Principal component analysis (PCA) is a popular algorithm for reducing dimensionality and was used in this paper to
conduct feature extraction for helping the urban designer to identify which features are important. After these two algorithms were applied, the resulting
numeric output data were catalogued to simplify the
understanding of the features for designers.

Qua-kit and Overall Framework
Qua-kit is a web platform for viewing and manipulating simple urban geometry (A. & Chair of Information Architecture ETH Zürich, 2018). While users are
logged into this platform, they can work on a single

design problem, share ideas and design proposals,
and view and discuss the works of others. Therefore,
after proposed designs are uploaded by experts, involved citizens can add comments, view and modify
designs, and vote for their favorite designs. The overall framework of our proposed system (diagrammed
in Figure 1) is that the observed and learned features
will be identiﬁed as the urban identity through data
mining technologies, which would help designers
understand the contemporary citizen lifestyle. These
expert-based design proposals are then shared via a
web platform to involve citizens in the citizen participatory design, which can make the city adapt, learn,
and intelligently respond to citizens’ lives.

DEMONSTRATION AND RESULT
SITE
The Nan Ji Chang Urban Redevelopment Area is located in Taipei City, Taiwan, and encompasses a traditional Taiwanese street night market as illustrated
in Figure 2. At this site, there are many challenges; including improving quality of life, preserving the traditional Taiwanese night market, expanding public
transportation, and adding open public spaces and
public utilities. The Taipei City Government initiated
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Table 1
List of important
feature index and
value

an urban redevelopment plan for this area and invited local citizens to participate in the plan through
a workshop. This workshop adopted the methodology of this paper to explore the urban identity for this
area and help urban planners create proper designs.
After the workshop, these design proposals could be
viewed and referenced as part of the citizen participatory design.

the same cluster. A PCA component value of 8 and
K-means cluster number of 6 were the best, as displayed in Figure 3. Figure 3 illustrates the clustering
label for the main part of Taipei City. Colored circles
indicate open public spaces with the clustering label,
and all open public spaces with the same clustering
label have been assigned the same color.

Urban Identity Analysis
Result of K-means Clustering and Principle
Component Analysis
This research proposes a total of 18 features for
K-means clustering. These 18 features include six
statistics features (mean, variance, standard deviation, median, skewness, kurtosis) from AWBC and
AWCC, as well as four isovist features (isovist area,
isovist perimeter, openness, and compactness). The
building density and the size of the open public
spaces are entirely included in these 18 features. According to OSM, there are 1,049 open public spaces
(parks, gardens, shopping streets), 562 train stops,
and 18,099 POI locations in Taipei City. The implementation of our overall system architecture was
done with Rhinoceros 5, Grasshopper, Grasshopper
plugins (DeCodingSpaces & Elk), and Scikit-learn software library codes for unsupervised machine learning.
There were four to nine components of PCA and
four to nine cluster numbers of K-means to be tested.
The test cases with diﬀerent PCA component numbers and the cluster number of K-means were selected for the best one , with the bigger parks having
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Lynch’s path, node, and district elements were applied to analyze the eight types of public spaces in
Taipei City to identify the urban identity by using
clustering labels and important features from PCA as
indicated in Table 1.
Index 5 relates to the kurtosis value of AWBC.
Kurtosis is a measure of whether the data are heavytailed or light-tailed relative to a normal distributionthat is, data sets with high kurtosis tend to have
heavy tails, or outliers. Data sets with low kurtosis
tend to have light tails, or lack of outliers (Freund &
Peries, 2006). The kurtosis for a standard normal distribution is 3; therefore, when the value of kurtosis
is higher than 3, it means the data are heavy-tailed
and have similar data values. AWBC describes the frequencies of nodes in the shortest paths between two
indirectly connected nodes (Hai & Junsheng, 2010).
The higher kurtosis value of AWBC indicates this path
like a bridge . Therefore, when the kurtosis value of
AWBC is high, it means most of the AWBC values are
similar-that is, this area has very equal accessibility.
Conversely, when the kurtosis value of AWBC is low,
it means most of the AWBC values are diﬀerent-that

Figure 3
Clustering label of
Taipei city
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is, this area has some speciﬁc roads with higher traﬃc
volume like a bridge.
Indexes 11 and 12 relate to the median value and
the skewness value of AWCC. The median is the value
separating the higher half of a data sample. Skewness is a measure of symmetry, or more precisely,
lack of symmetry (Freund & Peries, 2006). Skewness
for a normal distribution is 0, and any symmetric
data should have a skewness near 0. Negative values
for skewness indicate data that are skewed left, and
positive values for skewness indicate data that are
skewed right. By skewed left, we mean that the left
tail is long relative to the right tail. Similarly, skewed
right means that the right tail is long relative to the
left tail. Therefore, there are four major conditions
for skewness. The ﬁrst condition is when the median value is low and the skewness value is positive:
most of the data samples are quite small. The second condition is when the median value is high and
the skewness value is negative: most of the data samples are quite large. The third condition is when the
median value is high and the skewness value is positive: most of the data samples are large. The fourth
condition is when the median value is low and the
skewness value is negative: most of the data samples
are small. However, there are other conditions in between these four conditions, which will be discussed
on a case-by-case basis.
AWCC describes the eﬃciency of information
propagation from one node to the others (Hai and
Junsheng 2010). Therefore, a higher median value
of AWCC indicates that the area is well connected.
Conversely, a lower median value of AWCC indicates
that the area is not well connected. Therefore, the
ﬁrst condition of the median value and the skewness
value of AWCC indicate that the area is not well connected. The remaining conditions may be deduced
by analogy.
For index 19, compactness measures the ratio
of average to farthest (or maximum) distance from
each vantage point (Batty 2001). This measure thus
varies from 0 to 1, with low values for stringy, noncompact linear shapes to high values for compact cir-
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cular shapes. For index 20, building density measures
the total number of buildings in a circle with a radius
of 500 meters . For index 16, area measures the area
size.
To help the designer understand the meaning of
these numeric data, the data were sorted into diﬀerent levels: very low (L * ), low (L), median (M), high
(H), and very high (H * ), as depicted in Table 3. Every label is summarized in feature descriptions by referencing Table 2 and sorted by locations in Table 3.
From Table 3, it can be seen that the site of the workshop belongs to the yellow label, which means this
area is not located at the center of the city, but it is
easy to access with high pedestrian ﬂow. From the
third column of Table 3, it can also be seen that most
of the open space belongs to the blue label, which
means that most of the open space in Taipei City is
located outside the center of the city and has a median size. Big parks or open spaces constitute only
13% of the total open space, and most of them are
located around the river as illustrated in Figure 4.
Figure 4
Concept design
proposal from
stream of food
design proposal

Urban Identity Design and Analysis
Urban Identity Design. There were eight design
proposals for this site, each reﬂecting a diﬀerent approach for preserving or rethinking the local identity and livability for the traditional night market in
this Nan Ji Chang Urban Redevelopment Area. During this Taiwan workshop, the parametric design was
used for ﬁnding diﬀerent approaches with space syntax analysis, the generation of plots and buildings by
DeCodingSpaces (Abdulmawla , et al., 2018), and the
features of the livability of the city. Four of these design proposals were discussed in detail as follows.

Table 2
List of feature
description,
location and ratio
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Table 3
List of important
feature property
and level

(1) Stream of Food. The idea of the stream of food
design proposal is to keep the concept of the pedestrian ﬂow in this traditional market area. To ensure
the coexistence of the residential area with the commercial area, it proposes to make use of the seasonal wind and green spaces to connect and separate
them, thereby preserving the quiet and safety of the
residential area as illustrated in Figure 4. The analyses
of AWBC, AWCC, and isovist are illustrated in Figure 5.
(2) Fusion Double Layer. The idea of the fusion double layer design proposal is to reduce the impact of
the commercial area on the residential area by creating a new pedestrian path. Therefore, the traditional
market remains on the ground ﬂoor, while a new upper level includes a pedestrian path for protecting local residents, as illustrated in Figure 6. The analyses of
AWBC, AWCC, and isovist are illustrated in Figure 7.
(3) Daily Axis of Urban Context. The idea of the daily
axis of urban context design proposal is to integrate
diﬀerent activities, including culture for school, the
commercial area, the traditional night market, and
the residential area, by using nodes and the axis to
connect them. Therefore, the traditional market remains on the ground ﬂoor, while a new upper level
includes a pedestrian path for protecting local residents , as illustrated in Figure 8. The analyses of
AWBC, AWCC, and isovist are illustrated in Figure 9.
(4) The Green Belt. The idea of the green belt design
proposal is to create a new style for the night market with ﬂuid circulation, mixed-use commercial and
residential areas, and more green spaces. With ﬂuid
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circulation, this proposal also creates ﬂuid buildings
that result in a new outlook and design for the traditional night market, as illustrated in Figure 10. The
analyses of AWBC, AWCC, and isovist are illustrated in
Figure 11.
Figure 5
Result of Space
Syntax analysis for
stream of food
design proposal
Figure 6
Concept design
proposal from
fusion double layer
design proposal
Figure 7
Result of Space
Syntax analysis for
fusion double layer
design proposal
Figure 8
Concept design
proposal from daily
axis of urban
context design
proposal

Figure 9
Result of Space
Syntax analysis for
daily axis of urban
context design

ﬁrst three design proposals keep the same features
of the traditional market. Although these proposals
increase the size of the open space, the major features are still preserved. The fourth design proposal
reduces too many paths for pedestrians ; therefore,
it lacks closeness . However, it creates an interesting
path for diﬀerent views.

Figure 10
Concept design
proposal from the
green belt design
proposal

Quick Urban Analysis Kit (qua-kit)
After workshop, every design proposals are uploaded to Qua-kit for public viewing, voting and making comments, as illustrated in Figure 9. All design
proposals can be viewed together as shown in Figure 13, which provide users to review all possible
ideas for the site. At same time, citizens can discuss and compare these design then they also make
their proposals from Qua-kit. Therefore, by this open
and transparent web-platform, citizens can inform
authorities about their ideas, which enables them to
participate the urban planning to make the city responsive and livable.
In summary, data-mining technology can help
designers identify the urban identity, which can ﬁt
the local urban features to help local residents to
keep the sense of place, self-identity and a sense of
community. An open, transparent and public citizen
participatory web platform can help local residents to
join the urban planning to make their live ﬁtting their
need.

Figure 11
Result of Space
Syntax analysis for
the green belt
design proposal
Figure 12
The interface of
Qua-kit with the
design proposal

Figure 13
List view of all
design proposals by
Qua-kit

CONCLUSION

Analysis of Urban Identity Design. All calculated
features of the diﬀerent design proposals were analyzed by K-means clustering to predict their label and
determine the urban identity as indicated in Table 4
and Table 5. From Table 5, it can be seen that the

The loss of identity that plays a vital role in urban
structure is one of the problems of modern urban
spaces. This paper reveals how data mining technologies can be used to provide designers with quantiﬁed data relating to the quality of spaces, which
helps designers explore the important features of the
urban identities of Asian cities. The Taiwan workshop
demonstrates that with the aid of these quantiﬁed
features, the designer can identify whether their designs preserve the local traditional urban structure.
At the same time, these proposed designs are publicly accessible by citizens via a web platform, which
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Table 4
List of feature value

Table 5
List of feature level
and label

allows them to participate in urban planning to make
their cities more responsive and livable.
Future research should focus on exploring diﬀerent cultural aspects that are unique to Asian or European cities in identifying their urban identity. These
aspects can be integrated into guidelines for urban
planning to develop suitable and customized rules
for cities with diﬀerent cultures, which will contribute
to building sustainable cities.
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The emergence of a data space (Big Data and IoT) and, with it, the proliferation
of communication means, led many scholars to describe the city through a series
of concepts like the informational city, the intelligent city or the cybercity, all of
them being characterized by a strong networked consciousness (Castells,
Graham, Boyer). The hypothesis of this paper is that game methodology is now
gaining momentum and can act as enabler of smarter communities by an
increasing access to data infrastructures. This is why the city can be seen as a
series of connected playgrounds where interactive tools can support citizen
engagement and decision making processes. It does so by going through relevant
theoretical background on gamification in the urban context and best practices,
to finally describe two student projects developed at CHORA Conscious City, TU
Berlin. The two projects are experimental and explore the capabilities of
interactive tools in order to support planning processes.
Keywords: Gamification, Interactive tools, Networked consciousness, Intelligent
communities

INTRODUCTION
The implementation of digital communication systems is still happening in a rather top-down approach, as we constantly give our data away to
big companies and tech platforms. But this data
infrastructure has to be supported by an intelligent community in an active way, since “intelligent
cities are equally about knowledge exchange, human
skills and innovation support institutions” (Komninos, 2009, p.339). Even more so, we are approaching a time in which we don’t need to add digital in
order to describe urban elements and systems, the
digital will become an intrinsic part of them and the
community needs to be a part of this change, if not

even lead it. This is why the term playgrounds was
chosen, as playgrounds refer to a sense of community, inclusion and public services. Playgrounds create a safe environment for children to play and make
up games as they go, where the rules are adapting
to behaviors in feedback loops. By extrapolating this
programme to city level, the hypothesis is that game
methods can facilitate communication and guide design processes.
It is in this context that the city can be approached as a series of connected playgrounds,
where playgrounds should be understood as areas
of action, where diﬀerent players negotiate their resources, but also their desires. The playgrounds can
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be physical places, urban systems and infrastructures, where decisions and actions need to be taken,
physically, digitally or both. By giving the players an
active role in producing but also handling the data
, they will function in a networked mode that leads
to the possibility of forming a collective intelligence.
Therefore, this paper seeks to investigate to which extent games are able to act as individual and collective
communicator in urban context, since it resides in the
ability of the community to create intelligent environments (Komninos 2013). It will do this by looking at how data/digital tools can render personal and
collective experiences more relevant in the process of
reading and writing the urban environment.
If the playground can manifest itself both as
physical and virtual environments, then a re-thinking
of the relation between people and games through
the digital ﬁlter is necessary.

GAMES AS METHODOLOGY
Gaming methods in city planning have been tested
for more than half a century now but gaming in the
urban context is gaining momentum more and more
as research methodology in recent years. Richard D.
Duke is one of the pioneers of gaming as research
with METROPOLIS. The author himself reﬂects upon
his experience of using gaming as a tool for action
in developing countries by expressing the preference
for generic frame games. Since games generally don’t
respond well to other conditions than the ones they
were designed for, Duke (2000) sees the frame game
as a possible solution for this matter, they are simple and ﬂexible enough to apply to diﬀerent contexts: “using generic frame games in which appropriate content could be added to a standardized game
process and mechanisms” (Duke 2000, p.82). The
idea of a generic frame game is very powerful since it
addresses a methodology with various actual games
as applications. The access to vast amounts of data
gives the opportunity exactly for creating many scenarios that adapt to various urban challenges.
Another pioneer in ‘playing’ with data is Buckminster Fuller and his World Peace Game, taking the
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whole world as playground, seen as the only appropriate scale for tackling global complexity. The idea
of such a game was ahead of its time: “In order to
have this kind of power, the game needed to have the
kind of information and tools for manipulating that information that empowers. It needed a comprehensive
database that would provide the players of the world
game with better data than their politically elected or
appointed counterparts. They needed an inventory of
the world’s vital statistics–where everything was and in
what quantities and qualities, from minerals to manufactured goods and services, to humans and their unmet needs as well as capabilities. They also needed an
information source that monitored the current state of
the world, bringing vital news into the ”game room“
live. None of this existed when Fuller began talking
about a world game”[1].
City Matrix is an on-going research project applied to an actual site in the MIT Campus, the Kendall
Square area of Cambridge. The project is a part of City
Scope theme developed by the MIT Media Lab and
led by Kent Larson. Its goals look towards digitizing
and democratizing urban planning processes at the
same time while keeping an open-source repository.
”CityMatrix was an eﬀort towards evidence-based,
democratic decision-making. Its contributions lie in the
application of Machine Learning as a versatile, quick,
accurate, and low-cost approach to enable real-time
feedback of complex urban simulations and the implementation of the optimization searching algorithms to
provide open-ended decision-making suggestions. The
goals of CityMatrix were:
a. Designing an intuitive Tangible User Interface
(TUI) to improve the accessibility of the decision-making
process for non-experts.
b. Creating real-time feedback on multi-objective
urban performances to help users evaluate their decisions, thus to enable rapid, collaborative decisionmaking.
c. Constructing a suggestion-making system that
frees stakeholders from excessive, quantitative considerations and allows them to focus on the qualitative aspects of the city, thus helping them deﬁne and achieve

their goals more eﬃciently.” (Zhang 2017)
By using diﬀerent types of interfaces (online or
the TUI) that have the power to gather people in different modes, the project addresses the formation of
a networked consciousness through play. Another
such initiative is Community PlanIt from Engagement
Lab@ Emerson College, led by Eric Gordon. Community PlanIt takes another approach to games by creating clear missions:
“Within a series of time-limited missions, players
compete with each other to earn inﬂuence in their community to fund local projects. At the same time, they
learn about key issues related to the topic of the engagement process, connect with each other, and suggest solutions to problems. Each game culminates in a face-toface community event, where players meet with each
other and discuss the results of the process and next
steps with curators of the game and other decision makers.”[2]
Community PlanIt as well has been developed
as an online tool as well as facilitating physical encounters for negotiation. Initially it has been applied
in cities like Detroit or Philadelphia, and later on in
Moldavia, which demonstrates its capacity to adapt
to diﬀerent contexts and very diﬀerent challenges .
Game design thinking, especially in the context
of urban digitization and climate change has been
a part of CHORA Conscious City’s research agenda.
CHORA Conscious City, led by Prof. Raoul Bunschoten, practices gaming methods as core activity,
since they break down complex challenges in order
to generate future urban scenarios

GAME DESIGN THINKING
The research was conducted with help of two student groups as part of diﬀerent semester courses organised by Chora Conscious City department at TU
Berlin. The two student groups had diﬀerent approaches to game like tools and their application in
speciﬁc urban contexts, but they both had a generic
frame game approach that is adaptable to diﬀerent
situations. They did so by creating tools rather than
a speciﬁc game. Each of them focused mainly on the

following gaming components: visualization, storytelling and mapping.

Customized Collaborative Urban Design
The ﬁrst group focused on creating a user based information system that would serve as a useful tool
for citizen engagement. Just like in the City Matrix
project, the ﬁnal goal is to support collaborative decision making by helping users visualize their choices
and evaluate them through a feedback loop. The
project works less as a game, more as an interactive
tool that aims at testing scenarios for the selected
area’s land-use. The method was to collect citizens
preferences and map them in an interactive way. This
was achieved by overlaying a 9x9 grid over a given
playground an existing site in Berlin (Figure 1). The
participants were then asked to place the preferred
function from a list of nine into each square that are
subsequently processed into a ranking system. After
the collection of data, The best case scenario is calculated with the help of an eigenfunction (Figure 2). In
a later phase of the experiment the results would be
visualized with the help of AR technology.
The users were asked to express their preferences regarding new potential functions in the area.
Therefore, a focus on the individual experience is relevant, as Lynch argued at the beginning of his book,
“Most often our perception of the city is not sustained, but rather partial, fragmentary, mixed with
other concerns. Nearly every sense is in operation,
and the image is the composite of them all” (Lynch
in Neuhaus, p.119). By then collecting these experiences it was then possible to create a collective “function mixer” and display the most desired scenario
with the help of the ANOVA statistical system.
This new relation established between digital
mapping and digital geographies has the potential to
create a community sense. Digital geographies represent a new way of “being” in the world. They are
enabled by digital communication and refer to a digital infrastructure in which people and places become
(un)linked. It is a socially constructed space, based on
the overlapping of geography and technology (Zook
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Figure 1
The abstractization
of a site in Berlin
into an grid and the
placement of
preferred
programme.
Source: Bai Nan, Li
Jianan, Ding
Huichao, Ye Wenqia

et al. p.155-156). The digital mapping can be therefore considered a bridge between physical and digital geographies, by connecting individuals with real
locations through a digital trace.
This approach has been chosen for two main reasons: ﬁrst, its rising relevance in the act of planning
and designing and second, its relevance as commu-

nication tool at the community level and citizen engagement. In both cases, the act of mapping represents a creative process, as it is “building the world
as much as measuring and describing it” (Deleuze
and Guattari in Corner, p.89). Mapping is being integrated more and more in our daily experience, not
only for an individual purpose, but as a participative
Figure 2
Visualization of the
preferred function
ranking. Source: Bai
Nan, Li Jianan, Ding
Huichao, Ye Wenqia
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Figure 3
The list of points for
each functional
typology. Source:
Theodora
Georgopoulou,
Claudia Ivonne
Martínez, Lucas
Phillips Pfenniger.

act . Individuals localize places of interest by being
in them and sharing them on social media platforms,
thus forming a collective map of the city. This collective map may become “a kind of ground up, opensource digital map that is richer and more diverse
in themes than the conventional topographic data
of government and commercial mapping concerns.”
(Zook et al., p.174).
In the second part of the project, the students
experimented with city modeling tools that would
enable citizen engagement by visualizing the spatial impact of their scenarios. This was achieved by
using Processing in order to connect the functions
with 3D virtual building models. They have then used
Augmented Reality technology in order to display
the speciﬁc 3D model of the “playground” area and
project the possible variations in a spatial conﬁguration. Although still in experimental phase, the advantage of such an approach, like it was proven in applied projects such as Community PlanIt lies in the
bottom-up data collection where the citizens can understand and play with their data.

City Planner
The second student group had a more utopian approach of gaming applied in the urban context,
where storytelling is used as methodology. City
Planner is an urban design game with rules that focuses on developing an ideal city. It takes the player
through the story of an urban designer. The game
takes into consideration all the elements that make
up a city and the synergy between them, bettering
or worsening the quality of life according to how the
player combines and places these elements. The beta
version puts the player in the shoes of a troubled urban designer, who is at the brink of bankruptcy, but
has one last project that can save his company. The
only problem is that the site for the project is a cursed
land. This ﬁrst version has the player learn about the
basics of urban design, as he tries to develop a community in a race against the clock. He will have to
learn how to combine the diﬀerent urban elements
to create the conditions for a good quality of life .

The goals of the initial beta version were the following:1) Preview how systems and services projects
will interact with pre-existing cities. 2) Experiencing
the future and systems not yet used in the development of utopian or vertical cities, The advantage of
this tool is to be able to study the reaction of diﬀerent services, in a short time scale and without putting
at risk the quality of life of people.The three main elements of the game were:
Element A: Systems. System A1: Recreation/Healthgreen spaces (gardens, parks), agricultural ﬁelds and
greenhouses, sport terrains and playgrounds. System A2: Education- Information centers, educational centers, libraries and schools. System A3:
Commercial-shops, week or season markets, restaurants, cﬀeterias, bars. System A4: Cultural-exhibition
centers, galleries, art studios, theaters, cinema. System A5: Technical/Energy-Biogas plants, waste containers, water containers, internet antennas. By combining the diﬀerent systems with each other we obtain further subsystems which, in a future development of the game, will give us new interesting scenarios
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Element B: Housing.
Element C. Infrastructure-water supply, bio-gas supply, waste distribution/collection system, electricity.It provides the opportunity to place these elements in a site and depending on their characteristics react to each other. Simulating the response of
users to the set of systems, it will be observed how
the quality of life increases or decreases depending
on the diﬀerent combinations that are made.
The group has been using Unity to develop the
game. The software enabled them to integrate other
3D modeling software, and oﬀers the possibility to
work with real-time Geodata, which can lead to a
complex gaming system. Another advantage of the
software is that it enables the interaction with data.
This is made possible by integrating the 3D model of
the city if needed, which can become a very powerful
tool as demonstrated during small events in the Conscious City Lab, since people can relate much faster
to the physical context and engage more with the
game. In this project the experience is rather individualistic but addresses two essential aspects: the

educational aspect of design processes and second,
the system integration on the playground.

CONCLUSION
In a time where cities don’t know how to deal with
such complex data systems, game methods can act
as decision support tools. As Eric Gordon stated,
games have to be understood as means to re-frame
problems [3]. This is why they can be such powerful tools for handling urban complexity. As such,
maps and game like tools become communication
enablers, platforms for data ﬂow, not in a top-down
direction, but rather acting on the community network level.
Due to time constraints of the allocated academic semester the work has remained in experimental phase. The two groups had to explore both
themes of urban complexity, and also learning new
software such as Unity and its integration capabilities. The limitations lie especially in the fact that
they have not been extensively tested outside the
academic environment. Even so, it can already be
Figure 4
Diﬀerent reaction
between housing
and factories.
Source: Theodora
Georgopoulou,
Claudia Ivonne
Martínez, Lucas
Phillips Pfenniger
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Figure 5
Each time one of
the systems is
located on the site,
the percentage of
quality of life
increases or
decreases, in
relation to the
proximity and
interaction
between them.
Source: Theodora
Georgopoulou,
Claudia Ivonne
Martínez, Lucas
Phillips Pfenniger

concluded that games represent a safe environment
where urban scenarios can be rolled out. The playground can be then understood as the interface between the people and their cities. Since the projects
remained in experimental phase, further research
and action regarding the negotiation aspect of gaming is necessary, as it is a part of the larger research
agenda of the CHORA Conscious City. While the ﬁrst
group tackled the issue on the data collection level,
the second deals with system integration. Further
steps in both cases regard the negotiation between
diﬀerent players.
The act of negotiation is essential on playgrounds, as they deﬁne a programme where interaction happens both in between the players, but also

between players and the artefacts of the playground
itself. A playground is by nature inclusive. The interaction that happens takes the form of individual action or collective action.
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This paper aims to study the potential impact of Virtual, Augmented and Mixed
Realities (VAM) technologies on the built environment and to understand how
immersive environments can be used to enhance the human experience within the
built environment. In order to investigate and test how these technologies may
improve our experience of the city, an augmented reality app is being developed
in partnership with Victoria University of Wellington, the Wellington City Council
and NEC, New Zealand. The research aims to explore ways in which VAM helps
users in exploring cities. The philosophical driver of this project aims to focus on
supporting the experience of moving between two points on a map rather than
achieving the shortest route to a destination. Once developed, the project
proposes the CityAR app which is to be distributed to the general public in order
for them to test its functionality and in return, provide user feedback.
Keywords: Mixed Environments, Augmented Reality, Smart Cities, Cybrids

INTRODUCTION
With the current advancements in Virtual, Augmented and Mixed Reality (VAM) technologies, the
possibility of our built environment merging with
the virtual environment is increasingly likely. Within
most advanced faculties: technology, education,
medicine etc. VAM environments are being developed, researched and implemented. VAM environments can be explained as, “The intersection of real
and virtual environments, within which physical and
digital elements co-exist, and interact and intermingle in a more expansive form (Schnabel, 2009).” Novel
realities such as these enable a new construct for
the way we perceive our world. Furthermore, consumers have gained access to such technologies with
the help of smartphones and VAM headsets. As

frequently publicized, many major companies from
Facebook, Google, Magic Leap and HTC are pressing
the applications of VAM ever forward. Facebook recently launched a version of Facebook Spaces, a platform in which users are able to interact simultaneously in both real and virtual environments. The platform begins to merge the real and unreal, creating a
space in which users are able to experience a Mixed
Reality environment. Such projects are extremely exciting as they continue to break barriers allowing the
world of communication to be more connected than
ever.
Conversely, Keiichi Matsuda, in his concept ﬁlm,
‘Hyper-Reality’ (see Figure 1), presents to us a world
embellished with layer upon layer of digital information, a world where the built, the virtual and social are
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intertwined. The depiction sheds negative light upon
the potential impact of a VAM environment, presenting a disturbing scenario in which the digital world
has enveloped every aspect of our lives. The readiness of immersive technologies is turning an age-old
dream of many visionaries into actuality. As VAM becomes more integral to our daily lives, it is important
to be mindful of the potential impact in order to use
these technologies as a method to enhance and optimize our experience of the city rather than to dictate
our every move.

result, two things have occurred; initially, travel as a
recreational activity has increased; secondly, due to
the accessibility of transport, many people travel to
more places for shorter periods. Now many travelers
endure the pressure of racing against time; apps such
as Google Maps enable users to navigate within unfamiliar places yet at the same time force us to rush
from one point to another, hoping to catch a glimpse
of everything a city has to oﬀer.
Technology appears to liberate us more than
ever, yet at the same time, it dictates our every move.
This research proposes that Virtual, Augmented and
Mixed Realities (VAM) environments can potentially
enhance the experience of people within cities by immersing us into the rich history, phenomenology and
culture of a place.

LITERATURE

Architecture has always been the foundation for social interactions but today, these interactions have
moved beyond the built environment and onto digital platforms. In terms of design, the common feature
between current implementation of VAM environments is the focus on graphics and game elements
that simply relegates architecture and the built environment as a background to the digital. More research is required to understand the impact of the
two environments on one another. It is important for
architects to get involved in the design process, as
they may be better suited to comprehend the phenomenological and functional attributes of a future
where the digital and physical better interact.

RESEARCH TOPIC
Travel has become one of the simplest of tasks. No
longer does one talk of travelling between cities or
countries, but between or even across continents.
Before, distances that took days if not weeks to complete can now be covered in a matter of hours. As a
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Peter Anders is an architect, educator and theorist.
He has published numerous papers discussing theories on the merging of real and virtual environments. He is currently a fellow of the University of Plymouth CAiiA-STAR Ph.D program and is the founder
of MindSpace.net. In the paper, Cybrid Principles:
Guidelines for Merging Physical and Cyber Spaces, he
discusses the role of technology in the world today,
bringing into context the interdependence of the
real and virtual in contemporary society. By centering on human social interactions and drawing comparisons between the physical and virtual, Anders
states, “Despite its past success architectures focus
on materiality, both in theory and practice, has rendered it increasingly inadequate for the challenges
presented by telematics and global culture” (Anders
2005). The statement addresses how contemporary
society has transcended beyond the scope of architecture through the realm of virtuality (social media, e-mail etc.), as it is fast paced and all encompassing. He further goes to state, “Now reality is becoming only the social world, excluding nature and
things, and experienced primarily through the reciprocal consciousness of others, a form of imagination
to be realized as a social construction”(Anders 2005).

Figure 1
‘Hyper-Reality’ Keiichi Matsuda

The virtual may have opened horizons for many people but simultaneously, many others have become
detached; with the constant ﬂow of tailored information, the virtual has enclosed people deeper within
their own worlds. As a result, mixed environments
opens up numerous possibilities to combine the beneﬁts and address problems faced by social interactions in both the real and virtual; Anders calls this
union a shared social reality.
Figure 2
Cybrid Design
Principles - Peter
Anders

environments indistinct.
In order for a successful integration, Anders has
devised seven principles for designing mixed environment spaces (see Figure 2). His principles take
into consideration both the tangible and intangible
qualities of the built environment that help to fulﬁl
human physiological and psychological needs; qualities such as, dimensions, arrangement, and location
along with qualities relating to sensory stimuli such
as light, void and perception.
The principles adhere to a range of design criteria considering both the real and virtual assets
of a mixed environment. For instance, the importance of composition that highlights the importance
of strategies used to compose the virtual and physical in a manner that is best suited for their integration and readability. Another core principle focuses
on the idea of reciprocity between the real and virtual environments. Anders explains this as, “A coupling between the material and cyberspaces such
that changes in one state aﬀect the other” (Anders
2005). This notion of a direct relation between the
two spaces highlights an integral insight into the
functionality of cybrids.

AIMS AND OBJECTIVES

VAM technologies enable designers to further their
design potential. The overlay of digital medium allows designers to explore a new spectrum in designed environments, especially in the development
of Cybrids, a term coined by Anders. They can be
explained as, “Objects that incorporate the material
presence of sensory objects with the capacities of virtual ones”(Anders 2007). Cybrids, as a result, are experienced as hybrids of the real and virtual environments essentially making the divide between the two

In order to investigate and test how immersive technologies may improve our experience of the city; a
prototype for an augmented reality app was developed in partnership with the Wellington City Council and NEC, New Zealand. Wellington in its ambitions to becoming a ‘Smart City’ partnered with NEC,
New Zealand, to digitize all existing and new data,
including everything from the number and location
of homeless people; to recording traﬃc and pedestrian ﬂows; to even presenting scenarios of potential
earthquake and tsunami disasters. NEC generated a
highly detailed model of the city upon which all of
the data can be layered. The model can be visualized
within Virtual Reality, providing the users with an immersive experience of the city.
By incorporating this existing data, the research
aims to propose a novel method by which users may
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Figure 3
CityAR app

navigate and explore a city. The philosophical driver
of this project aims to focus on supporting the experience of moving between two points on a map
rather than achieving the shortest route to a destination. Once fully developed, the project proposes the
‘CityAR’ app that is to be distributed to the public in
order for them to test its functionality and in return,
provide user feedback. The feedback aims to gather
information on the designed Human-Computer Interface, the overall AR experience and more importantly, how successful was the app in enriching the
experience of navigating within a city.
Furthermore, the various routes taken by users’
is to be collated as data, this will help the council to
recognize how people both familiar and unfamiliar
to the city navigate within it. One may assume that
users will make use of the main arteries within the
city to begin their journey but as they move along the
route it is natural for people to make use of secondary
and tertiary routes depending on urban and natural
settings.
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METHODOLOGY
The methodology for this research begins by designing the augmented reality app in accordance to
the design principles set by Peter Anders in his paper. The development process for the app makes use
of a combination of digital tools both software and
hardware. These include, Unity3D for cross platform
collaboration, real-time rendering and overall development. Rhinoceros and Grasshopper for designing
various components for use within the app. Vuforia for enabling augmented reality functions. Monodevelop for coding complex commands. Mobile
phone and/or HoloLens for testing and visualizing
augmented environments.

DEVELOPMENT OF APP
The CityAR app is the key to distributing the model to
the public in order to make them more aware of the
forms that shape the urban fabric. It further helps to
promote the idea of moving beyond maps to a form
based navigation tool. The Wellington City Council is
in the process of redesigning numerous signboards

across the city. With the help of the CityAR app, these
inanimate signboards are transformed into smart objects (see Figure 3).
One of the key ideas highlighted by Anders was
the coherence of systemic static and dynamic behaviors. He explains, there are certain expectations of
observers within the built environment that are quite
diﬀerent from those in the virtual. By and large, architecture is systematically static in terms of proportion,
scale and compositional relationships. On the other
hand, a person entering a VAM environment expects
a sensory stimulus.
As soon as the user orients their phone towards
the signboard, the map of the city begins to glow,
immediately responding to the users’ expectations.
As a result, it is only natural for the user to want to
touch the map. Here, the app implements the idea
of a transparent interface; Anders explains this as an,
’interface that so anticipates users’ expectations that
it quickly recedes from the users’ attention (Anders,
2005).’ Once touched, that map glides out and repositions itself. Here the buildings upon the map extrude and transform into a 3-Dimensional model of
the city. Through touch, the user is able to explore
the model.
According to Anders, cybrids act as an extension
of the built environment generating a dimensionally
rich mediated space. In the CityAR app, a spherical
pod encompasses the users; enabling them to explore places of interests, events and heritage sites.
The pods act as an extension of the signboard communicating information through a plethora of designed media: graphics, video, models, animations
and even abstractions. With the use of cameras positioned at the signboard, people across the globe
and the users physically present are able to interact
and intermingle. As a result, the pod becomes an
extended social space unifying the virtual, the augmented and the real. Once the user has selected a desired destination, an augmented landmark appears
at the destination. The augmented landmark i.e. cybrid can be considered as a live object that feeds of
data and retains the ability to transform itself.

Unlike other navigation tools, the CityAR app
aims to be more of an exploration tool. The user must
ﬁnd their own way to the desired destination, only to
use their phone in order to ﬁnd the augmented landmark if lost. The app helps the user to be an active
participant within the city as they take the time to explore and navigate. While gradually moving towards
their destination, users’ are alerted of heritage sites
or places of interests.

LIMITATIONS
The app is currently in the developmental stage and
certain limitations regarding the positioning of the
digital landmarks need consideration. GPS technology is not reliable as in many situations signals from
satellites can be blocked or reﬂected by built infrastructure. Therefore, the position of the digital landmarks is likely to be aﬀected.
Wellington has a wide network of free Wi-Fi stations available throughout the Central Business District (CBD). With Wi-Fi connectivity, we can assume an
improvement in the apps ability to capture the position of the user and the digital landmarks. In order to
validate this as a possible solution there needs to be
further testing.

CONCLUSION
At the current stage of the project, the digital landmark exists only as an abstraction entailing a conceptualized interpretation of cybrids. While designing
the CityAR app, apprehensions of disengagement occurred between the implementation of Anders’ principles and the designing of the digital landmark.
Firstly, in order to realize the landmark as a cybrid, there needs to be context in which to design it.
In order to do so, the design should be inspired simultaneously by both the virtual and real environments.
Considering the architectural qualities of cybrids, the
design will change depending on the site of its origin, i.e. a digital landmark indicating one site cannot
essentially be the same as another because the context of the physical environment has changed. Another factor that need to be considered are architec-
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tural typologies, as they impact the virtual aspects
of the landmark, i.e. a landmark that is an extension
of a museum will reveal information and data completely diﬀerent from one that indicates a restaurant
or a government building for instance.
After having considered a certain context it will
be possible to develop the design for a digital landmark that responds to an architectural typology, the
built environment and the visualization of the data
that feeds it.
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New digital devices, mainly mobile ones, raise new questions on architectural
and urban design practices. People became ''sensors", being at the same time
able to move into the city and to move into the information space. Mobiance, a
mix between Mobile and Ambiance, is a research and creation process focused on
the impacts of innovative ICT technologies, especially mobile, on urban design.
This paper first presents the context of the third workshop based on the topic, then
it introduces the proposals produced by participants; to conclude the contribution
develops an analysis of these proposals based on the sharing society paradigm.
Keywords: : Mobile devices, Ambiance, Urban design, Sharing cities

INTRODUCTION
Innovative mobile digital devices raise new questions on architectural and urban design practices.
They suggest new ways of approaching urban design
projects in-situ, organizing virtual and real data, acquiring information about shapes, materials, climate,
colors, lights, capturing speciﬁc genius loci of the
site, as well as creating interactions between multiple
stakeholders and city users. All these new tools allowed people to become geolocated “sensors” in the
city (Goodchild 2007), able to record and share infor-

mation and contribute to the management, governance, and design of space. Citizen science emerged
as a new discipline that investigates the novel role of
people in cities.
Nevertheless, opportunities and threats related
to the use of innovative ICT technologies in urban
spaces remain not fully explored. For instance, how
can the collaborating actors involved in the design of
an architectural or urban environment use and take
advantage of these new tools? How can mobile services transform the understanding and the analysis
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Figure 1
Mobiance 3
backboard picture
during the lectures.

of in-situ environment? Create new needs? Revise
design practices? Produce their own hybrid environments at the interface between real and virtual? Give
shape or even create particular environments? Interact with sensor and actuator actually embedded into
the city?
These questions were discussed during the two
ﬁrst Mobiance Workshops held in Nantes in 2013
(Servières et al. 2014) and 2015 (Servières et al. 2016),
which have explored the relations between mobile
and ambiance, i.e. the impacts of mobile tools on
urban design. Mobiance, a mix between Mobile and
Ambiance, is a research and creation process based
on the impacts of innovative ICT technologies, especially mobile, on urban design.
The 3rd Mobiance workshop was open to an international audience and occurred in Milan in February 2017. The aim of this last edition was to study the
relationship between the sharing society paradigm
(Ducan et al. 2015), emerging mobile technologies
and how these are changing the way we interact and
design cities (Servières et al. 2017). The event was,
in fact, intended as an opportunity to explore novel
ideas and to envision future urban scenarios for the
facilitation and development of the sharing society
in cities.
The students were asked to produce concepts
with no regard to the actual technical constraints and
feasibility; this was crucial for reasoning and envisioning long-term urban futures. Addressed questions were the following: How will the sharing society and economy approaches transform urban ambiances? Which new forms of interaction and communication will be produced in urban space? Will
this modality lead to an augmented city experience?
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What are the impacts on urban daily practices and on
urban design production? What technical and political issues arise from the multiplication of data sharing and people feedback and interactions on urban
issues?
In the following of the paper, the proposals of
the students will be ﬁrst presented and then analyzed. Their solutions are based on the sharing society paradigm; speciﬁcally, they took into account
the speciﬁcities of urban ambiances and the plurality
of sensitive modalities of the atmospheres of a given
site.

FRAMEWORK AND PROPOSALS
Twenty students from diﬀerent ﬁelds (engineers, architects, marketing experts, designers but also urban
planners) were invited for three-days workshop in Milan with ﬁve advisors from the same disciplines. Organized into four multidisciplinary teams, they were
asked to produce proposals articulating the sharing
city paradigm by envisioning urban design solutions
related to the topics of urban ambiances and mobility.
The workshop lasted three days and was preceded by several lectures to provide the necessary
background on the sharing city paradigm, some deﬁnitions of urban ambiance, some historical examples
of sharing in cities and clues and issues on how a citizen can be a or become sensor (Figure 1).
The summary of the proposals designed during
the workshop is introduced below.
All the proposals are under CC BY-NC 3.0 and
their description can also be found in [1].

