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Editorial 

Theodora Vardouli and Maria Voyatzaki

We are delighted to present the third issue of archiDOCT, the result of a close collabo-
ration among the editors-in-chief Maria Voyatzaki and Constantin Spiridonidis, the scien-
tific committee, the guest editor of this issue Theodora Vardouli, architect and researcher, 
currently PhD candidate in Design and Computation at MIT, and above all, the committed 
and determined doctoral students from across the Globe.

This third issue, could be considered as a celebratory event of one year of the publication 
of the first timid and tentative attempt in July 2013. Since this launch, archiDOCT has 
been committed to the dissemination of ongoing and emerging research in architecture 
in its many domains and areas of concentration. Inherently interdisciplinary and out-
work-looking, the field of architecture is itself a landscape of many other fields with their 
particular matters of concern, research methods, and epistemic modalities. Each issue 
is a revelation of the diversity and richness of doctoral research undertaken in Higher 
Architectural Education at international level. 

In the third issue of archiDOCT, from a number of submissions, five essays were se-
lected as closer to the academic quality expected, reviewable and editable within the 
very tight time constraints imposed from the call for papers to the final appearance 
of the journal. These five essays situate themselves in distinct research areas, namely: 
urban studies, conservation, building technology, architectural design, and computation. 
By bringing these essays together we do not only aspire to enable a conversation on 
boundaries and differences between fields of architectural research, but also to highlight 
overlaps, fusions, intersections, and commonalities. 

Productive conversations on research methods and styles were already initiated from 
the stages of the mentoring/peer-review process. As editors of this issue, we were de-
lighted to see the constructive role of the reviewers’ comments in the development of 
this issue’s five essays and the responsiveness of the authors in incorporating new ideas 
and perspectives in their contributions.

The good practice example by Henriette Bier from Hyperbody, Delft Technical University 
scans a broad and emerging field of inquiry termed by the author as ‘robotically-driven 
architecture’. The essay highlights its many potential manifestations, as well as the diversi-
ty of domains of expertise required for the theorization, implementation and critique of 
adaptive and responsive systems in design and building.

We begin the doctoral essays part of the issue, with Adam Tanaka’s theoretical and his-
torical inquiry into the social and spatial impact of automobility in the case of Sao Paulo. 
Tanaka recasts the automobile as a tool for social separation, challenging its common 
conception as vehicle of democracy, social mobility, and connectivity. The article offers 
a compelling transition from theories of urban mobility to the realities of the Sao Paulo 
case and back to a theoretical position on the ambivalence of automobile – at once pro-
tagonist of emancipatory proclamations and agent of segregation.
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Shifting gears, the issue continues with Roberto Babbetto’s discussion of method-
ological and operational issues in applying Building Information Modeling in the do-
main of conservation. Grounded in the case study of the XVII c. architectural com-
plex of the “Albergo dei Poveri” in Genoa, Babbetto pinpoints both the problems and 
promises of using models and databases to facilitate the conservation process in its 
temporal unfolding. Rendered in high technical detail, the case study offers a launch 
pad for broader inquiry into the merging of conservation practices with the field of 
information technology.

Rodrigo Martín Sáiz’s research article presents a method for composing non-circular 
compression rings in radial tensile roofs. Situated in the domains of building tech-
nology and structural engineering, the article stands out for its dense technical de-
tail, mathematical calculations, and methodological dilligence. Apart from its technical 
contributions, Sáiz’s article also presents significant implications for the designers of 
tensile structures, who are invited to go beyond the traditionally circular compres-
sion ring and explore new geometrical possibilities. 

The next article by Jia-Rey Chang explores the potentials of incorporating ideas from 
evolutionary biology in design and architecture. Chang proposes a computational 
protocol for translating the principles of natural morphogenetic processes into a 
real-time adaptations of architectural space. Apart from its well described concrete 
examples, the article raises broader questions on biological analogy in architecture, 
saliently contrasting mimicry of biological forms with the appropriation of program-
matic and operational principles of natural morphogenesis.

Taking a different stance on computational design, Onur Yüce Gün argues for the 
necessity of devising hybrid practices, where digital processes fuse with analog modes 
of operating, instead of replacing them. With drawing as the focal point of inquiry, Gün 
weaves together observations ranging from neuroscience to anthropology and from 
philosophy to the theory of computation, to theorize the importance of preserving 
fluid, embodied engagement in the design process. Parallel to this inquiry, the article 
presents technical case studies that suggest ways forward toward implementating 
these theoretical directives.

We are excited with the diversity of the work presented in this third issue of            
archiDOCT and we hope that it will be as compelling to the reader as it has been 
to us as editors. However, we must admit that we are still on a leaning curve. The 
high quality of incoming essays to be reviewed raises the standards to the point that 
automatically raises the expectations of our reviewing committee. We still need time 
to calibrate the good quality of input to the constructive and pedagogic feedback that, 
albeit rigorous, it must not neglect that after all it is about judging students, that are 
still in a research incubator and all they need is nourishment and fostering. To be a 
reviewer of peers is a task we, reviewers, have been trained on. To be a reviewer of a 
researcher on the making is more demanding and requires even further commitment 
and determination. For this, we thank once more the colleagues academics, who 
despite their heavy diaries and precious time they have devoted themselves to this 
challenging mission.  
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Robotically Driven Architectural 
Production  

Henriette H. Bier // Faculty of Architecture // TU Delft

Abstract
Robotically driven architectural production advances seamless, computer-numerically con-
trolled (CNC) and robotically supported design to production and operation processes en-
abling im-plementation of robotically driven buildings from conceptualisation to use. It enables 
production of free-formed, heterogeneous, optimized structures in order to address specific 
requirements in terms of properties (density, consistency, rigidity, etc.) and behaviours (re-con-
figurability, responsiveness, etc.) in accordance to formal, functional, structural, climatic, environ-
mental, and economic needs. This may require multi-robot collaboration implying that several 
robots collaborate with each other and humans in the process of production and assembly of 
multi-material, free-formed, diverse, and optimized building components and buildings.