Figure 2
Sushi City
Illustration. [CC
BY-NC 3.0 Izim Can
Kurtaran • Marieke
Faurie • Matisse
Hautcoeur •
Benjamin Puech •
Maria-Yoana
Nedevska]

“Sushi” City: Mobile Facilities Platform
This group addressed the problem of car pollution in
cities. Lack of accessibility of some spaces, crowded
places, loss of time during the travels, unequal distribution of mobility spaces around the city and little interaction among people. They have proposed
a “Sushi” City where the traﬃc problem disappears,
like in the early 20th-century utopia of traveling walkways for Paris World’s Fair.
They proposed a revolutionary transport device
that makes use of magnetic levitation to move vehicles (Figure 2). The devices are installed on old infrastructure that used to be for cars, speciﬁcally along
the largest roads; the new mobile platform is constantly moving and harbor some urban facilities that
travel on platforms. These comprise shops, cafés,
restaurants and bars, exhibition spaces and other
leisure activities like temporary areas for concerts. All
these facilities are moving around the city, facilities

go to people or are moving with people along their
journeys for traveling within the city; by doing this
city, mobility becomes entertaining and less timeconsuming than before.
Rather than creating divisions, the aim of the
project is to introduce the new shared spaces and
moving meeting areas in order to bring closer the
neighborhoods that were divided by old infrastructures of the roadways. The infrastructure is not a limit
anymore and it becomes easy to cross it to go from
one side to another.
As far as info-sharing is concerned, the citizens
will receive real-time information for the type of platform that arrives and its distance to the person himself, all based on the citizen previous declared interests (Figure 3 and 4).
This project is not replacing all the city services or
spaces, but create a useful alternative and new ambiances having city and citizens moving together.
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Mobile Living Unit
This group interprets the future city as a shared home
with buildings composed of separate rooms (sharing
Mobile Living Units) that can be combined together
according to the users’ needs. The sharing house experience will reinforce human interaction and lead to
a sharing house/city considering the other city inhabitants more as ﬂatmates or family in huge house-city.
The Mobile Living Units are small individual
spaces equipped with minimal furniture according to
the person’s lifestyle and needs (a couch or bed, internet connection and so on) that keeps the minimum
privacy in the community (Figure 5). They are ﬂoating private unit which travel from one building to another and can be combined to create larger spaces.
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In the Mobile Living Units, people can live and commute easily. They can ﬂy from place to place and park
anywhere. These units are minimum private areas
that turn the city into a shared home, encouraging
social interactions.
The idea is that the city would be organized
around big buildings that would oﬀer the possibility
to park the mobile units directly inside them. That
would contribute to stronger social links as these
building would gather commodity as giant cooking
building for example (Figure 6).
About the unit itself, one of the most interesting
parts would be its sustainability. It only uses renewable energies: solar power, wind power, and a new
kind of energy, pollution-converting power. This futuristic energy would be produced by a system taking
air pollution and small particles to transform them
into energy.
These units can be understood as an update
of the works of Archigram in the 1960s (Wilkinson
2017), which included mobile living pods and capsule homes or as a tangible instance of the Habitèle
(Boulier 2014).

Figure 3
Sushi City Scenario.
[CC BY-NC 3.0 Izim
Can Kurtaran •
Marieke Faurie •
Matisse Hautcoeur •
Benjamin Puech •
Maria-Yoana
Nedevska]
Figure 4
Sushi City Use Case.
[CC BY-NC 3.0 Izim
Can Kurtaran •
Marieke Faurie •
Matisse Hautcoeur •
Benjamin Puech •
Maria-Yoana
Nedevska]

Sensitive Dragonﬂy
The goal of this proposal is to make the city more
comfortable and pleasant for citizens. The guideline
is to focus on the notion of comfort. In this system,
each individual can interact and communicate with
the city and have a direct inﬂuence on their environment.
The solution is based on the logic of the human
body, where all the parts work together in a systemic
way to ﬁnd a harmony. In the proposal, citizens are
the cells and they can collaborate to improve the urban services by simply sending feedbacks; the city is
the blood and, based on the received feedbacks, provides direct responses to the citizens in order to improve their urban experiences and to oﬀer them new
opportunities. The authority, i.e. the brain (the public administrators), protects everybody and uses the
project for urban decision making.

Figure 5
Mobile Living Unit
concept. [CC BY-NC
3.0 Ioulieta Chatzaki
• Yasmine Fouin •
Charline
Larroze-Jardiné •
Piotr Mandziuk •
Jacques Zhang]

Figure 6
Share Building
exemple. [CC BY-NC
3.0 Ioulieta Chatzaki
• Yasmine Fouin •
Charline
Larroze-Jardiné •
Piotr Mandziuk •
Jacques Zhang]

White Box

All citizens have a personal coach directly linked
to the city data center that provides optimal information related to the real-time city condition and the
user’s needs. Citizens have the choice to switch on or
oﬀ the communication between their personal coach
and the city sensors.
Sensors are disseminated in the city in order to
collect data, the responsive city can react to the environmental condition and citizens feedbacks. The
creation of a particular ambiance is passive. In the
same place, citizens can discover diﬀerent ambiances
depending on when they come and who are around
(Figure 6).

Figure 7
Sensitive Dragonﬂy
use illustration. [CC
BY-NC 3.0 Benjamin
Arnold • Jacopo
Ascari • Jonathan
Hallier • Noriko
Ohata • Valentina
Petri]

This group envisioned an adaptive space that modiﬁes itself according to both individual and societal
requirements. This device, a White Box, is a place that
physically transforms into diﬀerent spaces, a box able
to adapt itself in relation to the people’s mood and
their needs.
Sensors and responsive technology will enable
the transformation of the box; this will happen in a
digital but also in a physical way, creating an ambiance - or ambiances - in adequation with the users’
state of mind. Such as in Haus-Rucker-Co’s Mind Expander or Flyhead Helmet (1968) [2], the devices act
as perception transformers, being here imagined as
a collective experience.
During the day, it would turn into a workspace
”adapted” to the employees’ mood working in it.
Once work is over, the box will transform itself into
a public and social place that surrounds the inhabitants” temporary needs: a cinema, restaurant, bar,
and other socio-cultural activities.
Cities could have white boxes in public spaces to
be transformed to serve citizens’ needs. These places
can run 24/7 and create social connections between
citizens in line with their mood at any time.

ANALYSIS
All the proposals reveal interesting aspects and contribute to the debate on the urban future of in relation to the sharing paradigm; even if at ﬁrst glance
the majority of the proposals could appear futuristic,
after a second observation they reveal to be not that
far to come.
The way students see the world and their ability to envision the future according to the sharing
paradigm raise relevant issues. It is ﬁrstly notable to
highlight that all the international students had diﬃculties in entering the workshop subject; even if the
concepts of sharing or smart cities was not new to
them, they did not have a great insight into the topic.
Indeed, the exploration of the sharing paradigm was
seldom explored in combination with the opportunities oﬀered by novel situated technologies and how

SMART CITIES - Volume 2 - eCAADe 36 | 697

Figure 8
Diﬀerent WhiteBox
ambiances. [CC
BY-NC 3.0 Alvise
Ghizzo • Morand
Gonzalez •
Alexandra Hingant •
Ivona Kovacevic •
Natalija Marinkovic]

these together will impact on the future of city design
and management.

“Data cities” ?
All the proposals are lying on the paradigm of a city
that would be smart as a new utopia. Future city will
be sustainable, adaptable, resilient, listening to the
citizen, even anticipating their needs, with no traﬃc
congestion, in short, smart. In fact, the four projects
propose a city to share where the commons, but also
individualism, are exacerbated, falling into almost all
the utopian clichés of the smart city.
The underlying common element of all these infrastructures is the data sharing that is present in all
the proposal. In “Sushi City”, the citizen/user has access to information according to the interest he/she
had already shared with the system. In “Mobile Living Unit”, the data sharing is not highlighted but is
necessary to control in “automatic pilot” the trajectory of all the personal units and their gathering in
the shared buildings. “Sensitive Dragonﬂy”, on the
contrary, is totally based on data exchange between
users and the city and claim it as a win-win situation.
As for “White Box”, the data collecting is done without even the users noticing: they want to work, the
system adapts itself, they want a place to gather in
an informal way, the system will transform itself.
As (Peugeot 2014) pointed out, the “sharing of information is the cornerstone of democracy in our digital times” and it would be more pertinent no more to
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refer to smart city but to data city. In the diﬀerent proposals, we can see arise a new common, a new urban
sharing based on data sharing constructed by the citizen for the beneﬁt of the general interest.

Human centered ?
All these proposals are centered on data shared and
recorded by the user himself. We can link this to
the current quantiﬁed self movement where people
record and publish personal data almost all the time
using connected portable devices. The illustration is
blatant in “Sensitive Dragonﬂy” and “White Box”. The
surroundings will adapt themselves to these data. It
will create an ambiance depending on a consensus
of desires that may level the atmosphere. And again,
the system with its algorithms will do it. Like [CNIL
2017], we can wonder if the general interest comes
down to an algorithmic optimization of particular interests. If such thing happens we will have a “private navigation in public spaces” [CNIL 2017] that is
already feasible based on constant geolocation and
network access. Personal geolocalization is becoming a new sensitive piece of data and is shared with
all the rest of other personal information. In the proposals, they go further sharing emotions, but are we
that far away with our current sharing on social networks?
The users can be here in a state of permanent
alert deﬁned by continuous networks connections
through devices (Boullier 2011), devices linked to a

system that would be able to manipulate users behaviors. This is more an incitation than direct manipulation in “Sensitive Dragonﬂy”.
The city is constantly moving, evolving. In “Sushi
City”, the city itself moves and the inhabitants move
on enjoying at the same time information mobility
and spatial mobility. In “Mobile Living Unit”, a “part”
of the city moves but in this dystopic description, humans are alone in their bubble with “obligation” to
meet for the needs of everyday life (shared kitchens).
The mobility is induced, but will it really promote
more social exchanges or more frictions?

Who is “the system” ?
Another relevant aspect to take into serious consideration is that it was hard for the groups to read the
possible ethical or problematic implications of their
projects (for instance, privacy, justice and equality in
accessing services), which are instead crucial issues
to face to drive the change in a conscious way.
As in previous Mobiance workshops, who handle the data, who is the system was not a question
asked. For the students, it is a nebulous entity acting
for the common good, possibly under the control of
a public community. This question is one of the main
ones. Who controls the data city? Nowadays, we see
a frontal opposition between smart city mainly dedicated to control (and even sometimes controlled by
private companies [3]) and citizens who want to cocreate the cities using sometimes technology (Peugeot 2016).

CONCLUSION
The Mobiance 3 workshop results provide an insight
on how young professionals who will design our future cities see the way we can share them all together. Their proposals followed the tradition of previous urban utopias, at least in their social, spatial
and aesthetic terms, without renewing them. Therefore, these proposals were not new, but what is new
is the way the ICT technologies connect individuals
and may soon make some of them not be science ﬁction anymore.

Anyhow, the students’ reaction to such a workshop was enthusiastic, and it seems that they simply
need to be more involved in the envisioning the cities
of tomorrow, starting from questioning the impact
of innovative technologies, emerging paradigms (in
this case, the sharing society), the global governance
of data and the personal data problem in our lives. In
order to become active actors in the design of the future world they will live and go in the future city evolutions they will design further than the opposition
between ICT cities centered on control and shared
cities co-created by inhabitants. We can hope that
there will be no ”data master” but simply a data circulation between all those who create and share the
city.
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The paper is divided into two main parts. The first part refers to the history of
attempts to use VR technology in the process of architectural space creation in a
dynamic way. The second part presents the experiment carried out at our Faculty,
in which we implemented VR in the Digital Architectural Composition course.
This experiment was divided into two parts. In the both parts Google Blocks
software was used. In the first part we have used the first exercises which was
completed by students during the first semester in a traditional way (a cardboard
mock-up) and then in the third semester as a digital model in Cinema 4D. It was a
Solid form with. In the second part of this experiment we asked students to create
a sketch of walk through space and they can created their own shapes in their
design. The analysis of the results allows to formulate the thesis that there is a
qualitative revolution in the area of human-computer interface. The main
conclusion is that Virtual Reality eliminates the boundaries between the spectator
and the space and that the idea - Designing Become a Place" is still actual.
Keywords: Architectural composition, virtual reality, direct design

INTRODUCTION
Architects have been using computers for decades
to increase productivity, solve seemingly insoluble
problems, and create sophisticated presentations.
They use computers not only as a tool, but also as creative devices capable of generating unconventional
design ideas and forms for the built world. Our longheld conventions of architecture, space, and time are
being challenged as the digital supersedes the real.
Using VR tools’ new spatial capabilities enables architects to challenge the most fundamental principles of
structure, order, and human perception.
The pursuit of an object that can never be expressed in reality is not a new phenomenon. At
the end of the 18th century the dramatic structures
of Etienne-Louis Boulee were too gigantic to be re-

alized. Similarly, the abstract art of Malevich recognizes magnetism, gravity, radio waves and other
invisible forces and pulses in a world of objectless
paintings. It is extremely diﬃcult to imagine the
space on the basis of the drawing or even inside a
mock-up, and then evaluate the correctness of the
solutions. Even great architects such as K. Melnikov
considered that even the author of the project cannot predict all. His dream was to see how people will
perceive the unusual form of internal space he created in his design of a Columbus monument. It was a
trimmed cone, into which another similar but rotated
cone was immersed at the top. K. Melnikov admitted that even he could not have had imagined what
impression this interior would have on others (KhanMagomedov, 1990).
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Architects have always dreamed of seeing the
unusual form of internal space they have designed.
This was the reason for applying VR technology in
the Digital Architectural Composition course. We decided to use the HTC Vive VR googles, which allow
one to enter into the composition space. Usually VR is
used for the presentation of completed projects. The
model of the object made in 3D software should be
transferred to the virtual space using additional software such as Unity or Unreal. This approach does not
use the full potential of VR. Of course, even in this
case the interaction with 3D forms present there is
possible. But we are interested in the next level of interaction - interaction within the process of creation.
The paper considers the possibility of implementing
the idea of “direct design” formulated by the author
in the late 90s.

HISTORICAL BACKGROUND
The idea of virtual reality was ﬁrst presented by S.
Lem, who considered the problem of creating artiﬁcial reality, identical with the real one. In 1964, S.
Lem wrote in his book Summa Technologiae: “We
are faced with the following problem: how do we
create realities for the intelligent beings that exist in
them, realities that are absolutely indistinguishable
from the standard reality but that are subject to different laws? (...) We shall ask, Is it possible to create an artiﬁcial reality that is very similar to the actual one yet that cannot be distinguished from it in
any way? The ﬁrst topic focuses on the creation of
worlds, the second on the creation of illusions. But
we are talking about perfect illusions. I do not even
know whether they can be called just illusions.” (Lem,
1964) Lem proposes creating a feedback between
“artiﬁcial reality” and its participant. There is no “exit”
from the world of illusion to the real world. As an
example, he describes the hypothetical situation of
placing a man in an illusory room in which, moving his head, he will see what he would see while
in real space. The computer should respond immediately to any change in the position of the man.
(Lem, 1964) It should be remembered that IBM pro-

duced an IBM PC / XT personal computer with a 16bit Intel 80286 microprocessor working with a 6 MHz
clock and 640 KB RAM only in March 1983. Year later,
Jaron Lanier founded the company VPL Research (Visual Language Programming), which produced prototype equipment to be part of virtual reality - gloves
used to manipulate objects visible on the computer
screen. A VPL Research DataSuit, a full-body outﬁt
with sensors for measuring the movement of arms,
legs, and trunk was developed in 1989 and displayed
at the Nissho Iwai showroom in Tokyo. According
Lanier, VR is much broader than the idea of a computer. VR is a digitally generated, visual, acoustical and tangible multimedia environment, which surrounds the human body, supplying it with sensorial
impressions. Systems of virtual reality are based on
interactivity in the sense that the computers producing a simulation of the surrounding, in which the human is emerged, still transform the environment in
accordance with the reaction of the human. Virtual
reality is a medium which stimulates the feeling of
presence owing the use of modern technology (Heilbrun, 1989).
VR has added a new meaning to the notion of
space. As a three-dimensional space for visualization
of 3D digital space, VR seems perfect for architectural
exploration.
The author’s ﬁrst real contact with VR was in
1993, during the ECAADE Conference in Eindhoven,
where a VR installation at the Calibre Institute at the
Faculty of Architecture, Building, and Planning of
Eindhoven University of Technology was presented.
We had the opportunity of immersing ourselves in a
model wearing a helmet and using a 3D pointer. Presented model of interior was a very simple and lowpoly, but the impression that this space caused was
unforgettable.
The ﬁrst practical attempt to apply VR technology at early stages of design was also undertaken in
Eindhoven, where a desktop-VR three-dimensional
voxel sketch tool was elaborated. DDDoolz was developed in the Design Systems Group to explore
the use of VR technology at the early design stage.

704 | eCAADe 36 - VR, AR & VISUALISATION | Experiments - Volume 2

The main working modes of DDDoolz are Drawing
and Navigation. Working in the Drawing mode, the
designer uses a digital wand-manipulator to enter
forms into the virtual space. The program works
on the principle of interactive movement of voxels
(minimal addressable three-dimensional space elements). The designer, placing them directly in the
virtual space, creates a “volumetric sketch” (orthogonal or curvilinear forms). In the “navigation” mode,
the designer can move through the space created by
them (Achten, Vries de, Jessurun, 2000).

VR IN THE ARCHITECTURAL COMPOSITION
P.D. Plowright in his book “Revealing Architectural
Design. Methods, Frameworks and Tools” has written: “The manipulation of form is, then, a primary
aspect of architecture, and one of the main ways in
which discipline is engaged. It is not the goal, however, but a means to an end.” (Plowright, 2014, p.18)
This quotation deﬁnes the direction of VR technology usage in teaching of Architectural composition.
Our main thesis is that direct creation of architectural
forms in virtual space enables one to creatively use
computer technology in the design process as the
designer-computer communication becomes more
natural for the designer.
In 1999 at the ECAADE Conference in Liverpool
the author has formulated an idea of “Direct Design”
in virtual environment. Architects often engage with
the present, manipulate existing means and act in
real time. Architectural designing in virtual environment has the potential of achieving direct manipulation with created forms and objects (Asanowicz,
1999).
Unfortunately, the weakness of VR technology
at the time did not allow for the implementation of
the idea. Only after 18 years we are now coming
back to this idea in our “Architectural Composition
in VR” course, which was developed on the basis of
Digital Architectural Composition course established
under the AVOCAAD program. This digital course
was based on the same three exercises as the tra-

ditional course. The only diﬀerence is that in this
course we permitted using any possible geometrical
elements and surfaces with diﬀerent colour and light.
In the Digital Architectural composition course students prepare three exercises. The ﬁrst is Façade - relief composition, which is viewed only from the front.
The composition should be arranged on a 30 x 30 m
ﬁeld. The façade may be built of diﬀerent types of
cuboids. Their size and number depend on the conception. The second exercise is more complex. The
students are asked to design a solid composition with
a speciﬁc emotional value (dynamic, light, massive,
and monumental). The composition size should not
exceed 30�30�30 m. In this exercise we do not limit
the type of forms used. As previously, the size and
number of forms depend on the conception. Walk
through space is the third exercise. The goal is to
create a Walk through something important, something that has no beginning or end. When applying
architectural forms, a linear composition should be
designed within a 300�600 m space. Any geometric
forms and materials can be used.

BLOCKS - THE TOOL FOR CREATION IN VIRTUAL SPACE
Google Blocks is simple a tool that lets you shape,
paint, and change your creations without ever having to touch a mouse or keyboard. It gives the ability
to craft a spatial composition in 3D space. Everything
that is created can be viewed intuitively as in the real
world. Blocks removes the need for sketches, parameterization and dimensioning - all of that is combined
together so that the designer can focus on the creation instead of tweaking sketch constraints. Blocks
enables to create a quick sketch and export it for animation, create 3D graphics or models for 3D printer.
Blocks’ interface relies on the motion-sensing
controllers of either an HTC Vive or Oculus Rift. The
interface itself has six basic tools: Shape, Stroke,
Paint, Modify, Grab, Erase. These tools palette are
placed on top of the left controller. In Shapes
are located simple geometric forms (spheres, cubes,
cones) that one can select from and implements with
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Figure 1
Traditional mock-up

the right controller, which also enables the modiﬁcation of shapes (for example stretching faces and vertices). The UI is very simple, so basic in fact that there
is almost no UI at all. The only visible UI is the descriptions that you toggle on items and the tooltips
that pop up on the controllers when you hover over
interactive items.
Designed models may be shared via fbx, obj export, or as an animated gif. The Block Gallery, Poly,
also allows to download and re-purpose the creations of others. Additionally, it can be used alongside other VR apps like Google Tilt Brush or modelling
software as Cinema $d of Blender.

EXPERIMENTAL COURSE OF ARCHITECTURAL COMPOSITION IN VR
This year we start our experimental course Digital
Architectural Composition in VR. We decided to use
two of the exercises completed by the students during the ﬁrst semester in a traditional way (a card-

board mock-up, see ﬁgure 1) and then in the third
semester as a digital model in Cinema 4D: a Solid
form with a speciﬁc formal value and a Walk through.
The composition size should not exceed 30�30�30 m.
The composition is viewed from diﬀerent perception
points located around the object. The only limitation is the possibility of using only simple geometric
shapes. Their size and number are limited by a library
of primitive contents. (See ﬁgure 2) We decided to
choose these exercises as they may illustrate the full
potential of direct modelling in virtual space.
This experiment was divided into two parts. In
the ﬁrst part, Google Blocks software was used in
a very simple way for creating the Solid model, because of limited time. (See ﬁgure 3) Fortunately, students are familiar with the design subjects and they
may concentrate on the new tool. In this part we
asked the students to build the form using a set of
primitives prepared by us, because we were worried about the diﬃculty of using previously unknown
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Figure 2
Digital Architectural
Composition

software. The set of 25 primitives was created in
Blocks (5 groups of 5 elements each). Afterwards we
exported matrix to Poly - a library of free 3D objects
for augmented and virtual reality applications. Poly
allows to quickly ﬁnd 3D objects and scenes for use
in Blocks, and it was built from the ground up with
AR and VR development in mind. It’s fully integrated
with Tilt Brush and Blocks, and it also allows direct
.obj ﬁle upload. In the process of creation of the composition students can ﬁnd the elements they need in
Poly. When the composition was created we asked
students to publish it to Poly, enabling the objects
to be imported dynamically across desktop, mobile,
virtual reality, and augmented reality. (See ﬁgure 4)
From Poly, it’s easy to view the composition, as all you
need to do is open a link in your browser or view in VR
googles. We asked the students to create their simple compositions in “Malevitch arkhitektons style”. It
turned out that using Blocks was extremely simple
and after only a few minutes we could see the ﬁrst

results.
In the second part of this experiment students
have created their own shapes as part of their design. In this design they could use all software modelling options to create the Walk through space. We
observed that due to the simplicity of the interface
there was no ”correct” way to create the model. The
constraints of its limited toolset have a way of stoking
the imagination. Students emphasised that Blocks
oﬀers a possibility to create designs with unusual
forms and immediately evaluate their visual end cognitional eﬀects. Another interesting observation is
the students’ reaction to the forms they view in the
virtual space. We could see it when the student was
bending or moving left or right to avoid virtual obstacles.

CONCLUSION
The emergence of virtual reality has serious implications for architectural design. There is a possibility to
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use virtual reality technology to set up an environment of creation of spatial forms. It is possible to “design Direct” in which creation and visualization of design solutions takes place directly in the virtual space.
This idea is based on the principle of full immersion of
the designer into the environment they design. The
architect, located inside the designed space, determines the directions of changes and interactively implements them, moving the forms in a virtual space.
Blocks provides a good platform to show students a new way of using VR in the early stages of
design. Students used Blocks for preparing conceptual 3D sketches of the spatial form. This way of work
was recognized by them as an added value of direct
projection of the work in VR. Most of the students
considered that this application had strong beneﬁts

over traditional 3D CAAD representations because it
provided dynamic insight into the composition created. In general, the interface seems to support a
fast learning curve. Therefore, the results of the experiment were very promising despite some imperfections of the software. There is a lot of missing features - scaling faces and edges, in-game snapshot, expanded colour palette, etc. Grid snap mode is also
problematic, so work is hampered by the lack of precision. But at the same time its simplicity (comparing to Medium, Oculus’ powerful VR sculpting app)
makes it vastly more approachable, especially for
non-experienced VR users. The big advantage of the
program is the small number of polygons from which
3D objects are created, enabling to run Blocks not
only on powerful VR headsets like Vive or Rift, but also
Figure 3
Architectural
composition in VR –
the process of
creation
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cheaper, phone-based rigs like Google Cardboard.
Currently, analysis of the results allows to formulate the thesis that there is a qualitative revolution in
the area of human-computer interface. The ﬁrst conclusion is that Virtual Reality eliminates the boundaries between the spectator and the space. The second is that the idea of a new design environment,
ﬁrst identiﬁed in 2000 as a part of the application of
“ACCOLADE - Architecture Collaboration Design - De-

signing Become a Place”, (Verbeke, et al., 2001) the
main objective of which was “to build a bridge between the world of computation and the world of experience”, is still current.
In the near future, we intend to introduce an Architectural Game Design course as optional classes.
Therefore, in the next experiment we plan to bring
Blocks’ model into Unreal or Unity Engine to add
some interactivity to it and take it from a static visual

Figure 4
Architectural
composition in VR –
Solid models
exported to Poly
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to a dynamic experience.
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Even though architectural modelling radically evolved over the course of its
history, the current integration of Augmented Reality (AR) and Virtual Reality
(VR) components in the corresponding design tasks is mostly limited to enhancing
visualisation. Little to none of these tools attempt to tackle the challenge of
modelling within immersive environments, that calls for new input modalities in
order to move away from the traditional mouse and keyboard combination. In
fact, relying on 2D devices for 3D manipulations does not seem to be effective as
it does not offer the same degrees of freedom. We therefore present a solution that
brings VR modelling capabilities to Grasshopper, a popular parametric design
tool. Together with its associated proof-of-concept application, our extension
offers a glimpse at new perspectives in that field. By taking advantage of them,
one can edit geometries with real-time feedback on the generated models, without
ever leaving the virtual environment. The distinctive characteristics of VR
applications provide a range of benefits without obstructing design activities. The
designer can indeed experience the architectural models at full scale from a
realistic point-of-view and truly feels immersed right next to them.
Keywords: Computer-aided Design, Parametric modelling, Virtual Reality,
Architectural modelling, Human-Computer Interaction

INTRODUCTION
The AEC (Architecture, Engineering and Construction) industry has radically evolved due to technological improvements that gave rise to advanced automated tools for the corresponding design tasks. Traditional paper drawings and scale models are now
accompanied by 2D and 3D modelling software, but
also by real-time (lighting, structural) simulations and
photo-realistic renderings of architectural designs.

While these tools are constantly improving in terms
of performance and accuracy, their modalities of user
interaction do not follow the same trend.
Experiences combining virtual and real elements, labelled as Mixed Reality (MR), can be placed
on Milgram’s Reality-Virtuality continuum (Milgram
and Kishino 1994). An extended version of that continuum is depicted in Figure 1 and encompasses experiences that range from “close to reality” to “almost
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entirely virtual”. Augmented Reality (superimposing
virtual elements on real world objects) and Virtual Reality (complete immersion in a virtual environment)
elements have started to appear in CAAD. However,
their purpose is mostly limited to enhancing the visualisation of models designed using desktop software.
Humans are accustomed to manipulating 3D objects intuitively in the real world as the corresponding
interactions are also 3-dimensional. However, virtual
models designed with computer software are typically harder to deal with because most tools still rely
on a traditional mouse and keyboard combination to
express user intent. The current state of the practice
in CAAD is no diﬀerent: users need to work around
the limitations imposed by lower-dimensional interaction devices. For example, to navigate through 3D
models, one often needs to switch between “modes”
(e.g. translation and rotation) that may be further
subdivided in 3 dimensions, whereas 3D navigation
can happen much more seamlessly in the real or VR
world. As a concrete illustration, rotating objects in
the Rhino 3D modeller generally involves the use of
a rotation tool that only controls one axis at a time.
To rotate a model around all 3 “standard” axes (traditional x, y and z axes), one typically performs three
separate actions, which means that it is necessary to
anticipate the eﬀect of those rotations. There is also
a special tool that allows users to deﬁne an arbitrary
axis and rotate around it. Even though this feature
permits single rotations that involve all 3 standard
axes, there still is only one degree of freedom (you
cannot rotate around another axis at the same time)
and deﬁning that axis according to the foreseen rotation is generally a diﬃcult task.
The above shortcomings, as well as potential solutions, have been pointed out for over two decades
(Chu et al. 1997) but these solutions have not been
integrated yet in contemporary CAAD software. As a
result, very few tools tackle the challenge of architectural modelling within 3D immersive environments,
as this requires new input modalities that go beyond
the traditional interaction paradigms.
Parametric modelling already transforms the de-

sign process by relying on visual algorithms to deﬁne models. As a ﬁrst step towards bringing that approach in VR, we built an extension for Grasshopper,
a parametric design plug-in for Rhino. This extension
allows users to see and modify 3D geometries using
an HTC Vive VR headset, to beneﬁt from real-time interaction with, and feedback on, the generated models.

RELATED WORK
Several tools attempted to provide annotation and
sketching capabilities for architectural models in VR.
IrisVR Prospect provides compatibility with many
popular tools. Similarly, Twinmotion includes the
ability to create VR visualisations from models designed with the system. Hyve-3D (Dorta et al. 2016)
suggests the use of a tablet, controlling a 3D cursor
to move around and enable sketching.
Integrating VR solutions with traditional CAAD
tools necessitates an automatic synchronisation between that tool’s model and its VR counterpart. Forcing the user to alternate between the desktop application and the VR tool through an edit-exportvalidate procedure for every modiﬁcation is obtrusive to the design process.
Previous work [1] proposed a one-way synchronisation from Grasshopper to the Unity game engine.
Using this solution, one can create VR applications to
visualise geometries generated from Grasshopper algorithms, with automatic updates when the model
changes. However, at this point, the VR application
only receives meshes (i.e. simpliﬁed 3D models used
for graphical rendering). No semantic information is
exchanged about the underlying algorithm and the
only way to edit the model is within Grasshopper.
As far as we know, no previous contribution provides parametric modelling capabilities within VR
and that ﬁeld therefore has yet to be explored.

PROPOSED SOLUTION
Our ﬁrst eﬀort in ﬁlling that void involved the development of three software components. The ﬁrst
one is a plug-in that connects Grasshopper to a Web-
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Figure 1
Milgram et al’s RV
continuum
encompassing
mixed reality
experiences

Socket server in order to enable communication with
client applications. The second component is the
web server, which acts as a relay between the plugin and the client application. The third component
is the client application itself. We developed a proofof-concept of such an application running on the HTC
Vive VR headset.
The Grasshopper plug-in converts meshes to a
binary format and sends them to the server for each
change. It also announces what parameters can be
modiﬁed by the client application (including its type,
the corresponding restrictions and its current value).
Once the client application receives that information,
the given models can be rendered and their corresponding parameter controls (e.g. sliders) can be
displayed and interacted with. As some Grasshopper parameters have an excessive amount of possible values for a proper interaction in VR, we need to
reduce the number of available steps in the VR interface (we chose to set the limit at approximately 20
fairly distributed steps). Modiﬁcations made to those
values are sent back to the Grasshopper plug-in that
replicates them on the actual model parameters. A
video [2] accompanying this paper demonstrates the
use of our proof-of-concept application while Figure
2 provides a general overview.
The interconnections between those components allow the designer to modify values and observe the resulting model changes in real-time, taking advantage of VR characteristics without hav-

ing to endure a more complex and time-consuming
workﬂow of juggling with the VR application and
Grasshopper. VR enables to move the architectural modelling process another step closer to usercentred design, involving end-users earlier in the process. Indeed, it is much easier for non-experts to visualise and understand a designed element based on
a 3D virtual model as opposed to its multiple 2D projections. The proposed tool therefore enables a much
easier collaboration that allows to ﬁne-tune designed
models with direct feedback from the client.

SWOT ANALYSIS
A SWOT (Strengths, Weaknesses, Opportunities,
Threats) analysis is a technique often used to evaluate business strategies. It studies the Strengths and
Weaknesses of an approach as well as the Opportunities and Threats coming from its surrounding environment. For this reason, conducting such an analysis helps in assessing the relevance and the consistency of a speciﬁc strategic decision. In our case, we
use a SWOT analysis to evaluate how the use of VR
compares with traditional CAAD tools as well as to
identify the beneﬁts our proposed solution can provide and the concerns it may raise.
The outcome of that analysis is described in the
remaining parts of this section, while Table 1 presents
a summary overview.
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hancements are suggested, the designer must return
to the desktop software to carry out the corresponding modiﬁcations. He can only visualise them in VR
by going through the export process once again. Our
solution simpliﬁes that feedback loop through a realtime synchronisation between the desktop software
and the VR application. This minimises the overhead
on the design process while enabling live interactions with the user.

Table 1
Summarised SWOT
analysis for the
proposed solution

Threats
Strengths
VR enhances our ability to visualise conceptual models with a set of interesting characteristics. Being able
to see full-scale models from a realistic perspective
helps users in having a better idea of what the ﬁnal
products will look like. The sense of presence also
makes it possible to experience being next to or even
inside that model.
Existing VR integrations generally require a set of
actions from the user to export a model to the virtual
environment. Once problems are detected or en-

Despite the expected beneﬁts, some factors might
limit the adoption of VR in CAAD solutions. Current
threats include the additional cost of the hardware; as
well as possible resistance to change by experienced
designers that are accustomed to traditional desktop based tools. Even though compelling VR systems
have become aﬀordable, potential users may remain
sceptical due to past experiences with less optimal
devices.

Figure 2
Overview of our
proof-of-concept
VR application
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Opportunities

FUTURE WORK

On the input level, the mismatch between 3D manipulations and traditional 2D devices could be solved
by relying on gestural interaction. This technique often accompanies VR headsets thanks to 6-DoF (degrees of freedom) trackers that can capture 3D translations and rotations. This allows for a much more
natural and intuitive manipulation of 3D models and
enables simultaneous positional and rotational modiﬁcations. Table 2 compares the standard computer
mouse to the Vive 6-DoF controller in terms of degrees of freedom to point out how adapted they
seem to be to perform 2D and 3D transformations.

In its current state, our proposed solution only allows to modify parameter values and assess the resulting eﬀects. This already opens new perspectives
for parametric modelling but we aim to push the concept even further by allowing designers to modify
the underlying 6algorithm that describes the parametric model (and that is interpreted by Grasshopper to produce the geometry), without ever leaving
the virtual environment. Figure 3 compares our VR
application to the standard Rhino 3D + Grasshopper
combination in terms of which kind of information is
available about the designed model. While our solution permits parameter sharing (it will later allow to
edit the algorithm as well; hence the dashed lines on
the ﬁgure), only the rendering-ready (mesh) version
of the model is shared. There is no plan on integrating any kind of intermediary “semantic” model such
as a boundary representation into the VR application.
Generating the designed model from the algorithm
will continue to be performed by Grasshopper.

Table 2
Available or
required degrees of
freedom depending
on the device or
transformation type

Figure 3
Comparing
Grasshopper (with
Rhino 3D) and our
VR application in
terms of available
information

On another note, a VR visualisation of an architectural model is much easier to understand than a traditional plan from a layman point of view. This means
clients can be involved in the design process by giving feedback much earlier, which would enable a
User-Centred Design (UCD) approach.

Weaknesses
Aside from a potential discomfort for long exposures,
the beneﬁts in terms of easier manipulation and intuitiveness are generally assumed to go along with a reduced accuracy when performing such movements.
(Bérard et al. 2009) tend to concur with that statement; while others (McMahan et al. 2006; Hinckley et al. 1997) suggest that devices with more degrees of freedom are more appropriate than a standard mouse for 3-dimensional transformations.
Since those publications, signiﬁcant progress in
terms of hardware has been achieved, and new solutions focused on VR for CA(A)D solutions have
emerged. Hence it may be interesting to carry out
new usability studies in such modern settings.
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As for the Human-Computer Interaction aspect, the
user interface of our current proof-of-concept is limited since it is represented using object-space WIMP
(Windows, Icons, Menus and Pointing device): it basically positions ﬂat screen-like controls in the virtual
3D space. We aim to integrate more advanced interaction paradigms based on post-WIMP interfaces, relying on a combination of gestures and voice commands.
Such interfaces will allow to extend the VR functionality beyond parameter sharing, with features enabling zooming and scaling as well as component selection and editing.
On a shorter notice, we plan on adding collaborative capabilities to our solution as design processes
often involve multiple participants. Adding such features means that several challenges will need to be
addressed such as conﬂicting intents and connectivity/latency issues. Furthermore, the impact of those
issues (and therefore the importance of properly
managing them) strongly increases when it comes to
remote (distant) collaboration.

CONCLUSION
We presented a proof-of-concept prototype for parametric modelling within immersive environments by
building a bridge between Grasshopper and a VR
headset. We compared it with existing work and
considered the potential beneﬁts and the associated
drawbacks, by carrying out a SWOT analysis. Preliminary tests, with users having a few years of experience in architectural design, has collected promising
feedback on the present set of features.
But, as mentioned in the “future work” section,
further development is to be expected in terms of
functionality and usability. It seems necessary to
go beyond traditional types of interfaces and the
urge to embrace new interaction paradigms is indeed strengthened by the tendency of desktopbased CAD interfaces to quickly become very complex.
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Virtual reality environments have long been used in studies related to architecture
simulation. The main objective of this paper is to measure the sense of presence
that different virtual reality devices provide to users so as to evaluate their
effectiveness when used to simulate real environments and draw conclusions of
people's behaviors when using them. The study also aims at investigating, in a
quantitative way, the influence of architectural elements on the comfort of use of a
built environment, namely considering the fear of falling reported by adults while
using these architectural elements. Using a between-subjects design randomly
distributed between two experimental conditions (safe and unsafe), a set of three
studies were conducted in three different virtual reality environments using a
5-sided-CAVE, a Powerwall or a Head Mounted Display. The study shows that
immersive virtual reality devices give users a higher sense of presence than
semi-immersive ones. One of the conclusions of the study is that a higher sense of
presence helps to enhance the building spaces perceived impacts on users (in this
case the fear of falling).
Keywords: Virtual Reality, Presence, Fear of falling, CAVE, HMD, Powerwall

INTRODUCTION
Virtual reality environments are being used for more
than 20 years in studies related to architecture. Besides studies focused on representation, visualization, digital heritage, building performance, education and design methods, Virtual reality (VR) is
used to study users’ responses to the built environment. VR is used to simulate reality and en-

ables researchers to extract conclusions about real
life while subjecting participants to virtual reality simulations. When doing that, researchers aim at obtaining feedback about some sort of quality of space
wherever it has to do with movement and wayﬁnding (Conroy-Dalton, 2001; Vilar and Rebelo, 2008; Taillade et al., 2013), emotions (Balakrishnan, Kalisperis
and Sundar, 2006), engagement and attractiveness
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(Boytscheﬀ and Sfeir, 2007), or other responses. VR
is also often used in architecture and real estate to
engage people with the built spaces, namely architects, engineers, clients, users and others. The diversity of VR devices and the diﬀerent ways a virtual environment, the virtual scene actually, is presented to
experimental subjects may inﬂuence the perception.
Therefore, assessing their eﬃciency in simulating a
real environment is crucial to understand the results
obtained by such studies.
The study presented here follows previous ones
done by the ISTAR-IUL team. These studies of
emotions induced by architectural spaces were conducted by sensing and statistically analysing the
physiological signals of users experiencing the virtual environments (Dias, Eloy, Carreiro, Marques, et
al., 2014; Dias, Eloy, Carreiro, Proença, et al., 2014;
Ourique et al., 2017).
The objective of this study is to research and
measure how technology-related factors, namely
three diﬀerent VR devices, inﬂuence presence. This
enables us to evaluate eﬀectiveness of VR technology
when used to simulate real environments and draw
conclusions of people’s behaviours using it. For this,
we used the same media content with diﬀerent media forms variables. This study also aims at investigating, in a quantitative way, the inﬂuence of architectural elements (i.e., stairs and ramps, with and without handrails) on the comfort of use of a built environment, namely considering the fear of falling reported by adults while using these architectural elements. In previous studies (Dias, Eloy, Carreiro, Marques, et al., 2014), only an elderly group was tested
for the same two conditions - safe and unsafe. The
co-relation between the data from the self-reported
sensations of fear of falling and the sense of presence
enable us now to investigate what inﬂuence diﬀerent
VR facilities can have on the perceived sensations in
a given virtual environment.
The main hypothesis considered to design this
study was, that diﬀerent VR devices would produce
diﬀerent senses of presence in users, namely that:
• Hypothesis 1 (H1): Immersive VR environ-

ments, namely a Head Mounted Display and
a CAVE, create a stronger sense of presence than a semi-immersive VR environment,
namely a Powerwall.
• Hypothesis 2 (H2): When the sense of presence is higher, people’s perceived fear of
falling is higher.
• Hypothesis 3 (H3): Fear of falling under unsafe
conditions is being perceived in all three VR
facilities.
Section “Related Work” of this paper gives an insight
into related work on the topics of sense of presence
and fear of falling. Subsequently, in the next section,
the experiments to investigate the hypothesis of this
study are described in more detail. Section “Results”
describes and discusses the results obtained by these
experiments. The paper ends with a section of conclusions and addresses future work.

RELATED WORK
Sense of Presence
The sense of presence has long been studied to assess the presence users feel when they are navigating
in a virtual environment.
According to Ijsselsteijn and Riva (2003) “as a user
experience, the feeling of ‘being there’, or presence,
is not intrinsically bound to any speciﬁc type of technology - it is a product of the mind”. Following this approach Jurnet et al (2005) investigated on the human
factors involved in the engagement of presence and
the individual diﬀerences. Nevertheless the authors
also agree, that the sense of presence a user experiences when using a VR devices is inﬂuenced by user
characteristics/subjective (internal) and also by media characteristics/objective (external) (Slater, 1999;
Ijsselsteijn and Riva, 2003). Characteristics of the
medium can be subdivided into media form (e.g. immersion, interactivity) and media content variables
(Ijsselsteijn and Riva, 2003).
For Ijsselsteijn and Riva (2003) presence in a mediated environment is inﬂuenced by the media form
since it “will be enhanced when the environment is
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immersive and perceptually salient, as well as when
attentional selection processes are directed towards
the mediated environment, thus allowing the formation of a consistent environmental representation”.
Banos et al. (2012) compared two diﬀerent virtual environments, or media content, in order to assess if virtual environments would increase positive emotions
and decrease negative ones while a high level of presence was being felt. Further work of this group investigates presence between virtual and imaginary
environments (Baños et al., 2005). In this study, the
authors concluded that participants in the virtual environment had a higher degree of presence than in
the imaginary environment, and that VR helps users
to stay in the virtual environment over time although
the presence in the imaginary world is not of long duration.
Measuring presence subjectively is the most
common approach taken and is usually questionnaire based (Ijsselsteijn and Riva, 2003). The two
most used presence assessment methodologies are
the ones of Witmer and Singer (1998) and of Slater,
Usoh and Steed (1994). Witmer and Singer (1998)
presence questionnaire consists of 32 questions each
to be answered on a scale from 1 to 7. Slater, Usoh
and Steed (1994) post-test subjective presence questionnaire is based on several questions all variations
on one of three topics: “the sense of being in the virtual environment, the extent to which the virtual environment becomes the dominant reality, and the extent to which the virtual environment is remembered
as a ‘place”’ (Usoh et al., 2000). All questions are also
answered on a scale from 1 to 7 being a higher score
an indication of a greater presence.

Fear of falling
Diﬃculties in accessing buildings are the main limitation that people with impartments face in daily
life (Foster, Wenn and Harwin, 1998). People which
experience movement incapacities report that they
are afraid to be in public spaces because of disorientation and the possibility of getting lost. This phenomenon occurs frequently in elderly people (Fore-

man, 2005).
Falls are the most reported accident among the
eldery and their impact can be very serious and cause
severe disabilities. The loss of the muscular strength,
of ﬂexibility and body postures caused by getting
older are reasons for the fear of falling, even among
people never falling (Melo, 2011). Several authors
have demonstrated that this perceived fear leads to a
deterioration in the quality of life among older people (Campbell et al., 1997; Feder et al., 2000). The
loss of independence and the attitude of avoiding
some activities are consequences related to the fear
of falling (Legters, 2002). The fear of falling is therefore a health problem that needs attention and can
be as serious as the falls themselves. Therefore this
fear needs to be assessed, understood and action
must be taken accordingly (Lachman et al., 1998).
Some common architectonic elements as ramps
and stairs are seen as physical barriers among the elderly population. Many of the falls reported in public areas occur on stairs (Tiedemann, Sherrington and
Lord, 2007). It is reported that using stairs is one
of the most challenging activity for people over 65
years of age (Startzell et al., 2000; Tiedemann, Sherrington and Lord, 2007) and that a large percentage of people is afraid of falling when facing stairs
(Tiedemann, Sherrington and Lord, 2007). With regards to ramps, studies show that the average population walks diﬀerent slants at diﬀerent speeds, with
decreasing speed when the angle is higher (Patla,
1986; Kawamura, Tokuhiro and Tahechi, 1991). For
elderly people, this eﬀect becomes even more dominant. Sun et al. (1996) show that for this group the
length of a step and the speed of walking is aﬀected
by the age, and that elderly people walk slower and
have a shorter step width in more pronounced slants.

EXPERIMENTAL DESIGN AND METHODOLOGY
A set of three studies was conducted using one virtual environment, the actual scene, and three diﬀerent VR environments:
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• Study 1 was conducted at the ISCTE - University Institute of Lisbon (ISCTE-IUL), ISTAR-IUL
lab, Portugal, in a semi-immersive VR environment using a Powerwall;
• Study 2 was conducted at the High Performance Computing Center (HLRS) at Stuttgart
University, Germany, in an immersive VR environment using a CAVE;
• Study 3 was also conducted at the ISCTE-IUL,
ISTAR-IUL, in an immersive VR environment
using a Head Mounted Display (HMD).

6. a ramp with the same dimension as the horizontal plane and with a slope of 40 % (Figure
1e, f, g and h)
7. a third neutral room (neutral room 3) with the
same characteristics as neutral room 2

Figure 1
Virtual
Environment, Left:
safe condition,
Right - unsafe
condition

The studies used a between-subjects design randomly distributed between two experimental conditions for each participant in all three VR devices. Two
test conditions were created from the same virtual
environments - a safe and an unsafe condition. For
the safe condition, a safety element (i.e. handrail) was
added to the stairs and ramps presented in the virtual
environment. For the unsafe conditions, the added
safety elements were conﬁgured to be not visible
to the participants. Between-subject analyses were
conducted to evaluate diﬀerences between safe and
unsafe conditions within the virtual environment (H2
and H3), and to evaluate the sense of presence reported by participants in each VR environment (H1).
The dependent variable in these studies was the declared fear and anxiety.

Virtual environment
To test our research hypotheses a virtual building was
designed to be used as a virtual surrounding for the
various embedded experiments. The virtual environment consisted of:
1. a ﬁrst room 30 m long and 5.5 m wide (neutral
room 1)
2. two ﬂights of stairs with 12 steps each (0.28 x
0.18 m) and 1.5 m wide (Figure 1a and b)
3. a second neutral room (neutral room 2) with
the same characteristics as neutral room 1
4. two ﬂights of ramps 10 m long and 1.5 m wide
with a- slope of 20 % (Figure 1c and d)
5. a horizontal plane 10 m long and 1.5 m wide

The neutral rooms were added to the virtual environment in order to act as a connection between the
test spaces, where we claimed fear of falling could
exist. The virtual environment was presented to participants in each of the three VR devices in the same
way, the speed of movement was predeﬁned and
could not be changed by the participants. All rooms
were equally textured. For the walls we used a concrete texture with a rectangular frame simulating the
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The study involved 75 people who experienced
the virtual environment. The safe conditions, with
handrails, were experienced by 39 people and the
unsafe conditions, without handrails, were experienced by 36 people. The same virtual environment
was presented to the participants in all three VR devices: Powerwall (used by 28 subjects), 5-sided-CAVE
(used by 25 subjects), and HMD (used by 22 subjects). To answer our research hypotheses, after completion of the task, the subjects were asked to answer questionnaires about the perceived emotions
they felt while walking through the virtual environment and about the sense of presence using questionnaires proposed by Slater et al. (1994) and Witmer and Singer (1998).

ranged as a cube with an edge length of 2.7 m surrounding the participant. The participant has to
wear active 3D- glasses, which are continuously being tracked by an optical tracking system to calculate
the stereoscopic images for all 5-projection screen
according to the participant’s position and orientation. As a result, the participant had the possibility
to look around the scene freely. The observation distance was approximately 2.0 m. The CAVE is driven
by the software COVISE/OpenCOVER, which is developed and maintained by HLRS.
For study 3, a virtual reality headset, the Oculus Rift consumer version, was used. The Oculus Rift
has a FOV of 110o and head tracking. In this experiment participants navigated through the virtual environment using a keyboard. To equalize the three
experiments, we decided for a controlled navigation
in which all participants followed the same path, on
which they could nevertheless look around in the
scene.

Experimental settings

Participants

For study 1, a Powerwall was used as a semiimmersive setup. The Powerwall displays stereoscopically projected images on a 4 m x 3 m screen, while
the participants have to wear active 3D-glasses. The
observation distance (the distance between the observers’ eyes and the screen) was 3.50 m. The virtual camera had a horizontal ﬁeld of view (FOV) of 45°
and a vertical FOV of 33°, approximately. Participants
could navigate through the virtual environment using a joystick (Logitech Extreme 3D Pro) with a constant speed of movement of 0.82 m/s = 3Km/h (Patel
et al., 2006). The virtual camera was linked to a predeﬁned path, and the participants only had the possibility to move forward or backward and to stop. The
camera was also animated to simulate natural head
movement, (Dias, Eloy, Carreiro, Vilar, et al., 2014).
The Powerwall was driven by the CAVE Hollowspace
software system (Soares et al., 2010), which is fully developed and maintained by ISTAR-IUL.
For study 2, a 5-sided-CAVE was used as an immersive setup. The virtual environment was stereoscopically projected on ﬁve surfaces, which are ar-

A total of 75 subjects participated in this study. A different group of participants was used for each experiment. For study 1 using the Powerwall, 28 people
between 19 and 32 years old (mean age = 22.7; SD =
3.44) participated. 11 navigated the VE with handrails
and 12 navigated the VE without handrails. For study
2 using the CAVE, 25 people between 26 and 58 years
old (mean age = 39.0; SD = 9.8) participated. 13 navigated the VE with handrails and 14 navigated the
VE without handrails. For study 3 using the Oculus
Rift, 22 people between 20 and 64 years old (mean
age = 36.1; SD = 15.7) participated. 12 navigated the
VE with handrails and 10 navigated the VE without
handrails.
Participants of the three experiments were randomly assigned to the two experimental conditions.
In study 1 and 3 participants were recruited from
ISCTE-IUL staﬀ, students and visitors. In study 2 participants were recruited from HLRS staﬀ, researchers,
interns and staﬀ. All participants were selected considering the following admission criteria: having nor-

concrete formwork and for the ﬂoor we used a grey
colour with a square pattern simulating tiles. Lighting was constant for all environments.

Methodology
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mal sight or using corrective lenses, do not suﬀer
from claustrophobia, do not suﬀer from dizziness.
Before the experimental test, all participants were
asked to sign a term of consent.

Experimental protocol
The same experimental protocol was used in all three
studies. The study objectives were only partially communicated to the participants, so that there was no
inﬂuence on the data collected related to the issues
we wanted to study (namely fear of falling and sense
of presence). At the beginning of the experiment,
participants were told that the main objective was
to get to know their opinion about a new designed
building. After signing the term of consent, each participant was asked to complete a demographic questionnaire. In study 1 and 2, participants completed
the questionnaire in a separate room and were then
taken to the Powerwall (study 1) or the CAVE (study 2)
by one of the researchers. In study 3 both parts were
performed in the same room.
For the experiments, participants were signed to
one of the two experimental conditions (safe and
unsafe). Participants were instructed to navigate
through the building until reaching the end. And
by the fact that it was a controlled navigation, all
participants followed the same path. Participants
were told that the simulation would stop automatically when it was ﬁnished. There was no time limit
for the participant’s interaction with the virtual building, but the researcher could abort the simulation if
it lasted longer than ﬁve minutes. After completing
the virtual reality experience, the participants were
taken to another room (study 1 and 2) or stayed in
the same room (study 3) in which s/he was asked
to answer the post-hoc questionnaire. First, a retrospective was made showing images (screenshots of
the virtual environment) and for each image a question was asked about their feelings of safety, pleasure
and fear. Afterwards, the presence questionnaire was
completed.

RESULTS
Presence
The results on the participants’ sense of presence
were obtained by applying speciﬁc items from two
known presence questionnaires developed by Witmer and Singer (1998) (WS) (Table 1 and Figure 2) as
well as by Slater, Usoh and Steed (1994) (SUS) (Table
2 and Figure 3).
Figure 2
Results of the
application of
speciﬁc items of the
WS questionnaire to
participants in the
three experimental
settings

The following questions were asked from the WS
questionnaire:
1. How natural was the mechanism which controlled movement through the environment?
(where 1 = very little and 7 = very much)
2. How quickly did you adjust to the virtual environment experience? (where 1 = very slow
and 7 = very fast)
3. How aware were you of your display and control devices? (where 1 = very much and 7 =
very little)
4. How distracting was the control mechanism?
(where 1 = very much and 7 = very little)
Higher results WS questions indicate a higher level of
presence.
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Table 1
Results of the
application of
speciﬁc items of the
WS questionnaire to
participants in the
three experimental
settings

The WS questionnaire shows that the higher
sense of presence was perceived in the CAVE. For
question 4, the Powerwall performed better than the
other two devices. The participants reported that the
available control mechanisms used in the Powerwall
were the less distracting. The VR devices, in which
participants were more aware of display and control
devices, and therefore sensed less presence, was the
Powerwall, followed by the HMD and the CAVE at the
end. The participants chose the HMD as the most natural control mechanism, followed by the CAVE. The
most impressive single result was how quickly the
participants got used to the virtual environment using the CAVE. An overall analysis of the results of the
SW questionnaire shows that the CAVE, study 1, was
the VR device that achieved a higher level of presence
according to WS questionnaire.
Figure 3
Results of the
application of
speciﬁc items of the
SUS questionnaire
to participants in
the three
experimental
settings

Table 2
Results of the
application of
speciﬁc items of the
SUS questionnaire
to participants in
the three
experimental
settings

the computer-generated world became more
real or present for me compared to the “real
world”... (1 = at no time, 7 = almost all the time)
3. The computer-generated world seems to me
to be more like? (1 = something that I saw, 7
= somewhere that I visited)
Higher results in SUS questions indicate a higher level
of presence.
The higher overall result for the HMD was mainly
caused by questions 1 and 2, and only in question 3
the CAVE was considered a higher presence than the
Powerwall.
Combining the two presence questionnaires, WS
and SUS, the overall experiment allows the conclusion that in comparison, the HMD enables a higher
level of presence (4.19 in a scale of 1 to 7) than the
CAVE (4.03) and the Powerwall at the end (4.02). In
summary, hypothesis 1 was conﬁrmed very weakly
by WS and SUS questionnaire showing that participants reported a higher level of presence in immersive virtual reality (CAVE and HMD).

Fear of falling

The following questions were asked from the SUS
questionnaire:
1. In the computer-generated world I had a
sense of “being there”. (1 = not at all, 7 = very
much)
2. There were times during the experience when

Participants’ perception of fear of falling was answered in the questionnaire by means of screenshots
of the virtual environment in selected points (i.e. top
of the stairs - Figure 1a/b, top of the ramp - Figure
1c/d, beginning of the plane - Figure 1e/f, and middle
of the ascending ramp - Figure 1g/h). A Likert-type
scale with seven points (1 = nothing; 7 = very much)
was used to evaluate the user’s perceptions of fear of
falling. For each safe and unsafe conditions, participants were asked about their fear, safety and anxiety.
Results in Figure 4 and Table 3 show that the perceived fear is lower in the safe condition than the one
in the unsafe condition. In the safe condition, safety is
perceived higher than in the unsafe condition. Anxiety, also as expected, is higher in the unsafe condition. All these results are the same for all three VR facilities, except for anxiety measured in the Powerwall.
The highest value for fear appears in study 3
(HMD), which was also the study where people’s
sense of presence was the highest. This conﬁrms Hy-
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pothesis 2. Results also show that the generally perceived fear of falling in unsafe conditions is veriﬁed
for all three VR facilities, which conﬁrms Hypothesis
3.

ity in order to study space perception. Although realism may be important in some cases, which certainly
needs further investigation, this study shows that a
basic level of realism is suﬃcient to measure the fear
of falling. In fact, the VE was based on a well-deﬁned
spatial geometry, treated only with grey colour and a
simple concrete texture to convey the sense of depth.
No lights, shadows or any other elements have been
added to the VE.

Limitations of the study

CONCLUSION AND FUTURE WORK
The aim of the study was to test the inﬂuence of using
diﬀerent VR devices to simulate real environments
and to draw conclusions on people’s behaviours.
The study shows that immersive VR devices give
the users a higher sense of presence than semiimmersive devices. Another conclusion of the study
is that a higher sense of presence helps to enhance
the perceived impact of building spaces on users (in
this case the fear of falling). Although there were differences between the three VR devices, which allow
only a moderate distinction, the study shows that all
the three facilities can simulate a virtual environment
by giving users the feeling of being present in that VE.
At the same time, all three devices can generate the
same perception of space on users.
By contributing to the assessment of VR devices
in terms of enabling the sense of presence and the
perceived impact of building spaces on users, this
study also contributes to the debate on using VR to
simulate reality. One aspect that is relevant in this discussion is the level of realism needed to simulate real-

Although the sample used for each study was random, there are speciﬁcities in each group that might
create some bias. One of these is the fact that the
HLRS sample was mainly constituted by the staﬀ of
the institute, who are very familiar with VR technology and may have a lower inclination to consider
such a simple virtual environmental as immersive.
In fact, user characteristics (e.g. needs, preferences,
past experience, age, gender) addressed by Ijsselsteijn & Riva (2003) were not taken into account in
this study, so no conclusions can be drawn on this
subject.
The second limitation is that presence was measured subjectively using the most common approach
by questionnaire. A complementary objective measurement of behaviours and psychophysiological responses could ideally be used in combination to
overcome the limitations of each approach (Ijsselsteijn and Riva, 2003).

Future work
Regarding the sense of presence Ijsselsteijn and Riva
(2003) observe that “although the experience of presence becomes more convincing as media becomes
more interactive, immersive, and perceptually realistic”, users also “can feel present in environments
which will not be mistaken for reality”. Following
these considerations, further investigation is needed
to assess where and when realism is of advantage for
architecture design and research in which the sense
of presence and the level of immersion may or may
not be required. It is our understanding that for a
large part of the architectural design process the im-
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Figure 4
Average results
from WS and SUS in
the two conditions
and the three
experimental
settings.

Table 3
Average results
from WS and SUS in
the two conditions
and the three
experimental
settings.

mersive and perceptually realistic characteristics of
the VE and VR devices may not be relevant.
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In remote meetings that involve the study of buildings and cities, sharing
three-dimensional (3D) virtual spatial of buildings and cities is just as necessary
as sharing the appearances and voices of meeting participants. Because of this,
system development and pilot projects have attempted to share 3D virtual models
via the internet in real-time but is still insufficient compared with face-to-face
meeting. Therefore, this research explores the applicability of a spatial mixed
reality (MR) system that displays point cloud streams to realize 3D remote
meeting in architecture and urban fields. MR is a new technology that enables 3D
presentations of various information, combining the physical and virtual worlds.
One MR method is telepresence, which is expected to give people a way to
communicate remotely as if face to face in a realistic way. We first developed a
MR system named PcsMR (Point cloud stream on mixed reality) to display point
cloud streams. The PcsMR system's operation consists of generating and
transferring a point cloud stream and then rendering a point cloud stream using
MR. The PcsMR acquired the point cloud stream in real-time using Kinect for
Windows v2 and transferred it to Microsoft HoloLens, which uses optical
see-through MR. Then we constructed two prototypes based on PcsMR and
carried out pilot projects. Through observing the experiments, application
possibilities for architecture and urban fields are found in meetings and
communications that share real-time 3D objects and include the movement of
remote participants and objects. The proposed method was evaluated feasible
and effective.
Keywords: Telepresence, Mixed reality, Point cloud stream, Remote meeting,
Real time
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INTRODUCTION
The development of broadband internet and cloud
computing technologies have led to the realization
of remote synchronous communication (diﬀerent
places at the same time such as in video conferencing) and remote asynchronous communication (different places at diﬀerent times such as in e-mail).
However, even in cases where participants can take
part remotely, some still sacriﬁce time, incur cost,
and add to CO2 emissions by carrying out face-toface meetings (same place and same time) to communicate directly. One reason for this is that current remote synchronous communication technologies cannot replace face-to-face communication. In
a conference using a remote synchronous communication system, the feeling of having a conference
through the screen remains, which is uncomfortable
compared to a face-to-face meeting. Telepresence
is one concept and technique intended to solve this
problem, as it gives people a way to remotely communicate in a realistic way similar to a face-to-face
meeting (Buxton 1992).
In remote meetings that involve the study of
buildings and cities, sharing three-dimensional (3D)
virtual spatial of buildings, cities, furniture, or other
objects is just as necessary as sharing the appearances and voices of meeting participants. Because of
this, system development and pilot projects have attempted to share 3D virtual models via the internet in
real-time. One example of this is a study conducted
to share a 3D virtual architecture and urban design
space in real-time during remote video conferences
(Shen and Kawakami 2010). In addition, the progress
of the discussion during that remote conference led
to a later study of rea-time sharing of sketches and
ﬁgures drawn in a 3D virtual space (Sun et al. 2014).
The shared 3D virtual model’s modeling method
not only uses 3D computer-aided design (CAD) and
building information modeling (BIM) software, it also
uses a method of creating point clouds of existing
space and objects using a laser scanner (Marchand
et al. 2017). The previous studies mentioned above
were realized through virtual reality (VR), which de-

ﬁnes a 3D virtual world using a 3D virtual model. The
challenge of VR in the construction and urban development ﬁelds is the increase in man-hours needed to
create objects such as buildings and terrain around a
design target. In addition, although VR can be made
to resemble the real world by deﬁning a 3D virtual object, it consists of a virtual world separate from the
real world. Therefore, VR is not suitable for connection with the real world (Fukuda et al. 2012).
Mixed reality (MR) is a technology that enables
3D presentations of various information, combining
the physical and virtual worlds (Milgram et al. 1994).
MR makes it possible to use a real world environment
rather than modeling environmental objects as is the
case in VR. Thus, we can maintain a connection with
the real world. One MR method is telepresence (Buxton 1992).
This research focuses on creating 3D virtual models using point clouds, which are capable of realistic 3D modeling of existing space and objects. Point
clouds generally deﬁne 3D coordinates and the red,
green, and blue (RGB) color values of each 3D coordinate. Using generated point clouds makes it possible
to preserve and observe architecture and city structure, and apply them to building stock renovation design projects. Generating meshes from point clouds
thus enhances reusability of CAD and BIM design
models. Therefore, studies of polygon optimization
based on objects are being advanced (Hidaka et al.
2018). Point clouds are created by a method using a
laser scanner (Datta and Beynon 2005) and a method
known as structure from motion (SfM; Agarwal et al.
2009). SfM has become popular in the construction
and urban development ﬁelds because it makes it
possible to generate 3D point clouds using familiar
digital cameras and inexpensive software. However,
the amount of time it takes to acquire real spaces
through either laser scanning or photography and
generate 3D point clouds presents a time-gap problem.
In contrast, a method using a RGB camera and
depth sensor (hereinafter, RGB-D camera) can acquire the point clouds in real-time (hereinafter, point
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Figure 1
PcsMR System
Conﬁguration

cloud stream). Previous research constructed an MR
system that included a point cloud stream of life-size
3D participant avatars acquired by an RGB-D camera,
and tried to use these avatars in remote conferences
between two groups (Beck et al. 2013). Another
previous study proposed a remote sharing system
that included point cloud streams of objects such
as people and furniture (Orts-Escolano et al. 2016).
Both of these previous studies involved state-of-theart MR systems meant to achieve telepresence remote meetings and act as references for this research.
However, there is not suﬃcient research on MR system applicability in architecture and urban ﬁelds.
We therefore aim to explore the applicability of
a MR system that displays point cloud streams in architecture and urban ﬁelds. To accomplish this, we
ﬁrst developed a simple MR system to display point
cloud streams, and then considered its potential application by using and observing the prototype systems.

DEVELOPMENT OF POINT CLOUD STREAM
ON MIXED REALITY

sive system conﬁguration (see Figure 1). The PcsMR
system’s operation consists of generating and transferring a point cloud stream and then rendering a
point cloud stream using MR. We acquired the point
cloud stream in real-time using Kinect for Windows
v2 (hereinafter, Kinect) and transferred it to Microsoft
HoloLens, which uses optical see-through MR. Kinect
generates point cloud streams within 0.5-8.0 m (human skeleton detection 0.5-4.5 m) from the Kinect
main body, a 70° horizontal and 60° vertical angle
range using the Kinect’s equipped RGB-D camera.
Section 2.1 outlines the equipment used and section
2.2 shows the proposed system ﬂow.

Equipment
The devices constituting the system are:
•
•
•
•

PC running Windows 10
HoloLens
Kinect
Router (required for Wi-Fi transmission between PC and HoloLens: IEEE 802.11ac up to
867 Mbps; IEEE 802.11n up to 300 Mbps)

The point cloud stream on mixed reality (PcsMR) system we developed is a MR system that can display
point cloud streams using a simple and inexpen-
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System Flow

EXPERIMENTS AND RESULTS

To generate point cloud streams, the Kinect’s RGB-D
camera scans real-world objects at 30 fps (frames per
second). This generated point cloud stream is then
transferred to the connected PC in real-time.
Our proposed MR system uses a PC as a transfer station. To receive the point cloud stream on a
PC during the transfer process, we developed a system using the Kinect for Windows software development kit 2.0 (hereinafter, Kinect SDK) (see Table 1).
We used the Unity game engine to adjust the position, angle, and scale of the point cloud stream to
accurately place it in the MR system. We then transferred the point cloud stream to HoloLens by Wi-Fi
(TCP/IP).
If the point cloud stream transferred to the
HoloLens is directly displayed during the MR rendering process, unnecessary point clouds appear as
noise around the displayed point cloud stream. Also,
a highly granular point cloud can lead to data volume becoming too large, making real-time rendering diﬃcult. Therefore, to reduce unnecessary noise,
we implemented a software ﬁlter based on previous
research (Kowalski et al. 2015). This algorithm ﬁnds
n neighboring points for each point (target point) in
the point cloud. If the distance between the target
point and a neighboring point is greater than the
threshold t, the neighboring point is considered an
outer point (noise). The n and t values can be set
manually depending on the project. With this ﬁltering function, the PcsMR system can display a point
cloud stream after deleting unnecessary points and
can thus render more quickly.

To consider the potential application of the proposed
PcsMR, we constructed two prototype systems with
the following common conditions:
• We used one Kinect and one HoloLens in each
prototype. Audio functions (microphone and
speaker) were technically possible but not implemented.
• The router used the IEEE 802.11n Wi-Fi standard. The volume of point cloud stream traﬃc
between the router and HoloLens was about
4 MB / sec.

MR with Point Cloud Stream of People and
BIM
We developed our ﬁrst prototype (PcsMR-1) for university events in June 2017 for high school juniors
and seniors who planned to go on to university. The
event was held on a diﬀerent campus from one of
our laboratory, so we created a system to allow a virtual laboratory experience for students who could
not visit our laboratory.
We used a notebook PC with an Intel Core i77700HQ CPU, 8 GB of RAM, and a NVIDIA GeForce
GTX 1060 GPU with 6 GB memory. We connected the
PC and router using a gigabit Ethernet cable. We adjusted the position, orientation, and scale of the BIM
model and point cloud stream using the Unity game
engine installed on the notebook PC.
PcsMR-1 generated a point cloud stream of a
seated user (A) and synthesized a 3D model of our
laboratory (about 150 m2 ) manually created using
Table 1
Kinect SDK
Functions used for
PcsMR
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Figure 2
PcsMR-1:
Experimental photo
(2 Scenes)

BIM in other processes manually. Another user (B)
could experience MR using HoloLens. At the event,
participant A might sit in front of the Kinect and
move, and their appearance and actions were shown
as a point cloud stream as if they were sitting in a
chair in the laboratory BIM model. Participant B could
move freely around the event venue by wearing the
HoloLens and could explore the 3D virtual laboratory
where 3D participant A was seated using MR (see Figure 2). Figure 3 shows a screen shot of HoloLens.
When observing the user’s experience, participant A
performed actions, such waving hands, according to
participant B’s reaction. Participant B seemed to understand the laboratory’s scales of and the MR felt
more realistic because of the 3D rendering of participant A staying in the unknown laboratory and moving.
Figure 3
PcsMR-1: HoloLens
Screen Shot

MR using Point Cloud Stream of People and
Physical Model
Our next prototype (PcsMR-2) anticipated a scenario
where participant B, who was in a remote place, wore
a HoloLens to observe participant A’s presentation
while handling 3D models. PcsMR-2 generated both
participant A and a city model (1:500 scale) as a point
cloud stream, and participant B could see both participant A and the city model while using a MR system with HoloLens (see Figure 4). Because the scale
model was on a desk, another desk was also placed
beside participant B and positions were aligned as if
the scale model was on this desk. Figure 5 and 6 show
screen shots of RGB-D image captured by Kinect and
HoloLens respectively.
We used a desktop PC with an Intel i5-7500 CPU
and 16 GB of RAM and connected this PC with the
router using gigabit Ethernet We adjusted the position, orientation, and scale of the point cloud stream
using the Unity game engine installed on the desktop
PC.
In this experiment, participant B could freely
move about in the meeting room and conﬁrm the
participant A’s movement and the scale model from
the 3D point cloud stream. When participant B
moved, the appearance of Participant A and the scale
model changed from participant B’s viewpoint in
real-time, which is impossible with a 2D display such
as a video conference system (see Figure 7).
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Figure 4
PcsMR-2:
Experimental photo

Discussion
As described in sections 3.1 and 3.2, the PcsMR system could display the point cloud stream in the MR
space in real time. Using the PcsMR system, a participant could observe other participants’ behavior and
objects, such as a physical model of a remote place,
in 3D and at actual size from arbitrary viewpoints. If
necessary, the PcsMR system can also synthesize 3D
virtual models created using BIM software.
However, we found some problems.
The ﬁrst is related to wide area network (WAN)
environments. The two experiments we conducted
could be carried out only in local area network
(LAN) environment. We planned for the the PcsMR1 project to be constructed in a WAN environment
and for the laboratory to create models by BIM and
by point cloud stream. This is because a point cloud
stream can realistically represent features of the laboratory’s state, such as student behavior and papers
placed on the desk, which are hard to express using
a BIM model. However, the transfer of point cloud
streams experienced a large latency over a WAN environment, thus, we had to construct the laboratory
model using only BIM.
The second problem is improving the point
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Figure 5
RGB-D image
captured by Kinect
(inversion
condition)

Figure 6
Point Cloud Stream
on Game Engine
(Unity)

Figure 7
PcsMR-2: HoloLens
Screen Shots

cloud stream’s granularity (present: 512 × 424) and
expanding the generation area (present: 0.5-8.0 m
from the Kinect, and within 70° horizontal and 60°
vertical).
The last problem is that only one Kinect can be
used per PC; therefore, it would be necessary to synchronize multiple Kinects and PCs when acquiring
point cloud streams from many directions.

CONCLUSION AND FUTURE WORK

Future tasks include adapting PcsMR to wide area
networks and the internet environment and improving point cloud stream graininess and acquisition
ranges.
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This research has the following contributions.
• To realize telepresence in architecture and urban ﬁelds, we developed a simple MR system known as PcsMR that displays point cloud
streams. It consists of a Kinect, a PC, a router,
and a HoloLens, and uses a noise elimination
function on its point cloud stream.
• We constructed two prototypes based on PcsMR and carried out experiments. Application possibilities for architecture and urban
ﬁelds include meetings and communications
that share real-time 3D objects and include
the movement of remote participants and objects.
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This paper presents the findings from a comparative study of an architectural
space communicated as the space itself and its two different representations, i.e.
a virtual reality model and traditional plan and section drawings. Using eye
tracking technology in combination with qualitative questionnaires, a case study
of an architectural space is investigated in physical reality, a virtual reality 3D
BIM model, and finally through representation of the space in plan and section
drawings. In this study, the virtual reality scenario seems closer to reality than
the experience of the same space experienced through plan and section drawings.
There is an overall higher correlation of both the conscious reflections and the
less conscious behaviour between the real physical architectural space and the
virtual reality space, than there is between the real space and the space
communicated through plan and section drawings. We can conclude that the
scenario with the best overall size estimations, compared to the actual measures,
is the virtual reality scenario. The paper further discusses the future applications
of virtual reality in architecture.
Keywords: Architectural representation, Virtual Reality, Perception, Tradition

INTRODUCTION
Through dissemination of results from the last part
of a tripartite experiment this paper discusses the
possibilities of representation models of architecture.
The experiment compares how people experience
architectural space using eye tracking technology in
combination with qualitative questionnaires. It is a
case study of an architectural space is investigated
in three scenarios (A) physical reality, (B) a virtual re-

ality 3D BIM model, and (C) through representation
of the space in plan & section (ﬁgure 1). This paper
presents the results from the last part of the experiment (C) using the results to compare with the previous results and to further discuss the architectural
representation in traditional and new media, in the
broader context of tradition, perception, and neurology. Through this comparative study of physical
and virtual scenarios, the paper discusses how new
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versions of architectural representation can fundamentally change architectural designing. The results
from the ﬁrst parts of the study can be found in previously published work (Hermund et al. 2016, 2017,
2018), and will hence not be presented here, except
for brieﬂy mentioned and when needed for a comparison with the last results from the part (C) of the
study.

torium as the virtual scenario, and ﬁnally the same
space communicated through the use of traditional
plan and section drawings. Questions were asked
during the session, and eye tracking was applied to
capture the test subjects ﬁxations in a period of 10
seconds after each question. In this way both a reﬂective (answers to questions) and a less conscious
behaviour (eye movements) of the test persons could
be logged for further comparison.

The questionnaire

The results conveyed in this paper sustains the overall notion, that representing architectural projects
through virtual reality can, if used correctly, significantly improve the usability of digital architectural
representational models.

METHOD AND EXPERIMENT SETUP
A medium size auditorium was used as the case study
in the experiment. The architectural space was investigated through three diﬀerent representations:
A real life scenario, a BIM model of the same audi-

In all three scenarios, the same questionnaire (ﬁgure 2) was used to gather qualitative data from the
test subjects answers. This quantitative/qualitative
interview matrix was established to assess to what
extent the perception of space through VR technology holds similarities to the experience under normal, or close to normal, circumstances and to the experience of space through more traditional plan and
section drawings. The questions could be answered
on a scale from 1 to 7 where 1 was ‘not at all’ and
7 ‘in a very high degree’. The questions about estimation of height and width were to be answered in
full meters. The series of questions were posed to
the test subjects, and the answers, along with the eye
tracking data, were logged. In addition, a silent tenseconds-long eye tracking logging at the beginning
of each location was done. In the plan & section scenario, the test subjects were watching the plan and
section drawings pinned on the wall. Here the use
of the two speciﬁc points of views was not logically
feasible, but the same silent ten seconds long period
was given at the beginning of the session. The questions themselves address four diﬀerent areas of architectural perception: the space itself, lighting, sensation & estimation, and materials. The questionnaire
matrix has been created with inspiration from Melhuish’s thoughts on corpothetics (Rattenbury 2002)
and Zeki’s perception model (Zeki 1999) involving
the concept of microconsciousnesses.

Eye tracking
Eye tracking technology was used in order to collect
a quantitative mass of less reﬂective data, by tracking
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Figure 1
The physical
scenario (A) and the
plan & section
scenario (C) using
Tobii eyetracking
glassess. The virtual
reality Scenario (B)
using HMD with
eyetracker.

the eye point ﬁxations of the test subjects. Instead of
a completely free movement, the investigation was
limited to two view points, each with 360 degrees of
view, but with the test subject remaining immobile
(except for turning on the spot) throughout the investigation. For the physical scenario and the plan
& section scenario were used Tobii Pro Glasses. For
the virtual scenario was used an eyetracker built into
the virtual reality head mounted display. All the eyetracking data collected was processed using iMotions
software to map and generate heatmaps, spotmaps,
and maps of areas of interest.
Figure 2
The questions and
instances used for
collecting data from
the test subjects.

Selection of test subjects
In total, a number of 131 test subjects were used for
the complete study. 30 subjects for the physical scenario, 63 subjects for the virtual scenario (33 subjects
with eye tracking and 30 without), 32 for the plan
& section scenario, and 6 test subjects from an architectural studio as a benchmark in the plan & section scenario. All the test subjects were students except for the 6 professional architects. The total gender distribution was to 50/50. The age span among
the students ranges from 19 years to 41 years with
an average of 22.8 years. The students are primarily
in the beginning of their study at the Royal Danish
Academy of Fine Arts School of Architecture (KADK)
or Aalborg University Sustainable Design (AAU). The
age span of the 6 professional architects (JFA arkitekter) ranges from 27 to 52 with an average of 37.2
years. It was an important factor that the test subjects were not familiar with the test space.
In both the two 3D scenarios (physical and virtual reality) we used the same two speciﬁc locations:
i.e. just inside the entrance to the space, and approximately in the middle of the space. We applied each
test person’s correct eye-height in the virtual reality
viewer.

The physical scenario

Figure 3
The entrance to the
auditorium used as
test space.

In the physical scenario, an auditorium space at The
Royal Danish Academy of Fine Arts School of Architecture was used (ﬁgure 3). The test subjects were
introduced to the scenario outside the test space
and then asked to close their eyes while they were
placed at the ﬁrst point of view, just after the entrance door to the auditorium. Here the ﬁrst ten
seconds of eye tracking (referred to as Instance 1)
recorded their ﬁxations upon entering the room. The
test subjects were then asked to describe the room
with three freely chosen words. The ﬁrst set of questions were asked and the answers with eye tracking
was recorded. The test subjects were then asked to
close their eyes again and brought to the next point
of view a bit further inside the auditorium. Again 10
seconds was recorded (referred to as Instance 2) followed by the last set of questions.
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The virtual scenario
In the virtual scenario, the architectural space, was
presented to the test persons through the HMD VR
technology (an Oculus Rift SDK 2 combined with
in-built eye tracking equipment from the Eyetribe),
showing a 3D digital architectural building information model (ﬁgure 4) of the same space as in the real
scenario. The brieﬁng took place and the test subjects were allowed some seconds to get used to the
virtual reality equipment in the anteroom of the test
space model.

Figure 4
Revit model created
of the real life
auditorium.

The plan & section scenario
In the plan and section scenario, the students were
introduced to the study and then asked to look to the
ground while they were being positioned in front of
the drawings hanging on a wall. We had one architectural plan drawing and one section drawing (ﬁgure 5)
showing the test space in scale 1:50. In this case it was
not logically feasible to use the two speciﬁc points of
view, as in the other phases of the study, so we had to
deal with the nature of 2D drawings and let the test
subjects overview the entire material from the beginning. The same eye tracking equipment was used to
collect data of ﬁxations from the test subjects. We
have been using students with no prior knowledge of
the space, which is crucial, especially in this phase of
the study. A memory of the actual real space, invoked
from watching the drawings, could disturb the study
if the answers were more related to the memory of
the space than to the space experienced through the
drawings.
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Figure 5
The drawings from
the plan & section
scenario. They were
presented i scale
1:50 hanging on a
wall side by side.

Figure 6
The hierarchy of
words chosen to
describe the
atmosphere of the
room in Physical
scenario.

FINDINGS
Like in the previous phases of the study, we collected
the data from the questionnaire and from the eyetracking of the test subjects in the plan and section
phase of the study. After the ﬁrst instance, the test
subjects were also asked to describe the architectural
atmosphere of the space they were in, with three
freely chosen words.

Describing the architectural atmosphere

Figure 7
The hierarchy of
words chosen to
describe the
atmosphere of the
room in the virtual
scenario.

Figure 8
The hierarchy of
words chosen to
describe the
atmosphere of the
room in the plan
and section
scenario.

The three freely words chosen for describing the architectural atmosphere of the space were collected
for all test subjects. The outcome of theses answers
can be compared between the diﬀerent experiences
of the space as shown in ﬁgures 6-8.
The colours in the diagrams correlate for easier
comparison between the scenarios. The seven highest scoring words from each of the three scenarios are
shown, while the rest is put in the ‘other’ category.
The physical and the virtual reality scenario seems immediately closer to each other in terms of words chosen. In virtual reality, however, words as ‘sterile’ and
‘clinical’ score high, and ‘friendly’ is not mentioned.
It is noteworthy that in the plan & section scenario a
relatively large amount of test subjects felt unable to
describe the architectural atmosphere of the space.
Also in plan and section some test subjects used the
word ‘cinema’ to describe the space. This word was
never mentioned in the two other scenarios.
If the same data is represented, as in ﬁgure 9, the
words can be compared in groups with top scoring
words from all the three scenarios. The words ‘bright’,
‘open’, ‘large’, and ‘empty’ are much closer in physical
and virtual reality than to the plan & section scenario.
The words ‘quiet’ and ‘calm’ score high in the physical
scenario, while considerably lower in both the virtual
and plan & section scenario.

Comparing answers to the questionnaire
The answers from all the test subjects are shown in table 1. The value of the questions are from 1-7 and in
the ‘Comparisons’ part, the divergence has been converted to percent. The plan & section phase of the
study includes a cross reference to a small group of
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Figure 9
The top scorers
from the answers to
the three freely
chosen words
describing the
architectural
atmosphere of the
space.

professional architects as an indication of the diﬀerence in using students or trained test subjects. This
indicative diﬀerence between students and professionals will be considered in a subchapter.
Physical, virtual and plan & section. The numbers
show the diﬀerence between the answers to the
questions in respectively the physical and virtual scenario, and the between the physical and the plan
& section scenario. The colour intensity shows the
more divergent answers in the speciﬁc question. The
high score between the physical and the virtual scenario is in the questions related to materials, expectations, and placement of exits. The high score between the physical and the plan & section scenario
are concerning materials and view to the screen and
presenter. In addition, the room is found much more
boring in the plan & section scenario. Furthermore, it

is obvious that the overall divergence from the physical scenario is found to be much higher in the plan &
section scenario than in the virtual reality scenario.
Estimated size. When looking at the numbers for estimating the size of the room, there is a high correlation between the perceived length, width, and
height of the room in respectively the physical scenario and the virtual reality scenario. The estimations diverge from the actual measure with a maximum of 3.9 m (length of the room), and are thus not
completely right in relation the actual real measures,
but it is noteworthy that the divergence between the
physical and virtual is similar within a margin of less
than 1 m. In comparison the divergence between the
plan & section scenario and the actual measures are
much higher with a maximum of 11.5 m. In all the
estimations of the plan & section scenario, the diver-
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Table 1
Answers to the
questionnaire in the
three scenarios.

gences are higher than between the physical and the
virtual scenario.
Where to sit for a lecture. When comparing the answers to the question of what row to sit in for a lecture, the similarity between the physical and the virtual is also very high, while less between the plan &
section scenario and the two others.

Students and professionals
Since the plan & section eye tracking data cannot be
translated with precision from a 2D environment to
a 3D environment, as used in the previous phases
of the study, a comparison between these data sets
would not be logically feasible to a useful degree.
However, we could use the eye tracking data for an
investigation of the behaviour of the students while

decoding plan and section drawings. We were also
curious to see if there was a traceable diﬀerence between the perception and eye ﬁxations of students
and professionals. We decided to make a cross check
with a small group of professional architects as a pilot
study addition to the research. When considering the
heat maps from this exercise in relation to the questions it is easy to see a diﬀerence in the perception of
the architectural test space between the two groups.
In the Instance 1 (ﬁgure 10), the ﬁrst 10 seconds
after entering the room, it is obvious that the students (top) are more dispersed in their eye movements than the professionals (bottom) are. The students spend a relatively long time looking at the tree
icons outside the building, and not very long time at
the section view in comparison to the professionals.
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interesting that the professionals are estimating the
height of the room closer to its actual height than in
any of the students’ scenarios, especially the students
from the plan & section scenario.
The estimation of the width of the room (ﬁgure
12) also shows a more analytical focus in the professional eye tracking than in the more dispersed students eye tracking behaviour. Of course it is necessary to remember that the size of the test group impacts the appearance of the heatmap, but it is nevertheless interesting to observe that some of the students are still looking outside the room while trying
to estimate the width.
In relation to the question of where to sit (ﬁgure
13), the heatmaps are obviously focused in the seats
in both scenarios. The professionals are using the
section drawing a little bit. The general picture from
the questionnaire shows that students and professionals agree in this particular question and chooses
to sit closer to the front of the room than in the physical and virtual scenario.
It is also noteworthy that the professional architects in the questions concerning the lighting situation were less inclined to rate it very high, possibly
due to the lack of information of light sources in the
drawings.