Keywords
Robotically driven architecture; robotically driven production; sensor-actuator mecha-
nisms; cyber-physical systems.

Note
This text is a revisited paper published initially in the first issue of the journal Next 
Generation Building edited inter al. by K. Oosterhuis.
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 Introduction 

Architecture is increasingly incorporating sensor-actuator mechanisms that enable build-
ings to interact with their users and surroundings in real-time. These require design to 
production, assembly, and operation chains that may be (in part or as whole) cyber-phys-
ically or robotically driven. Development of concepts and practical applications for ro-
botically driven architectural production, leading to the emergence of customizable, in-
teractive building components that operate in ever-changing environments, requires an 
understanding of buildings from a life-cycle perspective with respect to their socio-eco-
nomical and ecological impact. This paper presents design to operation experiments un-
dertaken at Hyperbody TU Delft aiming at establishing modelling, simulation, and 1:1 
prototyping frameworks that facilitate not only customization of tools, materials, and 
processes, but also collaboration and exchange between (natural and artificial) experts 
from different disciplines.
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 Robotically Driven Architecture 

Robotically driven architecture, as explored within Hyperbody, comprises building com-
ponents with embedded robotic devices. Such robotic building components exhibit be-
haviours that follow simple rules in order to satisfy structural, climatic, or spatial re-
quirements and build collectively a dynamic, intelligent system1. In order to achieve this 
systemic connectivity, components may be tagged and incorporate information regarding 
inter al. their design, structure, materialisation, production, assembly, and operation. Fur-
thermore, they may be equipped with sensors and actuators that enable them to not 
only perceive but also act on their surrounding environment. This ability to act may imply 
physical -geometrical, material- or sensorial transformation and reconfiguration, whereas 
sensorial refers in this context to ambient properties.

In general terms, application of embedded robotics in architecture has been identified 
in areas dealing with (a) health, demographic change and well being, as well as (b) sus-
tainable climate control and energy production. For each of these areas, robotics may be 
employed as follows: 

Robotically driven building components may support daily life activities offering solutions 
for addressing rapid increase of population and urban densification as well as contempo-
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Figure 1:  Hyperbody MSc 4 project (2012) featuring interactive skin components employed for energy generation and 
ventilation purposes 

ROBOTICALLY DRIVEN ARCHITECTURE   

Robotically driven architecture, as explored within Hyperbody, comprises building components 
with embedded robotic devices. Such robotic building components exhibit behaviours that follow 
simple rules in order to satisfy structural, climatic, or spatial requirements and build collectively a 
dynamic, intelligent system1. In order to achieve this systemic connectivity, components may be 
tagged and incorporate information regarding inter al. their design, structure, materialisation, produc-
tion, assembly, and operation. Furthermore, they may be equipped with sensors and actuators that 
enable them to not only perceive but also act on their surrounding environment. This ability to act 
may imply physical -geometrical, material- or sensorial transformation and reconfiguration, whereas 
sensorial refers in this context to ambient properties. 

 In general terms, application of embedded robotics in architecture has been identified in areas 
dealing with (a) health, demographic change and well being, as well as (b) sustainable climate control 
and energy production. For each of these areas, robotics may be employed as follows:  

Robotically driven building components may support daily life activities offering solutions for 
addressing rapid increase of population and urban densification as well as contemporary inefficient 
use (25%) of built space. Furthermore, in building components embedded robotics may assist health 

 
1 Oosterhuis, K. (2010) Towards A New Kind Of Building, Rotterdam: NAI Publishers 

Figure 1. Hyperbody MSc 4 project (2012) featuring interactive skin components employed for energy 
generation and ventilation purposes.
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rary inefficient use (25%) of built space. Furthermore, in building components embedded 
robotics may assist health care and recuperation, whereas physical, cognitive, mental, 
sensory, emotional, developmental, or some combination of these impairments may be 
reduced or minimized by means of Assistive Technology2 and spatial responsiveness.  
Also, robotically driven sun and wind energy production devices embedded in building 
components may enable sustainable energy generation, whereas distributed climate con-
trol may allow improving indoor climate with the specific aim to address contemporary 
environmental concerns and requirements for energy-efficiency. This can be achieved 
by reducing energy losses sustained from a. o. ventilation or heat distribution losses, 
excessive or unnecessary climate regulation of little or not occupied spaces, etc. that are 
characteristic to centralized climate control systems.

In principle, application of embedded robotics in architecture implies allowance for 
downtime (referring to time periods when the system, in this case the building, is non-op-
erational) reduction through reconfiguration, adaptation, and real-time change. This is 
accomplished through advancement of collective behaviour systems so that several au-
tonomous building components operate in cooperation in order to accomplish major 
reconfiguration or adaptation tasks.  

The aim of robotically driven architecture is to address societal issues such as the cur-
rent vacant office space (16%) in Netherlands by increasing up to 50-75% the 24/7 use 
of built space through changing and multiple uses in reduced timeframes. Furthermore, 
the increase of urban population from 3.2 billion to nearly 5 billion by 2030 with, accord-
ing to UN, 3 out of 5 people living in cities may be successfully addressed by improving 
inefficient use of built space (25%) trough spatial reconfiguration. Last but not least, the 
advancement of embedded, interactive or robotic, energy and climate control systems 
employing renewable energy sources such as solar and wind power are aiming at reduc-
ing architecture’s ecological footprint while enabling energy efficient and demand-driven 
use of space. In this context, robotically driven architecture establishes a framework for 
investigating applications of robotics to responsive, adaptive, and reconfigurable archi-
tecture.