CONCLUSION

When looking at the estimation of the height of the
room (ﬁgure 11), there is a lot of attention to the section view. The professionals are almost exclusively
looking at the section while the students in addition
to that are still looking moderately at the plan. It is

The investigation presented in this paper suggests
that virtual reality can simulate a physical scenario to
a degree where human behaviour shows correspondences, and is closer related to reality than the experience of the same space communicated through
more traditional plan and section drawings. There is
an overall higher correlation of both the conscious reﬂections (the questionnaire) and the less conscious
behaviour (eye ﬁxations) between the real physical
architectural space and the virtual reality space, than
there is between the real physical architectural space
and the space communicated through plan & section
drawings. We can conclude that the scenario with the
overall size (length, width, height) estimations closest to the actual measure of the architectural space,
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Figure 10
Heat map showing
eye tracking at
‘Instance 1’ students (top) and
professional
architects (bottom).

Figure 11
Heat map showing
test subjects
estimating the
height of the room students (top) and
professional
architects (bottom).

Figure 12
Heat map showing
test subjects
estimating the
width of the room students (top) and
professional
architects (bottom).

vergence from the actual measure. From the plan &
section part of the research, we can furthermore suggest that trained professional architects are better at
estimating dimensions of the test space than the students. This, in combination with the eye tracking
heat maps, indicates as expected, that these trained
architects are better to understand traditional drawings than students in the beginning of their study.
We can conclude that the combined method of
eye tracking and a qualitative/quantitative questionnaire can be a useful tool to assess the diﬀerences in
perception of representations of architecture.

DISCUSSION

Figure 13
Heat map showing
test subjects
choosing what row
to sit for a lecture students (top) and
professional
architects (bottom).

is the virtual reality scenario with a total of 6.4 m divergence. The real scenario estimation has a total divergence of 6.8 m, the plan & section student scenario has a total divergence of 18.9 m, and the plan &
section professionals scenario has a 8.9 m of total di-

A virtual environment can through the visual dimension of perception, in combination with interactive feedback, be helpful in generating immersiveness, understood as the sensation of actually being present in an architectural space. A sensation
of being present, even while one is maintaining a
conscious knowledge that this feeling is only an illusion created by a digital model. Digital models,
and models in general, are still a central tool in the
process of creating architecture. Until not so long
ago, the digital method of working all happened on
ﬂat computer screens, although it is fundamentally
a 3D regime. Recent pilot tests (Sonne 2017[2]) involving playing a 3D game in virtual reality and on a
traditional ﬂat 2D computer screen while measuring
the electroencephalogram, indicates that the virtual
reality version actually induces less cognitive load
on the brain than the task when performed on a
ﬂat 2D computer screen. Other results from testing
2D & 3D non-immersive and 3D immersive scenarios
(Kozhevnikov) are concluding that desktop graphics
are counterproductive or at least ineﬀective in relation to 3D immersive environments when aiming for
tasks in simulated real world scenarios from an egocentric frame of reference. Here virtual reality contains the potential for creating a more natural environment, brainwise, than the 2D computer screens.
Through this approach, virtual reality could perhaps
be representing a more natural way of dealing with

VR, AR & VISUALISATION | Experiments - Volume 2 - eCAADe 36 | 743

digital architecture as a tool for estimating spatial
qualities (Griﬃths et al. 2017). Our future research
will address these assumptions, in collaboration with
neurologists (Lauring et al. 2014) and psychologists,
in research projects such as the Virtual scenario Responder project [1].
The virtual representations can, if combined
cleverly with our sensorimotor skills, create a functioning experience of perception. This sort of the
sensation of movement in a virtual space is precisely
what can be sustained by the accurate use of virtual
reality simulations. Instead of struggling for a photorealistic virtual triple A game-like paradise, we propose that the virtual reality simulations be opened
up to imagination by an active choice and removal
of some of the visuals in favour of more potential interaction. Thus interaction (Steuer 1992) becomes a
crucial part (Slater et al. 2009) in simulating the consistency of architecture.
Our brains are combining input from diﬀerent areas to create an experience (Mallgrave 2010). This
does not inevitably mean that we need more than
a few sketchy indications to imagine an architectural
space. However the diﬃcult part is to ﬁnd those gestures which are needed, and screen out those which
are essentially just noise. We probably soon need to
establish a conventional general foundation for assessing where a digital virtual reality representation
can deliver a realistic, but still imaginative, set-up for
future architectural visions and buildings.
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This paper presents the establishment and refinement of a visualisation workflow
based on initial learnings from introducing mobile Virtual Reality (VR) as
representational medium for visualising and visually evaluating architectural
lighting concepts using rendered 360° panoramas. Four student projects are
described, each with a different aim and approach towards visualising
architectural light in space: Two projects aiming at conveying reality with
physically based lighting simulations and two projects with an artistic approach
to conveying light impressions. The 360° panoramas were used at low resolution
during the design process to qualify the projects, and the final panoramas were
presented with great success as a supplement to visualisations, diagrams,
technical drawings and physical models at Bachelor and Master exams. The
benefits of using familiar simulation and render software together with low cost,
accessible and portable VR HMD's in the authors opinion far outweighs the
reduced Field of View, lower frame-rate, lack of parallax and dynamic Point of
View compared to realtime rendered high end VR.
Keywords: Architectural lighting, 360° panorama, Virtual Reality, Visualisation
workflow

INTRODUCTION AND BACKGROUND
Architectural representation has many modes of display, mostly in 2D on paper or screens based on long
used techniques like orthogonal drawings instituted
during the Renaissance as well as perspective views
for visualising the atmosphere of a place from a speciﬁc point of view (POV). For an immersive experience
of space, the 360° panorama ﬁrst invented by Robert
Barker in 1787, on the other hand wraps the image
around the spectator in a built scenography for the
perfect illusion (Lescop, 2017).
Modern Virtual Reality reﬁnes this illusion and

makes it accessible with Head Mounted Displays
(HMD) useful for an immersive three-dimensional
and 1:1 experience of architectural space (Shemesh,
2015). Earlier VR experiments focusing on the perception of space in architectural models also indicated possibilities of enhanced perception of light in
space with VR, accurately conveying lighting conditions (Kreutzberg, 2016).
In recent studies of the inﬂuence of light on the
atmosphere of a space (Stokkermans et al., 2017) and
perception of daylight in VR, the results also indicate
a high level of perceptual accuracy, showing no sig-
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Figure 1
Default
visualisation
workﬂow.

niﬁcant diﬀerences between the real and virtual environments on the studied evaluations (Chamilothori
et al., 2018). Real-time graphics engines for gaming, like Unity [1] and Unreal [2], can by now render physically based lighting simulations for use in
VR, provided that the proper processing power and
high quality VR hardware is utilized. Two factors are
however making this setup inconvenient for student
work. High quality VR hardware like Oculus Rift [3],
HTC Vive [4] and Playstation VR [5] is available in consumer versions, but the full setup of computer, location trackers, head mounted display (HMD) and navigation controllers is not very portable, making this VR
experience inconvenient outside the Computer Lab.
A much cheaper and more accessible solution is mobile VR, using mobile phones in combination with a
low cost VR viewer like GearVR [6] or Google Cardboard [7] (Dokonal, 2016).
Real-time rendering a physical-based lighting
simulation for VR on a mobile phone, however, is not
possible with current technology without heavy latency and risk of invoking motion sickness (Moss and
Muth, 2011). Furthermore, the game engines are not
yet part of the mainstream architectural visualisation
pipeline, resulting in extra work learning to master
new software. An alternative is pre-rendered 360°
panoramic images with ﬁxed POV (point of view).
Students already produce fully textured and
lightened 3D models used for their project visualisations, and with minor extra eﬀort, these models can
be prepared for 360° panorama rendering.

METHODS AND TECHNICAL SETUP
Visualisation workﬂow
Studies leading to a perceptually accurate visualisation workﬂow for simulated images of lighting sys-

tems in context had also indicated the potential of
displaying in VR (Murdoch et al., 2015).
Based on our default visualisation workﬂow (ﬁg.
1) for image output the workﬂow was reﬁned and adjusted for each project, in an iterative process formulating best practice.
Figure 2
Diagramatic and
rendered
representation of
light distribution in
Luminaire [12]
visualised in IES
Viewer [13].

Figure 3
Latlong spherical
map and cube map
showing distortions
at poles. Ill. Chaos
Group

The default visualisation workﬂow involve creating
the geometric 3D model in a modelling software, importing the model into 3dsMax [8] adding physically
based materials, lights and cameras. The V-Ray [9]
renderer is set up to output an image in a certain
size and a render quality deﬁned by a speciﬁc light
calculation method. The image output(s) are colour
graded, composited and manipulated in Photoshop
before ﬁnal display on print or screen/projector.
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Figure 4
HMD speciﬁcations.

Light simulation
Three diﬀerent light simulation methods were tested
and used, two of them physically based: Rendered
V-RayIES Photometric Lights and V-Ray Photometric Lights in combination with volume Fog. A
third method involved manually painted lights on
panoramic photos in Photoshop.
Photometric lights can utilize an .ies ﬁle [10],
which contains the distribution proﬁle for the light.
An .ies ﬁle contains complete speciﬁcations of a real
world light bulb or tube including the shape of the
light’s cone (ﬁg. 2) and the steepness of the light’s
falloﬀ [11].

Render setup
V-Ray Brute Force [14] and Light cache [15] were
used in combination for improved rendering speed.
The Brute force method for computing global illumination recomputes the GI values for every single shaded point separately and independently from
other points and is very accurate. Light caching is a
technique for approximating the global illumination
in a scene. Tonemapping, the process of mapping a
High Dynamic Range (HDR) image to 8 bit, was done

directly in V-Ray before outputting to the jpg image
format.

360° panorama
Two 360° panorama render outputs: Spherical maps
(equirectangular) and cube maps (ﬁg. 3) were tested
in diﬀerent sizes. The map type and size selected
for each project were based on render time, quality,
stereoscopy, editing in post-production and VR HMD
& VR viewer app used.

HMD and screen
GearVR (SM-R322) headset was used with a Samsung
Galaxy S6 phone and BoboVR Z4 [16] and Google
Cardboard headsets were used with an iPhone 5S.
The headsets and phone screens have diﬀerent speciﬁcations and qualities shown in the table (ﬁg. 4),
which also include speciﬁcations for Oculus CV1 for
comparison of a High end headset.

RESULTS AND DISCUSSION
The student projects described below were made
over a period of two years, and are presented in
chronological order to point out the lessons learned
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Figure 5
Project 1.
Stereoscopic cube
map 2 x 6x1.
and the progress of reﬁning the 360° visualisation
pipeline for physically based light simulation as well
as the adaption of the pipeline to artistic light simulation.

Project 1.
Master’s project (Architectural Lighting): Lighting
concepts for Samsøe & Samsøe Flag store.
The introduction of cube 6x1 rendering in V-Ray
2.5 for 3dsMax in 2015 and a wish to demonstrate
light distribution in a 3D model to examiners, led
to the ﬁrst experiments with rendered 360 panoramas for lighting simulation in VR. The 3D model was
highly detailed with applied materials reﬂecting realworld physical properties as well as a lighting setup
with manufactory provided Luminaires and V-RayIES
Photometric Lights.
The virtual camera used was set to Type: Cube
6x1 with an Output size of Width: 9216px and Height:

1536px. An added VRayStereoscopic Helper object
allowed the deﬁnition of two virtual cameras based
on the currently selected render camera. The eye
distance was set to 63mm (Dodgson, 2004) in the
VRayStereoscopic settings and the ﬁnal output resolution doubled to 18432px x 1536px. Render time
was approximately 5½ hours - too long for iterative
render experiments (ﬁg. 5 & 6).
The IES Photometric lights were emphasised by
adjusting contrast in the rendered image in postproduction, and displayed well in VR, which was the main
purpose of implementing VR in the presentation. The
distribution of light in space was not as precise as expected though, although the overall perception of
the rather small room was surprisingly well displayed
in VR. Preparation of Render Elements for individual
adjustment of light distribution and intensity in postproduction would have solved some of the problems.
The placement of POV was not ideal mainly be-

Figure 6
Project 1. Cube
map detail.
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Figure 7
Project 2. ½ cube
map (6x1) with
detail RGB and
Ambient Occlusion
Render Elements.

cause of the store podiums close by. They broke the
immersion when looking down. Later experiments
showed that a radius of approximately 2 meters free
space from the POV would solve this issue. The initial
idea of POV in the center of a room is not necessarily
the best location for VR. Placed in a corner the viewer
has an overview without having to turn around.
At the exam presentation one examiner was below average height, and commented on the seemingly wrong scale in the VR model. Eye height was
set to an average of 165 cm - with which he did not
comply. Eye height is indeed an important factor in
perceiving scale correctly in VR (Leyrer et al.). One disadvantage of the pre-rendered 360° panoramas for
VR is this ﬁxed eye height decided on at render time.
A solution could be to render several versions at different eye heights for presentation purpose.

representation of light in pre-rendered VR. Although
the other representational material in the project was
already very comprehensive and suﬃcient, the addition of VR presented the spatial lighting qualities in a
full body experience not achievable with 2D visualisations.

Project 2.

Figure 8
Project 3. Spherical
test render.

Figure 9
Project 3. Final
render (3 cube
sides)

Master’s thesis (Architectural Lighting): “Restaurant
with open kitchen”, a photo real interior setting with
a combination of daylight and artiﬁcial light based on
IES Photometric ﬁles.
Building on lessons learned at the previous
project, early test renders in low resolution and mono
were made to help adjust the light setup proposed.
Diﬀerent positions and rotations of the lumieres
were tested and the eﬀect observed in 1:1 from several POV’s. Test renders also helped decide on the
best POV for the high quality rendering to be used at
the ﬁnal presentation. Render elements, component
parts of the rendering, were used to edit and enhance
the ﬁnal cube map renderings in post-production
(ﬁg. 7). Direct- and reﬂected lighting render elements helped balance the light and the ambient occlusion render element added a subtle shadow to adjacent surfaces.
Manual retouching was not possible or at least
very diﬃcult because the retouching had to be uniform in both stereo renderings and at all seams.
The GearVR with the cube maps was oﬀered to
the examiners at the end of the examination session.
All three examiners were very positive towards the
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Project 3.
Bachelor thesis (Spatial Design / Visual Communication): “Mind Upload - a Ritual”, a futuristic conceptualized staging of a spiritual ceremony with light beam
eﬀect and volumetric fog.
The Design Fiction method was used to conceptualize a future scenario by staging of a rite of passage. In the ritual, one of the last people on earth surpasses into the inﬁnite life in the virtual dimension. A
4 min. voiceover was made for the kneeling experience in seemingly limitless space.
The concept indicated only a faint suggestion of
volumes and voids shrouded in fog. Textures in the
3D model were restricted to plain white with a few
abstract patterns. Volume lighting was used to symbolize a “beam me up” eﬀect as well as distance fog
to make the scene appear inﬁnite.
Many monocular spherical renderings in low resolution (1080x540px) were made to adjust the composition of the scene as well as the lighting eﬀects
before the ﬁnal stereo cube map was rendered (ﬁg. 8
& 9).
The virtual camera was placed at 110 cm above
ground to mimic a POV for a kneeling person. The
ﬁnal rendered stereoscopic cube map (18432 x 1536
pixels) was displayed on a Samsung Galaxy S6 mobile phone in a GearVR headset combined with headphones for play back of voice over sound ﬁle.
At the examination, experiencing the VR space
from a kneeling point of view was very convincing according to the examiners. A point of view not easily
conveyed by other media.
4 minutes of kneeling, is a long time though and
may be uncomfortable or even next to impossible for
many, even when kneeling on a soft pillow. Rotating the head far enough to see all parts of the space
when following the audio instructions was also commented as diﬃcult because of the kneeling position.

Project 4.
Master’s thesis (Architectural Lighting): “New Lighting Concept for Lergravsparken”, an exterior park scenario at night with painted coloured light.

An alternative approach to visualising spatial light in
VR was used for the exterior night scene in the Master’
project ”New Lighting Concept for Lergravsparken”.
360° photos were taken with a Ricoh ThetaS [17] camera on site at dusk. White markers were placed in the
”real world” as guides and the lights were added by
painting in Photoshop according to the markers. The
spherical mono images have distinct polar distortion
- a conversion to cube map with Pano2VR [18] was
tested before editing and adding the lights and other
elements to have a better sense of perspective when
painting (ﬁg 10).
Figure 10
Project 4. Spherical
map converted to
HorizontalTee cube
map for easier
editing.

Figure 11
Project 4. Spherical
360 photo after
adding painted
light.

After editing, the cubemap was converted back to an
equirectangular spherical map (ﬁg.11) to be viewed
with the ThetaS App [19] on a BoboVR Z4 HMD with
an iPhone5S.
The exterior night scene worked extremely well
in VR. Darkness seems more comfortable to view on
a screen close to the eyes than very bright screens.
The long distance view worked likewise well with
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the mono spherical image, real stereoscopy has
the greatest impact at close distances (Howard and
Rogers, 2012).

CONCLUSION
Some spatial phenomena like light distribution are
more easily explained with the bodily experience in
VR than with traditional architectural 2D representations, and pre-rendered three-dimensional panoramas with ﬁxed Point of View displayed in VR on a
mobile is often suﬃcient. Students can take advantage of the already fully textured and lit 3D models used for visualisation renderings, and supplement
with 360 panorama renderings for VR. Certain requirements to the 3D model must be taken into account for the illusion to work, like proper distance
from POV to elevated geometry as well as POV in correct eye-height.
Render elements can provide a variety of adjustments in post-production thereby reducing the number of test renderings.
Stereoscopic cube maps oﬀer high resolution
and little distortion which make it easier to add
elements in postproduction, but they are timeconsuming to render and thus most useful for ﬁnal
presentations. Latlong spherical images have more
distortion and lower resolution but render fast and
are very useful for design iteration.
Of the tested HMD’s the GearVR provided the
best overall viewing quality and comfort, but is limited to certain Samsung mobile phones, whereas the
BoboVR Z4 was a comfortable alround HMD supporting both Android an IOS mobile phones. Google
Cardboard was the least precise and most uncomfortable HMD, but is cheap and versatile in also supporting both Android and iOS mobile phones.
The beneﬁts of using familiar simulation and render software together with accessible, low cost and
portable VR HMD’s in the authors opinion far outweighs the reduced Field of View, lower frame-rate,
lack of parallax and dynamic Point of View compared
to high end VR like Oculus CV1.
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The purpose of this study is to determine the parameters of the best possible
spatial user interface design for the online shopping experience in mixed reality.
In the first phase of the study, ten existing augmented and virtual reality shopping
applications are examined, and the spatial relationships of the interfaces used in
these experiences and the possibilities of natural interactions provided to the user
are compared. In the next phase of the study, the interfaces are evaluated to
propose a three-dimensional spatial interface powered by the mixed reality that
improves the spatial relationship and neutrality of these interfaces.
Keywords: Mixed Reality, E-commerce, Spatial Interfaces, 3D User Interfaces,
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INTRODUCTION
Mixed reality (MR) is a technology merging virtual objects with real objects in space to produce new interactive environments (Brigham 2017). It is thought
that this technology can be used to increase the interaction between user and places. Thus, the mixed
reality technology can become essential in various industries which require spatial interactions, such as ecommerce. In recent years, with the increasing popularity of online shopping, e-commerce companies
have entered the technology race to provide their
customers better shopping experience. However,
shopping online, without being present in the physical store, conﬁnes the communication of the customers with the brands. Also, the desired connection
between the customer and the brand is not always
established via the two-dimensional screens. So, it
is thought that artiﬁcial reality technologies such as

mixed reality can help businesses to create real-life
shopping experiences in a 3D virtual environment
and provide more personal experience, resulting in
a stronger customer-company relationship. For this
reason, many brands seek opportunities to beneﬁt
from these technologies [1].
Mixed reality is called as “mixed” because it is regarded as a system in which augmented reality(AR)
and virtual reality(VR) technologies are combined as
shown in the graph of Reality-Virtuality Continuum
(Milgram and Kishino 1994). While AR and VR have
been around since the 1960s, research on mixed reality has only begun in the last few years. For this
reason, it is a ﬁeld that is open to development and
whose facilities are still being explored. After Microsoft has brought HoloLens mixed reality goggle
to the market in 2016, and other mixed reality goggle alternatives (Samsung HMD Odyssey, Dell Visor,
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HP Headset, Lenovo Explorer, Acer Headset) in October 2017, the mixed reality technology is likely to
become more popular among users than other artiﬁcial reality technologies. Since the mixed reality technology merges the real world with virtual worlds, it
is thought that the interaction with virtual objects in
the physical world can be more natural, which may
increase the user preference to this technology in
many areas (Khan and Nikov 2011).
The most signiﬁcant diﬀerence between tools
such as HoloLens compared to other artiﬁcial reality technologies is that they are advanced in analyzing the environment and creating 3D Mapping.
It can be said that this feature facilitates the physical interaction of the users. Cheng [2] states: “I
have always been excited about the question since
I started my graduate studies. If all the walls, ceilings, ﬂoors or tables in a room were interacting rather
than just stationery, how would we naturally interact with them without using a mouse or a keyboard?
Right now, mixed reality goggles are the best tool
that can enable us not only to interact with the room
around us but to interact with the whole world. ”.
How these interactions will be possible is the question that needs to be investigated to achieve seamless three-dimensional interactions through natural
interfaces, and also seamless integration between
physical spaces and virtual spaces so that users can
interact with the whole world, not just the physical
area around them.

ONLINE SHOPPING EXPERIENCE IN ARTIFICIAL REALITIES: THREE-DIMENSIONAL INTERFACES
In artiﬁcial reality, 3D user interfaces imply mediums where 3D interaction is possible (Bowman et al.
2017). An example of a three-dimensional interaction is the ability of a user picking up an object and rotating it through diﬀerent angles or walking around
it. Today, mostly two-dimensional interfaces are used
for online shopping through the screens of computers, tablets or smartphones. Three-dimensional interfaces need to be developed to enable users to

shop online by interacting with retail stores in three
dimensions using VR, AR and MR technologies.
The interaction capabilities of present two- and
three-dimensional user interfaces for shopping experiences are discussed in various studies (Wang and
Zhang 2013). It is said that the greatest distress of
users who shop online is that they cannot experience
the physical features and functions of a product in
real time, and they cannot experience the store atmosphere which is unique to most brands and businesses. In shopping experiences that are developed
in virtual reality, a user can interact with virtual products and places using various devices such as Oculus
Touch besides VR goggles which are required training to be used. As Steinberg (2012) points out, natural interfaces are essential for the natural interaction
with virtual worlds; these interfaces are immediately
available for use, there is no need for an introduction
for a user to start using them, or users do not need
to have previous experience to use them. Since people are used to interacting with space physically, it is
thought that spatial interfaces will provide a natural
interaction. For this reason, it is suggested that spatial user interfaces that combine virtual spaces with
physical spaces should be developed further.
According to Ens and Irani (2017), spatial interfaces can be designed with combinations of twodimensional interfaces placed in the third dimension. They have described this theory in the Ethereal Planes Metaphor. Ethereal Planes are generated
by projecting two-dimensional virtual interfaces using AR, MR goggles, or projectors to real spaces. The
users are interacting with these planes located in the
real space according to the positions relative to each
other and the objects present in the physical space.
In mixed reality, the concept of the spatial interfaces is a three-dimensional interface that is proposed as an alternative to Ethereal Planes Metaphor,
allowing the user to interact directly with space without the need for two-dimensional interfaces. According to an experiment conducted in the gaming industry, participants achieved higher performance when
using three-dimensional interfaces while performing
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tasks that need three-dimensional interactions like
manipulating objects (LaViola et al. 2017). In the
mixed reality online shopping experience, there are
user movements that also require three-dimensional
interaction like the same in gameplay. Therefore, it
can be said that three-dimensional spatial interfaces
are supported in the design of the mixed reality shopping experience.
Table 1
The eﬀect of 3D VR
store interface
design on shopping
behavior (Kang,
2017)

Figure 1
Shopify StandDesk
Screenshot of
Interface

ANALYZE OF AR AND VR SHOPPING APPLICATIONS
Evaluation Criteria of 3D Interfaces
It is necessary to conduct in-depth research on threedimensional interfaces to discover the interactions
provided by these interfaces. According to Kang
(2017), user tests should be performed on three different store design styles before the interface design criteria of the future VR stores are determined.
These styles are; product information and guidance
provided with two-dimensional interfaces or threedimensional interfaces, and product information pro-

vided with three-dimensional interfaces, but guidance provided with two-dimensional interfaces.
In this study, ﬁve AR and ﬁve VR online shopping applications were chosen based on the ability
to provide various kinds of movement and navigation around the space, and the criteria mentioned in
Kang’s research (Table 1). A qualiﬁed shopping application developed by MR technology has not yet been
discovered that can be included in this study.
The AR and VR interfaces subject to this study
are grouped by their technological and design characteristics. The technical aspects include the platform in which the application is developed for, the
hardware that is compatible with that platform, and
the ease of use. The design features include the
design of the space, spatial orientations, spatial interactions, interaction methods, spatial proportions,
informants, product presentation styles, colors, textures, light and shadows, conformity to environmental rules, and spatial awareness. These design attributes have been chosen because it is thought that
the right use of the physical architectural design elements can create a convincing perception for the
users in the virtual space as it would have been in the
physical space (Naz et al. 2017).
The tested VR applications are Shopify StandDesk (Table 2), Buy+, eBay, IKEA VR, The Apartment
by The Line. And the tested AR applications are Ikea
Place (Table 4), Houzz, Virtual Dressing Room by GAP,
Yihaodian, The Sampler by Converse. In this research,
only two applications are explained in detail.

Analyze of VR & AR Interfaces
Shopify StandDesk (Release date: April 2017 Demo). StandDesk is a type of desk which height can
be adjustable by the user. In this experience, the user
can adjust the height of the virtual table with up and
down arrows placed on the table with the help of
hand-controllers. The user can choose the diﬀerent
size and material options for the product and view
them on the product from every angle in 360-degree
(Figure 1).
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IKEA Place (Release date: September 2017). The
application scans the physical space with the help of
the camera, making it possible for the user to place
the virtual IKEA products that are present in the application into the physical area. In that way, the user
can experience the look of the product in the room
(Figure 2).

Table 2
Analyze of Shopify
StandDesk

Figure 2
Screenshot of IKEA
Place app interface

The Movement and Navigation Analysis
SPATIAL USER INTERFACE PROPOSAL FOCUSED ON ONLINE SHOPPING EXPERIENCE IN MIXED REALITY
As seen in the AR and VR examples, communication
between the user and the artiﬁcial reality devices is
provided by two- and three-dimensional interfaces.
However, not every three-dimensional interface offers the perfect interaction and can immerse the user
into virtual space. One of the reasons is that not every element that is deﬁned with all its dimensions in
the space allows the user to experience the lifelike interactions. For example, in Buy +, IKEA VR and The
Apartment by The Line applications, photographs,
and video images shot with a 360-degree camera deﬁned as three-dimensional. Technically, the user is
in a virtual reality three-dimensional space while using these applications. But they are not able to walk
around the objects in the virtual space and examine
them from every angle. This limitation prevents the
user from perceiving the virtual space substitute the
real space.
One of the key features that distinguish threedimensional interfaces from two-dimensional interfaces is that users can experience virtual or physical three-dimensional spaces and walk in them or
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Table 3
Analyze of IKEA
Place

Figure 3
The Diagrams of
Movement and
Navigation Analysis
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feel like walking in these spaces. Spatial Perception,
Spatial Cognition, Navigation, Movement, and Manipulation Knowledge are the areas to be considered in the three-dimensional interface design process (Bowman et al. 2017). Mixed reality technology
enables the development of three-dimensional spatial interface design as it enhances spatial interaction
with the help of virtual extensions without breaking
the connection to the physical space where the user
is located. As mixed reality interfaces enable a user to
move in and around a space, it is possible to assure a
user’s spatial perception and awareness of the space.
Thus, as long as a 3D interface makes such direct connection with space can be called spatial interfaces.
The e-commerce industry aims to make shopping possible at any time and location for anyone. It
has been observed that online shopping has gained
momentum since 2005 worldwide [3]. According to
the studies, more than 80% of the active internet
users are shopping online [4]. Businesses attempt
to build a personal connection with customers using digital art, web design and photography. The
products are presented with photographs taken from
various angles or 360-degree images. Customers
can access stores from computers, tablets or smartphones. They interact with the products via the
two-dimensional interfaces by using touch, mouse
and keyboard input. But it is not possible to immerse the user in a physical shopping experience
and make them interact with space or to oﬀer them
a socializing exchange and feedback. It is thought
that the shopping experience in the mixed reality
will solve a very important business problem and establish strong connections even remotely. With the
help of the three-dimensional spatial interfaces, it is
planned to make the user feel as if he/she is physically
in the store and recognize the place with all physical
characteristics.
After all the evaluations, the features of a spatial user interface focused on online shopping experience in mixed reality is proposed (Table 4). Accordingly, it is planned to develop a prototype in the second half of 2018.

Figure 4
Finding the store
location on the map

Figure 5
3D model of the
store

Figure 6
The integration of
the virtual space
with the physical
space

MIXED REALITY SHOPPING APPLICATION
SPATIAL USER INTERFACE DESIGN PATTERN
It is planned that the proposed application will allow users to access virtual versions of the stores
via any mixed reality device but primarily Microsoft
HoloLens. The interface will be designed using custom 3D models of the retail stores and also the 3D
model of the globe. The globe will be fully interactive

758 | eCAADe 36 - VR, AR & VISUALISATION | Experiments - Volume 2

Table 4
Shopping in Mixed
Reality Prototype
Proposal

including information from many locations around
the world.
The app starts by scanning the physical environment of the user in three dimensions. The interactive
3D model of the earth appears in front of the user.
The user can move the earth with hand gestures to
select the location for shopping.
The user ﬁnds the store he/she wants to shop
with natural interface commands over the threedimensional world model. By using hand gestures,
the user can rotate and enlarge the map to see the

location closer (Figure 4). It is also possible to interact with the model by using voice commands such as
“Go to Booklovers Store in Istanbul”.
At ﬁrst, the store looks like a small threedimensional model popping up in front of user’s eyes
(Figure 5). Then the app measures the dimension of
the physical space the user is currently in and transfers all spatial information according to features and
limitations of the space, including sound and lighting. The location of the user is transformed into a
unique retail location of the business that contains all
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characteristics of the physical location of the brand
(Figure 6). Thus, integration of virtual and physical
space is ensured. The user can now interact with virtual products by walking around in this mixed space.

CONCLUSION
Mixed reality is an emerging technology that is yet to
be fully discovered. It facilitates the natural interaction of users with virtual spaces without leaving the
physical environment they are in by providing the integration of virtual and physical spaces. The transfer of the spatial characteristics of physical stores
such as light, shadow, color, texture, and sound to
the places where the users live or are momentarily
present strengthen the ties with the brand.
From the moment humans are born, they perceive the space in three dimensions due to biological constraints which leads them to think spatially.
Thus, if the proposed spatial interface is established,
the user’s interaction with the place and objects in
a physical location will be enhanced and the way
human-beings perceive space and objects may be
transformed. Following this, a new deﬁnition of a
dimension may emerge. As a result, the bonding
between the brand and customers can be consolidated and customers may have the preference towards businesses that can truly integrate into their
lives.
It is also thought that the proposed spatial user
interface will contribute the interface design for different sectors. Various studies have been done in
the hardware industry to increase the interaction of
users with virtual environments in artiﬁcial reality
technologies (Ranasinghe et al. 2011, Leithinger et
al. 2015). In these studies, the use of devices that
can change shape, and provide voice feedback and
movement or stimulate taste sensations are being
tested. In the future, it is expected that the use of
this type of equipment will increase the interaction
of users with space and give another dimension to
spatial awareness.
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The research explores how quantitative performance analysis of augmented
reality would influence its mainstream adoption within the Built Environment
Industry. The process involves the development and quantification of key
augmented reality components, through the use of Visual Inertial Odometry and
Visual Effects motion tracking techniques. Targeting mobile technology as a case
study for the research, its potentials and limitations will be explored and
discovered in relation to the industry. Accordingly, the research focuses on
assessing the visuality and communicative quality of augmented reality
projections from 2D, cuboid, cylindrical, 3D object, geo-location and marker
less. Testing this form of technology under realistic scenarios provides a baseline
for developers to rationalise their choices in their augmented reality
development. This would study the effectiveness of augmented reality projections
and vindicate the typical constants and variables when developing augmented
reality applications, reducing the need for ongoing practical experimentations to
successfully achieve augmentation.
Keywords: Mobile, Augmented Reality, Performance Analysis, Fundamental
Research, Quantitative Research

INTRODUCTION
After capturing the imagination of leading computing companies, such as Facebook, Google, Microsoft
and Samsung, Augmented Reality (AR) has inspired
new visions that architects, engineers and contractors are not immune to. Immersing designers, cre-

ator and their customers into an environment as the
ultimate medium to conveying a concept as spatial experience, Augmented Reality and Virtual Reality (VR) have introduced new methods of communication between design ﬁelds. By providing a virtual extension of data-enriched architectural mod-
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els through Building Information Modelling (BIM), VR
and AR have provided new opportunities for collaborative design workﬂows to exist within an interdisciplinary design workspace (Abboud 2014). While BIM
media are currently employed for digitally representing physical and functional characteristics of space,
AR more generally refers to the overlay of digital information on the physical world through a digital interface, which may evolve to become a mainstream,
every day, technology (Gartner 2017).
In deﬁance of its extensive potential, the technology is still relatively young and utterly punctuated by limitations, resulting in the underestimation of its adequacy. Noisy and unstable projections in both marker-based and marker-less forms of
AR, for instance, are currently discouraging Architectural Engineering and Construction (AEC) representative from adoperating the technology for professional purposes, while mining its credibility.
Considering the circumstances, the current research aims to contribute to foster AR adoption in
the AEC industry by developing an innovative framework to measure AR performance. By establishing a
clear comprehension of AR fundamentals, and combining computational analysis methodologies with
industry standardized quantitative methods, an accurate and clear depiction of the technology’s performance could be best formulated and its limitations
overcome.

successfully; and to propose an alternative AR experience, while encouraging industries to encompass
AR as part of their design process. The overarching
goal is to develop a framework for accurately measuring the current AR media performances purposeful to further improving the user experience. Typical understandings of AR consist of the practical use
of the technology, but by introducing a quantitative
methodology to critically assessing the AR performance within a controlled environment, researchers
may be able to best comprehend AR’s intrinsic mechanisms and utilise its potential respectively.
Therefore, the initial objective is to simply
calibrate and diﬀerentiate AR’s technological and
design-driven limitations by conducting a preplanned set of Visual Eﬀects (VFX) testing on a wide
range of markers iterations. Realistic data values,
such as luminous ﬂux (LUX), spatial requirements,
and technology constraints would be collated within
the interior spaces of Barangaroo, Sydney (2017),
with the support of the leading industry Partner (PTW
Architects).

RESEARCH QUESTIONS
Considering the foregoing arguments, the core questions are:
• In what ways can AR be applied as a communicative tool between various consultants on
a design project?
• How can the communicative performance of
AR be measured and evaluated through VFX
methodologies?
• In what ways can quantitative data, obtained
from user-testing of AR performance analysis,
inform guidelines for the development of AR
applications for the design industry?

RESEARCH AIMS
Through the use of industry-standard motion tracking methodologies, such as Visual Inertial Odometry
(VIO) and Inertial Measuring Unit (IMU), and the understanding of AR as a technology within ‘The Hype
Cycle’ (Gartner 2017), the current research applies
heuristic evaluation to enhance the User Experience
(UX) through User Interfaces (UI) in an interior design
context.
Accordingly, the aims of this research are threefold: to rationalise the constants and variables of
AR; to distinguish a clear understanding of the core
components needed for achieving communication

METHODOLOGY
The research team adopted an action research framework characterised by iterative progression. This cycle - through the conceptualisation of a problem, the
action towards its resolution, and the evaluation of
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that action - drives the research (ﬁgure 1). In particular, design iterations/prototypes were developed,
tested and evaluated to inform each subsequent iteration and provide reasoning for further prototyping. This systematic study was carried out in attempt
to improve the research practice of AR technologies
and provide means for future own-practical actions,
where research is reﬂected and criticised upon for future implementation (Mcniﬀ 2013). Findings were
collated in two intertwined areas: theoretical investigations and practical experimentations.
Figure 1
Research and
design process.

Theoretical Investigations
A comprehensive literature review of AR applications
was undertaken, ranging from their development to
practical usage. The ﬁndings were organised into
four categories: ‘Compare’, ‘Benchmark’, ‘Standardise’
and ‘Quantify’ (ﬁgure 2).
Figure 2
Theory study
process structure.

Compare. By reviewing mobile applications as a
comparison study, existing software platforms (such
as Augment, MagicPlan, Ikea Catalogue, Layar, Ikea
Home Planner, Lego AR and AR Media) were criti-

cally analysed to estimate what use of AR they make
and what are their potential and limitations (Noh
2014). The comparison study delineated a major use
of marker-based AR. However, the performance of
the product was hindered greatly by the outcomes
of the designed markers. This was due to the markers nature and their performance under varying conditions (Abboud 2014).
Standardise. As the research aims to propose general guidelines for future AR applications, deﬁning
the experimentations context was paramount. A site
evaluation was conducted to understand what environments the technology requires to support the
standardisation of the research results (Krevelen and
Poelman 2010). We determined that environmental data (such as LUX) and viewing distance conditions would inﬂuence the technology performance.
Therefore, they became contributing factors to the
selection of projection methods further used in the
research experimentations.
Benchmark. During the comparative study of MAR
applications, the technology showed both ﬂuid and
limited characteristics. Therefore, a deeper understanding of these characteristics was crucial. In addition, benchmarking their performances and outcomes would allow future developers to quickly identify typical limitations and constraints in MAR applications and in the technology itself, while delineating
margins for augmentation.
Quantify. Quantifying AR performance is very challenging. Currently, accurate results from measuring
the projection of a digital entity can only be achieved
through computational means. Traditional methods of identiﬁcation for poor and high performing
projections would operate through visual observation of the geometry’s stability and ﬂuency (Abboud
2014). As such, they would be precariously based on
human judgment. Conversely, a method which requires no human judgment would support a much
more accurate critic of AR performances. Therefore,
the research team developed an innovative quantiﬁcation methodology by transposing computational
processes from VIO and VFX. VIO, typically employed
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Theoretical ﬁndings fostered the development of
prototypes in three subsequent stages: ‘Visual VuMarkers’, ‘Physical Markers’ and ‘Quantiﬁcation’.

Figure 3
VuMarker example
component
breakdown.

Visual VuMarker Design. An initial understanding
of MAR was fundamental to master the construction of bespoke visual Vumarkers. Five components
were found to be crucial (ﬁgure 3). However, they
could be reconﬁgured in speciﬁc design patterns.
Markers were designed in a simple and logical way,
but with embedded characteristics that would make
them uniquely quantiﬁable.

Figure 4
VFX motion
tracking markers.

Design Development

in mobile robotics, is a sensor recording system for
objects position and orientation. Relatively within
cinematography post-production, VFX is used as a
method for anchoring artiﬁcially generate geometry
along motion tracked points. The same methods can
be adapting and simpliﬁed for use in quantifying AR
performances. Their combination not only allows for
a clear quantiﬁcation of AR performances but also
represents an economical alternative to more complex sensory means.

Physical Marker Design. Building upon the ﬁrst
stage results, new prototypes were developed inﬂuenced in size and shape by spatial requirements.
The markers ranged from three distinct designs that
would accommodate a variety of spatial design patterns within the selected interior space (Yeon 2009).
On-site testing was executed, to further improve their
design.
Quantiﬁcation. The bespoke VuMarkers were evaluated with the quantiﬁcation methods transposed
from VIO and VFX. After Eﬀect (AE) motion tracking
techniques were employed. Utilising industry standardised VFX markers (ﬁgure 4) within the AR projections, marker design and models were tested under
realistic lighting conditions recorded within the selected site, Barangaroo. Linear movement and rotation under diﬀering LUX conditions were challenged
within a controlled space.
Conclusively to the research, a critical evaluation
of the development of AR and its components was
generated (ﬁgure 5). Quantitative data display the
performance of speciﬁc VuMarkers designs, oﬀering
the possibility to understand how VuMarkers function in terms of design and/or optimisation to future
developers.

BACKGROUND RESEARCH
In his Hype Cycle Research Methodology (2014), Gartner asserts that all innovations undergo a series of
development stages which determine their outcome
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Figure 5
Hypothesis:
quantiﬁcation
outcome of three
diﬀering iterations
along the projected
movement line and
their oﬀset
distances.

commercial viability. Additionally, Gartner provides
a graphic representation of the new technologies’
journey to maturity and commercial adoption (ﬁgure 6). From early discovery to the ’plateau of productivity’, innovation becomes commercially viable.
Clearly, diﬀerent technologies undergo this evolution process with varying timings, due to their complexity and inﬂated expectations (Gartner 2014).
Figure 6
Gartner Hype Cycle:
AR
position/timeframe
for mainstream
adoption, V. 2017.

AR currently resides within the ’trough of disillusionment’, where interest generates reiterative experimentations and implementations within all industries. AR’s successful adoption by investors and early
adopters within the industry might determine its further progression in Gartner’s cycle. To facilitate this
passage from the experimentations’ stage to the productivity one, we conducted a comprehensive technology review to ensure the relevance, value and usefulness of our research interest within the study timeframe.
Table 1
A comparison study
of existing
applications.

Technology Review
The scope of the review covered seven applications
with a wide range of diﬀerentiated functionalities.
These applications were chosen due to their availability on either IOS or Android, but were targeted by
their unique functionality in relation to their brand
and audience. An analytical hierarchy process (AHP)
study was conducted on the following applications:
Augment, MagicPlan, Ikea Catalogue, Layar, Ikea home
Planner, Lego AR and AR Media.
AHP models foster the organisation and analysis of comparative data based on a ranking system.
The overarching idea is that the outcomes of a product or an idea can be valued on a scaled domain.
For example a scale of 1 to 10 would allude to that
the lower the number least satisfactory the product
may be. Various factors may contribute in the ranking system, but within the scope of the research, applications were ranked in respect of their functionality capabilities. This would ensure that there is no
bias in the ranking system and that the values upon
the applications are accurate and valued according to
their functionality and ease of use (table 1). The AHP
demonstrated that Augment, Lavar, Ikea Home Planner and Ar Media oﬀered higher functionality opportunities for further implementations.

Computer Science: Theory of Computation
Computer science predominantly involves the study
of theoretical and empirical approaches to computation. As such, computer science provides the scientiﬁc and practical investigation of their structure,
expression and mechanization underlining their methodical procedures. Topics covered under this subject include the acquisition, representation, processing, storage, communication of and access to information (Trubiani 2011). Discovered within computer
science is the Theory of Computation which, according to Peter Denning, encompasses the fundamental questions behind the eﬃciency of automation
through computational methodologies. The theory
emphasises two main ﬁelds of study. Firstly, the
questioning of which computational problems are

VR, AR & VISUALISATION | Experiments - Volume 2 - eCAADe 36 | 765

solvable on varying theoretical models. Secondly,
the study of the time and costs associated with solving multitudinal problems. The research team believes in adopting Denning’s methodology to equally
quantify, analyse and evaluate MAR performances.
Visual Intertial Odometry (VIO). Within computer
science, VIO is a technique used to estimate and
record orientation and position of mobile devices.
Using the onboard camera and inertial measurement
unit (IMU), VIO has a wide range of applications
across all industries, from aeronautical control systems to robotics hardware. Deﬁned through a 16 x 1
vector, IMU relies on both the positioning and orientation of the camera and the sensors coordinate positioning (Gui et al. 2015).
The team proposes to simplify and re-iterated
the IMU model within an AE automated process by
employing motion tracking and computational processing.
Extended Kalman Filter (EKF). IMU data can be
quite ’bias’ and ’noisy’. The recorded results become
exponentially inaccurate as time goes on due to stabilisation issues of large and small objects (Gui et al.
2015). Luckily, the camera visual sensors can provide key information to resolve these stabilisation errors. This process falls under the EKF framework by
manifesting two estimated results simultaneously to
remove insigniﬁcant movements. A non-linear algebraic equation provides the process’ visual application, where the Gaussian noise/movement can be
negated and ignored whilst still retaining functional
orientation and positioning data. The result can be
expressed through a linearisation form of measurement error, and retain the ability to represent prediction and real measurement data.

tracking and imagery projection were employed in
this research as a novel quantitative methodology
for measuring and understanding AR performance.
Through empirical explorations, a clear portrayal of
the projections inertial oﬀset was delineated by anchoring the geometry to a ﬁxed location in space.
The oﬀset was recorded and measured to provide the
research with measurable projection errors within
the design of the VuMarker.

Augmented Reality (AR)
Augmented reality is a real-time direct/indirect perception of the physical world, where geometry is either augmented or overlayed through various devices. Imagery, video and audio are often employed
within this computer-mediated reality (Manovich
2006).
A fundamental feature of AR technologies is the
capacity of marker-based applications to anchor any
geometry to an identiﬁed location. Diﬀerent markers’ designs result in the identiﬁcation of unique locations. As such, the current research investigated
limitations and potentials of a wide range of marker
types, including 2D, cuboid, cylindrical, 3D object,
marker-less and geo-location.

CASE STUDY
Figure 7
Project workﬂow.

Visual Eﬀects (VFX)
Within cinematography, visual eﬀects (VFX) is the
process in which content or geometry is generated
and projected through live footage. As such, VFX
involves the creation of an artiﬁcial environment to
be later integrated within a real-space. Combined
with computer-generated imagery (CGI), VFX motion

Rhino and Grasshopper Data Flow
We began the experimentations by delineating our
workﬂow (ﬁgure 7) between digital platforms. The
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Figure 8
Developed 2D
marker designs.

Figure 9
Developed cuboid
marker designs.

Figure 10
Developed
cylindrical marker
designs.

workﬂow adopted the documentation and generation of content within Rhino and Grasshopper, while
promoting further transposition of information between open-source platforms such as Unity3D, Vuforia and Adobe After Eﬀects CC. Designing and working within this framework supported the generation
of prototypes and the organisation of data collated
during the research project. Working with Rhino
and Grasshopper as a data translation tool gave us a
chance to apply the principles of the second digital
term, where the sharp increase in the use of 3D and
advanced form creation tools support the integration of algorithmic and parametric design platforms
within the architectural industry.
File types such as FBX and OBJ were employed to
facilitate the transition between Rhino and Unity3D.
Alongside Rhino and Grasshopper’s heavy computational methods, the integration of this multidisciplinary platforms fostered the execution of large
amounts of data and the collation of the quantitative
results. Additionally, Rhino and Grasshopper became
the preferred platform due to their oﬀered vital storage unit. Data, such as quantitative results, marker
line work drawings, site ﬂoor plans and Lux Mapping,
was collected and preserved within the platform’s
storage unit throughout the research project. This
fostered the iterative use and implementation of the
content throughout the project, supporting the use
of an action research framework.

Practical AR Design Methods
Moving towards the design development phase,
VuMarkers were designed to reﬂect the foregoing abstracted principles. Three shapes of threedimensional markers were selected (2D, Cuboid and
cylindrical) to generate the preferred themes (ﬁgure 8, 9, 10). These themes would supply diﬀerentiated marker designs that would be quantiﬁed and
reﬂected upon later during the research. The design
themes of the markers included: ‘Generic’, ‘PTW’, ‘Triangular’.

Additionally, the selected designs were generated
into two variant sizes (A3 and A4) which provided a
low (2.10m) to medium (2.97m) viewing distance radius. These viewing distances best suited the lighting conditions of the spatial arrangements of the
projects ﬂoor plan, providing higher accuracy of the
quantiﬁcation results. Experimentations revealed
that Vuforia struggles to identify any marker with indiﬀerences lower than 30%. Therefore, VuMarkers
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were redesigned to hold 36 to 64 unique markers, allowing for more ﬂexibility in terms of content and visual indicators (ﬁgure 11).

Vuforia Marker Prototyping. The three marker
themes were generated and tested using Vuforia’s
plugin within Adobe Illustrator CC (ﬁgure 12). The
plugin uses sets criteria which reﬂect the information required within the projection. These requirements include the number of elements, element size,
element contrast, contours, clear space and clear
space contrast. The success of the augmentation depended upon the number of contrasting recognisable points. Increasing those points resulted in a
higher probability of success (ﬁgure 13).
Physical Marker Prototyping. The marker designs
were then implemented into a physical object. By developing both A3 and A4 versions of the 2D, Cuboid
and Cilindric markers, the team was able to develop a
working prototype, allowing for the research project
to continue further into the Unity assemblage and
quantiﬁcation stage (ﬁgure 14).

Unity and Vuforia
Being all unique in appearance, we were able to
assemble all the marker iterations within the same
Unity3D scene and to build the entire application
without any user interface. Additionally, the VFX motion tracking markers were also grouped within the
hierarchy of their respective theme, and assigned a
‘Billboarding’ script to ensure that they would track
the camera’s movement when augmented (ﬁgure
15). This was the key to the quantiﬁcation methodology as it allowed the VFX marker to be motion
tracked without any bias in camera angles and distortion. From here, the application was ported to an
Android device for quantiﬁcation experimentations.

Marker Quantiﬁcation Experimentation
Environment Setup. The quantiﬁcation process was
initiated by setting up a controlled environment.
Two main LUX levels of 70 and 700 were conﬁgured
manually with lighting equipment. The setup provided multiple angles with ‘white’ coloured lighting.
A Samsung S8+ was mounted on a vertical bearing, while the markers were also placed on rotating
turntables, to ensure that the rotational movements
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Figure 11
30% Diﬀerentiation
between colour,
shape or contrast.

Figure 12
Vuforia Criteria
Testing.

Figure 13
Elements (35 Pink
circles) within the
marker design.

would be ﬂuent and non-bias due to inertial movement of the camera.
Figure 14
Cuboid physical
prototype with
active markers
slotted inside.

Figure 15
Unity hierarchy
setup with the VFX
marker in place
within the single
scene.

were developed. Coupled with them, a large set of
values were extracted that expressed the total, average and ranging oﬀset of the markers in pixels. Pixels were used as the main form of measurement due
to the predominant use of AR applications on mobile
devices. This holds a valuable asset for future implementations of AR when considering projection performances in relation to marker design.
The values portray a pattern in the marker’s behaviour, especially when comparing their stability
and accuracy. All iterations underwent a series of
left-right movements and rotational movement (ﬁgure 17, 18).

SIGNIFICANCE OF RESEARCH

Marker Quantiﬁcation Method. The markers were
tested with the appropriate lighting conditions and
the video footage was captured at 1080p resolution
for VFX analysis. The video footage was then processed through AE, utilising the VFX motion tracking
capabilities built within AE (ﬁgure 16). Position keyframes were recorded and transferred from AE into an
excel spreadsheet, and further analysed in Grasshopper (ﬁgure 17).
Figure 16
Recorded
projection paths
within AE, utilising
the position of the
augmented VFX
marker.

Quantiﬁcation Outcomes. In conclusion to the
quantitative research, a set of visual aided diagrams

By focusing on improving AR’s marker-based approach, this research contributes to drawing AR
closer to the plateau of productivity (Gartner 2014)
and establishing a place for it to exist within all, or
some, of the Built Environment categories: design,
construction and post-construction. Architectural
ﬂoor plans, elevations, renderings or even just the
company’s logo embedded in the AR markers would
abet to enhance the conceptualisation of a project
and the visualisation of the content, by providing a
multitudinal layering of detailing and moving away
from single framed imagery towards a multimedia
integrated platform. The strengths of AR technology within the industry can be deﬁned through its
capabilities and ﬂexibility with the industry, giving
the users the ability to visualise design content, or
even walk in it, through an accessible technology
(Broshart et al 2015). Through the experimentation, it
is evident that the methodologies in achieving augmentation do reﬂect the performance of AR projection. Inﬂuences found through the research include
lighting conditions, distance requirements, marker
shapes and marker design patterns. However, by targeting easily accessible technologies, such as mobile devices, and providing a baseline for the development of AR applications, this research encourages further enrichments to such an attainable and
promising technology.
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Figure 17
Recorded
projection paths
positions in
increments of X and
Y values stored and
read in Microsoft
Excel into
Grasshopper.

Figure 18
Generic A3 Cuboid
Rotation at 70 Lux
(Left) and PTW BW
A3 Cuboid Rotation
at 70 Lux (Right).
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The project aims to investigate the possibility of VR in a combination of
visualizing high-dimensional urban data. Our study proposes a data-based tool
for urban planners, architects, and researchers to 3D visualize and experience an
urban quarter. Users have a possibility to choose a specific part of a city
according to urban data input like ``buildings, streets, and landscapes''. This
data-based tool is based on an algorithm to translate data from Shapefiles (.sh) in
a form of a virtual cube model. The tool can be scaled and hence applied
globally. The goal of the study is to improve understanding of the connection and
analysis of high-dimensional urban data beyond a two-dimensional static graph
or three-dimensional image. Professionals may find an optimized condition
between urban data through abstract simulation. By implementing this tool in the
early design process, researchers have an opportunity to develop a new vision for
extending and optimizing urban materials.
Keywords: Abstract Urban Data Visualization, Virtual Reality, Geographical
Information System

INTRODUCTION
The origin of data visualization is found in the origins of mapping. Connecting geographical information with statistical data was one of the ﬁrst steps
to graphical practice. It was only in the 18th century that statistical graphics as the ﬁrst way of data
graphics were introduced by scientists as an instrument for the communication and analysis of high dimensional data. As the set of information got more
and more complex and visualization technologies
and softwares improved, visualizations as medium to
represent a state of complexity turned more abstract.
In our research we deﬁne graphics as an abstraction
of (real) data. Generally accepted ways to visualize

data eﬃciently are statistical graphs, plots, and infographics. (Friendly, 2006; Tufte, 2004; Schroeder,
Martin and Lorensen, 1998)
Accessibility of data and increasing digitization
and connectivity of dynamic behavior with static spatial conditions makes data a sought after good. In
the current period of the 4th industrial revolution,
data is continuously collected and analyzed, which
gives us access to large quantities of complex data,
that can be applied in diﬀerent domains (e.g. GIS,
medical imaging). The visualization process of such
data, therefore, is getting more challenging. (Tory &
Moller, 2004)
Two-dimensional graphics are limited by two
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Figure 1
First prototype

axes to show its information and in this way limited
in the amount of shown quantities and their relation.
Three-dimensional graphics, on the other hand, lose
readability because one is never able to view all perspectives at once. (Ertöz and Kumar, 2004). Our tool
aims to visualize data separately in a hybrid of 2D and
3D graphs but overlaps the relevant variables.

THEORY
Location analysis is an important, and timeconsuming topic for architects and planners, so the
questions are how can we use existing locationbased open source data to help make the analysis
easier. Location analysis is an important, and timeconsuming topic for architects and planners, so the
questions are how can we use existing locationbased open source data to help make the analysis
easier.
An axle system shows the relationship between
two or more elements that are linked to each other by
a mathematical relationship. Filtering and comparing factors that are not related to each other directly
is useful in order to compare the ratio of diﬀerent urban parameters. To assure comprehension the tool
oﬀers the possibility to overlap diﬀerent diagrams. A
cube is a three-dimensional solid object bounded by
six square faces, facets or sides, with three meeting at
each vertex. With its six sides, a cube can visualize six
diﬀerent contents. A transparent cube never shows
only one of its sides (Figure 1).
Our tool contains information regarding public
buildings, private buildings, land-uses, streets, and
population. Each category is represented as a twodimensional diagram by one side of the cube (Figure
2). The user views the visualized data not separated
but in context of the other shown urban data.

WORKFLOW
In our tool, we split Berlin into 8 equal parts (Figures 4 and 5). The user chooses the part of the city
they want to analyze. All parts of the map are linked
to their speciﬁc data sets (Figure 6). After choosing
the part of the city, the linked data runs through our
grasshopper algorithm in order to get a result. The
open source data our tool uses is found in two different data tables, buildings, and land-uses. It is organized as “code”, “class”, “name” and “type”. These
elements are what we used to create a redistribution. The algorithm reorganizes the original dataset into categories (private buildings, public buildings, land-uses, streets, and population) and subcategories, that are relevant to the architectural analysis.
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Figure 2
Conceptual
workﬂow

Figure 3
Workﬂow
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All “types” of the buildings-data-table (gis_osm_buildings_a_free_1.shp) are feed into the algorithm
(Figure 7) and converted into subcategories deﬁned
by us:
1. living 2. education 3. industrial 4. oﬃce 5.
commercial 6. retail 7. hotel 8. service building 9.
health 10. transport 11. museum 12. religion 13.
sport
These subcategories are divided into “private
buildings” (1-4) and “public buildings” (5-13).
For “land-uses” the “typologies” of the land-usedata-table (gis_osm_landuse_a_free_1.shp) are converted into the subcategories (Figure 8):
1. cemetery 2. forest 3. grass 4. park 5. others
By combining the building- and land-use-datatable the algorithm processes the “streets”-data (Figure 9).
The shapeﬁle for “population” is organized as
“EW = population” “HA = area” “EW_HA”. Our algorithm extracts the population in relation to the speciﬁc area (Figure 10).
The tool compares the areas related to the categories/subcategories (Figure 11). In this way, the
algorithm calculates the important percentages, for
the visualization, of each category in relation to each
other (Figure 12). Each side of the cube visualizes the
percentages of each category (Figure 13).
We linked the result from our Grasshopper algorithm with Prospect One-Click VR (by IrisVR) to translate the visualized cube into Virtual reality (Figure 14).
Our code works with the Oculus Rift, recommended requirements for a compatible computer are
NVIDIA GTX 1060/AMD Radeon RX 480 graphic card,
an Intel i5-4590/AMD Ryzen 5 1500X processor, an
8 GB+ RAM memory, an HDMI 1.3-video output, 3 x
USB 3.0-ports plus 1 x USB 2.0-port and at least Windows 7 SP1 (64 Bit).
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Figure 4
Cropping
Shapeﬁles using
Meerkat

Figure 5
Segments of Berlin

Figure 6
Connecting the
path to meerkat
and extracting lists
from the shapeﬁle

Figure 7
Private and public

Figure 8
Land-uses

Figure 9
Streets

Figure 10
Population density

MANUAL FOR USER
1. The user has to have Rhino and Grasshopper
downloaded.
2. The user next will have to download the
Grasshopper plugins (Human-Ui, Human, ghpython-remote, Prospect One-Click VR (by
IrisVR), and Meerkat GIS) which are all to ﬁnd
on the www.food4rhino.com/website
3. Link the plug-ins to Grasshopper
4. Open the script ﬁle
5. Open ‘Data-Cube.3dm’ (in Rhino) and ‘DataCube.gh (in Grasshopper)’ ﬁles
6. Refresh all data links by inserting new ﬁle
locations of Links-folder (SCRIPTS > Links)
in Grasshopper: Red > images, Blue > einwohner, Green > buildings, Pink > landuse
7. Connect the VR-glasses with your PC
8. Set the code ‘true’ (light blue) in Grasshopper
Our tool can also be used to visualize data for all parts
of the world:

Figure 11
Area percentage
Figure 12
Using the biggest
number we got as
the highest value

Figure 13
Moving the spheres
in the cube
according to their
percentage

1. Obtaining the Shapeﬁle for the City or Urban
district that the user wants to analyze (We use
OpenStreetMap Data Extracts by geofabrik for
the shapeﬁles).
2. After unzipping the ﬁle the user will ﬁnd
various types of ﬁles. The relevant ﬁle are
(gis_osm_buildings_a_free_1.shp, gis_osm_landuse_a_free_1.shp)
3. Then the user crops the relevant urban district
shapeﬁle using Meerkat GIS. (The size of the
chosen district is freely selectable.)
4. The user should then link the Path to the
cropped shapeﬁle to our code.
5. Plug in the VR glasses.
6. Run the Code and get the results.

Figure 14
Prospect code
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Figure 15
Code

CRITIQUES
Grasshopper is a graphical algorithm editor tightly integrated with Rhino’s 3D modeling tools. While developing the algorithm with Grasshopper we expereinced some limitations. The most important one was
due to the huge amount of data which was used for
the program, that resulted in the constant crash of
the Rhino and Grasshopper during our attempts to
write the algorithm. The solution was to balance the
amount of information that our tool can work with.
That is why the biggest urban area our tool can analyze is a city. Another limitation is that our tool can
only visualize one urban district at a time (Figure 18).
As the tool is primarily aimed at architects and planners it seems not as a disadvantage considering that
architects and planners mainly deal with only one urban situation for each project. An implication of VR
Glasses is to provide the possibility that the user can
experience diﬀerent perspectives (inside, and outside the cube) for the data-sets, which helps them to
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Figure 16
The Grasshopper
algorithm in
Prospect

Figure 17
Categories

Figure 18
Oculus Rift view of
the tool

understand and analyze data deeply. Our tool only
can be modiﬁed and viewed by one user in the VRenvironment.

FUTURE PROSPECT AND POSSIBILITIES
A feature that could be added to our tool is to save
the results of an urban district and linking them with
google earth to make them available for users that do
not have access to our tool. VR visualization of urban
data could have a possibility of evolution gradually in
consequence of using it.
Another way to use the saved results is to show
the development of an urban district over a period of
time (data storage).
A further important futuristic implication is that
our method could probably be usefully employed
in HYVE 3D.Hybrid Virtual Environment 3D (Hyve3D) is a system that allows architectural co-design
inside Virtual Reality by a new model of interaction through a 3D cursor without using VR Glasses
(headset). The Idea is to have better interaction
with three-dimensional virtual spaces, rethinking it
as a drawing/control plane and viewpoints inside

the virtual world. In Hyve-3D all users can edit
and manipulate the three-dimensional-environment
with tablets. Participating parties can be located all
over the world while working at the same project.
In this way, users are able to try changes in urban
parameters. Changing one parameter in the cube
it would aﬀect the ratio of all other parameters. It
enables the interaction of various participants at the
same time. (Dorta and Beaudry Marchand, 2017)

ACKNOWLEDGMENT
The research was initiated at the class “Urban Material
Intelligence XS-XL” run by Liss C. Werner at the Chair
for Sustainable urban Planning and Design led by
Prof. Raoul Bunschoten at the Technical University of
Berlin in 2017. The authors would like to give special
thanks to both for valuable discussions and advice.
Further we would like to thank the Chora Conscious
City Lab (Prof. Raoul Bunschoten) for their hardware,
assistance and partial funding of the project.

VR, AR & VISUALISATION | Explorations - Volume 2 - eCAADe 36 | 779

REFERENCES
Dokonal, W, Knight, M and Dengg, E 2016 ’VR or Not VR No Longer a Question?’, Proceedings of eCAADe 2016,
Oulu, pp. 573-579
Dorta, T and Beaudry Marchand, E 2017 ’CoDesign using
HYVE-3D’, Proceedings of eCAADe 2017, Rome, pp.
51-52
Friendly, M 2006, ’A Brief History of Data Visualization’, in
Chen, C, Härdle, W and Unwin, A (eds) 2006, Handbook of Computational Statistics: Data Vi sualization,
Springer Verlag, Heidelberg, pp. 15-56
Kumar, V, Ertöz, L and Steinbach, M 2004, ’The Challenges of Clustering High Dimensional Data’, in
Wille, LT (eds) 2004, New Directions in Statistical
Physics, Springer, Berlin, Heidelberg, pp. 273-309
Lorensen, B, Martin, K and Schroeder, W 1998, The visualization toolkit (an object-orianted approach to 3D
graphics), Kitware, Inc.
Meyer, F 2015, ’Nachverdichtung’, Bauwelt, 48.2015, p.
58
Thompson, EM, Horne, M and Fleming, D 2006 ’Virtual
Reality Urban Modelling - An Overview’, 6th Conference of Construction Applications of Virtual Reality,
Florida
Tory, M and Moller, T 2004, ’Human factors in visualization research’, IEEE transactions on visualization and
computer graphics, 10, pp. 72-84
Tufte, ER 2004, The visual display of quantitative information, Graphics Press, Cheshire

780 | eCAADe 36 - VR, AR & VISUALISATION | Explorations - Volume 2

From Body Movement to Sculpture to Space
Employing Immersive Technologies to Design with the whole Body
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We present and discuss an experimental student design and research project that
investigates how architectural design can be enhanced via immersive
technologies. Specifically, by employing not a 2D interface for designers'
thoughts, but a 3D interface and thereby activating the whole body instead of
merely head and hands.
Keywords: Virtual Reality, Design Tools, Design Concepts, Design Methods

“It is only ideas gained from walking that have any
worth.” Friedrich Nietzsche
“I anyhow think with the knee.” Joseph Beuys

Background
Architecture, being maybe the quintessential 3D - 4D
design ﬁeld, has throughout its history been limited
by 2D or only comparatively cumbersome 3D representation: drawing and sketching by hand on plane
surfaces, or building physical scale models. This limitation may be removed by the new immersive technologies of virtual reality (VR) which have become
easily available and usable, together with tools facilitating easy creation of 3D or 4D (animated) sculptures.
Furthermore, using VR, the movement not only
of the designers hands can be brought into play, but
that of all their limbs and of their whole body through
space. Activating designers’ whole bodies for design,
additional to their minds.
Movement of the body has in the past decades
come into focus as being able to facilitate if not essentially enabling movement of the mind (thought
processes), all but reviving the ancient greek school

of peripatetic philosophy that had at its core the
bodily movement of its practitioners (Adler 2002,
Balthussen 2014, Brodie and Lobel 2012, Gross 2015).
The implications of this accessibility of thinking
an moving in 3D and 4D space for architectural design has to our knowledge been little if at all investigated.

Content of experimental design and research course with students of architecture
We investigate the above in an experimental design
and research course with bachelor students of architecture.
A thematic foundation is established by studying
theoretical work analyzing bodily movement and its
implications for thought together with artistic work
employing movement through space from the ﬁeld
of sculpture and dance.
Speciﬁcally, we study the greek philosophical
school of the Peripatetics who advocated the improvement of thought by bodily movement (walking) (Balthussen 2014) and their recent followers
(Gross 2015, Brodie & Lobel 2012, Adler 2002).

VR, AR & VISUALISATION | Explorations - Volume 2 - eCAADe 36 | 781

• Joseph Beuys performing his installation
pieces, most speciﬁcally the installation ‘I like
America and America likes Me’ (1974) in which
for one week he shared a gallery space with
a coyote, using a felt blanket and a walking
stick to play with and shelter himself from the
animal (Figure 2).
• Matthew Barney in his series ‘Drawing Restraint’ acrobatically scaling his studio’s walls
and ceiling to paint all its boundary surfaces
(Figure 3 top left).
• Robert Schad dancing around and through
sculptural pieces (Figure 3 bottom left, Schad
2012).
• The choreographer William Forsythe tracing
imaginary geometric objects into space with
his body (Figure 3 right, Forsythe 2012).

We investigate the work of several artists who activated their whole body to create their artworks and
furthermore entered the artworks with their body instead of facing it like painters facing canvases:
• Jackson Pollock laying his canvases onto the
ﬂoor, stepping around and onto them (Figure
1).

The immersive visualization and production tool
Google Tiltbrush [1], running on an Vive platform
[2], are playfully explored to accommodate the students with the genreal experience of creating objects
not with their hands only and via input on ﬂat surfaces, but with their whole body through movement
in space (Figure 4).
Those new experiences are discussed together
with the new insights from the theoretical studies and used to create sculptural arrangements that
would have been impossible or only extremely difﬁcult to design without them. These sculptural arrangements at ﬁrst do not try to be habitable architecture, so that the new possibilities can be most
freely explored. As a next step, spaces ﬁt for human
habitation are designed in the immersive environments.
The designs are exported from the immersive environment to a more conventional 3D modelling software - in our case, Rhino (Figure 5). There, they are
analyzed through 2D sections, horizontally and vertically and perspective renderings. Additionally, the
sculptures and spaces are printed in 3D, both as ﬁxed
objects as well as sectional studies so that it is possible to study their interior.
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Figure 1
Jackson Pollock
paiting standing on
canvas and in
painting

Figure 2
Joseph Beuys
working with felt
and coyote

Figure 3
Matthew Barney
(top left), Robert
Schad (bottom left),
William Forsythe
(right)

Figure 4
Google Tiltbrush
Screenshots: Virtual
Painting

Project and course structure

Figure 5
Google Tiltbrush
imported into
Rhinoceros 3D via
fbx ﬁle format

Figure 6
Movement
sequence of virtual
sculpting, almost
loosing balance

The research project and design course is structured
as two strands of iterative steps which start out in parallel and fuse in mid-way:
Building a thematic foundation through study of
theoretical and practical work, and building an experiential foundation through playful experimentation
with technology. Those are brought together and
continued to design ﬁrst sculpture, then architecture.
We do not so much proceed sequentially, but iteratively, meaning that we do not follow a sequence
of clearly separated subsequent steps where research
is followed by experiment followed by realization
once and in one direction only, but that such a sequence is gone through quickly and then repeated
again and again. Thus, feedback loops are established between the diﬀerent ways of working, and
new questions opening up and problems occuring
can directly be turned into new design possibilities.
Furthermore, and, from our point of view, probably most importantly, the students learn and get
acquainted with a way of working that continually
seeks to explore possibilities instead of merely applying a ﬁxed set of learned skills.

tempting to stretch their work and with it literally
their bodies to their limits (Figure 6). This often led
to a sense of dizziness resulting in the students having to assist one another to not loose their balance
(Figure 7).
Occasionally, it proved to be worthwhile to not
immerse oneself into the virtual space but rather to
remain in reality, so to speak, and trace objects or persons situated there (Figure 8).

Evaluation: Using the virtual reality spatial
painting set-up (Input)

Figure 7
Dizzyness induced
through
self-abandoning
sweeping
movement, assisted
balance
Figure 8
Non-immersive
tracing

Upon ﬁrst stepping ‘into’ the virtual space all students described a feeling of utter surprise as to how
quickly and how much their perception ‘accepted’
the ‘new reality’ - even although seen on a screen,
the displayed elements appeared not at all realistic,
being rendered far too simply.
The input device Vive and Tiltbrush oﬀer (2 handheld multicontrol devices) were not easy to use at all.
While tracing paths and shapes into space proved to
be quite easy, changing parameters and tools turned
out to be rather counter-intuitive. It remains to be
seen if prolonged use eases the handling.
Regardless of the counter-intuitive controls and
probably due to the convincingness of the virtual
environment, the students quickly ‘lost’ themselves
in it, easily almost giving up their balance while at-
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Figure 9
Self Cocooning:
Tiltbrush
Screenshot

Figure 10
Non-Immersive
Trace: Tiltbrush
Screenshot

Evaluation: Conceived spatial Objects (Output): Free Sweep, Self-Cocooning and NonImmersive Trace
The result of much experimentation and play with
the drawing software in the virtual space three types
of spatial objects emerged:
1. Free Sweep: standing inside the empty virtual
environment quickly prompted everybody to
freely move, dance, jump around and use the
controller for equally sweeping movements,

both tracing and amplifying the ﬁgure produced in space (Figures 4, 5)
2. Self-Cocooning: subsequent to the free trace,
students started to trace not an arbitrary
sweeping movement, but enclose themselves
in an almost woven line boundary. Cocooning themselves to deﬁne their own personal
enclosure (Figures 6,7,9).
3. Non-Immersive Trace: After tracing one’s own
personal cocoon, the students started to work
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Figure 11
Self-Cocooning 3D
model imported
from Tiltbrush into
Rhino via fbx ﬁle
format

together and trace each other’s personal spatial boundaries. For this, they left the immersion and traced around one another with the
controller only (Figure ).
In the immersed pieces Free Sweep and SelfCocooning, the students quickly started to loose
themselves in their own motion, challenging personal boundaries of space and balance. Like children
lost in playful motion, the students turned, twisted,
swayed and almost toppled (Figures 8,10).

From virtual painting to physical object
We discussed the virtual ‘paintings’ or objects in
terms of transferability to physical 3D prints.
We decided to start with the Non-Immersive
Trace and leave the Self-Cocooning and the Free
Sweep for later. Reasons were the ‘printability’ and
the complexity of the resultant object.
The Free Sweep would have required an unclear
amount of stabilization as contrary to the virtual objects the the physical prints, as a matter of course,
would be subjected to gravity. Although surmountable, the amount of work on the digital model to

achieve this was the most unclear here and therefore
left for a later stage.
Both the Self-Cocooning and Non-Immersive
Trace consisted of much denser and more stable
surface- or shell-like parts and therefore promised
more resistance to gravity.
We decided to begin with the Non-Immersive
Trace for it’s greater complexity of overall shape.
Step 1:. The data from Tiltbrush was exported in the
ﬁle format fbx and imported directly into Rhino (Figures 5, 11, 12).
Step 2:. The resulting 2D surfaces with thickness zero
were oﬀset in rhino to give them a spatial and therefore printable dimension.
Step 3:. The ‘thickened’ surfaces were subjected to
boolean operations in order to fuse them into one
object. This was tested for waterproofness as a preparation for printing.
Step 4:. The waterproof object was exported in the
ﬁle format stl.
Step 5:. The stl ﬁle was imported into Makerbot, the
customary software of the printers our faculty uses
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Figure 12
Self-Cocooning 3D
model imported
from Tiltbrush into
Rhino via fbx ﬁle
format

Figure 13
3D printed model
of Non-Immersive
Trace (Photograph)

[3]. Here it turned out that only the most recent version 3.10.1 of the software could not only display and
analyze, but actually print the object.

upon in the future (Figures 14, 15).

Step 6:. The object was printed (Figure 13).
Although this very ﬁrst test was printed rather
small and therefore not very detailed, this ﬁrst simple
test for the sequence of transfer from virtual painting to physical object was successful and will be build

We will extend the research into several directions:

Future development
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• Introducing more than one actor into the immersive environment, thereby adding the element of joint play and continuous communication, together with the ability to inter-

Figure 14
Non-Immersive
Trace: Sequence
from working
wirking in real (left )
via virtual space
(middle left) via 3D
model (middle
right) to 3D printed
physical model
(right)

Figure 15
Self-Cocooning:
Sequence from
working working in
real (left ) via virtual
space (middle) to
3D model (right)

act with partners that do not share the same
physical space.
• Study scaling eﬀects: scaling both the size of
the manipulated objects as well as the size
of the manipulating actors as well as time
and strength of movement. We will incorporate study of the work of artists like Arne
Quinze who builds large-scale spatial environments but is limited to the manual transposi-

tion from small-scale model to large objects
self-built with the aid of technical machinery
like lifters and cranes (Figure 16, Reference ).
• Material properties: the virtual environments
allow for speciﬁc creation of custom material
properties and behaviour, and we intend to
investigate the possibilities of working with
materials that change over time, i.e. water,
ﬁre, vapor.
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Figure 16
Arne Quinze
building large
spatial situations,
directly or enlarged
from small-scale
models (middle)
using devices like
ladders (left) and
cranes (right) ([4],
[5] )

• 1:1 Physical Output: We intend to output the
resulting sculptures and spaces not only in
scale model form, but 1:1, both as large scale
3D prints as well as abstracted geometries
constructed from cardboard.
• Ampliﬁcation of methods through inclusion
of embodiement and exbodiement concepts:
In the past years, both the importance of
bodily movement for thinking as well as the
employment of environmental factors or elements for thought processes have emerged as
prominent ﬁelds of study in the cognitive sciences. The ﬁrst under the title ‘embodiement’
(Adler 2002, Brodie and Elin 2012, the second
under the title ‘exbodiement’ (Krakauer 2015,
Mittelberg 2014). We intend to make use of
the thought-improving factors of those concepts.
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Virtual reality (VR), Augmented Reality (AR) and Mixed Reality is making the
headlines in the newspapers and magazines today. But unlike 25 years ago when
the first VR rage started with the first Cave Automatic Virtual Environments
(CAVE) infrastructures VR is now a technique that is available at very low
costs.Especially the recent advances and developments in low cost VR hardware
mainly the Head mounted displays (HMD), in particular those that use mobile
phones but also the PC based systems like the Oculus Rift and the HTC Vive
together with recent software developments allow this change. Naturally this is
based on the interest of the Gaming Industry and the big players in the
smartphone industry. But at the moment there are nearly no tools for architects
available within these systems. In our point of view there is the big potential that
these technologies can give new opportunities to architects and designers to use
VR and AR as part of their design toolbox and not only as a presentation tool. For
us this is the most important aspect. In our projects we therefore try to develop a
workflow that can be easily used even without programming and scripting skills.
Keywords: Virtual Reality, Interfaces

INTRODUCTION
This paper tries to address the old problem of ”using the right tool at the right time”. In a ﬁrst step we
tried to tune existing systems for architectural use.
To experience a virtual space in a believably immersive way, we should be able to navigate it in as natural manner as possible - using a mouse or proprietary
controller to experience architecture is only a partial
and often unnatural solution. Ideally, users should be
able to replicate their natural movements in the virtual world. The project to use a ”mechanical ﬁnger”
(see the Oulu presentation) to transform the movement of feet walking in the real space into the virtual world turned out to deliver very promising results. The main advantages of this very low tech ver-

sion was that it was completely independent in space
- there was no setup with a limited tracking area necessary - the system can be used everywhere the limits
are only the available real space. Additionally it used
only the basic sensors in the smartphone so the problem of diﬀerent smartphones behaving diﬀerently
was overcome. Gaze determines direction of navigation i.e. whilst wearing the Google Cardboard headset, the direction of travel is determined by where the
user is looking. The sensors for the movement were
attached to the users’ shoes. It was really striking that
this very low cost idea gave a much better feeling
of immersion then walking by pressing a button on
your HMD device or being transported by staring into
a corner or being teleported using a controller. In
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Figure 1
Detail of
Microswitch
mounted to the
bike and the
Magnet - Speed
deﬁned by number
of Magnets

our previous experiments that we had the chance to
present at past eCAADe conferences we used the system mainly for interior spaces but we discussed the
possibility to use it also in an urban setting. During
our ﬁrst attempts we found out that walking a virtual
city with our eeZee click equipped HMDis very nice
but sometimes it would be good to use something a
bit quicker - like a bicycle. We presented the ﬁrst results of a workshop with students using our newly developed bicycle interface already at the EAEA conference in Glasgow and I will give a short overview of our
ﬁndings there.At the School of Architecture in Liverpool as early as 1999 a bicycle was already used as an
interface for VR. The Project used a modiﬁed exercise
bike to be able to cycle round urban environments
in front of a VR screen. It was already constructed in
the spirit of low cost/home brew computing and the
maker spirit and used a disassembled wheel mouse
mounted on an exercise bike as interface. Users cycled on the exercise bike sitting in front of a large projected. The system used the ’Unreal’ Game engine of

that time to generate the environments which was
good for 1999. Current software like Unity has advanced signiﬁcantly not only in terms of quality of
real-time rendered graphics, but also in the degree
of ﬂexibility and customisation options. The project
was presented at eCAADe in 1999 and was quite successful in terms of the overall degree of immersion
that users experienced at very little costs compared
to other methods at the time. Due to lack of time
and the fading interest in using VR in architecture after the ﬁrst VR craze the experiments with this bike
did not go on very long and it ended up in a storage room for nearly 20 years.But now we developed
the idea to extend the principal of the mechanical ﬁnger - using a cheap ﬂexible interface that simulates
the movement in the real world as good as possible
and overcomes the unnatural interfaces for movement like clicking a button on the HMD or using a
stare or a teleporting beam on a controller.
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Figure 2
The Bicycle in
Action

THE BICYCLE INTERFACE
The new idea now was to combine the mechanical
ﬁnger with the exercise bike. The solution of riding a
real bike in real space with HDM devices was quickly
abandoned - we already experienced with our original mechanical ﬁnger tests that the real world can
have rather hard boundaries. We also investigated
into previous experiments using bicycles in a VR setting. Colleagues reported about an exhibition in Vienna in 2016. In this setting the movement of the
handlebar of the bicycle was used to determine the
direction of movement which is a very logical idea if
you want to simulate the movement of a real bike
in real space. But the bike was ﬁxed at a certain
spot so it could not fell over. This caused a complete irritation to the senses of the users and people experienced a lot of dizziness and some even fell
from the bike although the bike was ﬁxed.The exercise bike without a movement of the handlebar idea
was much safer idea. The disadvantage compared to
the walking movement with our eezee click interface
was twofold. First it also did not move which in itself is a certain problem when you try to simulate the
real world experience. But because of the fact that
you had to use your feet to pedal the bike to move
like in the real world it gave a suﬃcient “logical” feedback to your senses. For the directions of movement
we still used the interior sensors in the smartphone
and kept the handlebars of the exercise bike ﬁxed. It
turned out that this was an acceptable compromise
although the users had to use the rotation of their
head for the direction of cycling and not the movement of the handlebar. Another problem to adapt
our eeZee click device to the bike was to bring the micro switches from the shoes to the bike and to deﬁne
the speed of movement triggered by the switches.
(see Figure 1 and Figure 2) To give a natural feeling
we wanted the bike to move at a rather leisurely pace
through the cityscape. Ideally someone would be
able to walk the Virtual city and use the bike whenever necessary to speed up a bit. This would mean
that you could just disconnect your HMD from the
bike when you unmount and reconnect it with the
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switches on your shoes. In our ﬁrst attempts it turned
out rather quick that this idea of a rather seamless
transition from walking to biking was not so easy to
achieve. We experimented with diﬀerent ways to
mount the magnets that triggers the microswitch at
the bike to enable diﬀerent speeds but found out that
the frequency of the speed of the mechanical ﬁnger
in combination with the smartphone tap is a limiting
factor. Within walking one step produced one tap on
the screen and triggered one step in the virtual world.
This step was scaled to a normal walking experience
and that worked rather nicely even with a slow cycling speed. If the frequency is too high when you
cycle rather quickly the smartphone does not identify individual taps and therefore does not interpret
the taps correctly. So when we used it within the bike
system it turned out that this was too quick for the
combination of the Mechanical Finger and the Smartphone. So in fact for the bike system the only solution
would be to change the width of one step (tap on the
screen) to allow for a quicker movement. The problem is, that this would spoil the idea of being able to
easily switch between walking and cycling within the
same model. So although we don’t really like the idea
of the teleporting movement like in the HTC Vive this
seems to be one possibility to solve the issue. How
to implement that as seamless as possible within our
interfaces is an ongoing discussion.

THIS YEAR’S WORKSHOP
For this year’s workshop we planned to overcome
some of the hardware and software problems we experienced and reported about in the past. Within
a 4 days workshop with a group of students at the
School of Architecture in Liverpool we wanted to ﬁne
tune our workﬂow. In the past we still had a lot
of problems because we used the current available
smartphones of the students for our experiments
and in combination with diﬀerent versions of Operation Systems we experienced several incompatibilities. But we wanted them to use their own smartphones to be able to use our workﬂow for their own
projects after the workshop. Because of the very lim-

ited time we had available during the workshop we
decided that this year we would provide two state of
the art smartphones to be used during the workshop
- a Samsung Galaxy S9 and a Huawei P20pro. We also
adapted the eeZee click setting and used oversized
garden shoes to ﬁx our microswitches. In the past we
had to ﬁx the switches on the diﬀerent types of shoes
the students used in a rather crude way - this time
we just wanted them to step into the prefabricated
shoes (see Figure 3 and 4) and plug the eezee click
system into them. Although this worked rather nicely
and saved a signiﬁcant amount of time there were
still several other problems to solve. We also gave
them a detailed workﬂow that they should follow in
doing their geometry models and how to use a Unity
workﬂow to produce the APK ﬁles out of their geometry ﬁles for the use in the HMD. For comparison we
also produced ﬁles for the HTC Vive to discuss with
them the diﬀerences.We had mixed results this year
- on the one hand several things went much more
smoothly than in past years but on the other hand
we could not overcome several problems within the
limited time available. The scaling up from the interior models that we were rather successful with was
not as easy as expected. The use of the “state of the
art” smartphones made less change than we thought
it would. It is of much more importance to make efﬁcient CAD models for the use in the smartphone
based VR systems. We had problems with certain
models although they were not bigger in size than
others and seemed to have ticked all the necessary
boxes. And naturally in the combination of these systems size matters - we could not get some of our urban models to work at all and had to split them up.