Figure 2. Interactive Wall developed by Hyperbody in collaboration with Festo incorporates sen-
sor-actuators and responds to people’s movement (2009).
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Figure 2:  InteractiveWall developed by Hyperbody in collaboration with Festo incorporates sensor-actuators and responds 
to people’s movement (2009) 

 
The aim of robotically driven architecture is to address societal issues such as the current vacant 

office space  (16%) in Netherlands by increasing up to 50-75% the 24/7 use of built space through 
changing and multiple uses in reduced timeframes. Furthermore, the increase of urban population 
from 3.2 billion to nearly 5 billion by 2030 with, according to UN, 3 out of 5 people living in cities 
may be successfully addressed by improving inefficient use of built space (25%) trough spatial recon-
figuration. Last but not least, the advancement of embedded, interactive or robotic, energy and climate 
control systems employing renewable energy sources such as solar and wind power are aiming at 
reducing architecture’s ecological footprint while enabling energy efficient and demand-driven use of 
space. In this context, robotically driven architecture establishes a framework for investigating appli-
cations of robotics to responsive, adaptive, and reconfigurable architecture. 

Reconfigurable, robotically driven environments incorporating digital control, namely sensor-
actuator mechanisms that enable buildings to interact with their users and surroundings in real-time3, 4 
through physical or ambiental change and variation, require multi-disciplinary research. Focal points 
 
2 R. O. Smith, ‘Measuring the Outcomes of Assistive Technology: Challenge and Innovation’, Assistive Technology #8, 
(2010), pp. 71-81 
 

 
3 (Bier and Knight, 2010) 
4 (Oosterhuis, 2010) 

2. R. O. Smith, ‘Measuring 
the Outcomes of Assis-
tive Technology: Challenge 
and Innovation’, Assistive 
Technology #8, (2010), pp. 

71-81.
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Robotically Driven Architectural Production

Reconfigurable, robotically driven environments incorporating digital control, namely 
sensor-actuator mechanisms that enable buildings to interact with their users and sur-
roundings in real-time3,4,  through physical or ambiental change and variation, require 
multi-disciplinary research. Focal points of this research are the architectural design and 
engineering of reconfigurable, robotic systems employing horizontal and vertical spa-
tial expansion based on additive-subtractive and folding principles, the materialisation 
research for rapid computer-numerically controlled (CNC) or robotic fabrication and 
assembly as well as sustainable operation in-situ. In this context, robotically driven archi-
tecture is envisioned as a modular5, bendable or foldable6 by spatial motion (kinematics) 
self-adjustable and self-assembling system. 

Figure 3. Reconfigurable apartment developed by Hyperbody with MSc 2 students and industry part-
ners (Pop-up Apartment, 2013)

of this research are the architectural design and engineering of reconfigurable, robotic systems em-
ploying horizontal and vertical spatial expansion based on additive-subtractive and folding principles, 
the materialisation research for rapid computer-numerically controlled (CNC) or robotic fabrication 
and assembly as well as sustainable operation in-situ. In this context, robotically driven architecture is 
envisioned as a modular5, bendable or foldable6 by spatial motion (kinematics) self-adjustable and 
self-assembling system.  

 

          

          
Figure 3: Reconfigurable apartment developed by Hyperbody with MSc 2 students and industry partners (Pop-up Apartment, 
2013) 

Robotically driven architecture builds upon knowledge in non-standard and interactive architec-
ture developed at Hyperbody in the last decade (Fig. 2) and has been explored with MSc 4 students 
(2012) as adaptive systems embedded into public buildings (Fig. 1) and further prototypically devel-
oped with MSc 2 students (2013) as reconfigurable, multimodal apartments. Furthermore, indoor 
climate regulating systems were explored with MSc 1 and 3 students (2013-14). While the multimod-
al apartment (http://multimod.hyperbody.nl) has proven, as in case of the Pop-up apartment (Fig. 3) 
that spatial reconfiguration can optimize 24/7 use of built space, the climate control related investiga-
tion has shown that integrating distributed interactive climate control devices into building compo-
nents may contribute considerably to improving indoor climate. 

Considering that the aim of the multimodal apartment was to design a small apartment of 50m2 
that has all spatial qualities and functional performances of a standard 100m2 apartment, the initial 
assumption was that when a user is in the living room, this user does not use the sleeping room at the 
same time implying that at one moment in time large sections of the space could cater to only 1-2 
functions. Basic recommendations for the design were inter al. to use of dry assembly, use scripting 
(the designed structures is generated and handled through scripted algorithms) and CNC fabrication, 
as well as use of Design Information Models (DIM) to establish efficient design to operation chains. 
The proof of concept implied building 1:1 prototypes, which in case of the Pop-up apartment (Fig. 3) 
shows that spatial subdivision and furniture reconfiguration exploiting material and geometrical prop-
erties easily facilitate 24/7 change of use. 
 
5 C. Friedrich ‘Interactive Integration of Robotic Architecture and Non-Standard Fabrication’ in IA #5 on ‘Robotics in Ar-
chitecture’ edited by K. Oosterhuis and H. Bier (Heijningen: Jap Sam Books, 2011) 
6 T. Jaskiewicz ‘D|E|Form – Development and Evolution of an Architectural System of Heterogeneous Adaptive Agents’ in 
IA #5 on ‘Robotics in Architecture’ edited by K. Oosterhuis and H. Bier (Heijningen: Jap Sam Books, 2011) 
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climate regulating systems were explored with MSc 1 and 3 students (2013-14). While the multimod-
al apartment (http://multimod.hyperbody.nl) has proven, as in case of the Pop-up apartment (Fig. 3) 
that spatial reconfiguration can optimize 24/7 use of built space, the climate control related investiga-
tion has shown that integrating distributed interactive climate control devices into building compo-
nents may contribute considerably to improving indoor climate. 

Considering that the aim of the multimodal apartment was to design a small apartment of 50m2 
that has all spatial qualities and functional performances of a standard 100m2 apartment, the initial 
assumption was that when a user is in the living room, this user does not use the sleeping room at the 
same time implying that at one moment in time large sections of the space could cater to only 1-2 
functions. Basic recommendations for the design were inter al. to use of dry assembly, use scripting 
(the designed structures is generated and handled through scripted algorithms) and CNC fabrication, 
as well as use of Design Information Models (DIM) to establish efficient design to operation chains. 
The proof of concept implied building 1:1 prototypes, which in case of the Pop-up apartment (Fig. 3) 
shows that spatial subdivision and furniture reconfiguration exploiting material and geometrical prop-
erties easily facilitate 24/7 change of use. 
 
5 C. Friedrich ‘Interactive Integration of Robotic Architecture and Non-Standard Fabrication’ in IA #5 on ‘Robotics in Ar-
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Robotically driven architecture builds upon knowledge in non-standard and interactive 
architecture developed at Hyperbody in the last decade [Figure 2] and has been ex-
plored with MSc 4 students (2012) as adaptive systems embedded into public buildings 
[Figure 1] and further prototypically developed with MSc 2 students (2013) as recon-
figurable, multimodal apartments. Furthermore, indoor climate regulating systems were 
explored with MSc 1 and 3 students (2013-14). While the multimodal apartment (http://
multimod.hyperbody.nl) has proven, as in case of the Pop-up apartment [Figure 3] that 
spatial reconfiguration can optimize 24/7 use of built space, the climate control related 
investigation has shown that integrating distributed interactive climate control devices 
into building components may contribute considerably to improving indoor climate.

Considering that the aim of the multimodal apartment was to design a small apartment 
of 50m2 that has all spatial qualities and functional performances of a standard 100m2 
apartment, the initial assumption was that when a user is in the living room, this user 
does not use the sleeping room at the same time implying that at one moment in time 
large sections of the space could cater to only 1-2 functions. Basic recommendations for 
the design were inter al. to use of dry assembly, use scripting (the designed structures is 



ISSN 2309-0103
www.enhsa.net/archidoct
Vol. 2 (1) / July 2014

15// 

generated and handled through scripted algorithms) and CNC fabrication, as well as use 
of Design Information Models (DIM) to establish efficient design to operation chains. The 
proof of concept implied building 1:1 prototypes, which in case of the Pop-up apartment 
[Figure 3] shows that spatial subdivision and furniture reconfiguration exploiting material 
and geometrical properties easily facilitate 24/7 change of use.

 Robotically Driven Design to Operation Processes
    
Robotically driven design to operation processes exploit CNC and robotic means in 
order to establish a feedback loop between conceptualisation, production, and use. Ex-
plorations with robotic fabrication have been implemented more recently with two large 
ABB robots, which were customized to perform specific tasks by employing specialized 
operating tools and programs7. A series of experiments were implemented with MSc 2 
students in order to develop and test robotic fabrication methods by establishing a feed-
back loop between design and fabrication. The assumption was that by employing robotic 
fabrication, customized designs could be easily implemented so that users may change 
(extend, reduce, expand, shrink, etc.) built environments on demand.

Such explorations with robotic fabrication indicate that architectural production be-
comes procedural instead of object-oriented and form emerges from a process in which 
the interaction between all (human and non-human) parts of the system generates the 
result.

7. Oosterhuis and Bier, 
2013.
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tablish a feedback loop between conceptualisation, production, and use. Explorations with robotic 
fabrication have been implemented more recently with two large ABB robots, which were customized 
to perform specific tasks by employing specialized operating tools and programs7. A series of experi-
ments were implemented with MSc 2 students in order to develop and test robotic fabrication methods 
by establishing a feedback loop between design and fabrication. The assumption was that by employ-
ing robotic fabrication, customized designs could be easily implemented so that users may change 
(extend, reduce, expand, shrink, etc.) built environments on demand. 

Such explorations with robotic fabrication indicate that architectural production becomes proce-
dural instead of object-oriented and form emerges from a process in which the interaction between all 
(human and non-human) parts of the system generates the result.  

 

     
Figure 4: Prototype developed by means of robotic fabrication implemented with two large ABB robots operating wire-
cutting tools (2012) 

CONCLUSION 

Research and experimental developments in interactive building implemented at Hyperbody in 
the last decade such as Interactive Wall (http://www.hyperbody.nl/research/projects/interactivewall/) 
and more recently Interactive Skin (Fig.1) employing multiple and distributed sensor-actuators inte-
grated into architectural components confirm that distributed intelligent control is a viable option for 
addressing contemporary needs for reconfiguration and demand-driven use of physically built envi-
ronments. The advancement of such environments requires further research into the integration of 
intelligent devices into multi-functional building components in order to ensure not only physical 
reconfiguration but also climate control and energy management in accordance to user’s needs, in-
door-outdoor environmental conditions, and availability of conventional and non-conventional energy 
sources within the larger energy framework is a more recent preoccupation. 