FUTURE WORK
We plan to work together with the city department of
surveying and will use their data from the city model
and our VR setting to identify problem zones in the
bicycle lane. The idea is that we test these existing
zones in our VR setting and then generate diﬀerent
virtual versions. Additionally we want to add some
augmented features into these scenes information
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Figure 3
The Garden shoe
and eeZee click

Figure 4
Garden Shoe with
mounted
Microswitch
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about the problems we found and the improvement
we made. From our point of view one of the problems is that most traﬃc planners only work in 2D - bicycle lanes are mainly designed on plan. 3D information is most of the time neglected - only when there
are steep slopes there might be an inﬂuence on the
design.

OUTLOOK
So we are still not where we want to be - especially
with the training bike. The workﬂow for walking
within VR using Eezee click is working quite nicely the next step here would be to get rid of the cables
and trigger the steps from the real world wirelessly
into the smartphone. At the moment we are discussing the use of systems like an Arduino nano and
a Bluetooth connection in combination with the new
developed garden shoes.Our aim to provide a cheap
and quick workﬂow and interface for every designer
to evaluate architectural design solutions by walking
through it in the virtual world seems within reach.
One of the problems (but also one of the chances) is
that the ﬁeld is developing rather quick but the focus
is still not on architecture and even less on architecture in the design stage. Because the focus is not in
architecture you never know what the big players in
this ﬁeld like Apple, Google or Microsoft decide to develop or abandon in the future. And it is not always
guaranteed that the new solutions are better suited
to be used in the way we want to use the VR systems.
Last year you could buy a Google cardboard system
easily nearly everywhere - this year it was pretty hard
to replace a broken system. And you never know if
“the next big thing” is a big thing for the use in the
Design Process.
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In the design studio, Virtual Reality (VR) has mainly been included as a
visualization tool to explore pre-designed ideas developed in traditional 3D
software or using pen on paper. Meanwhile, a reshaping of the design process has
been taking place, bringing forward interaction/experiential concerns and
co-design approaches throughout disciplines in a push for a more thorough
consideration of projects' contexts. This paper reports an exploratory study of
how immersive contextual representations influence the co-ideation process.
Audio-video recordings of co-ideation sessions (9) from a pedagogical studio
were analyzed through verbal and representational (sketches and design gestures)
exchanges as occurring in three different conditions: (a) pen on paper, immersive
headset-free VR (b) without, and (c) with the use of contextual immersive
environment (photogrammetric scans and 3D models). Results show that,
although design conversations were similar across all conditions, design gestures
were more often directly related to- than independent from the graphical
representation only when using an immersive contextual environment.
Furthermore, the rate of sketching episodes in general and sketching
explanations were considerably lower in this condition. This could imply that use
of pre-made context greatly reduces the need of sketching elements to support a
clearer co-ideation.
Keywords: Immersive context, Design gestures, Design conversations, Sketches,
Co-design studio, Design cognition

INTRODUCTION
When people want to creatively express themselves
by singing for example, they need the appropriate
contextual environment to support eﬀortlessly the

activity through the mediums’ prime characteristics,
such as acoustics for music. If the space has the appropriate acoustics, becoming the contextual support for the creative expression, the singer will have
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more ease to express harmonies for others as well as
to adjust his or her voice. In design, the use of an appropriate contextual environment should positively
inﬂuence the ideation process, providing references
and cues that will help better harmonise ideas to the
project’s expected reality. What is more, studying
the inﬂuence of the context during design becomes
even more relevant in the era and near-future development of augmented reality as an integral display
for designing.
In the social environment of the design studio,
VR has been principally used as a visualisation instrument to support spatial and formal problem ﬁnding and design reviews (geometric conﬂict detection, wayﬁnding issues, proportion errors, construction challenges) (Messner, 2006). However, VR has
rarely been used to conduct live ideation collaboratively inside immersive environments, often being
instead limited to purposes of visualising ideas that
were designed and developed in traditional 3D modeling software with interfaces and command languages unﬁt for creative ideation. Even for parametric approaches, the creative process can remain difﬁcult to achieve from within VR because of the challenges of complex interactions based on relics from
traditional desktop menus (Hawton, 2018). Even
large databases of contextual environments such as
Google StreetView(TM) in VR are now widespread for
visualization, but for now do not beneﬁt from the interactions necessary to drive the ideation process.
Additionally, there is a trend noted regarding the
process in the disciplines of design, architecture and
urban planning where user centered, interaction and
experiential approaches are brought forward during the development of projects (Coelho, 2015). A
corollary of this shift is a more thorough consideration for the underlying perceptual characteristics
of how architectural environments are experienced
(Jelić, 2015) and for co-design approaches including
all the stakeholders of the project (Steen, 2013). Even
if the use of contextual representations is common
practice for ﬁnal design presentations, few projects
analyzed it in traditional design process, but it is

hard to ﬁnd studies that have explored how immersive contextual representations could inﬂuence the
ideation phase, at the early stage of the design process. Common traditional modes of design representations could aggravate sensorial distance from the
project. There is a risk of occulting the actual experience of contextual environments and lead to project
integration conﬂicts (Lehtuvuori, 2016) where the design intentions do not match the project’s real needs.
These new grounds of concern require the embodied
perspectives of future users‘ needs and an increased
attention with the existing projects’ context, whether
built or natural.
This paper reports an exploratory study of how
immersive contextual representations inﬂuence the
co-ideation process. Audio-video recordings of the
co-ideation sessions (9) from a pedagogical studio review were analysed through verbal and representational (design gestures and sketches) exchanges as
occurring in three diﬀerent representational conditions: (a) pen and paper, immersive headset-free VR
(b) without, and (c) with the use of contextual immersive environment (photogrammetric scans and
3D models). Results show that design gestures were
more often directly related to- than independent
from the graphical representation only when using
an immersive contextual environment. Furthermore,
the rates of sketching episodes in general and sketching explanations were the considerably lower in this
condition compared to the two others. This could imply that use of pre-made context greatly reduces the
need of graphically representing additional elements
to clearly exteriorize designers’ ideas, putting forth
the idea that the context supports clearer conceptual
propositions.

VISUAL-SPATIAL PERCEPTION OF THE
CONTEXT
While traditional CAAD tools and graphic documentation (2D photos, perspectives, mood-boards, etc.)
remain widely used as the main representational support to design projects‘ components, a tension arises
regarding their ability to provide designers with a
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suitable experience of the projects’ contexts. In apprehending an existing context through traditional
representations there is a risk of drastically diverging from its reality, when voluntary inspection of the
lived experience is prompted by a discordant mediation, showed within ﬂat, small foveal-angle displays.
Accordingly, based on ﬁndings in neuropsychology and phenomenological inquiries, architectural
ambiances have more recently been proposed to
stem from pre-reﬂective cognition (Pallasmaa, 2014;
Rooney, Condia & Loschky, 2017). They would act as
a holistic, embodied sensory background in a space’s
experience. Herein is introduced the idea that, in the
ordinary direct encounter of an environment, the ambiance stands closer to the pre-conscious grounds of
one’s cognition during any activity, including designing. There is a growing body of research laying out
the idea that the peripheral visual ﬁeld plays a fundamental role in the pre-reﬂective visual perception of a
place (Rooney, Condia & Loschky, 2017). This traces a
situational grasp, similar to certain properties of earlier accounts on architectural ambiances (Zumthor,
2006) and perception of essential structure of a scene
(Larson & Loschky, 2009).

REPRESENTATIONAL GESTURES, VERBAL
EXCHANGES AND MENTAL IMAGES
Considering that design is a social process, one
can expect that designers need to communicate in
whichever way readily available to them, verbal exchanges being the ﬁrst design toolkit (Jonson, 2005).
Studies showed that gestures accompanying speech
reﬂect and stem from speakers’ mental images and
facilitate the expression and the communication of
such contents. Hostetter & Alibali (2008) proposed
that ”gestures emerge from the perceptual and motor simulations that underlie embodied language
and mental imagery”.

Gestures and speech
Regarding communication, design studies have focused mainly on verbal behaviour and gestures, the
few of the latter have been motivated mainly by the

desire to interface gestures in CAAD systems (Visser
& Maher, 2011). Gestures in design help to develop ideas by providing essential information lacking in the speech. They convey not only 3D information about physical objects but also their actions
and movements in space or time, and provide information not verbally expressed (Härkki, SeitamaaHakkarainen & Hakkarainen, 2018). Moreover, part
of them resulted to directly contribute to designing,
such as introducing structures and movements before sketching them.
Gestures and speech seem to be closely related.
Gestures, and in particular representational gestures
(i.e. gestures used for pointing, depicting shape
or motion, representing objects) co-occur frequently
with sentences expressing visuo-spatial information
(Alibali, 2005). When people talk, they produce more
representational gestures in association with sentences evoking mental images or motor tasks than in
association with sentences concerning more abstract
topics. If gestures are prohibited, it is more diﬃcult
to verbally express spatial information (Alibali, 2005).
In addition, there is evidence that gestures not only
coincide with spatial information but reveal also the
speaker’s viewpoint on the mental image described
(Alibali, 2005). Gestures are believed to allow spatial thinking, independently of the need to communicate to another person. Gestures could facilitate
the retrieval of spatial terms by activating in the brain
the spatial and action-based properties of the concepts represented by the term; also, they could activate mental images and help to maintain them in
the working memory in order to analyse or describe
them (Alibali, 2005).

Gestures and mental images
According to Hostetter & Boncoddo (2017), representational gestures are to be considered as
tied with perceptual-motor representations in one’s
mind much the same way embodied cognition has
brought us to consider action - or its anticipation - as
key to perception (Glenberg, Witt, & Metcalfe, 2013).
In this light, gestures become more than mere ex-
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ternalized traces of individuals’ thoughts. When enacted through movements structurally or semantically related to the content of the activity at hand,
such gestures can strengthen the designer’s mental representations or even institute new knowledge
(Hostetter & Boncoddo, 2017). This tight relationship between apparently so diﬀerent mental processes can be understood if we consider cognitive
activity as being embodied, that is directly based
on the sensory-motor processes without the need
of intermediate mental representations of the external objects independent from perception and action
(Hostetter & Alibali, 2008).
The link between perception and motor activity
has been ﬁrstly demonstrated with the discovery of
mirror neurons. The ability to understand one’s action while watching him/her (cognitive activity) involves the activity of the same neurons we must activate to perform that same action (motor) (Rizzolatti
et al., 1996). Going further, the embodied cognition
hypothesis claims that this tight coupling of motor
and perceptual processes may also be important for
mental representations, or, in other words, when we
just think (Yanchar & Spackman, 2013). From this
perspective, the act of thinking about a table (in absence of the material table) should directly and therefore pre-reﬂectively activate the same neural substrate active when we see, touch, and interact with
the real table as well as the associated memories. In
this perspective, language is also considered embodied, explaining the link between language and visuospatial information: when we talk about visuo-spatial
features of an object in absence of that object, our
brain automatically activates the perceptive and motor properties of what we are talking about (Spackman & Yanchar, 2013).

Speech and mental images
There is evidence that, when we talk about the physical world, we listen, or we read a description, our understanding passes through the automatic and concurrent generation of the visual image representing
what we are talking about or listening to (Hostetter

& Alibali, 2008). Similarly, when we think about the
physical world it is likely that we also perform mental actions aimed at mental objects. Also, just hearing verbs such as tick, pick, or lick was associated
with patterns of brain activation very similar to those
observed during the actual movements corresponding to those words (Hauk, Johnsrude, Pulvermuller,
2004).
In light of this related work, the exchange components of gestures and speech combined to the exteriorization by sketching could potentially provide
clues regarding designers’ cognition and the inﬂuence of immersive contextual representation during
ideation.

STUDY
This paper aims to compare the inﬂuence of diﬀerent graphical representational co-ideation supports,
namely: (a) analog studio setting using pen and
paper (P&P), VR environment (b) with empty background (black or with a sky) using imported textured
or white Wavefront .OBJ 3D models (VR-noC), and
(c) with immersive contextual representations (photogrammetric scan or 3D modeled .OBJ mesh or .PLY
point cloud of a built urban area) (VR-C). More specifically, we here aim to investigate the implications of
integrating immersive contextual representations of
the project on participants’ design cognition during
the early stages of ideation through design gestures,
sketches and conversations.

METHODOLOGY
We observed a third-year industrial design studio
based on a co-design pedagogical approach, spanning a fourteen weeks semester. The project was
related to the implementation of electrical vehicles
charging solutions in the city. After the student’s preliminary research phase, the co-ideation sessions occurred twice a day for each team, bi-weekly for a period of four weeks. Teams were composed of two students collaborating directly with the studio teacher,
co-ideating exclusively on the concepts of one of the
student, alternating every session (this way each stu-
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dent was allocated two sessions per week for their
concepts). In total, seven teams pairing fourteen local students underwent these 20-minute meetings.
Morning sessions took place in an immersive collaborative VR environment without headsets allowing 3D sketching (Hyve-3D) (Dorta et al. 2016) (Figure 1). This system allows real-time multi-user design collaboration by sketching and interacting locally and remotely. Local teams were interconnected
with a teacher and pre-assigned teammates from an
ergonomics program at a remote university in France.
Afternoon co-ideation sessions alternated bi-weekly
between the immersive environment and the analog studio condition. Among the seven teams, for
exploratory purposes, the results presented in this
paper were obtained from analyzing only nine sessions (3 hours) of three teams co-ideating for the
ﬁrst time their concepts in each of the three abovementioned conditions (a, b, c). A short introductory
lecture about photogrammetry was given during the
initial research phase of the studio for students to
produce their own contextual models using this technique. The students were free to choose to have a
context or not while in the VR environment, leading
to few teams exposed to all three conditions early in
the ideation process.
Speech episodes segmentation was conducted
based on the elements proposed by the Design Conversations model (Dorta et al. 2011). In this model,

the dominant content-based verbal exchanges pertain to proposing design ideas and negotiating them
through questioning and explaining. Within the
Design Conversations methodology, gesturing and
sketching are embedded in the notion of moving forward the idea (Schön, 1983). Gestures’ coding distinguished between organizational, non-design discourse and interaction management (Visser, 2010),
and representational gestures. We call the latter design gestures considering the role they play in the
ideation task and to avoid confusion with other situational aspects studied. They were circumscribed
in accordance with McNeill’s (2005) deﬁnition of beginning and end points as observable stable resting
positions of the gesturer’s hands. Thus coded gesture episodes would stretch from preparation to retraction, encompassing pre-stroke, stroke, and poststroke hold phases (McNeill, 2005) as a single uniform
segment. We excluded referring pointing gestures
from design gestures to better trace subtle relationship of gestures with the representation. For example: one participant could point a part of the graphical representation and then move away to execute
the design gesture in a reference space independent
from that representation. Conversely, another participant could enact the design gesture directly embedded within the representation’s referents. In this
way, without going much further into detailing and
characterizing the form and nature of gestures, we

Figure 1
Hyve-3D system
with 3D sketches as
used in conditions
VR-noC (left) and
VR-C (right).
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Figure 2
Design gestures
occurrences across
the three diﬀerent
conditions, crossed
with design
conversations
(proposing,
questioning and
explaining) and
their observed
relation with the
representation.
interpreted each instance as either directly related
to- or independent from- the graphical representation the team faced in hope of underlining potential patterns in some way attributable to the diﬀerent conditions. This step was informed by the gestures‘ position in space relatively to the representation medium, the gesturers’ gaze and posture as well
as by partial insights (appearing in the discussion section) provided during retrospective interviews carried on several weeks after the studio’s end, using session recordings. Sketching episodes were also coded
to take into account the traditional sketches of pen
on paper and the 3D sketches as well as their aﬃne
transformations (duplicate, rotate, scale and translate) in Hyve-3D.
Using Atlas.ti software, we then proceeded by
contrasting the verbal elements lying in the participants’ speech (proposing, questioning and explaining)
with the moving elements based on gesturing and
sketching episodes, looking more speciﬁcally at their
co-occurrences.

RESULTS
Results are presented following the three main dimensions of participants’ exchanges while comparing across the studied conditions:

GESTURING
Overall, design gestures were observed as occurring
with similar rates in all three conditions, VR-C (average of 1.36 design gesture per minute) trailing close
behind P&P (1.48/min) and VR-noC (1.49/min). Average gesture length was fairly shorter when occurring
in condition P&P (4.2s) than in VR conditions without context (5.5s) and with context (5.8s). Though,
one striking pattern emerging from our analysis lies
in the direct relation the gestures held or not with
the graphical representation. While design gestures
for P&P (79%) and VR-noC (70%) are for the most independent from the representation, the trend shifts
symmetrically for VR-C where 69% of instances are related directly to the immersive contextual representation at hand during the gesture’s execution (Figure
2).
Furthermore, the rate of design gestures for
proposing are fairly similar across all conditions,
standing at 0.46/min in VR-C, 0.47/min in P&P, and
0.52/min in VR-noC. Finally, the design gestures used
for questioning during the co-ideation process are
more frequently observed in VR-noC (0.38/min) than
with P&P (0.15/min) and VR-C (0.20/min), although
the two formers are showing a similar pattern concerning the relationship to the representation (Figure
2).
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Figure 3
Sketching episodes
across the three
diﬀerent
conditions, crossed
with design
conversations
(proposing,
questioning and
explaining)

SKETCHING
Proportionally, there were quite fewer episodes of
sketching observed when using VR-C (0.37/min) than
when in the VR-noC (0.81/min) and P&P (1.06/min)
conditions. This diﬀerence was observed for all kinds
of Design Conversations (proposing, questioning and
explaining), although for questioning sketching the
trends displayed a higher rate in VR-noC (0.21/min)
than in P&P (0.15/min) and VR-C (0.09/min). Sketching
linked to explaining episodes was almost two times
more frequent in the P&P condition (0.64/min) than
in VR-noC (0.39/min) and four times more than when
using an immersive context, in VR-C (0.15/min). In addition, there are sketching episodes recurring during
conversation spans combining the questioning and
explaining of design ideas only in the condition of VRnoC (Figure 3).

DESIGN CONVERSATIONS
Findings indicate that, for all three conditions, the design conversations occurred according to similar patterns. One notable trend is that the type of conversation most frequently present pertained to explaining
design ideas (Figure 4), accounting for 58% of verbal
interventions in P&P, 54% in VR-C and 49% in VR-noC.
Moreover, data indicates there is a similar proportion of verbal design conversations pertaining to
proposing in all three conditions: 28% in P&P, 32%
in VR-C, and 33% in VR-noC. Finally, within conversation spans, we observe co-occurrences of proposingquestioning and questioning-explaining only in the

condition of VR-noC (Figure 4) making it, when
also considering data concerning sketching activity,
the condition with the most intertwined verbal and
graphical exchanges. One additional observation is
that rates for questioning (0.51/min) and explaining
(2.13/min) stood at the lowest levels in the case of
VR-C compared to P&P (0.64/min and 2.69/min) and
VR-noC (0.88/min and 2.26/min) respectively. Questioning rate was highest in the VR-noC condition and
explaining lead in P&P.

DISCUSSION
In this study, all the participants made design gestures during their ideation interventions in collaborative sessions. Regarding the use of the graphical representation during those interventions, design gestures were more frequently related to the representation only when an immersive contextual environment was used. It seems that the immersive contextual environment supports further negotiating ideas
through its use as a reference. Considering diﬀerences in sketching instances observed across conditions, this implies that use of pre-made context
greatly reduces the need to sketch elements to exteriorize ideas, in particular for this kind of design project
where solutions have to take into consideration multiple scales of integration, existing infrastructure and
uses (sidewalk, parking, traﬃc, light poles, weather,
etc.). Using pen and paper, one could assume that
gestures’ trend to be independent is due to the scale
and proportional issues resulting from a representa-
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Figure 4
Design
conversations
(proposing,
questioning and
explaining) across
the three diﬀerent
conditions

tion constrained within the size of the paper (Figure
5). However, the same pattern was observed in the
life-sized VR in the absence of a representation of the
project’s context.

This being said, it is important to highlight that the
three conditions did not notably aﬀect the verbal
exchanges in diﬀerent manners: looking at the results related to the occurrences of elements of Design Conversations, the three conditions show similar proportions patterns. Nonetheless, noting mul-

tiple co-occurrences of proposing-questioning and
questioning-explaining only in VR without the use of
context, patterns of conversation come oﬀ as more
intertwined in this condition. Overall, the prevailing amount of explaining episodes for all conditions
could be due to the pedagogical nature of the sessions consisting to some extent in project reviews
with the professor and collaborators co-ideating. Although, in respect with this pattern, a surprising observation is how the design gestures, sketches and
conversations used for questioning during the coideation process are more frequently observed in VR
without contextual environment than when including a context or using pen and paper. This could
mean that the use of uncontextualized, isolated 3D
models within an immersive environment is more
prone to support extensive spatial and formal related
discussions. Future research should investigate possible divergence or resemblance of such representations with perceptual characteristics of mental simulations used by designers or decision makers for
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Figure 5
Picture of pen and
paper condition as
used in this study

deliberative evaluation or challenging of solutions
(Klein, 2008; Ball et al. 2001).
According to Hostetter & Alibali (2008), representational gestures seem to be intentionally used for
communicating visuo-spatial information to other
people, especially in complex and ambiguous verbal messages. Representational gestures are more
frequent when the speakers can see the addressees
(co-located) and they seem to inﬂuence addressees’
comprehension ﬁrst by matching the contents of the
words (e.g. saying” the table is that high” showing
how much), and second by conveying additional information not verbally expressed (e.g. saying ”we
have a cup” showing how big). In fact, there is
evidence that speeches accompanied by redundant
gestures are comprehended better than those accompanied by mismatching gestures (Alibali, 2005).
Concerning the above, the design process is a complex activity and during ideation, although mental
images of ideas can appear to be clear to students as
reported in interviews, details or relationships within
these ideas can remain hazy. During the process of
externalizing embryonic ideas, verbal exchanges on
their own could be imbued of this ambiguity, making
them insuﬃcient to communicate design intentions.
In this case, immersive contexts in a collaborative environment could act as a launchpad for idea externalisation to lean on.
Other considerations are related to the fact that
sketching in space using Hyve-3D is diﬀerent and
takes more time than sketching with pen on paper. Since participants are not drawing in perspective
in Hyve-3D, they represent orthogonal parts of the
sketch through subsequent spatial manipulations of
their 3D Cursor to construct in a manner somewhat
akin to modeling. Thus, a limitation of this study
is that students were still learning to interact properly with the Hyve-3D during the ideation sessions,
which lead in part to slower sketching. However, the
participants sketched according almost to the same
rate of episodes on paper than in VR without context, and we can therefore assume that most of the
sketching was required to represent the envisioned

context of the concept, as expressed by some participants during interviews. This issue could point towards a higher risk of leading to additional introduction of error factors where ideas generated carry on
mistakes from the context’s representation. For future work and related to Alibali (2005), it would be
relevant to investigate speaker’s viewpoint in mental
images underlying gestures enacted in a VR context
and how it compares to the representation’s point of
view, bringing us to a more detailed characterisation
of design gestures in VR and AR.

CONCLUSION
Observations gathered in this study propose that design gestures were more often directly related tothan independent from the graphical representation
only when using an immersive contextual environment. Furthermore, the rates of sketching episodes
in general and sketching explanations were considerably lower in this condition compared to VR without
the context and pen and paper. Paired with results
showing similar patterns of design conversations of
proposing, questioning and explaining throughout
all conditions, although rates of occurrences diﬀered,
this could imply that use of pre-made context greatly
reduces the need of graphically representing additional elements to clearly exteriorize designers’ ideas,
putting forth the idea that the context supports
clearer co-ideation. A goal of conducting this study
was to lay a basis for a broader reasoned diagnostic regarding the possible contribution, drawbacks or
shortfalls of using VR with 3D scan techniques to adequately foster some of the contemporary disciplinary
revisions in architecture and design. This way, a better grasp of how they impact the design process is
needed, both at the level of the designer and the designed projects, in education and practice, to avoid
undesired social impacts as a result of blind technology adoption.
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The paper suggests virtual reality (VR) as an architectural medium on the
continuum of visionary architectural drawings of the past centuries. It argues
that architecture and contemporary videogames engage with and share very
similar concerns and aesthetic sensibilities. The potential of VR to develop
designs and spatial configurations impossible to construct in physical reality but
perfectly perceivable by our sensory apparatus, uncovers a latent domain of
spatial aesthetics that architects can experiment with, develop and harness. The
latter half of the paper discusses an experimental master studio module
developed at the Institute of Architecture and Media of TU Graz, in which
architecture students were called to develop interactive spatiotemporal
environments in the VR videogame medium.
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FROM ARCHITECTURAL PERSPECTIVE TO
VIRTUAL REALITY
Drawing architecture
Virtual Reality (VR) devices have already entered
multiple architecture oﬃces and have become integrated in architectural practices, whether for design evaluation, visualization, or for client explication. VR and architecture however, have a longer
past, as the two terms ﬂirt throughout their history.
From Brunelleschi’s ﬁrst mathematically-generated
perspective experiment in front of the Baptistry
(Edgerton, 2006), to Andrea Pozzo’s trompe l’oeil frescoes on the ceiling of the St. Ignazio church in Rome,
since its invention, architecture has employed perspective to transcend the limits of physical space.
Besides, the invention of perspective that made the

creation of visual spatial illusions possible, was ﬁrst
formalized by Brunelleschi’s contemporary, architect
and polymath Leon Battista Alberti. Alberti initially
published ”Della pittura” (1435) in Italian, followed by
”De pictura” (1439-41) in Latin, as a more technical
text. A lot has been written about the implications
of the invention (or discovery) of perspective (Panofsky, 1992) in both the arts and sciences, that arguably
gave rise to modernity (Jay, 1999) and scientiﬁc illustration (Edgerton, 1985). In addition, philosopher
Paul Feyerabend, argued that Alberti’s formalization
of perspective, which became, in his time, a required
knowledge for architects, was the single event that
elevated architecture from an artisanal craft to a scientiﬁc profession (1999). Along the scientiﬁc revolution however, architecture also witnessed a simi-
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lar revolution in the communication of designs, beyond textual descriptions this time, to scaled, and
now printable diagrams. A straight edge and compass, along with the teachings of euclidean geometry, as ”weapons of mass construction”, could accurately reproduce any drawing at any scale (Carpo,
2017). Consequently, the ability to put ideas on paper, and being able to communicate them, produced
a disjunction between architecture as built and architecture as the concept; the drawing. According to
Carpo, for Alberti and the Italian humanists, the drawing was the original act of design, while the derived
building was a mere copy of that intellectual property (2013). In the centuries to come, Piranesi produced his ”carceri” and other imaginary landscape
gravures, now studied for their architectural qualities.
Similarly, visionary designs put forth by architects
such as Boullée and Ledoux became more famous
than buildings (Carpo, 2013). In the last century,
conceptual architectures from Cedric Price to Yona
Friedman, Archigram, Lebbeus Woods, Zaha Hadid,
Bernard Tschumi and Rem Koolhaas, to name a few,
explored the potential of what the drawing dimension of architecture could suggest. Perhaps Boullée
was the one to phrase best the opposition to Vitruvius’ triad of ”ﬁrmitas, utilitas, venustas” that had already become the phantasm of western architecture:
”What is architecture? Shall I join Vitruvius in deﬁning it as the art of building? Indeed, no, for there is
a ﬂagrant error in this deﬁnition. Vitruvius mistakes
the eﬀect for the cause. [...] In order to execute, it is
ﬁrst necessary to conceive. It is this product of the
mind, this process of creation that constitutes architecture and which can only consequently be deﬁned
as the art of designing and bringing to perfection any
building whatsoever. Thus the art of construction is
merely an auxiliary art which, in our opinion, could
appropriately be called the scientiﬁc side of architecture”(Boullée, 1976).

Techno-virtuality
The 2nd half of the 20th century and the new wave
of technological advancements, brought about new

visions of technologically-mediated immersive spatiality. In 1955, Morton Heilig speculated on a futuristic form of cinema including stereoscopic vision,
spatial audio, smell and haptics, as the uniﬁcation locus of the arts (1992), which resulted in the “Sensorama” prototype. Ivan Sutherland, who developed
the ﬁrst Head Mounted Display (HMD) (1968) and
initially speculated about an “ultimate display” that
can materialize “Alice’s wonderland” (1965) was none
other than the inventor of the ﬁrst CAD program,
Sketchpad (1963) 5 years earlier, that suggests their
continuum. In the decades to follow, and since digital HMD VR showed signs of it becoming technically
feasible (Kelly, 1989) architects were among the ﬁrst
to adopt this technology and speculate in the extents
of its use in their ﬁeld. Following the cyberpunk culture introduced by Gibson (Gibson, 2016) VR pioneer
Jaron Lanier argued for VR as a platform for a postliteracy in the form of post-symbolic communication
through design (Lanier, 2011). Markos Novak wrote
“Liquid Architectures in Cyberspace”(1992) already in
1992, while many academics, such as Bertol (1996),
Anders (1998) and Schmidt (1995) explored further
various applications and potentials of VR technology
in its early years. In 2001 Kas Oosterhuis initiated
the “Game Set and Match” (GSM) conference series at
TU Delft, with a strong focus on the relationships between architecture and videogames. Its second iteration (Feireiss and Oosterhuis, 2006) in particular, devoted one third of its contributions to videogame related approaches, and starting with an introduction
by Oosterhuis on the proximity of architectural and
videogame design practices.
However, these initial experimental approaches
have largely disappeared from the ﬁeld of architecture, with VR today used mainly as a simulation and
evaluation platform, and overall as a representational
medium for designs intended to be built.

VIDEOGAMES AND SPATIAL DESIGN
Meanwhile, and gradually since the late 1970s,
videogame grew to become the most proﬁtable entertainment medium, doubling in the last decade the
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earnings of the music industry and the ﬁlm box ofﬁce combined (Entertainment Software Association,
2015)(MPAA, 2015). In the year 2000, Game Studies,
an academic ﬁeld devoted to the theoretical investigation of videogames, was formalized, with many
authors defending its autonomy (Aarseth, 2001a)
(Frasca, 2003). In the end of the 1990s, the evolution of computer graphics and the availability of
game consoles and personal computers produced a
gradual shift towards the primacy of space in the design and practice of videogames. As Aarseth writes:
“What distinguishes the cultural genre of computer
games from others [...] is its preoccupation with
space [...] games celebrate their spatial representation as their central motif and raison d’etre”(2001b).
Similarly, Jenkins observes that space has become
the underlying substrate on which games are organized, developed and played, drawing parallels between architectural and game design, proclaiming
“game design as narrative architecture”(2004). Consequently, Günzel suggests the “spatial turn”(2010)
as a paradigm shift in the development, practice and
analysis of videogames. It is not uncommon today
to ﬁnd architectural readings such as Kevin Lynch,
Michel de Certeau and Henri Lefebre, in game studies
literature.

Game design: an accessible lively art
Videogames, having been around for about a century, have gradually emerged as an independent,
rich and novel art form. As Aarseth writes: “Computer games are perhaps the richest cultural genre
we have yet seen” (2001a). Jenkins has compared the
videogame phenomenon to jazz music and its rise, as
a “lively art”; public, accessible, non-institutionalized,
however not trivial: “Games represent a new lively
art, one as appropriate for the digital age as those earlier media were for the machine age. They open up
new aesthetic experiences and transform the computer screen into a realm of experimentation and innovation that is broadly accessible. And games have
been embraced by a public that has otherwise been
unimpressed by much of what passes for digital art”

(Jenkins, 2005).
Stemming from popular culture, videogames
have become ubiquitous, not only in their consumption but also in their production. Game design software packages, are today even more accessible than
standard CAD or BIM packages, which impose prohibiting costs for young, or up and coming architects. In contrast, game engines, have suggested
a more friendly and fair business model, accessible
to ”indie developers”. Unity and Unreal, two of the
most popular game engines at the moment, are currently oﬀering free unlimited-functionality licenses,
only asking for royalties if their users’ revenue exceeds a certain (relatively high) level. This openness to a range of users from beginners, amateurs
and professionals has boosted both their popularity and also development, with multiple updates per
month. They also feature very lively user communities and online fora, along with myriads of available
video tutorials made by users, for every level and subject matter. Additionally, the fact that game engines
employ GPU accelerated real-time graphics, has also
made them quite attractive for architectural visualizations, which using traditional CPU-based rendering engines, presuppose multiple hours of rendering
time. Furthermore, the fact that game engines oﬀer
both visual and scripting environments, along with
capabilities for cross-platform deployment (also for
mobile devices) leads to a very high degree of malleability, a fact that has made them a very attractive
development platform for non-expert programmers,
also, for producing applications that diverge from the
videogame genre.
Lastly, since the release of the Steam online
digital distribution platform in 2003 (Valve, 2003),
videogame marketing has altered radically. Not only
have such products become accessible through common broadband internet connections, but game developers also no longer require partnerships with distribution and publishing companies anymore, but instead can simply apply for publishing their products
online. More recently the launch of the more democratic and less regulated Itch.io (Corcoran, 2013)
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distribution platform in 2013, has made possible
the sharing of experimental, shorter and often noncommercial games, as well as the formation of relevant communities.

Towards inconstructible architectures
We have argued before for the emergent properties of virtual space that we suggested could hence
be justiﬁed as a novel spatial platform for architectural experimentation (Miltiadis, 2016a). It is however worth mentioning two distinct classes of spaces
or architectures that are inherent to the videogame
medium. On the one hand, and on the continuum
of the visionary architectural drawing medium mentioned before, working with the materiality of digital
geometries and game engines with optional or customizable physics behaviors can allow for designs,
also animating ones, that are practically and statically
impossible to build in physical reality, however possible to experience in the virtual domain.
On the other hand, a second class of impossible
spaces goes beyond materiality, statics and the abundance for scenography aﬀorded by a digital medium,
to spatial constitutions that transgress physical space
itself. Take for example M.C. Escher’s “Relativity”
(lithograph print, 1953) seemingly inspired by the
frames of reference of relativity theory. Unlike other
works of Escher, this print does not rely on perspective tricks that only work on paper, but instead depicts a space that while constructible is impossible
to navigate in reality. Commercial games as for example Portal (Valve, 2007) and Antichamber (Demruth, 2013) have already introduced spatial conﬁgurations, which borrow concepts from the domains
of physics and mathematics. Besides space however
functioning as the visual medium of games, space
also functions as the domain of embodiment and interaction in these virtual worlds, where players engage by practice. As such, videogames oﬀer through
space a diﬀerent way of approaching knowledge and
learning, which is not analytical but practical, and according to Fraser, relying on cunning reasoning and
inventiveness (2011).

Videogames and spatial skills
In 1983, developmental psychologist Howard Gardner put forth his “Theory of Multiple Intelligences”
(2011) in which he supported that intelligence is not
a single “g factor”, but instead comprises of diﬀerent
cognitive capacities. Gardner positioned “spatial intelligence” among these 7 capacities that have also
been supported by experimental ﬁndings to be further developable through training. Motion-feedback
ﬂight simulators are one such example, in which military and commercial pilots train not only on the interface of planes, but also on their handling, developing
therefore virtual aircraft navigational skills, that are
transferable in reality. Already in 1985, Gagnon performed experiments proving that spatial cognitive
skills related to certain professions (such as engineering, architecture and mathematics) can be eﬀectively
improved by playing videogames (1985). Among the
supporters of Gardner’s theory is architect Leon van
Schaik who argued for spatial intelligence as the sensibility of architecture par excellence and vessel for its
future, urging architects to experiment with architecture across media, including VR (2008).
The ﬁeld of game studies as well as the practice
of game design undeniably intersect with architectural thinking and practices, as well as with the aesthetic domain they deal with. We do believe that architecture can uncover a vast aesthetic potential that
resides in the extensions of currently latent spatial
sensibilities that are however intrinsic and media speciﬁc to the videogame medium and the kinesthetic
embodiment in VR applications. Consequently, the
videogame platform can oﬀer for architecture an escape route from the cartesian ﬂat-earth underlying
paradigm that all CAD software share as an unquestionable given, and experiment with the potential of
architecture in non-euclidean spatial constitutions.
Such a step would pave the way to navigable environments (Manovich, 2001), that we cannot come
across in physical reality, but our sensory and cognitive apparatus allow us to perfectly perceive, reason and act upon. These post-physical-world navigable spaces undeniably come with a novel surplus
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aesthetic potential for architecture to explore.

THE VIRTUAL SPACES MASTER STUDIO
Given the above themes, and in order to test our research hypotheses of the proximity of architectural
and game design practices, as well as the potential
of virtual architecture and its richness, we introduced
a relevant master studio class in architecture studies.
The “Virtual Spaces Master Studio” was founded in
2016 and taught on 2 iterations at the Institute of Architecture and Media, TU Graz.
The only published relevant precedent courses
we could ﬁnd were Engeli’s course at the Chair for
CAAD of ETH Zurich (2003), a similar initiative at
the Comparative Media Studies department of MIT
(Fernandez-Vara et al., 2008) and a studio founded by
Sanchez at the School of Architecture of USC (2013).
However we could not draw much from these precedents. Engeli’s interesting explorations are technically outdated, the MIT examples stemmed from a
non-architectural department, and the focus of the
USC studio was very diﬀerent from ours.

Curriculum and structure
Given the lack of a relevant paradigm in architecture studies, based on our own knowledge and intuition, we devised our own curriculum for training architecture students in designing and developing virtual interactive spatiotemporal environments
in the VR videogame medium, in the period of an
academic semester and in the form of a master studio. The “Virtual Spaces Master Studio” module consisted of the main studio course plus two obligatory elective courses, accounting overall for 16 ECTS
points and took place in the summer semesters of
2016 and 2017. The course was available to master students regardless of semester, and had 13 and
18 participants in the ﬁrst and second iterations respectively. In terms of software, the course made use
of, and was structured around the Unity game engine which is available for free. Additional software
was also used primarily for low-poly modeling, image, sound and video editing. In the ﬁrst iteration

that was sponsored with GearVR HMDs and mobile
devices, we used a setup which included a Kinect V2
sensor (for body tracking) synchronized with the application through a cloud server (similar in logic to
the networking scheme used in “project Anywhere”
(Miltiadis, 2015a) (Miltiadis, 2015b)). For the second
iteration we used the HTC Vive platform that already
includes wireless tracking, along with a stationary
PC with a capable GPU. Between the two iterations
of the studio, the curriculum was adjusted and improved, as will be discussed below.
Besides the relatively large amount of technical knowledge that had to be developed in order
to eﬀectively produce videogames, the course also
required theoretical introductions to multiple ﬁelds
and subjects. Therefore, the course was structured so
as to distribute the development of technical, analytical and aesthetic skills, along with basic videogame
literacy. The course was split in reading and discussion sessions, lectures covering various technical
subjects, tutorial sessions on the Unity game engine.
Overall, the subjects we had to engage with were C#
scripting, low-poly modeling, texturing, video editing, sound design and game development, as well
as concept design, creative writing, storyboarding,
geometry, mathematics, and also game design and
game analysis terminology and methodology.
Additionally, we covered 15 readings of papers,
essays and articles from ﬁelds like game studies, media studies, narratology, critical and architecture theory. These were performed using the Hypothesis
browser plugin (Hypothesis, 2016), that allowed us
to create a virtual reading group, in which we could
all collectively highlight, annotate and exchange remotely, while using the same platform and metadata
we previously generated, for discussions in class.
Besides the classes, we also organized a series of
auxiliary events targeted to nurture a sense of community, but also to acquaint students with digital and
media art, the contemporary ecology and history of
videogames, as well as diﬀerent approaches towards
both the analysis and development of videogames.
These were guest lectures, educational trips, ﬁlm
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screenings, and gaming nights.

Physical limitation instead of studio theme
In the lack of relevant architectural research, we
chose not to suggest a speciﬁc given thematic category, but rather encourage the students to appropriate the medium to their own ideas and furthermore
employ it as an expressive platform for developing
experimental spatial concepts. Instead, the only limitation we introduced, was the eﬀective space that
could be tracked by our VR system, resulting in the
subtitle of ”16m2 Labyrinths”. ”16m2” resulted from
the 4x4m tracked area of our system, and ”labyrinths”
from the intrinsic ”ergodic” (Aarseth, 1997) qualities
of digital interactive space. Eventually, while this limitation initially problematized students, after a few
lectures and programming sessions, they were able
to come up with very inventive navigational mechanics, that were also organically incorporated in each
projects’ theme.