In principle, the goal of robotically driven architectural production is to further advance seamless, 
computer-numerically controlled (CNC) and robotically supported design to production and operation 
processes enabling implementation of robotically driven buildings from conceptualisation to use. Ro-
botically driven building is the focus of research at Hyperbody largely due to its ability to generate 
on-demand and on-site produced, customized buildings and building components. In this context, 
Hyperbody aims to investigate the potential of robotic building by exploring multi-material robotic 
construction enabling production of free-formed, heterogeneous, optimized structures in order to ad-
dress specific density, consistency, rigidity, etc. requirements in accordance to formal, functional, 
structural, climatic, environmental, and economic needs. This requires multi-robot collaboration im-
 
7 (Oosterhuis and Bier, 2013) 
 

 

Figure 4. Prototype developed by means of robotic fabrication implemented with two large ABB ro-
bots operating wire-cutting tools (2012).

 Conclusion

Research and experimental developments in interactive building implemented at Hyper-
body in the last decade such as Interactive Wall (http://www.hyperbody.nl/research/proj-
ects/interactivewall/) and more recently Interactive Skin [Figure 1] employing multiple 
and distributed sensor-actuators integrated into architectural components confirm that 
distributed intelligent control is a viable option for addressing contemporary needs for 
reconfiguration and demand-driven use of physically built environments. The advance-
ment of such environments requires further research into the integration of intelligent 
devices into multi-functional building components in order to ensure not only physical 
reconfiguration but also climate control and energy management in accordance to us-
er’s needs, indoor-outdoor environmental conditions, and availability of conventional and 
non-conventional energy sources within the larger energy framework is a more recent 
preoccupation.
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In principle, the goal of robotically driven architectural production is to further advance 
seamless, computer-numerically controlled (CNC) and robotically supported design 
to production and operation processes enabling implementation of robotically driven 
buildings from conceptualisation to use. Robotically driven building is the focus of re-
search at Hyperbody largely due to its ability to generate on-demand and on-site pro-
duced, customized buildings and building components. In this context, Hyperbody aims 
to investigate the potential of robotic building by exploring multi-material robotic con-
struction enabling production of free-formed, heterogeneous, optimized structures in 
order to address specific density, consistency, rigidity, etc. requirements in accordance to 
formal, functional, structural, climatic, environmental, and economic needs. This requires 
multi-robot collaboration implying that several robots collaborate with each other and 
humans in the process of production and assembly of multi-material, free-formed, di-
verse, and optimized building components and buildings.
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Illusory Freedoms: 
Automobility and Segregation in 
Sao Paulo 

Adam Tanaka // Harvard University, Cambridge, MA // USA 

Abstract
Most studies of urban segregation focus upon the ways in which fixed sites become increasingly 
“walled off ” from each other and from the surrounding urban system. This paper complicates 
such a picture by analyzing the ways in which patterns of transport mobility — not just buildings 
and neighbourhoods, but the networks that connect them — also become insulated and increas-
ingly segregated from one another. Specifically, it explores the relationship between the car and 
the spatialization of social inequality in Sao Paulo, Brazil. The paper is structured in two parts. 
The first provides a brief conceptual overview of the social and spatial impacts of automobility, 
building on the work of mobilities theorists such as John Urry. While cars and their associated 
infrastructures are often perceived as neutral or apolotical technologies, the paper illustrates 
that such transport modes play a central role in mediating and reproducing broader societal 
power relations. The second part of the paper focuses on Sao Paulo as a case study for these 
trends, arguing that urban planning directives over the past sixty years have established an auto- 
city that predominantly serves the purposes of upper income groups. Modernist aspirations for 
spatial equality in the post-war period were gradually distorted by the unequal nature of the 
Brazilian modernization process. Modernist transit infrastructures that were intended to connect 
different social groups manifest themselves as tools of separation. The emergence of a more 
polycentric urban form in the late 1980s and 1990s, as the Brazilian economy neoliberalized 
and the city increasingly oriented itself towards the financial services sector, is also examined 
from a mobilities perspective. The paper concludes by exploring how deeper issues of democracy, 
equality and individualism are themselves constituted and contested through the practices of 
urban (auto)mobility.

Keywords
Automobility; urban mobility; gated community; urban segregation; urban policy; Brazil, 
Sao Paulo.
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All dash to and fro in motor cars, familiar with the roads and settled nowhere.
—T.S. Eliot, The Rock, 1934

 
 Introduction: Cities as Spaces of Fixity and Flow

Most studies of segregation in cities focus upon the ways in which fixed sites become 
increasingly “walled off” from each other and from the surrounding urban system. This 
paper proposes to complicate such a picture by analyzing the ways in which patterns 
of transport mobility — not just buildings and neighborhoods, but the networks that 
connect them — also become increasingly insulated from one another. As mobilities 
theorists John Urry and Mimi Sheller argue (2000: 738), “many urban analyses have in fact 
been remarkably static and concerned themselves little with the forms of mobility into, 
across and through the city.” Such an intervention allows us to better understand the 
ways in which socio-spatial inequities reproduce themselves over time, not as static sites 
of difference but as increasingly separate urban ecosystems that simultaneously co-exist 
and circumvent each other in a complex social and technological choreography.

The relationship between mobility and inequality in urban environments is a vast top-
ic that could be analyzed from a number of perspectives: municipal governance, urban 
economics, transport history, cultural studies and more. This paper will focus on one 
site and one mobile technology as a strategy to gain traction on what might otherwise 
be an unwieldy subject. Specifically, it will explore the relationship between the car and 
social inequality in Sao Paulo, Brazil. While this may appear like a comparatively narrow 
subject, this paper will use this case study as a launching pad to discuss broader social, 
political and economic trends, exploring how deeper issues — of democracy, equality, 
individualism — are actually constituted and contested through the practices of urban 
(auto)mobility. Indeed, as I hope to demonstrate, the innate tension between individual 
and collective freedoms are exposed by an analysis of automotive culture in Sao Paulo. 
This paper will be structured in two parts. The first will delineate the sociological impacts 
of the car and particularly how it has altered urban landscapes around the world. The 
second section will focus on Sao Paulo, using the city as an exemplary case study of the 
problematic impacts of automobility.

 Automobility, Social Mobility and Urban Space

In his book The Capsular Civilization, architectural theorist Lieven de Cauter (2004: 45) 
proposes a new conceptual framework for thinking about contemporary urbanism that 
is premised on the rise of the capsule, which he defines as: “a device that creates an 
artificial ambiente, which minimizes communication with the outside by forming its own 
time-space milieu, an enclosed (artificial) environment.” For most of the book, de Cauter 
discusses the capsularization of fixed aspects of the city: houses, offices, shopping malls, 
public spaces, and so on. However, as he develops his thesis about the increasing insu-
larity of postmodern life, de Cauter (2004: 81) nuances his definition of these capsules, 
arguing that they can only be fully understood in relation to the networks that connect 
them:  “this cellular or capsular reality of inner-directed spaces is sustained by a network 
of connections… connections that, characteristically enough, form the conditions for 
reality of the capsules… Mobility and immobility, in this universe, have become a dyad.” 
In short, the capsularization of society into hermetic zones is only possible through the 
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simultaneous capsularization of mobility. Critiquing the liberatory rhetoric that often 
accompanies visions of a networked world, de Cauter (2004: 79) argues that, “the more 
mobile we become, the more capsular our behaviour: we are sedentary nomads.”

The car, as the paradigmatic transport mode of the 20th century, has played a critical 
role in such developments, in both the global north and increasingly the global south. 
For many developing countries, automobility and modernity are seen as synonymous 
concepts, with cars as symbolic markers of liberty and wealth. Car travel is often per-
ceived — and vigorously advertised — as a democratizing force. However, if its use 
is unconstrained, it can have a highly segregating effect, enabling drivers to escape the 
“unassimilated otherness” of urban life rather than being forced to negotiate it (Young, 
1990: 237). Despite their associations with individual freedom, cars are inherently privat-
izing technologies, removing passengers from the urban space around them even as they 
facilitate movement through that space. Indeed, Urry and Sheller contend that the car is 
a radically anti-urban technology, disaggregating civil society by disaggregating the public 
space of cities (2000: 742).

It is not just that the car enables the development of capsular lifestyles through decen-
tralization and sprawl; the car is itself a capsule, often functioning as a mobile extension 
of the private domestic sphere. Cars are a “rolling private-in-public space” that insulate 
the driver from the outside world through various technologies (Urry and Sheller, 2004: 
746). From the perspective of a car driver, the urban space acquires a purely functional 
aspect, as an infrastructure to facilitate mobility rather than a social space in which to 
participate. Henri Lefebvre (1991: 312-3) captures this technologizing of the urban when 
he writes that automobility turns cities into an “abstract space where cars circulate like 
so many atomic particles… The driver is concerned only with steering himself to his 
destination… he thus perceives [the city] from one angle only — that of its functionality.”

The increasingly hegemonic status of automobility in cities worldwide suggests that cars 
are not only products of individual consumerism but also symptomatic of broader po-
litical and economic transformations. The automotive industry and its vast spectrum of 
associated industries — everything from oil and gas sectors to suburban real estate and 
urban planning and design more broadly — have played a major role in establishing the 
global dominance of automobility. The high modernist period of urban planning in the 
mid-twentieth century — and slightly later in the global south, with some variations — 
played a particularly crucial role in ‘locking in’ the car as the primary mode of intra- and 
inter-urban transport. During this period, governments in many parts of the world un-
dertook a vast subsidization of car ownership as well as automotive infrastructures like 
roads, bridges and expressways. Aspirationally, these infrastructures sought to integrate 
and equalize, ‘flattening’ the previously irrational urban fabric into a space of free circu-
lation. However, when actually instituted on the ground these sweeping transformations 
often failed to achieve their utopian goals. Instead, they violently cut through pre-existing 
communities, accelerating the separation of diverse urban groups and perpetuating social 
inequalities. Thus, while cars and their associated infrastructures are often perceived as 
apolitical technologies, they are in fact deeply implicated within broader societal power 
relations.

This is mostly for one simple reason: cars are expensive to buy and expensive to main-
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tain. They are not a truly democratic technology because a substantial portion of many 
societies is unable to afford them. As cities evolve and transform to accommodate auto-
mobility, carless inhabitants grow increasingly immobile and isolated. Sociologist Eduardo 
Vasconcellos (1997: 302) notes that, “the street system cannot be considered a means 
of collective consumption unless some mechanized transportation is available to ev-
erybody… When reasonable public transportation means are not available, the street 
system is primarily a means of private consumption for selected social actors which is 
paid for by everybody.” In the context of Sao Paulo’s chronic socio-economic disparities, 
the unequal impacts of automobility have been particularly dramatic.

 The City and the Car: The Case of Sao Paulo, Brazil

Urban planning directives for the better part of sixty years have transformed Sao Paulo 
into an auto-city that predominantly serves the purposes of upper income groups. From 
1960 to 1980, such transformations were carried out under the aegis of an authoritarian 
government and national developmentalist policies that associated automotive circula-
tion with economic modernization. Paradoxically, following the transition to democracy 
in the mid-1980s, socio-spatial inequalities within Sao Paulo have increased rather than 
decreased. The freedom associated with democratic politics seems to have often been 
practiced as a “negative freedom”: a freedom to exclude oneself from the surrounding 
social system. The increased polycentricity of Sao Paulo’s urban form during this period 
as well as the continued hegemony of car usage provide a useful lens through which to 
explore these unequal democratic outcomes.