Course description
Throughout the teaching semester, we observed that
architecture students, because of their practicedbased studies, indeed have an inherent ﬂuency in
developing, adapting and gradually shaping concepts for spatiotemporal interactive environments
that proved our hypothesis of the proximity between
videogame and architectural design. We also focused on producing one project per student, which,
while demanding for the teaching team to support,
was eventually very fruitful in exploring multiple individual approaches. Eventually, this proved that it
is indeed possible for a single architecture student,
given the necessary support, to learn the necessary
tools and methods and develop an original project
in the course of an academic semester. Furthermore,
we acknowledged that architecture students are no
strangers to learning new software and adapting
their workﬂow in a short time period. In one semester
most became very comfortable with developing content with the Unity3D game engine, low-poly modeling and texturing. However, we also noted that different students developed diﬀerent technical skills

and interests. Some preferred modeling and avoided
scripting, or vice versa, while others developed extended project-based sensibilities like for example
sound, interaction and visual design.
The subjects that required the most support
from the teaching team were concept design and development and scripting. Since videogames are interactive, they need to produce diﬀerent behaviors
and they often have complex narratives or backstories, responsible for producing their world and the
concept of the gameplay. Also while we were focusing on spatial matters, instead of adapting existing game concepts in our projects, we favored inventing our own. Though our sample group might
not be large enough to generalize, we found that
most students were capable in inventing navigational schemes and other spatial game mechanics,
however fewer from the ones interested in creating more complex narratives interrelated with space
were as capable as the ﬁrst group, and therefore required frequent support in their conceptual development. This fact was not surprising since architecture studies do not often include subjects relevant to
literature or creative writing. Also important to notice is the fact that architecture studies usually do not
engage with the concept of time, progress, plot or
interaction. Time-based design therefore should be
treated as a subject to develop on its own.
In terms of scripting, the capacities of the students were rather mixed, depending on prior programming experience, interest in coding, as well as
the scripting requirements across diﬀerent projects.
Roughly a third of the class was able to either code
their whole project or contribute signiﬁcantly. The
rest would range from students who were able to
only write a few lines, to others who would be able to
continue on their own, given an initial, project-based
program structure and occasional assistance when
needed. Overall, the complexity of the Unity scripting framework and the requirement of a clean structure -also for the teacher to more eﬀectively debug
and assist the projects- are very diﬃcult skills to master along all other requirements in a single semester.
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Therefore, while we believe that scripting is a general
skill that should be to some extend developed in architecture studies, earlier introductions would have
been more beneﬁcial to such scripting-heavy master
courses.
In the ﬁrst iteration, the auxiliary electives taught
next to the studio course focused on sound design
and ﬁlm production, which, while useful, we eventually felt were too specialized and speciﬁc for our subject matter and more importantly our limited timeframe of one semester. In the second iteration we
adapted the two electives towards developing technical skills, with the ﬁrst focusing on low-poly modeling and the second on C# scripting and video editing, which proved eventually to be more productive
and beneﬁcial to the students and the development
of their projects.
As mentioned before, the ﬁrst iteration of the
studio used mobile devices and real-time over-acloud, synchronized Kinect V2 sensors for tracking,
which produced overall an overcomplicated setup
for students to use. Even though we had 4 VR sets
among 13 students, still, the diﬃculty - of developing on a computer, deploying on a mobile device to
test and debug, and returning to the computer to
improve and redeploy to test again - was very high.
Additionally, using mobile phones, eﬀectively introduced harsh limitations regarding the graphics quality and overall performance of the VR experience, as
well as the application size and the quality of the
assets used. Using an HTC Vive with a capable stationary computer in the second iteration, eliminated
most of the practical problems we had witnessed before. Our initial fears that a single VR station for 18
students would create conﬂicts, eventually proved
false, as the students were able to adequately timeshare the station, resulting in adequate time for everybody. However, an additional station would have
been more comfortable.
Since Unity projects can be zipped and passed
from one computer to another, keeping backups was
possible and also easy, as well as the need of some
students to transfer their projects and work on more

capable stationary computers at home.
The course deliverables consisted of a working
and playable VR application, a video trailer showing
the project, a booklet documenting the project and
its development and a poster.

The studio projects
In its 2 iterations, the studio produced 25 VR applications that dealt with a very wide range of topics,
ranging from abstract experiences, interactive stories, spatial puzzle games and non-euclidean navigational games. While an exhaustive description
of these projects would be impossible in this textual medium, we will provide brief descriptions to
demonstrate the richness of the various approaches
undertaken, as well as of the overall course output.
To do so, we will split the projects in three main categories. Although most projects draw from more than
one of these categories, the primarily ascribe to one.
These main overarching topics are:
1. Navigability mechanics themed projects
2. Narrative projects
3. Abstract experiential project
Navigability mechanics themed projects. The ﬁrst
category of projects dealt with inventing mechanisms for navigation. The limitation of a 4x4m tracking space created for many a need to introduce different ways in order to maximize virtual space over
the given physical space. While most of the produced
games used some sort of teleportation or artiﬁcial locomotion, projects in this category were built around
such mechanics. “Basic Needs” (David Seiwald, 2016)
is a game where the player has to solve a simpliﬁed
Rubik’s cube, by being on top of it. This shift of perspective, from extrinsic to intrinsic, transformed the
solution of the cube to an interesting spatial challenge, also for experienced solvers. “Moving” (Lukas
Meindl, 2017) used the players movements to remotely control a puppet in avoiding obstacles. Starting by mirroring the player’s movement, the game
progressively becomes harder, as diﬀerent transformations and asymmetries are introduced in the cor-
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relation of the coordinate systems of the player and
the puppet. “Beyond Space” (Björn Seidl, 2016) used
an unintuitive teleportation scheme based on vision
and occlusion, that challenged the navigation conventions of the player. “The Room Dilemma” (Katrin
Wutte, 2016) used a rotational elevator in traversing
a house, that produced conﬁgurations in which the
player would walk on walls and ceilings. “Gyro” (Primoz Brglez, 2016) employed a teleportation scheme
on a voxelized blob structure that would challenge
the player’s sense of orientation since no uniform
down direction was preserved. Similarly, “Labyrinth”
(Xin Guo, 2016) inspired by non-euclidean geometries, used linear and spherical-path elevators for
traversing the space, that on the one hand maximized space creatively, and on the other, produced
complex navigational paths, that suggested new
forms of spatial orientation.
Narrative games. The second category includes
games focused on narrative, either linguistic, visual
or environmental (Jenkins, 2004). A few such examples are “Future Visions” (Philipp Schnitzhofer, 2016)
which featured multiple interactive and animated
environments inspired by the graphic novel “Citizens of no place” (Lai, 2012) and “The Game of the
Goose” (Dinko Jelecevic, 2017) which guided the user
through a choreographed sequence of spaces inspired by the life and works of Aldo Rossi. More linguistic approaches were “Ghost Talk” (Emina Lozzo,
2017) which speculated on the life and world of the
pac-man ghosts after game over, and in “Escape from
the Unknown” (Petrit Vejseli, 2017) inspired by the
Turing test, the player is found in an android factory,
questioning their identity. Yet, another approach
was “Chronicles” (Valentin Moser, 2017) that featured
an interactive storyboard of 3 parallel timelines of
4 episodes each. The player, before each episode
would chose which timeline to follow, therefore creating a custom narrative path, that would only consume 1/3 of the content, resulting in a completely
diﬀerent experience at every gameplay. Besides the
initial narrated introduction, all episodes relied on visual cues to abstractly communicate their diegetic di-

mension. Furthermore, the ﬁnal scene of the game,
was procedurally generated and populated by objects from the player’s previous episode selection.
Abstract experiences. This category of projects
comprises of more conceptual projects, which focus
on aesthetic experience. While loosely depending
on some minimal narrative structure, they remain
mostly abstract. Examples were “Library of the Absurd” (Philipp Sattler, 2017) that produced a series
of very diﬀerent evocative spaces inspired by various books and artworks, that overall challenged the
player’s sense of agency in the game. “Awakening”
(Lukas Gosch, 2018) situates the player in the cockpit
of a spaceship out of control, with the task of avoiding
a collision with a meteor. The unavoidability of crashing and the unexpected ending, eventually function
as a meditation on the nature of simulations. “Architecture of I” (Kelly Man, 2016) dealt with a gradual
buildup of sensory dimensions (time, sound, vision,
space) leading to a suggestion of sublimity. Finally,
“#O” (Xaver Burkart, 2018) used only grids, lights and
sound, to form a minimal but captivating experience
of a passage through the diﬀerent phase states of
matter (solid, liquid and gas).

Retrospective evaluation
Overall, we observed that the studio topic, provided a
great motivation for the students to engage with the
development of both technical and conceptual skills
with great enthusiasm. Also, the students felt positively challenged to engage in investing and learning contemporary skills and consider videogames
seriously as research-worthy objects. Additionally,
teaching a game engine in a project-based manner, created more of a “playful learning” atmosphere.
While not all students admitted to be gamers, or to
have prior gaming experience, most were fascinated
by the capacity to produce videogame projects, also
potentially comparable in many aspects to commercial videogames.
Nevertheless the studios required constant and
active participation from the students, as well as a
very close tutoring and assistance by the teaching
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team, that overall contributed to a very intense however very productive semester.
Eventually, 5 out of the 31 students of these
classes expressed their interest to develop their master theses on the subject matter of the studio, while
many continued to develop their VR applications for
release and a few others were involved professionally
with game design ﬁrms.
As architecture lies comfortably between theory,
art, science and design practice, we support that this
approach is particularly suited for further investigations in similar architecture design classes. Even for
students who will not pursue relevant professional
paths, both the theoretical and technical skills developed during the course, were retroactively seen by
the students as very beneﬁcial for their development.
Additionally, architects as well as architecture students seem to be particularly able to apply their skills
and talents to videogame development methodologies and workﬂows, both productively and creatively.
Furthermore, the lack of precedents, allowed for approaches with a high degree of originality.
The detailed curricula along with documentation and video trailers of the produced projects of
both iterations can be found online (Miltiadis, 2017)
(Miltiadis, 2016b).

CONCLUSION
This paper intends to contribute ﬁndings from the
above mentioned experimental design studio which
developed its own curriculum and eﬀectively led
students to develop high quality VR applications.
The produced projects, dealt with a wide spectrum
of topics, hinting the promising potential of virtual
space. While both videogames and VR are becoming more and more ubiquitous, their obsession with
space, inevitably brings them progressively closer to
the sensibility and practices of the architecture discipline. Therefore, the above course descriptions and
ﬁndings might be beneﬁcial for academics who want
to pursue the foundation of similar courses or initiatives. We do believe that the digital realm has a
lot to oﬀer to architecture, and as it has been previ-

ously suggested (Miltiadis, 2016a) can function as a
novel spatial platform for architectural experimentation, beyond the use of VR as a utilitarian representational medium. In conclusion, such explorations
uncover a large domain of unexplored aesthetic potential, residing in post-physical-world navigable environments that, while impossible to physically construct, are perfectly perceivable and can engage us
with extensions of our spatial sensory capacities and
aesthetic sensibilities that are currently latent.
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This paper begins to look at how human data can be collected via Virtual,
Augmented and Mixed Reality alongside Eye Tracking data for design
Verification. This paper presents preliminary testing and results from participants
to demonstrate a data pipeline methodology and data processing to begin to
understand and verify the impact of certain design elements have on ones
cognitive experience.All testing and aims have been focused on basic design
elements and how they may effect the experience of pathfinding and navigating
through a conceptual design within an architectural practice situation.
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INTRODUCTION
Realistic and stimulating visualizations of architectural products have historically been limited to “single frame moments”. Carefully chosen, captured and
rendered stills are produced in detail by the architect
or designer. In doing so; experiencing a building as
an inhabitant of the design are severed. The architectural complexity of experience is not explored, and
the attempts to create immersion or presence in designed environments and personal experience is easily lost.
The introduction of Virtual, Augmented and
mixed reality (VAM) and the technology to facilitate
these in the architecture profession has produced a
new wave of experiencing a design before construction that has seamlessly added to the achievements
all that traditional modes were unable to. However, utilization of virtual environments and the potential it oﬀers has not often ventured out of the

representation stage of design. The ability to test
scale, stress, complexity, and ﬂow of a design freely
and easily such as SketchSpace’s interactive, full scale
modelling (Innes, Moleta and Schnabel, 2017) or Tilt
brush, both focusing on a human centric design in
virtual 3D space will have large implications for architectural design if conducted correctly and understood.
In 1995, Thomas Maver published a paper detailing the “Seven Deadly Sins of CAAD” citing three of
the seven to be Failure to Validate, Failure to Evaluate and Failure to Criticise.Thomas Maver’s 1995 paper and introduction of the concept of the Seven
Deadly Sins in CAAD and Thomas Kvan’s 2004 responding paper and further introducing ideas of balance through the Seven Virtues and Dual Heritages
are the main bodies of text that inspired this piece of
research.
Maver’s CAAD’s Seven Deadly Sins of 1995, of-
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fered a critical view of the culture of research direction within the CAAD community. Maver deﬁned
seven areas of research that either seem to stall progression or lack of direction within the CAAD research
and community.The three areas and ideas that resonate with my research that Maver speak of are:
Failure to Validate: “Each new conference generates a plethora of ever more exotic claims” (Maver,
1995). This sin seems to coincide with an earlier sin;
1. Macro-myopia (each new technological or software research promising too much). However, CAAD
embraces the ambiguous nature of architectural design and follows the “culture of design in which discovery is observed as an ineﬀable act of creation,
tested only in its manifestation” (Kvan, 2004). Maver
observes that “In any other discipline the generation of hypotheses without some rudimentary testing” would be “laughed oﬀ the conference platform”
(Maver, 1995).
Failure to Evaluate: Maver criticises the lack of
recorded data or evidence of investigation into a prototype’s “usability and functionality in teaching or
practice” (Maver, 1995). The lack of evidence or feedback to evaluate these prototypes within practice or
otherwise allows for ‘academic drift’ within future research and development.
Failure to Criticise: Again, this Failure to Criticise
seems to be a product from another sin. “we have
failed to exercise our critical faculties in relation to almost all of the research and development carried out
by ourselves and by our peers in recent years” (Maver,
1995). Maver’s second sin; 2. Deja Vu speaks of recycling of ideas from past or forgotten works and rebranded as ‘new’ or innovative. These two sins has
created a ‘conspiracy’ within the CAAD community
to “condone, even encourage, selﬁndulgent speculation and solipsism” (Maver, 1995).
Like Maver, Thomas Kvan has heavy interests and
is internationally recognised for his work in the “management of design practice and development of digital applications in design”. As part of an issue of the
‘International Journal of Architectural Computing’ in
2004, Kvan published “The Dual Heritage of CAAD Re-

search” as a response to Maver’s paper on the Seven
deadly sin of CAAD. Kvan not only acknowledges the
sins as prevelant in the CAAD community but also
guilty of exhibiting and phrasing those as esstential
CAAD research (Kvan, 2004). Seven Virtues are proposed as a critical retort to the sins.
Although Maver speaks of these in a CAAD research context, the root of the sins stem from the culture of architectural practice colliding with more traditional sciences. In 2004, a responding paper was
published by Thomas Kvan introducing the concept
of a dual heritage, mixing architecture and other sciences as a way to balance out the sins.
Therefore, this research uses a dualistic heritage
of computational design and psychology to attempt
to oﬀer a solution to the root of the sins in terms
of validation within design, evaluation of the design
process and criticisms of the architectural mentality
in practice to further the ﬁeld of research.
Furthermore, technological advances that allows
hardware such as Electroencephalography (EEG),
Galvanic Skin Response (GSR), Facial Monitoring and
Pupil Tracking aﬀordable and readily available to the
consumer market, the opportunity to embrace a dualistic heritage between architecture, digital design
and psychology exists. Quantiﬁable data and research done within the science of psychology concerning sight, body reactions and movement provides a means to validate, evaluate and criticise architectural design, conventions and practices.Studies
and research that have demonstrated the beneﬁts of
embracing such a heritage into the architectural ﬁeld
includes Tomas Dorta’s 2017 paper. (Dorta, 2017).
Dorta’s work deﬁne Csikszentmihalyi’s 1990 paper details the philosophy about Flow and its contribution to ﬁnd the optimal experience. Flow is
described as “attention is freely invested to achieve
a person’s goals because there is no disorder to
strengthen out or no threat for the self to defend
against” (Csikszentmihalyi, 1990). During a given
task, perfect ﬂow is allowing a person to complete
the task without distraction and complete control
of one’s behaviour and movement with immediate
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feedback or results. Dorta further uses a model of
Challenges and Skills to determine the state of Flow
one is experiencing within the museum.

RESEARCH QUESTION
With the introduction of Virtual Reality headsets and
developments made in both hardware and software;
opportunity exists. VAM oﬀers the capability of simulating the inhabitation within a complete, one to one
scale model has become readily available and accessible to the majority.
This research looks into human and body responses and reactions to architectural environment
during an iterative process to determine eﬀectiveness and validation of design criteria. This is achieved
by collecting non-bias data from participants, standardising and examining results. Participants are presented with an architectural representation within
a virtual environment and tasked with an objective
that is determined by the testing criteria. Data collected will be in real time and autonomously to mitigate any bias presented by participants when articulating emotions and experiences which is common
within survey styles of collection. Furthermore, dual
infrared cameras monitoring and recording pupil responses are utilised for a deeper understanding of
cognitive reactions to any presented iteration.

ASSESSING THEORIES
The immersive nature of VR systems simulates the
real world sight. Along with a real time engine rendering full scenes, the inhabitation of architecture is
experienced without fragmentation or pause. However, immersive the experience, without the ability
to record and access, this powerful stage of design
is wasted.
This has been acknowledged and methods such
as surveys and experience sliders have been utilized
to attempt to post-rationalize and quantify previous
experiences. However the short comings of these
methods is the reliability of the quantitative articulation of qualitative experiences from the participants.
Anything from previous experiences to opinions of

architecture, design or designer to the lack of perspective or scale within the survey can and will misrepresent a singular or multiple experiences. Therefore, to draw meaningful fundamental conclusions,
we must not convert qualitative data to quantitative but quantitative to qualitative. However, qualitative conclusions must follow research done by the
respective ﬁeld to positively impact on the architectural ﬁeld.

HARDWARE AND SOFTWARE
Multiple quantitative data sets are produced by the
body at any point in time. Inﬂuenced by the external environment and their primitive perception and
responses. In this project, two methods were used
to append the data sets into a common format for
processing; the ﬁrst was native data that are readily
available from the Real Time Virtual Environment using the HTC Vive set as a marker for the participant’s
head positions and direction for general sight, colour
focus and head eccentricity. The second data set is
gathered from eye and pupil tracking infrared cameras from Pupil Labs. This hardware provides details
of pupillary responses and movement used to further
validate the conclusions drawn from the RTVE set and
provide a deeper understanding into the cognitive
reactions and the focused design elements inﬂuencing the cognitive states.
Unity3d: Unity3d is used to create an immersive
VR experience for participants. Unity’s main function
within the context of this research aside from transporting participants into a digital realm, is to track,
record and append data in real time.
• Sight direction is achieved through a scatter
raycast and averaged hit points (Fig. 1).
• Colour focus is achieved via the same scatter
raycast where ARGB of hits are averaged for a
single value (Fig. 2).
• Vector3 movement of the participant’s head is
also tracked. This allows for not only the position is space to be visualized but certain head
movements - ducking, etc (Fig. 3)
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Pupil Capture and Pupil Player: The HTC Vive tracking binocular set from Pupil Labs uses two open
source software to record and extrapolate data from.
Cognitive states are derived from pupils via several
measurements, namely the Pupil Diameter means,
deviations and saccade speeds. Data output format
are also consistent with the Unity output formats as
.CSV. The introduction of the dual heritage and introducing psychology into architecture.
Rhinoceros 5.0 and Grasshopper: Rhinoceros
5.0 is primarily used for the modelling of geometry and assets for Unity3d. The scene modelled in
Rhino’s environment built also works in conjunction
with the data visualized in Grasshopper (Fig. 4) to
better understand the interactions between the participant and digital fabric.

METHODOLOGY
The design of this research employs a number of focus group studies. A digital model produced in Rhino
3D and ‘virtualized’ in Unity3D using the HTC Vive.
Focus group participants are given the task of navigating and moving towards a destination; diﬀerent
behavioural and subconscious characteristics caused
either by the design or method of representation are
found. Monitoring pupil behaviour and tracking an
occupant’s gaze and gaze ﬁxations will indicate and
demonstrate how diﬀerent elements such as signage
or lines of sight invoke or inform diﬀerent cognitive
stress levels. A novel reporting system will detail any
diﬀerence between the two, further studies and tests
then aim to mitigate these diﬀerences resulting in
a system that can be trusted to accurately produce
feedback and experiences during the planning of the
architecture.
Data from the tests will be appended and exported from Unity autonomously into a .CSV format
to ensure consistent references and external factors
that will not inﬂuence the participant, system or type
of data recorded. File format chosen will also allow
for ﬂexibility when processing data.
Results of this study are compelling and oﬀer a
unique insight into the utilisation of VAM for a diﬀer-
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Figure 1
Scatter Raycast hits
average out colour
focus over 10
samples

Figure 2
Scatter Raycast hit
averages for
general sight and
sight direction

Figure 3
Movement of HTC
Vive headset
tracked with
heatmap generated
in Grasshopper with
exported data

Figure 4
Individual data
Visualisation (Top)
and data
Representation
(Bottom) of
participant

ent method for veriﬁcation and evaluation via nonbiased data. Non-biased data appended by the system of the sys tracking software will ensure conclusions drawn from the tests are either concerned only
with the VAM system or design itself. Participants will
be required to have experience with the HTC Vive to
ensure the data or participant’s behaviour is not inﬂuenced by one’s awe of the technology or experience.
Data from Unity will be handled via a stream
writer coded within the scene that the experiment
with taking place. All data will be exported and
written while a participant is completing the tasks
within the virtual environment, this will account for
any discrepancy or system failures during or after the
test. Meanwhile, eye tracking and recording hardware from Pupil Labs will capture video and information about the pupillary responses and other eye
movements.
Other methods of extracting data and evaluating experiences within a virtual space would be to
ask participants to describe and articulate their emotions, challenges, and experiences via number sliders and self-observation. Then standardizing these
resulting values to Z scores to place on a normal distribution to highlight problematic areas. Or, using
the model of the optimal experience of Csikszentmihalyi and categorizing participant’s stimulation and
psychological states based on the “skills” and “challenges” to determine their state of ﬂow. However,

detailed and personal data these processes provide,
they are time-consuming in both the testing and processing stage and diﬀerent opinions, experiences,
and level of interest will inﬂuence the basic data received, potentially corrupting the results. Whereas
this research is to allow for quick testing of multiple
concepts and using primal reactions to validate the
success of the design or inform future design decisions.

RESULTS
The current test utilises a maze structure that facilitates three decisions at three junctions. Each decision uses diﬀerent architectural elements to direct or
misguide to the correct path (Fig. 5).
The three design elements tested includes
Colour, Geometry and irregularities in wall lengths
compared to the rest of the structure. All elements
followed a theory and design intent of the designer in
an attempt to misguide participants to the incorrect
path leading to a dead end.
Preliminary results validate basic concepts surrounding colour and geometry types while also conﬁrming a link between real world and VR representations. In the three tests, Green misled all participants in the ﬁrst decision and was heavily observed as opposed to red. The window like penetration in the second decision also heavily inﬂuenced
participant’s movement and invoked their curiosity

VR, AR & VISUALISATION | Explorations - Volume 2 - eCAADe 36 | 819

Figure 5
Individual results
from three
participants with
Movement vs Head
Eccentricity to
determine ﬂow

prompting closer observation. The opportunity of information to inform their next movement also inﬂuenced each participant to move in the incorrect direction. The inﬂuence and interest of the penetration
for the participant’s was much heavily than the other,
higher geometrical inﬂuences such as the angled top
plate or rounded corner which was not observed.
The third decision concerning irregular wall lengths
slowed movement but did not deter or misguide participants near the capacity as the other elements. All
results were then further processed through a Standard Deviation model to highlight general trends and
patterns from all data sets (Fig. 6).
The concept of ﬂow was integrated via the challenge verse skills model used by Dorta. However, it
was adapted to the relationship between the movement verse head eccentricity. If movement slowed
but head eccentricity increased, it was hypothesised
that participants were unable to ﬁnd cues or design
elements did not direct them in the appropriate manner hence a ‘stress’ ﬂow state.

VALIDATION
Preliminary individual and standardised test results
demonstrates starting validation of the theories and
concepts behind the tool. The current limited tests
features participants who are either working within
the architectural or digital design profession. The
data visualisation (3d data) working alongside the
data representation (2d graph) allows for a detailed
journey of one’s journey, focuses and instinctual reactions brought on by the virtual reality experience.
Preliminary individual and standardised test results demonstrates starting validation of the theories and concepts behind the tool. The current limited tests features participants who are either working within the architectural or digital design profession. The data visualisation (3d data) working alongside the data representation (2d graph) allows for
a detailed journey of one’s journey, focuses and instinctual reactions brought on by the virtual reality
experience.
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Figure 6
All data sets
processed through
a Standard
Deviation model for
general trends

EVALUATION
The current data set is limited in the sense that it tests
three participants within the same design. Results
and conclusions drawn are only related to the current
decisions made. As a result, these tests are a control and diﬀerent iterations focused on diﬀerent areas or elements are needed before the eﬀectiveness
of certain decisions can be determined. However, as
a control, it is successful in validating or invalidating
three diﬀerent architectural design theories from the
designer. The theories and ideas used to determine
states of ﬂow are also derivative and speculative at
present moment, the relationship of head eccentricity with movement does not accurately depict, rather
hypothesise the ﬂow state.
The goal of non-bias participant data gathering
and developing a basic autonomous pipeline is successful in the method that there is no participant nor
designer biasness, input or expectations between
the start of the virtual experience to the visualisation
and representation of the data. Potentially mitigat-

ing a lot of aspects and inﬂuences that would otherwise produce unreliable results.

CRITICISM
As a part extension from Dorta’s work with cognitive,
immersive design elements within Dorta’s research
has been adapted and redeveloped. Whereas Dorta’s
research was a retrospection using self-evaluation
and a slider type survey from participants, this research aims for a tool that is able to be used during practice during the conceptual or development
phase. The design of research also aims to be nonbias which is near-impossible to achieve by asking
participants to retroactively express and articulate
experiences from memories, especially within practices as participants may be other practioners with
strong opinions on design choices.
When evaluating and critiquing one’s own research, the current test pool is much too limited to
verify certain assumptions made such as the cognitive relationship between head eccentricity and
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movement. However, presently the eye tracking software and hardware pupil data outputs have yet to be
synced with the Unity outputs with proper references
points in the beginning and throughout. Therefore,
pupillary reactions and general stress states throughout the VR experience are determined but there the
method and code required to reliably attribute the
contributors to those states are under development
and testing.

CONCLUSION
Current results from preliminary testing shows that
the HTC Vive system in conjunction with the methodology established produces reliable and comparative
data due to the immersive and isolative nature of VR.
This allows for an accurate representation of the architecture and architectural elements inﬂuences on
interactions and behaviour more so the experience of
the VR system itself. The design elements within the
virtual world were following a design intent of ‘positive’ elements to misguide and ‘negative’ elements
to lead to the correct path of the maze. Experiences
with the colour Green and its social associations of
‘enter, begin or go’ was most eﬀective with attracting movement as opposed to Red.
The eye tracking data and the pupillary tasked responses also shows correlation to the Unity data after processing and provides a deeper insight into the
cognitive stresses and loads placed onto the participant. This allows the further analysis and validation
between the ﬂow state methodology and conﬁrmation of hesitation or conﬁdence that elements create
when experienced during a task such as navigation
or path ﬁnding. The eye tracking data is a large part
in bypassing articulation or participants recalling experiences. By monitoring and recording pupil diameter, gaze ﬁxations and saccade speeds, the body’s
instant and instinctual reactions are recorded to detail the current cognitive stress state one experiences.
Any design agendas or preferences of the participant
are secondary thus removing a large amount of biasness present within a survey style data collection. The
future of this work is presently recruiting larger focus

groups will provide larger sets of focused data. Along
with a stronger and more researched understanding
into pupillary reactions and cognitive patterns to extrapolate from, the potential in this research potential may have large implications for the design practice.
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The constant development of Building Information Modelling and Virtual reality
in architecture and construction has gone beyond visualization and marketing in
architecture to enhancing workflows of architects with assets such as immersion
and interaction that assists Architects to make more informed decisions from
design to construction. Using virtual reality complex decisions can be simulated
and analyzed to produce iterations for the optimizing design. Recently, safety
design to protect users from the risk of life has become an issue. BIM and VR for
Safety Design is a beneficial collaboration for the designer to experience user
safety in a virtual built environment immersively. There is a need for intensive
experimentation and simulation into user-centered design safety due to the
complexity of this part of the design process. The most unpredictable elements of
user design safety is human behavior. this paper explores Human behavior using
intelligent virtual agents in emergency situations, as this is when user safety is at
highest risk in a built environment. In this paper, we explore the potential of a
BIM based VR and human behavior simulation in relation to emergency
situations.
Keywords: BIM, Virtual Reality, Safety simulation, Safety design, human
behavior

INTRODUCTION
The development of technology in architecture such
as Building Information Modelling (BIM), Internet of
things(IoT), Virtual reality(VR), Augmented reality(AR)
Artiﬁcial Intelligence(A.I) among others are key tools
solving problems. Common problems usually generated in the Architecture engineering and construction (AEC) industry usually are from limitations to

identify and analyze design problems. This creates
designs from an uncertain perspective of the designer. The prevalence of uncertain data and unclear
or hidden semantic information has been diﬃcult to
reconcile with the unambiguous nature of BIM parameterization (Coroado, 2015). Design problems
also stem from architects uncertainties in visualization and communication of spatially uncoordinated
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and conﬂicted assets of design.
Through a combination of BIM and VR problems generated during design can be visualized analyzed and optimized. Virtual Reality (VR) and Augmented Reality (AR) are advancements that include
potential advantages from the conceptualization to
facility management of the building lifecycle. VR is
known as an innovation that includes the interaction
and immersion to three-dimensional computer models suitable for analysis and inspection by architects
(M.HOSOKAWA 2016 eCaade).
The role of architects in the Architecture, Engineering, and Construction (AEC) industry is unique
because designers inﬂuence a project’s safety performance through the whole life cycle based on design
decisions. Decisions made by architects in design are
often uncertain especially in the initial phase which is
where simulation becomes important in understanding the unbuilt environment. BIM and VR have advanced in recent years. BIM and Simulations assist
architects and building engineers in experimenting
and analyzing ideas, standards, and rules adequately
and amend mistakes from the design stage that can
become exponential later in the life cycle of the building.
Events in South Korea such as the Gyeongju
earthquake, Seonmun market ﬁre and the collapse
of the Mauna resort has shown that there is a need
for more analysis and experimentation in the area of
evacuation disaster situations. In May 2016, South
Korea implemented the Design for Safety (‘DFS’) system. Unlike the existing DFS system, the institutional
meaning of ‘DFS’ in South Korea is not only to manage the safety of construction workers. As errors in
the design phase of buildings can aﬀect users later
into the stages of the lifecycle of the building DFS
starts in the basic conceptual design of buildings
and become more important in the documentation,
construction, and use of the buildings(P. Hyejin UIA
2017). Due to safety accidents, the Ministry of Land,
Infrastructure, and transport has extended the concept of ‘DFS’ to user safety. User safety is at the highest risk in emergency situations which is diﬃcult to

predict and design for in any phase of design due
to the diverse and numerous risk that aﬀect users in
emergencies of that aﬀect the built environment. An
indication of the importance of user safety is evident
in the need for regular safety inspection in buildings.
There is importance in understanding the reaction of users in Emergency Situations. Buildings
not in accordance with safety requirements or below safety standards lead to higher injuries and fatalities in emergency situations. Safety requirements are
derived by choosing appropriate mitigation mechanisms to protect against the negative circumstances
that constitute safety design. Previous designs depend on building code and regulations and instinctive decisions by building designers rather than rigorous experimentation and simulation. Evacuation
planning demands rigorous and rational analysis of
experimentation on the relationship between users’
evacuation behaviors and the physical layout of proposed buildings.
In emergency situations, user decisions need to
be eﬀective and rapid based on limited information
and occasionally knowledge of the physical layouts
of buildings. An example is in case of ﬁre evacuations,
Visibility is important to both occupants and rescue
services. Visibility is a key factor in faster evacuation
and more eﬃcient rescue for ﬁre services. Smoke effects cause a reduced speed in evacuation and visibility causing users to be prolonged exposure to fatal toxins. Such factors need consideration in design
that goes beyond speculation and regulation(Kim J,
2004). The ﬁrst step in emergency planning is to
recognize and identify the hazards and determine
facility vulnerabilities to emergencies. A one-sizeﬁts-all life safety inspection checklist could not meet
the needs of every facility. A basic knowledge of
life safety concepts by designers can identify and
abate many common types of life safety hazards but
through a data-driven simulation, the ability to identify such problems is ampliﬁed.
In this paper through a procedure that combines
human behavior simulation and ﬁres dynamic simulation combined with thermal imaging used by ﬁre-
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ﬁghters in emergency situations to analyze the relationships between humans, ﬁre, and smoke in a Virtual built environment in an immersive VR environment. Furthermore presenting recommendations for
the possibility of a real-time integration to BIM to improve workﬂow and eﬃciency.

BACKGROUND
Existing methods of ﬁre safety design
A review of the Korean 2010 ﬁre data shows the
number of ﬁres and casualties were decreased by 11.5%(-5,455) ﬁres in number, civilian death tolls decreased by 25.7%(-105), civilian injuries 21.9%(-444),
and property loss by +5.9%.As seen in table 1.
Table 1
Overview of 2010
Korea Fire
Experience

This shows that there have been improvements such
as South Korea’s advancement in research on ﬁre
safety through BIM but South Korea safety design is
still limited to design adjusted to law through building codes and regulations that are validated in 2d
drawing plans and 3d models that aﬀect the built environment resulting in iterations to elements such as
ﬂoor plan layouts, structure, legislation and mechanical systems with little to no consideration to emergency ﬁre factors such as ﬁre size, growth rate, smoke
production rate and human behavior.
The normal approach to address emergency preplanning includes preplanning drills and digital preplanning. The preplanning drills are to record the
behavior of participants (as evacuees), which usually

includes the completion of a post-evacuation questionnaire to supplement and supply the results that
are hard to be observed, such as perception of emergency cues during the drills(KIM, 2003). This demands a computer-aided emergency management
and decision-making support. Conventionally, the
ﬁre safety assessment process is generally a paperbased process regarding oﬃcial ﬁre safety regulations.

Related Research
Safety is paramount in design and so much research
has been conducted through for the safest methods
to evaluate buildings. A computer simulation is a
computer program that contains a model of a particular system (either factual or theoretical) and that can
be executed, after which the execution output can be
analyzed. Although schematically VR cannot be analyzed, there are various applications that utilized for
the sole purpose of simulation provide data that can
be semi-automatically inputted in VR game engine
for an improved visualization of simulation(Rysanek,
2017). The challenge is, to realize the virtual simulation environment based on geometrical and material
boundary conditions, to consider the mutual interaction eﬀects of diﬀerent parameters (especially the human factors) as well as the visualization of the simulated results.
Rendering and physical phenomena have become possible to study at the design stage by visual
simulation and environmental simulation. As VR has
become more realistic, it has allowed architect not
only to visualize but experience simulations. To ensure that building designs are according to building
codes and regulations many countries have created
a BIM safety system promoting mandatory model
checking for BIM quality including compliance with
regulation while such systems have shown massive
development but there is a need for human behavior
in relation to design. ( Kinateder, 2015).
Recent research has distinguished that the ﬁre
high risk in emergency situations has a direct connection to a delayed evacuation of facilities this can be
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attributed to design factors such as complex wayﬁnding, lack of required egress points among others. The
existing methods of ﬁre safety design do not integrate all elements of ﬁre design as this is a complicated, time consuming and expensive process which
can create uncertainties for architects in the design
stage making them vulnerable to errors that can be
fatal when the building is built.
The AEC industry is dangerous by its nature of
complexity and uncertainty. In the past decades, researchers have made great endeavors to improve the
safety performance for the industry Decision-making
for design, which previously had to rely only on designers’ experience and speciﬁcations from product
manuals, can now be accurately and objectively ensured using simulation tools. A more intensive and
comprehensive experimentation and simulation of
ﬁre dynamics and human behavior are necessary to
solve the wicked problems an architect could encounter in the design stages that could hinder evacuation. A research showed that virtual users created
through an A* algorithm applied to simulations done
by students beneﬁted them in understanding safety
design in terms of egress evacuation and the student
ﬁnal layout plan was optimized for evacuation.
Emergency preplanning is an action plan devised as a precautionary measure before any disaster
and is activated in response to major incidents only.
In this paper, In an immersive 3d virtual reality environment architects can experience a ﬁrsthand look at
the problems that go beyond the building layout but
also other building elements such as doors, windows,
furniture and material and present alternative iterations for optimization in evacuation situations. Furthermore, fast calculations allow timely feedback on
new design alternatives for a project, rather than relying on speculation on the end product. Although the
interoperability between Building Information Modelling and the VR game engines is semi-automatic,
technological improvements of AEC VR tools such as
Fuzor allow real-time visualization and workﬂow but
lack in the tools for a more accurate human behavior
and ﬁre dynamic simulation. As seen in ﬁgure 1

Figure 1
Current workﬂow
from BIM to VR

Human Behavior Simulation
A computer simulation is a computer program that
contains a model of a particular system (either actual
or theoretical) and that can be executed, after which
the execution output can be analyzed. Human behavior simulation exposes design errors or problems
in relation to users and the building. Human behavior
simulation and experimentation assist architects ﬁnd
the best possible solution to problems that users encounter in everyday use of buildings before it is built.
(Rysanek, 2017).
Human behavior remains complex to absolutely
simulate, in one tragic case, evacuees ﬂeeing a ﬁre at
the Station Night Club in West Warwick, Rhode Island
headed towards the main doors of the building while
ignoring available peripheral exits. Such is an example of how rational decisions can be aﬀected by stress
and other factors in an emergency and the need for
development in human behavior simulation
Recently, computation technology allow designers to mimic reality along parameters. Computer
generated simulations as a means of experimentation allow interaction between properties of autonomous agents and environmental conditions.
The simulation of human behavior in buildings is as
important as crash tests in automobiles.
In the context of this research, we explore not
only the physical properties of the building and environment but also the properties of ﬁre and smoke
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in buildings. The process of human behavior simulation considers the impact of ﬁre on users such as
reduced visibility, impaired movement, toxicity, and
stimulus (Simeone, 2013). The manipulation of virtual environments during the design process pushes
designers to better perceive space, for example, its
ﬂuidity and functionality, without using 2D representations.

Immersive Virtual Reality

Figure 2
Flow of procedure

VR is known as a technology that adds the dimensions of immersion and interactivity to threedimensional computer-generated models and oﬀers
an exploration that is not viable with the traditional
form of representation
This immersive experience allows architects to
experiment with ideas compared to conventional 3D
modeling tools that allows architects to only visualize
models in an immersive ﬁrst person. The use of immersive VR assists in analyzing building beyond ﬂoor
plan layouts to other architectural elements such
as windows, doors, structure, and furniture among
other things in relation to positions in buildings and
the eﬃciency of their function.(Tukera, 2013).
The eﬀect of ﬁres on all building elements, evacuation of users can also be analyzed in context from
an immersive ﬁrst-person perspective. Interactive VR
also allows the simulation of wayﬁnding functions in
and ﬁre repellant devices such as ﬁre extinguishers
and sprinklers. Such elements eﬃciency can be measured in position and quantity in the building
The cost of Immersive virtual reality has been
made aﬀordable and accessible to institutions and
individuals, Virtual reality games engines are readily
available for free downloads such as Unity 3D and
unreal engine and the commercialization of Head
Mounted Displays (HMD) like the oculus rift, HTC vive
and google cardboard makes immersive architecture
an everyday possibility, improving building convenience and saving lives.

PROCEDURE
To achieve a realistic virtual simulation. We designed
a scenario of a ﬁre in an educational facility using
used the Revit building sample advanced project for
this simulation. This scenario allowed us to have a
more detailed scope of the types of simulation to run.
The accuracy of data for human and ﬁre simulations
enhances the quality of the virtual reality experience
and a thermal image system increases visibility. The
ﬂow of this research starts at the modeling stage and
the creation of an emergency scenario to the simulation stage for data and then visualization in an immersive environment. the overall procedure is shown
in ﬁgure 2.

In this paper, we consider two fundamental elements
which are human behavior Simulation and ﬁre dynamic simulation. The Merge is analyzed in an immersive VR.This process required data that could not
be random as this will generate inaccuracies. Using
third-party tools simulation data was comprehensive
for virtual reality visualization. The diagram below
shows the process of incorporating 3rd party tools for
data-driven simulation in VR.
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Fire Dynamic Simulation
The building is modeled using the Revit BIM platform
which is a BIM tool where preliminary safety checks
can be made. Then exported to the Pyrosim DSF simulation software. generating data to be used in a virtual reality simulation, third-party tools had to be incorporated as seen in ﬁgure 3.
PyroSim is a graphical user interface for the Fire
Dynamics Simulator (FDS). PyroSim helps you quickly
create and manage the details of complex ﬁre models. Where parameters were set for, Fire source, reactions, temperature per surface area and materials.

of the data generated from the ﬁre dynamic simulation shows that visibility is impaired unevenly around
the building from the source of the ﬁre and visibility in the building reduced to 80% at 50 seconds into
the simulation. Although we acknowledge that every second count we have narrowed our scope to the
moment where the ﬂames are its peak as this is this
time evacuation is least likely and more complicated.

Intelligent Virtual Users
The goal of the intelligent virtual users is to evacuate the building through the nearest egress exit point
considering visibility, collision with ﬂames and other
agents. The simulation allows agents unable to escape evacuate to perish as this will present a more
accurate result of the simulation and elucidate consequence of poor design in disasters.
In order to generate data for our Intelligent goal
driven agents we needed two main inputs 1) distance
traveled and 2) speed, rather than random or uniform
default values generated by default game engines.
To generate the data for human behavior simulation
using Oasys mass motion we imported the model
and simulated an evacuation of the building. The
simulation was conducted for 100 agents evacuating
the building in 4 minutes and the data of each agent
showing desired speed, distance traveled, agent ID,
Exit is exported in CSV. File format. In a spreadsheet,
we plot the speed of all agents according to speed
and distance traveled. The simulation in Oasys mass
motion is shown below in ﬁgure 4.

Figure 3
Process of data
collection through
third party
simulations

Figure 4
Mass motion
evacuation
simulation

The ﬁre type was important we created a 1500kw
burner ﬁre with an 8m plume height with a reaction
of propane gas from the reaction library. Then simulated the ﬁrst 100 seconds of the ﬁre. An analysis

The data generated in mass motion is primarily a uniform evacuation agents. This simulation data cannot comprehensively be analyzed in relation to factors like ﬁre and smoke which are parameters that can
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be programmed based on the output data generated
from FDS simulations in a game AI
In unreal engine through code language visual
blueprint scripting, we create game AI whose end
goal is to evacuate the building to a safe location and
make decisions based on a behavior tree. As seen in
ﬁgure 5.
Figure 5
Game Ai behavior
tree

Figure 6
Agents evacuation
speed ratio

Figure 7
Virtual simulation in
thermal image
mode

The speed of the various agents generated from the
mass motion simulation is applied to the intelligent
also the game AI is programmed to avoid areas of intense ﬁre and smoke generated from the ﬁre dynamic
simulation through a collision system of unreal game
engine. The ﬁre completely blocked one of the egress
exits so we blocked the exit through collision.
For this paper, we considered access to egress
point as the main factor. Due to temperature
and smoke patterns, three categories of accessibility perimeters were set to absolute, low, moderate
and high. The combination of human behavior and
the ﬁre behavior in a virtual built environment is analyzed through these criteria. Collison set according to
accessibility parameters diﬀer from the simulation in

mass motion as that was a uniform evacuation that
did not factor ﬁre dynamics. Speed ratio generated
from mass motion can be seen in ﬁgure 6.