At first glance, the staggering numbers associated with automobility in Sao Paulo cam-
ouflage such inequity. According to 2008 statistics, for the approximately 19 million in-
habitants in the greater metropolitan region, there are 6.2 million cars. Put in historical 
perspective, these statistics are even more impressive: from 1970 to 1997, as the city’s 
population doubled, the number of cars multiplied six-fold. However, these statistics are 
complicated by the fact that a considerable majority (70%) of urban residents are carless 
(Guizzo, 2007: 33). 

These figures speak to the highly stratified nature of mobility within contemporary Sao 
Paulo. In order to better understand the current situation, however, a historical overview 
of the institutionalization of automobility is necessary. Before the Second World War, 
Sao Paulo was a relatively compact city. Diverse social groups coexisted in proximity to 
each other, albeit in different housing typologies. The expansion of the city — and the 
segregation of the rich and poor — was constrained by the public trolley system, which 
was expensive and slow to build, and thus unable to cover a large area (Caldeira, 2000: 
219). Beginning in the 1940s and accelerating considerably from the 1960s to the 1980s, 
Sao Paulo’s urban form began to expand, transforming into a center-periphery model in 
which the rich occupied the “formal” center and the poor were dispersed to the “in-
formal” outskirts. The Brazilian government’s capitalist modernization policies were the 
macro-economic factors underlying these spatial changes, as hundreds of thousands of 
migrants from the rural north-east flooded into the city to be absorbed into urban labor 
markets (Caldeira, 2000: 213). The industrialization of Sao Paulo, particularly in peripher-
al areas, was a critical component of this modernization agenda, turning the previously 
colonial settlement into the country’s primate city. 

Ill
us

or
y F

re
ed

om
s: 

Au
to

m
ob

ili
ty

 an
d 

Se
gr

eg
at

io
n 

in
 S

ao
 P

au
lo

A
da

m
 T

an
ak

a 



ISSN 2309-0103
www.enhsa.net/archidoct
Vol. 2 (1) / July 2014

22// 

During the period of military dictatorship in the 1960s and 1970s, the Brazilian econo-
my was one of the fastest growing in the world. However, the wealth distribution that 
resulted from this growth was highly unequal, with the upper 10% of the population 
accumulating 50% of the wealth and the lower 40% of the population accumulating only 
7% (Vasconcellos, 1997: 296). Scholars have argued that this income concentration was 
part of a concerted strategy by capitalist elites to create a new middle class, on which 
they could rely for political and ideological support (Vasconcellos, 1997: 307). Changing 
transportation modes played a major role in both constituting and reproducing these 
new social hierarchies within an urban context, with the car becoming the primary mode 
of transport for the wealthy and the bus becoming the primary mode for the poor. This 
shift was partially stimulated by state policies to promote car ownership amongst the 
middle classes and thus support the growth of the Sao Paulo-based automobile industry, 
in a classic production-consumption-production linkage. As the expanding middle class 
increasingly asserted itself over the urban space, social and physical mobility became 
associated concepts; the car, which was only affordable to the wealthy minority, became 
an increasingly desirable status symbol.

Of course, the cultural ascendance of the car was only made possible via a massive ma-
terial reconfiguration of the urban system. New arterial roads, expressways, tunnels and 
bridges were constructed with public money to enable and encourage the increased he-
gemony of the automobile. Many of these new road environments were designed purely 
for the efficient circulation of cars, without proper sidewalks or without sidewalks at all. 
Previously pedestrian-friendly neighbourhoods were crisscrossed with new, high-speed 
infrastructures, severing older connective tissues while simultaneously constructing new 
ones (Vasconcellos, 1997: 296-7). The most infamous of such changes was the construc-
tion of the Minhocão or “Big Worm” by the military dictatorship in 1970, a massive 
elevated expressway that cuts straight through downtown Sao Paulo. As a result of these 
infrastructural transformations, the city’s primary arterial network expanded from 886 
kilometers in 1960 to over 2300 kilometers in 1980 (Vasconcellos, 1997: 297). 

During the same period, investments in public transport were comparatively meager. In-
stead of addressing the changing needs of working class commuters, private bus systems 
colluded with real estate developers to provide services primarily where profitable new 
plots of land were being developed (Biderman, 2008: 2). The enforcement of a single fare 
regime by the government also dissuaded bus companies from operating long-distance 
journeys, as these would run at a loss (Vasconcellos, 1997: 298). Moreover, investments 
in road and other transit infrastructures were focused on facilitating private automobil-
ity in the core rather than mass transit between core and periphery. Most of the new 
streets were not large enough for efficient bus circulation and no special traffic scheme 
was implemented to improve bus operations. The construction of the Sao Paulo subway 
system from the 1970s onwards was also riddled with equity problems, particularly in 
the location of stations, which were primarily in wealthier neighborhoods. As will be 
outlined later in this paper, public transport provision has improved recently, but has 
not sufficiently altered the perception of mass transit as a lower class mode of mobility. 
According to this viewpoint, in the case of Sao Paulo, modernist road infrastructures 
were never able — and perhaps, never intended — to accomplish an integrative function. 
As Martin Murray (2004: 144) notes, European high modernist ideals were translated 
into the Brazilian context in a piece-meal and partial manner, “always too little, too late.” 
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Indeed, modernist aspirations for spatial equality were actively distorted by the unequal 
nature of the Brazilian modernization process, with modernist architecture being co-opt-
ed by the corporate elite and modernist infrastructures being co-opted to serve the 
car-driving minority.