Thermal Imaging
Thermal imaging can be achieved using a concept of
heat mapping. Heat maps can be created for the entire environment and made to track the movement
of certain agents. The temperature and smoke patterns were represented to a spectrum. The spectrum
was used to show the heat levels that was generated
from the previous simulation in pyrosim and a combination with an infrared spectrum to visualize smoke
patterns.
Heat mapping in unreal engine works similarly
to infrared which is invisible to the human eye and
works both indoors and outdoors similar technology
is used in thermal imagining cameras (TIC) to identify patterns that exist in ﬁres that will be oblivious to
both the architect and ﬁreﬁghter. Fds systems use a
similar concept that represents ﬁre on spectrum base
so we apply the same system in unreal engine to view
what is usually uncertain due to poor visibility in a
case of excessive smoke to our design.
Environmentally, Heat mapping in unreal engine
works similarly to infrared which is invisible to the human eye and works both indoors and outdoors similar technology is used in thermal imagining cameras
(TIC) to identify patterns that exist in ﬁres that will
be oblivious to both the architect and ﬁreﬁghter in
a real-life situation ﬁre. The environmental and heat
map maps present a more certain tendency of both
the user and the building in relation to the ﬁre. As
seen in ﬁgure 7.
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Figure 8
Reduced visibility at
various egress
points.

The immersive VR combines 3d game combines
the ﬁre dynamic simulation and human behavior in
an immersive. the interactive system that allows
the user to experience evacuation from all egress
points As most egress points suﬀer from bottlenecks
and reduced visibility due to unpredictable behavior of humans in an evacuation situation andteleport
through the virtual building to give feedback on design changes to building elements can be optimized
to improve visibility and evacuation movement.
The simulation presented that the main egress
point was not accessible due to ﬁre patterns the exit
closet to the ﬂames and with on the shorter corridor
had more reduced visibility as seen in ﬁgure 8. and
through a teleporting system the user can navigate
and analyze all design assets that go beyond layout.
Modeling and simulation tools for architectural
design have been developing to cope with the inherent unpredictability of complex design process,
For instance, visualizing and simulating physical phenomena at the design stage have been enabled by
using environmental simulation methods and visual
simulation methods such as this procedure to create
iterations to design for safety. As seen in ﬁgure 9.

Figure 9
The systems allows
designers to make
design iterations

LIMITATIONS AND DISCUSSION
Limitations
In a case of ﬁre. Fire behavior does not only compromise the elements mentioned in this paper but
it mainly aﬀects the structure and building materials.
A report on the Wooshin golden suits ﬁre in Busan
South Korea showed that material was a contributing factor to the spread of the ﬁre (KIM Y, Fire and science technology journal vol 30). The current game
technology does not allow explicitly allow us to go
in-depth data driving structural integrity or material
simulations. In the emergency, most situations compromised structure leads to fatal either by direct contact or as a barrier to the egress point. This presents
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a gap in knowledge of how structure reacts to disaster factors. We are aware of the complexities that
evolve structural integrity simulations and the lack of
technology for such complex simulations. We aspire
in the future to incorporate structural integrity to our
simulation as this will be a step closer to reality in a
case of fore evacuation safety. Despite VR and AR potentials, there are still diﬃculties which withhold their
use in AEC.

Interoperability to BIM
In the course of this research, one key challenge that
stands out is the complexity of achieving realistic VR
ﬁre simulation. Present industry practice typically utilizing multiple models independently require consuming eﬀorts in maintenance, updating, and coordination.( Valande, 2008).
Interoperability of software has emerged with
substantial improvements in recent years, permitting
some exciting developments to aid and assist designers in considering alternatives and identifying advantageous design decisions. The few AECVR tools are
most viewers with only limited capabilities for functions like clash detection, foliage, and navigation. Future AEC VR platforms would be a more eﬀective tool
if safety simulations for ﬁre, earthquakes, and other
unforeseen disasters can be simulated. The Key to interoperability of BIM and VR simulation systems will
need to incorporate1) Computer language programming APIs2)IFC support system
Computer language programming APIs that link
directly to VRBIM platforms similar to the dynamo
computational design technology are needed to direct link VR simulation to BIM tools.
Through a combination of computer programing and a creation of simulation libraries for human
behavior and emergency, simulation will ease the
workﬂow and make safety design more appealing
for architects. Although most architects will need
to learn some form of computational programming
this is a more feasible option than simulation through
various third-party tools. Through computational
programming, there is a possibility to create a holis-

tic simulation API that links directly to BIM and allows real-time editing and other simulations such as
energy, security and structure integrity among many
other possibilities.
An IFC Support that will solve the information
gap especially schematic information required for
higher accuracy of simulations. In the AEC domain,
the ﬁrst step towards a computerized process and
information interoperability has been developed in
1999 with the development of the IFC. As IFC is
an internationally recognized standard this will enhance collaboration in the AEC industry through Virtual reality. The current game engines only support geometric information from which generation
of documents, statistical analysis and information are
not available. IFC supported VR systems will provide schematic data that could be analyzed virtually.(Wang, 2014)

Big Data
Some human behaviors during an evacuation have
not been suﬃciently understood and require further
study to build a connection between the ﬁre evacuation and ﬁre safety engineering. Further increasing this complexity is the non-deterministic nature
of human behavior itself, which is heavily contextdependent (on such aspects as culture, education,
role and dynamics in the society, customs, and beliefs), due to which every human being behaves very
diﬀerently from others given the same event and
same built context. there is a need for visualization of
not only models in architecture but also Data. Data
visualization has been shown to support highly abstract multi-dimensional analyses. Many researchers
look to visualization to support exploration of large
datasets. Through a convergence of big data and Virtual reality, simulations can be done based on data
generated from real-world situations of ﬁre histories,
drills, regulations. This makes design decisions more
vivid for architects.
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CONCLUSION
Our analysis of this research concludes that design elements that aﬀect building safety are beyond the layout of the building. Uncertainties of the relation of
building elements to human behavior in evacuation
situations should be minimalized as much as possible
and visually analyzed to present various design iterations and alternatives presenting the best possible
solution for safety.
Fire design entails various uncertain elements
and should not be limited to building codes and regulation or intuition. Experimentation of the dynamics of ﬁre and smoke in a virtual environment showed
areas of the building that will be most aﬀected. This
allowed us to make design changes that assisted in a
faster evacuation design.
Virtual reality technology is still semi-automatic,
to generate the required data to create a virtual ﬁre
with realistic parameters and intelligent agents thirdparty tools were utilized. For future ﬁre simulations,
a real-time API with the possibility for VR simulation
with human behavior simulation will be more interoperable, making workﬂow more convenient accurate and suitable for safety optimization design.
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The design of buildings requires architects to anticipate how their future users
will experience and behave in them. In order to do this objectively and
systematically user studies in Virtual Environments (VEs) are a valuable method.
In this paper, we present a framework for setting up, conducting and analysing
user studies in VEs. The framework is integrated in the architectural design
process by using BIM as a common modeling and visualisation platform. In order
to define the user studies simple and flexible for the individual purposes we
followed a modular concept. Modules thereby refer to different kinds of user
study methods. Currently we developed three modules (Wayfinding, Spatial
Experience and Qualitative Annotations), each having their individual
requirements regarding their setup, interaction method and visualisation of
results. In the course of a architectural design studio, students applied this
framework to evaluate their building designs from a user perspective.
Keywords: Pre-Occupancy Evaluation, Virtual Reality, User-centered Design,
Building Information Modeling, Architectural Education

INTRODUCTION
Buildings are in the ﬁrst place created for their users
(Gropius 1962). Consequently, the design of a building requires architects to anticipate how its future
users move and ﬁnd their way through the building,
how they experience the spaces or how well they can
conduct certain activities in the building. However,
this is not an easy task, due to the numerous inﬂuencing factors both from the side of the physical environment (such as geometry, light, color) as well as from

the side of the user (diﬀerent social backgrounds, expectations, age, etc.). This challenges the design of
buildings. Even architecturally renowned buildings
are, consequently, sometimes hard to understand for
their actual users (cf. Hölscher & Dalton 2016).
Basically, there are two distinct approaches to
anticipate user behaviour in the design stage. Both
of them can be referred to collectively as “preoccupancy evaluation” methods. The ﬁrst approach
is the use of analytic models, that to some extent
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are able to simulate or evaluate certain aspects of
user-behaviour. Examples are agent-based models
for simulating crowding/evacuation (Bandini et al.
2006), space syntax techniques for analysing cognitively/behaviorally relationships between spaces
(Hillier 1996), or activity scheduling (Shen et al. 2013).
The second approach is to actually ask future users
how they evaluate the building design, or to observe
their behavior (see e.g. Kuliga 2016; Hölscher et al.
2006). In the following,we focus on this second approach; to which we will refer as “user study”.
To conduct a user study, a representation of the
future building is needed. However, unlike to product or web design, in architectural design the creation of real-world prototypes would be too costly
and time-consuming. Therefore architectural representations are scaled and reduced in their dimensionality and level of detail (e.g. such as ﬂoor plans, elevations, sections and perspective drawings). However, these representations need additional skills/education for correctly reading them and are limited in
reﬂecting the real future spatial situation (e.g. regarding the actual scale and possibilities for interaction,
such as moving). Thus, virtual environments (VEs),
where users are placed in the building on eye-level
perspective are most suitable to conduct user studies (e.g., Kuliga et al. 2015; Westerdahl 2006). Current
Virtual reality (VR) technology (such as the nowadays
widespread and aﬀordable head mounted displays,
HMD) allow to experience the future building stereoscopically (real 3D) with a high resolution, high level
of detail and in real scale. In a recent study with latest
technology, Chamilothori et al. (2018) compared the
subjective spatial impression of virtual and real environments and discovered almost no diﬀerence in the
ratings.
These recent technological advancements help
designers (and future users) in acquiring a “feeling”
for the spatial impression of spaces, as well as for
the relation between spaces (by moving through
the VE). Today, numerous commercial tools exist to
quickly and easily view and even change design
models in virtual reality. However, methods for sys-

tematically and eﬃciently investigating in the design
phase how potential future users behave and feel
in the designed buildings, to our knowledge, need
further development. In the following, we give a
short overview about methods for conducting user
tests in VE. Afterwards, we are presenting our newly
developed toolbox for setting up, conducting and
analysing user studies in VEs (VREVAL). Finally, we
show a case study using this toolbox.

RELATED WORK
Since the VR was ﬁrst developed and throughout the
years, numerous approaches to support architectural
designing in VE were undertaken (e.g., Schulz et al.
2014; Donath & Regenbrecht 1996). Regarding the
evaluation of buildings in VR, many tools for visualising buildings in VR exist (such as Enscape3D [1],
Oneiros [2], IrisVR [3]). However, tools to systematically evaluate buildings with / or inside VR from the
user perspective are rare.
Palmon et al. (2006) introduced a tool called
Habitest for evaluating the accessibility for disabled
building users. In a desktop based VE, users navigated through a dwelling on wheel-chair eye-level,
while for collision detection the dimensions of the
wheel-chair were set. While moving, the trajectories
were tracked; and participants identiﬁed deﬁcits with
the dwelling, from a user-perspective, during or after
the study.
Dunston et al. (2007) used a CAVE for evaluating
the usability of hospital rooms. They implemented
interaction techniques for manipulating the environment (e.g. opening shelves and doors). Due to the
small and simple VE (one room) and the possibility to
directly interact with the participant in the CAVE (seeing / hearing each other), no methods for collecting
user feedback were developed in this project.
Williams, Sailer and Priest (2015) developed an
online tool for assessing the perception of school
buildings. Their Interactive Space Analysis Tool (ISAT)
used a series of 360° photos of a built building (however, the tool can principally also be used for future
buildings) for experiencing and navigating through
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the building (similar to Google Street View). The setting also allowed to mark parts of the image and to
add comments to them (these comments were categorized as “good”, “bad” or “for information”).
Angulo (2015) applied VR for architectural design
education; and in particular to systematically evaluate the spatial experience of student designs. She
used questionnaires for rating the designed environment (e.g. how open/closed, pleasant/unpleasant
the spaces were experienced, or how eﬀective the
circulation was). Participants ﬁlled out the questionnaires after the actual VR-experience.
Grübel et al. (2017) presented a framework
EVE (Experiments in Virtual Environment) for conducting scientiﬁc studies inside VEs. They stressed
the importance of integrating the questionnaires directly into the VE, because switching between the virtual and real world would impede immersion. The
target group of this framework were environmentbehaviour researchers with only little programming
knowledge. EVE facilitated creating VE-based questionnaires and the organization of data (e.g. synchronizing data, movement trajectories and physiological
sensor data), as well as their analysis.

VREVAL FRAMEWORK
In the following, we present a toolbox (VREVAL) that
we developed for architects in order to conduct user
studies for evaluating their designs from a humancentered point of view. Thus, our focus lays on the
simplicity and ﬂexibility of its usage as well as its convenient integration in the design process.
The toolbox was implemented using the Game
Engine Unreal [4] and its internal scripting language
Blueprint and C++. Regarding the hardware, VREVAL
can be used in desktop-mode (using screen, keyboard and mouse) as well as in VR-mode. For the latter, HMD’s (such as Oculus [5] or HTC Vive [6]) with
controllers (for navigation and answering questionnaires) are required.
Fig. 1 shows how VREVAL is integrated in the
design process. After creating a model of the designed building (BIM based), the model is imported

to Unreal. In Unreal the questionnaire can be created by dragging questionnaire modules into the VE
and conﬁguring them there. After ﬁnishing the set
up an executable ﬁle is created, which can be run on
any (VR-ready) computer. For this reason, studies can
be not only conducted in the laboratory, but also at
home, e.g. for crowdsourcing purposes. After the
study, the data can be visualised and analysed and
ﬁnally changes to the design can be made based on
the ﬁndings.
In order to set up a study, we chose a modular
approach. Thereby each module represents a certain
type of study method for systematically evaluating
spatial environments. Typical methods for environment behaviour studies can be found in Zeisel (2006).
They can have both quantitative and qualitative character. Each module oﬀers graphical user interfaces
that are displayed inside the VE (dialogue boxes for
each type of study method) and manages the storage
of the user responses. The modules can be adapted
to the needs of the designer and be combined to create a complete questionnaire. So far, we developed
three diﬀerent modules, namely Wayﬁnding, Spatial
Experience and Qualitative Annotations. In the following these three modules are described brieﬂy.

Wayﬁnding Module
The “Wayﬁnding Module” (WFM) serves for creating studies for identifying navigation problems in a
building. Therefore, one can deﬁne several destinations as wayﬁnding tasks in a building. For each destination one can deﬁne a task-description that the participants read in order to understand what they have
to do (e.g. “Imagine you come to this library for the
ﬁrst time. Please ﬁrst go to the locker to put away
your bag.”, see Fig. 2, center-top). Such descriptions
are important in order to help the study-participant
taking the perspective of the future user.

Spatial Experience Module
The “Spatial Experience Module” (SEM) oﬀers a questionnaire to ask participants about their subjective
impressions of a certain places in a building. Therefore, the study-designer has to deﬁne the locations
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Figure 1
VREVAL in the
architectural design
process

(including the initial viewing direction) and deﬁne
the text for questions as well as the possible answers
(from which the user later can chose). An often used
method to assess the spatial experience is the semantic diﬀerential (Osgood et al. 1957). In this method,
two opposite word pairs are presented (e.g. public/private or beautiful/ugly) and the participant has
to choose between the opposites using, e.g. a LikertScale (e.g. between 1 to 5, meaning e.g. from “very
public” to “very private”). In this study module, the
participants are “beamed” to the deﬁned locations.
There they see the questionnaire box in front of them,
can have a look around and then answer (Fig. 2,
center-center).

Qualitative Annotations Module
Since not all aspects of a building can be covered by
pre-deﬁned questionnaires, the “Qualitative Annotation Module” (QAM) allows collecting free comments
about places in the building. For this aim, the participants can walk around in the building, point at
places and describe what they wants to say about
them. Here, however, a work-around is necessary,
since typing text while wearing a HMD is hardly possible. We decided to display a dialogue, where the user
can select multiple tags that describe the value (positive, negative, neutral) and the categories of the comment (Fig. 2, center-bottom). These categories can
be freely deﬁned by the researcher (e.g. aesthetics,
functionality, privacy, circulation, spatial impression,
daylight, exterior view). After the participant ﬁnished

this task (by selecting the tags for several locations), a
list of all locations the participant tagged is shown; including screenshots and tags to visually and verbally
remember the locations/comments. In this list, the
participant can add text to describe thoughts about
the place in more detail.

Setting up the study
After the model has been imported to Unreal, the
study designer deﬁnes the modules using Unreal.
Each module is designed in such a way that it can
be added to the scene using “drag & drop”. Each instance of the module can be edited independently,
using specialized input ﬁelds. The wayﬁndingmodule, for example, only needs three input ﬁelds:
title, task description and the location of the target
destination. Additional questions to e.g. collect demographic information (such as gender, age, expertise) can be deﬁned in a separate module. These
questions are be shown on without showing the VE
(e.g. on the screen before the real study starts). Once
these steps are completed, an executable ﬁle is created and is given to the study participants. While conducting the study, all information (e.g. the trajectories that the participant is walking, the answers to the
questionnaire, annotations, participant-ID) is stored
in a separate ﬁle (JSON-format).

Visualising Analysis Results
For data analysis, we developed methods to directly
(and thus conveniently for the designer) display the
data in the building information modeling software;
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in our case Autodesk Revit. For processing the result
data, we developed a set of custom Dynamo nodes
in C sharp using the Zero Touch interface. All the data
is mapped into the Revit model properties and special marker family objects with desired attributes (e.g.
Start/End Time, Participant information, Comments
etc.). Additionally, a functionality to display the study
results through a tooltip interface was implemented.
For the WFM, the trajectories of each participant
are displayed as polylines. The lines are labelled with
the participant-ID, and can be colored in order to better diﬀerentiate between diﬀerent participants (see
Fig. 2, top-right). Furthermore, we implemented the
functionality to connect the Revit camera to the imported paths in order to move along them. For the
SEM, the results are displayed in a tooltip window,
while one hovers with the mouse over the respective

locations. Thereby, the results can be shown for each
participant as well as the average (see Fig. 2, middleright). For the QAM all locations, where an annotation was made, are marked with a circle. The color of
the circle thus represents if the annotation was positive (green), negative (red) or neutral (blue). Next to
the circle the participant-ID, the tags and the detailed
description are displayed (see Fig. 2, bottom-right).
Furthermore, all data can be imported to any statistical analysis software for further processing (e.g. to
identify the most often used words in the annotation).

APPLICATION IN A DESIGN STUDIO
VREVAL was tested in an architectural design studio
(master level) with 20 students. The students designed a complex building (centre for academic ex-

Figure 2
Overview of the
three implemented
modules showing
their setup in
Unreal (left
column), how it
looks inside an
actual VR-Study
(middle column)
and the
visualisation of the
study results in
Revit (right column)
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change, CAE). The design task stemmed from the
competition “Designing buildings from the inside
out” that was initiated in 2011 by the SFB “Spatial
Cognition” (Dalton et al. 2012) and already used in
an architectural design studio in 2012/13 (Schneider
et al. 2013). This time, after the students created
their designs, they had to create a user-study by using
the above mentioned VREVAL-modules and mutually
participate in their studies (peer review). The results
of the studies were analysed and served as input for
redesigning the building.
The programme of the CAE included lecture
halls, a cafeteria, seminar rooms, workspaces and
short-time residences (see Fig. 3, right). The building requires to consider diﬀerent types of users (researchers, students, administration staﬀ and people
from outside academia interested in a certain topic
of a symposium, or just wanting to drink a coﬀee).
The site for the CAE was artifcially created with the
intention to focus the design task only on the interior spatial organisation rather than on the shape and
appearance of the building from the outside. For this
reason, we chose a plot which was completely closed
to three sides and open to the street (see Fig 3, left).
The dimensions of the plot were chosen to be large
enough to ﬂexibly arrange the demanded spaces.
For the design of the building, the students were
asked to mainly focus on the arrangement of spaces
with respect to the expected user behaviour. For
this reason, they were allowed to ignore all other aspects (costs, statics, energy). After the input on scientiﬁc methods on measuring/testing building usability, the students had three weeks to create an initial design, two weeks for user evaluation tests and
further three weeks for analysing the feedback and
redesign the building. The building designs had to
be modeled in Revit in order to have complete and
detailed models for the VR-Studies. In order to ensure comparability among the projects and to emphasise the focus on building geometry, we set few
standard materials for walls, doors, ceilings and deﬁned standard lighting. In the following we will less
focus on the design of the building, rather than the

use of VREVAL in the evaluation process.
Fig. 4 shows typical examples of how students visualized the user study results. The trajectories from
the WFM for a four-storey building of one student
group are displayed on the left. Students identiﬁed
for some participants deviations from the routes that
they originally expected the users would take. The
second image (Fig. 4, center), shows a typical visualisation of the spatial experience questionnaires. This
helped students to identify unpleasant or dark rooms
or if privacy, where necessary, was achieved. The last
image (Fig. 4, right) shows an example for visualizing
the annotations, that their classmates made, when
exploring their building. Thereby positive and negative comments were diﬀerentiated, such as “I can
feel the entrance like welcoming you to the building”
or “Narrow passage, imagine many people passing
there at the same time”.
From a teacher’s perspective, the most challenging task during this project was to get the students
to take in an analytic view on their designs. Almost
all students had diﬃculties in critically analysing the
potential weaknesses of their buildings. On the
one hand, these diﬃculties arose from the fact that
they never systematically thought about “user performance” and thus were lacking the vocabulary for
deﬁning what this actually means. On the other
hand, it might be due to the fact that during their
whole previous study time they were always demanded to defend their designs in the best possible manner (there seems to be a trained behaviour
among architecture students to not confess failures).
Thus, among some students there was noticeable reluctance in conducting this step. After having completed the whole course, most students (12 out of
13 responses) were very satisﬁed with the course and
glad about the experience (one student rated the entire course highly negative, and 7 did not participate
in the course evaluation). Finally, we conducted a
survey among the students to assess the potentials
and limits of the current state of the tool and its application in their design process. In the following, the
main ﬁndings of this survey are reported brieﬂy.
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Feedback from students
Regarding the use of VR, we can summarize, that students felt that they could experience spatial dimensions more “realistically”. They also stated that they
noticed problems much better in the ﬁrst-person virtual reality simulation, than in the “traditional” representations (“In VR I saw some details and mistakes I did
which were hard to see in plans, sections, and views”).
Some students reported that they felt “more emotional” in VR; e.g. when they suddenly “felt” the narrowness or darkness of certain hallways.
Regarding the evaluation of their designs with
VREVAL, students stated that it helped them to better “understand the personal feelings of the users when
they were in [their] design” and to “see failures that
go unnoticed, to see how users perceive [their] design
and to understand how they circulate in the building.” The visualisations helped to identify problematic “hotspots” that they further focused on in their
redesign. Furthermore, they stated that the QAM was
particularly useful, because it enabled them to freely
leave comments to any place and any issue. The SEM
on the other hand was seen as too restricting and for
most students hard to draw conclusions from the results it provided.

The students argued that virtual reality needs
further technical development and ambient experience. For instance, they criticized the steering mechanism for walking: they got bored when walking
long distances (which was necessary for the trajectory calculations) or could not handle the devices
well enough. Some students experienced occasional
cybersickness. Furthermore, students did not like low
level of detail / grey-scale / standardized lighting of
their models (that we demanded for the sake of comparability). Regarding the modeling of their designs
with BIM-Software in the very early stages (there was
only three weeks time from the announcement of the
design task to a model that can be used for the VRStudy), they argued, that, although BIM is “really useful for designing the model in detail” it is “quite hard to
do the concept phase.”

CONCLUSION AND OUTLOOK
With VREVAL, we introduced a framework for creating, conducting and analysing user studies for evaluating buildings from a human-centered perspective.
The framework follows a modular approach making
it ﬂexible to create studies that are customized for
individual purposes. Furthermore, it is conceptual-

Figure 3
Artiﬁcially created
site for the building
(left) and the spatial
programme (right),
as taken from the
competition
“Designing
buildings from the
inside out”
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Figure 4
Examples of
student projects
visualising the
results of the study
(left: Trajectories
from the
Wayﬁnding Module,
middle: Results of
the Spatial
experience Module,
right: Qualitative
Annotations)

ized as an integrated part of the architectural design
process, by connecting the study setup and the visualisation of the study results to BIM. From testing
the framework in a student design studio, we experienced general diﬃculties among architecture students in critically anlaysing designs from the user
perspective. However, after conducting user studies with VREVAL, students reported very positively on
the usefulness of this method for identifying problems that we were not able to see otherwise.
Currently, we are planning to publish the framework as open source, allowing other researchers and
architects to participate in the development and
add additional modules or to enhance the existing
ones. For example, the annotation module could be
complemented by a voice recording (and voice to
text transcription) feature, allowing to conduct “think
aloud”-method, typically used in usability testing).
Furthermore, the interface of VREVAL to architectural
modeling software needs to be improved. Until now

the building model is imported as a FBX-ﬁle via 3D
Studio Max. Herefore, we envision an IFC-based import/export, whereby also the deﬁnition of the questionnaire module parameters might be included in
IFC, making it possible to directly prepare the questionnaire in BIM.
In the future, we are interested in testing VREVAL
on real architectural projects with real clients and real
users (a ﬁrst pilot test on the case of a railway station
was reported in Kuliga et al. 2018). Thereby, for sure
further questions on the usability of VREVAL will arise,
as well as new aspects of user testing might occur.
Furthermore, such scenarios might call up the idea of
using crowd sourcing as the methods for data collection.
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The Architectural Studio is dedicated to teaching students the design process.
Students learn by developing an architectural artefact in increasing complexity.
They do so through three phases: structuring the problem, developing design
proposals and converging decisions into a detailed solution state. This process
has been taking place mostly in traditional physical settings. The advent of new
technologies, most notably Immersive Virtual Environments (IVEs), introduces a
new kind of setting that holds promise to influence the architectural learning
process. This paper describes a model we have developed to assess the impact of
IVE on this learning process. To do so, we have developed a method for coding
learners' design decisions and the way they are developed, accounting for their
educational settings - whether a traditional studio classroom or an IVE. The
method consists of units we term Knowledge Construction Activities (KCAs) and
reveals the relationship between the learning process and the educational setting
in which it takes place, through time. The results revealed that the IVE supported
extensive design development, especially during the second and third learning
phases, calling for an informed integration of IVEs in future Studio syllabi.
Keywords: Design Studio, Knowledge Construction Activities, Immersion,
Design process, Design analysis

THE ARCHITECTURAL STUDIO - GOALS
AND MEANS OF THE LEARNING PROCESS
The architectural Studio serves as the prime environment for learning the design process. Aided by
expert tutors and peers, students learn the process
by developing a design problem in increasing complexity throughout one or two semesters. The syllabus is commonly designed to include three main
phases: (a) investigation of an existing setting, speciﬁcation of goals and initiation of preliminary concep-

tual design decisions; (b) development of an architectural artefact through confronting design conﬂicts
and creating alternatives; (c) convergence of design
decisions into a detailed solution state (Jones, 1980).
Students often struggle in advancing their projects
through these phases, due to design’s “wicked” nature. Since neither the problem nor the solution are
determined, the choice of deﬁning a problem depends upon previous design decisions and aﬀects
subsequent ones (Rittel & Webber, 1973). Studio crits
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thus serve as a key setting for confronting these diﬃculties and acquiring proper design knowledge.
Notably, Architectural design is highly dependent on representation tools. Due to buildings’ size
and complexity, the architectural product cannot be
prototyped and evaluated until it is fully built. It is
therefore evaluated and developed through the utilization of various representation forms at all design
stages. These representations contain the designer’s
knowledge and lay the groundwork for further design progress (Lawson, 1990; Ferguson, 1994). Each
form of representation may serve diﬀerent purposes.
Schematic drawings or diagrams may be useful for
early design stages or for specifying design principles, while highly developed drawings and models
are beneﬁcial for confronting the complexity that
the architectural artefact carries, such as identifying
design conﬂicts between various parts of the design or evaluating the design in context. Highlydeveloped designs, then, are regularly required in
the advanced years of study, and are considered signiﬁcant educational means for learning the design
process. Given that diﬀerent media deliver diﬀerent
messages (McLuhan, 2006), the choice of using certain media during the design process may stimulate
or hamper further design activities.

IMMERSIVE VIRTUAL EDUCATIONAL SETTING
This paper focuses on the aﬀordances oﬀered by Immersive Virtual Environments (IVEs) in support of the
Studio’s educational goals. These environments enable users to perform a virtual walk-through and experience a sense of presence in the dynamic display
(Slater, Usoh, & Steed, 1995). IVEs were found to
support training in dangerous or inaccessible spaces
(Freina & Ott, 2015), and to ease cognitive load in
several ﬁelds, such as chemistry (Limniou, Roberts &
Papadopoulos, 2008), geoscience (Billen et al., 2008)
and engineering (Messner et al., 2003). Immersive devices were also found eﬀective for supporting
communication amongst learners (Bower, Lee, & Dalgarno, 2017), improving learning outcomes (John-

ston et al., 2018), and developing and detailing design artefacts (Alatta & Freewan, 2017).
Although still rarely used in Architectural education, IVEs are already acknowledged as able to support the essential pedagogical values of the Studio,
such as spatial comprehension (Kalisperis et al., 2002;
Paes, Arantes, & Irizarry, 2017), ﬂow of design decisions (Saﬁn et al., 2016), learning experience (Castronovo et al., 2017), productivity (Sopher, Kalay &
Fisher-Gewirtzman, 2017) and design reviews (Bassanino et al., 2010).
These studies clearly show the potential IVEs
have for Architectural education. Since students
rarely realize their projects, and perceive them mostly
through static, sequential and scaled representations, we assume that these environments may become a desirable setting for supporting the Studio’s
objectives and means.

ASSESSING DIFFERENT LEARNING ENVIRONMENTS IN TERMS OF STUDIO EFFECTIVENESS
The possibility of choosing between diﬀerent educational settings raises a fundamental question: which
environment better supports the Studio’s changing
needs throughout the semester? Until now most
Studios have exclusively used the traditional classroom space, therefore researchers lacked the ability
to account for multi-environment syllabi. They focused, instead, on modes of communication (Oh et
al., 2013; Schön, 1987), learner and teacher proﬁles
(Goldschmidt, Hochman, & Dafni, 2010), educational
content (van Dooren, et al., 2013), design methods
(Cross, 2006; Lawson & Dorst, 2009), and supportive design tools (Andia, 2002). Consequently, while
students are often encouraged by their tutors to use
a certain design tool to promote their progress, the
spatial setting is usually absent from the conversation. This keeps tutors from improving support for
their students through this important channel.
We argue that due to prevailing technological
developments, the impact of space on the learning
process can no longer be disregarded. To assess this
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Figure 1
KCAs are mapped
along the course’s
crits

impact, we developed a method for evaluating the
learning environments‘ eﬀectiveness for learning the
design process (Sopher et al., 2017). The method was
applied to an Architecture Studio course at the Faculty of Architecture and Town Planning, Technion, Israel. The course, taught by Professor Dafna FisherGewirtzman, used both a traditional studio classroom and an IVE as educational settings. Analysis of
the learners’ design decisions that were presented in
the two environments showed that the IVE was more
supportive of productive learning. The current study
further investigates these issues and proposes a detailed view of the way the IVE was used along the Studio’s learning phases.

such as personal crit, group crit, or formal reviews.
Design activities include all learners’ design-process
decisions; commonly known as Analysis, Synthesis,
Evaluation (Lawson, 1990) as presented during the
crit. KCAs are coded and mapped onto a graph that
describes their emergence throughout the course; allowing an analysis in reference to the Studio phases
(Figure 1).

MEASURING LEARNING PATTERNS OVER
TIME
The objective of the reported study is to evaluate the
aﬀordance of diﬀerent learning environments with
respect to the Architectural Studio learning phases.
To achieve this goal, we made use of the theory of
Place (Canter, 1977; Lefevbre, 1991). Place emerges
from the interaction between users and their social
and environmental settings. The environment is considered an active component that supports or restricts certain interactions that may cause the appearance of behaviours.
In keeping with the above notion, we consider
learning activities performed in the studio as situated
patterns that emerge from interaction of students
with the teacher, with each other and with the educational settings. Each learning pattern represents
a learner’s design decision that is presented and discussed in class. These patterns then serve as the basis for further knowledge construction. We refer to
these patterns as units of Knowledge Construction
Activities (KCAs) (Sopher et al., 2017). Each KCA pattern consists of a design activity and the spatial and
social settings it emerged from. Spatial setting comprises the physical and virtual elements that were utilized during the crit, such as the classroom, drawings, models and the virtual display. Social setting includes all crit participants and the form of discussion,

Design development analysis
Architects and students utilize representations to
evaluate and further develop their designs (Lawson,
1990). It can be said that design knowledge is embedded in and constructed upon these representations at diﬀerent levels of detail, serving diﬀerent purposes. Suwa & Tversky (1997) depict the kinds of
design topics that students perceived in their drawings and the way these led to further design advancement. It may be further stated that the more a project
is developed, more design topics that co-inﬂuence
one another enter the crit discussion thereby enhance learning. This paper demonstrates the way different settings are utilized during the learning process to develop the architectural artefact.
A design’s level of development is determined by
the form of representation, its purpose, and content.
A low level of development signiﬁes a preliminary
thought, that is usually out of scale or context. Highly
developed diagrams that are precise and show a relation to other diagrams (e.g., circulation and structure) signify a high level of design development. (e.g.,
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circulation and structure). Floor plans, sections and
models are means to describe and reﬂect upon the

artefact’s complexity, materials and context.
Their degree of development is determined according to this desired complexity. Poorly developed
drawing and models might be scale-less or ignore
context and materials, while advanced ones would
express these properties. Figure 2 demonstrates diagrams and models in increasing level of development. Table 1 depicts the grading principles of the
level of development. The KCA model provides a ﬂexible platform for evaluation, which can obtain more
properties or detail them as needed.

Figure 2
Level of
development of
diagrams

CASE STUDY
In order to answer the research question, we followed two Studio courses. Both courses took place
at the Faculty of Architecture and Town Planning,
Technion. The ﬁrst course (ARCH02) was taught by
Professor Dafna Fisher-Gewirtzman, during spring
semester, 2016. It used a traditional studio classroom
and an IVE, at diﬀerent intervals. The second course
(ARCH03) was taught by the Architect Ruth LibertyShalev, during fall semester, 2017. It used only a traditional studio classroom, thereby serving as a control group for the experiment. The research sample included four undergraduate students from each
course. All students were in their third year of study.
Figures 3 and 4 show the Studio crits. Figure 3 is an
IVE crit and ﬁgure 4 is a personal desk crit performed
at the traditional studio space.
The faculty’s IVE corresponds to the deﬁnition for
immersion provided by Slater et al (Slater et al., 1995).
It is equipped with a 2.4 x 7.0 meter screen with a
75° ﬁeld of view and three synchronized projectors
enabling a dynamic 3D display (with the aid of 3D
glasses). The space provides shared display for up
to twenty people. Immersive experience is enabled
when one participant moves through the model in
what is termed a virtual “walk-through”. The lab supports a large-scale display of static images and walkthroughs of Sketchup, Rhinoceros and Revit models.
The experiment’s tools included non-interfering
observations, documentation of learners’ design
products, and recordings at each crit during the en-
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Figure 3
Crit at the
immersive lab.

Figure 4
Crit at the
traditional studio
classroom

Table 1
Grading principles
of the level of
designdevelopment

tire course.

Limitations
Each course had a diﬀerent tutor who dedicated different periods of time to each learning phase. Ad-

ditionally, course Arch03 had a preliminary team
exercise that took part from the beginning of the
semester and was completed by the ﬁrst interim crit
- thus leading the individual design process to be
spread over a shorter learning period than course
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Figure 5
The average level of
designdevelopment of
produced KCAs per
course during a
semester’s time

ARCH02. These diﬀerences limit the ability to compare the two syllabi, but nonetheless provide signiﬁcant information regarding the way diﬀerent settings
were used during the learning process.

RESULTS
Analysis retrieved 351 KCAs in course ARCH02, and
300 KCAs in course ARCH03. Intending to reveal the
way learning spaces aﬀect learning through time, the
authors followed the syllabi, and utilized interim crits
as points of transformation to the following learning
phase (e.g., stage two starts at the ﬁrst interim crit).

Analysis of the level of design development
In order to illustrate progress in the design learning
during a course, the analysis shows the average lev-

els of design-development that was achieved by all
students per crit (Figure 5). Results reveal a significant diﬀerence between the two courses throughout the semester. Students in course ARCH02 developed their projects to a higher level than students
in ARCH03 as the course went on. Additionally, the
rise in the level of design-development of ARCH02
shows greater consistency than course ARCH03; this
may imply that a stronger stimulus for the students
was present during the course’s crits.
Students in course ARCH02 developed digital
models during the early learning phase, allowing
them to experience a virtual walkthrough at the IVE.
These digital models were the main source of communication during the crits. Physical models were
produced during the ﬁrst learning stage, but were
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scale-less or partially complete and served as conceptual entities. Students in course ARCH03 had a
diﬀerent narrative. Extensive design activities were
performed over plans, sections and architectural details. Broad use was made of physical models during
all learning phases, with attention to scale and materials. Although all students had access to a digital model of the existing site (due to previous teamwork), most control group students chose to prepare
physical models that ignored the context. Digital
models were prepared during the late second learning phase. These were developed before the ﬁnal review, enabling them to present tangible images and
animated ﬁlms.
Figure 6
The average level of
designdevelopment of
KCAs in course
ARCH02 through
the semester, along
with the learning
environments in
use.
Figure 7
The level of designdevelopment of
Synthesis KCAs,
produced by course
ARCH02, within the
traditional studio
classroom and the
Immersive virtual
environment

Development ratios within the learning environment
Course ARCH02, as a multi-environment Studio, deserves a deeper examination. Figures 6 and 7 depict

the impact of the learning environments on learners’ progress. Figure 6 provides the average level of
design-development during crits and their utilized
space. Results reveal signiﬁcant increases in activity before IVE crits, showing the IVE’s competence
competence in encouraging the use of this learning
medium. Most importantly, this pattern occurs before informal crits as well as before formal presentations. Since students tend to provide detailed presentations during formal crits, these results emphasize the IVE’s capabilities during informal crits, thus
signiﬁcantly strengthening the research hypothesis.
As seen in ﬁgure 6, the use of the learning environments was not spread equally throughout the
course. The ﬁrst learning phase had a sole introductory IVE crit, ending with a formal interim crit at the
IVE. Therefore, the learning process was mainly studio based. Lessons 1-6 show a mild increase in design evolvement, and a steeper one in the last two
crits (lessons 7 and 8), before the interim review. The
second learning phase had three IVE crits that formed
27% of the section. The phase contains increased detailing performance in both learning environments.
The third learning phase mainly utilized the IVE. By
then, most digital models were highly developed and
were explored through virtual walkthrough. The traditional studio crits during this phase served for discussing plans and sections that were less detailed,
what explains the decrease of development in this
learning environment.
Figure 7 shows the ratios of Synthesis KCAs,
within the learning environment. In Architectural
pedagogy, Synthesis decisions are especially important. In this type of design process activity, learners
construct their knowledge by formalizing solutions
on the architectural artefact. Findings show correlation between IVE crits and highly developed synthesis KCAs. Notably, during the ﬁrst phase of the
course, the students mainly utilized the traditional
studio, leading this environment to serve as the main
support for structuring the design problem through
raw and schematic design decisions. Further investigation is thus needed for clarifying the competence
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Figure 8
Individual students
detailing
performance during
the course

of IVEs for early learning phases.

Individual students’ learning progress
The KCA model provides analyses of each individual’s performance. Figure 8 demonstrates the learning performance of each student during the course.
The chart shows each learner’s trend-line of designdevelopment and demonstrates the students‘ varied
pace as the semester progressed. Students S03 and
S04 from course ARCH03 clearly beneﬁtted from the
course’s formal social setting. Both students showed
a steep rise from the mid second phase, performing
intense design activities before formal reviews. Student S02, on the other hand, invested her time in adjusting the project’s morphology, performing fewer
development decisions. The emergence of new ideas
during the last learning phase led student S02 to
a decrease in the development rate. Awareness to
these kinds of knowledge construction patterns allows the attending tutors to personally support their

students’ needs. Student S02 may need more encouragement to detail her design, in order to cope
with additional levels of complexity. A student that
designs a speciﬁed and detailed artefact quite early
may need to experience some conceptual design exercises, in order to experience and apply diﬀerent design principles onto the artefact. The KCA model,
then, is a suitable framework for taking pedagogical
decisions that promote individual capabilities.

CONCLUSIONS
The Architectural Studio has long served as a model
for pedagogical innovation, by aﬀording ﬂexible setting for teaching models, accommodating diﬀerent
tools and personal evolvement (Schön, 1985). However, due to prevailing developments in technology
leading to fundamental changes in the educational
settings, it lacks a suitable answer for maintaining this
advantage for the years to come. To cope with this
shortcoming, the authors developed a framework for
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evaluating the diﬀerent settings’ eﬀectiveness for the
Studio’s objectives and for needs changing through
time.
KCA analysis revealed that diﬀerent learning environments aﬀected learners’ performance. The IVE
was found to encourage intensive development of
Architectural artefacts, particularly in Synthesis design decisions. Use of the traditional studio space
was correlated with raw material and schematic design decisions. A diﬀerence was also found in
the treatment of the artefacts. Intense development of digital models was recorded in the multienvironment course, whereas the traditional course
presented highly developed plans and sections.
Analyzing the courses’ learning intervals reveals
major diﬀerences between them, in terms of pace
and degree of performance. Results identiﬁed the
IVE’s competence for supporting advanced learning
phases, which concern the evaluation of relatively
detailed forms. Further investigation is needed to
identify this setting’s capabilities during early design
stages.These results provide a signiﬁcant basis for the
hypothesis that there is a relationship between learning environment types and learning. Studio learning
is a process that evolves through changing settings
and time. As such, the Studio syllabus ought to address these needs. The current study casts light on
the high competence of the KCA model in integrating
educational components into measurable units that
can support multi-criteria evaluation and future syllabus design.
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