This inequitable situation has been exacerbated, in many respects, following the most re-
cent phase of political and economic restructuring, with a shift towards democratization 
in the mid-1980s and neoliberalization in the mid-1990s. During this period Sao Paulo 
shifted increasingly towards a service-oriented economy, due to a variety of structural 
factors including globalization, deindustrialization and an accompanying informalization of 
labor markets. This has led to a massive reconfiguration of urban form, as the modernist 
model of comprehensive planning fragmented into an increasingly sprawling and polycen-
tric landscape. In this contemporary pattern, diverse social groups are no longer neces-
sarily separated by physical distance but rather by newly securitized patterns of enclave 
living. The formalization and gentrification of many peripheral areas and the rise of gated 
communities on the outskirts of the city contributed to the further displacement of the 
poor, either to favela settlements or to deteriorating historic neighborhoods (Caldeira, 
2000: 213). The establishment of democracy, paradoxically, seems to have accelerated 
processes of social exclusion — this newfound political freedom, it seems, has often been 
exercised as a freedom to avoid.

An increased segregation of mobility has accompanied this segregation of lifestyles. In-
deed, while many scholars depict the gated community as a self-sufficient ‘world in itself ’ 
that isolates inhabitants from the surrounding urban system, this is not quite accurate. 
The capsular nature of the gated community relies on, and indeed can only properly func-
tion, in tandem with networks of (auto)mobility. The architectural relationship between 
gated communities and their immediate surroundings expresses this simultaneous in-
tro-extroversion, with high walls abutting sidewalk-less streets and guarded entry points 
that are only accessible by car. The spatial orientation of such residential complexes 
normalizes car use as the only acceptable mode of mobility and renders pedestrian vis-
itors suspect (Caldeira, 2000, 258). In the case of Alphaville, a walled off mega-project of 
35,000 inhabitants on the western edge of the city, the roads themselves have undergone 
a process of de facto privatization, as security forces hired by the community patrol the 
highways between them and the city proper and prevent access to undesirable visitors 
(Caldeira, 2000: 262). Such developments show that the inherently connective nature of 
roads is an illusion; roads can also be deployed as tools of separation.

The increased individual reliance on the car has also led to another collectively anti-dem-
ocratic outcome: traffic. In a classic case of economic externality, the more people there 
are on the road, the less people can use the road. As outlined above, the most active 
period of roadway construction occurred during the first phase of middle class expan-
sion in the 1960s and 1970s. However, the number of cars moving through the city has 
continued to increase rapidly since then, far outstripping the development of transport 
infrastructure. From 1976 to 2003, the number of cars in the city increased more than 
fourfold, while the road network increased by less than a fifth (Cwerner, 2006: 202). The 
outcome of this mismatch is a very high level of congestion, ranked among the worst in 
the world; it was recently estimated that Sao Paulo’s citizens spend 27 days per year on 
average in a traffic jam (da Silva Costa, 2013: 138).
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It should be noted, however, that this chronic congestion impacts society unevenly. In 
1997, the municipal government introduced a rush hour travel ban in the city center, 
organized by last digits of number-plates. The idea was that every car owner would be 
forbidden from driving on one day of the week. The solution for the wealthier commut-
ers was simple: to buy another car and thus sidestep the ban (da Silva Costa, 2013: 138). 
The Internet has also enabled new strategies for circumventing congestion, in the form 
of websites and mobile apps that map driving routes in real time (da Silva Costa, 2013: 
140). Given the unequal levels of cyber-connectivity across society, these programs are 
disproportionately used by the wealthy to move through the city in a capsular manner 
as quickly as possible.

Traffic is not just avoided to save time for the driver; it has also become a question of 
safety. The increased crime rates that have accompanied the depression and economic 
restructuring of the post-1980s period have turned streets from sites of circulation into 
sites of fear. Traffic jams have become a common site for car-jackings and kidnappings, 
undermining the insular, capsular nature of the automobile. As a result, transit behavior 
has become even more self-centered, as motorists regularly speed through traffic lights 
and ignore traffic regulations out of fear of assault. The increasing popularity of armored 
cars is a testament to the paranoia associated with mobility through the city (Murray, 
2004: 150). 

Perhaps the most startling outcome of this association of automobility with congestion 
and violence has been the rise in private helicopter travel. Sao Paulo currently has the 
largest number of helipads of any city, with more registered civilian helipads than the 
whole of the United Kingdom (Cwerner, 2006: 207). Reflecting the stark inequalities 
that have resulted form the transformation of Sao Paulo into a “global city” of corporate 
finance, these helicopters are not only used for official business, but also increasingly for 
commuting and social trips (Cwerner, 2006: 200-201). Far from rejecting such trends, 
the municipal government has sought to regularize such movements, establishing the 
world’s first traffic control system for urban helicopters in 2004 (Cwerner, 2006: 199). 
Such developments suggest that the car — the paradigmatic mobile capsule of the 20th 
century — may now be replaced by an even more insular transport mode. Vertical flight 
is the ultimate freedom of individual mobility, but also the ultimate separation from ter-
restrial society.

Thus far this paper has painted an extremely grim picture of the relationship between 
automobility and social equity in Sao Paulo. It should be noted, however, that numer-
ous attempts have been made to remedy this dysfunctional situation. Whether these 
strategies have been successful in creating more equitable forms of urban mobility is 
debatable, but they should be mentioned in order to paint a more holistic portrait of 
the state of transport infrastructure in contemporary Sao Paulo. In an attempt to coun-
teract the correlation between automobility and privilege, the municipal authorities have 
made substantial efforts to improve public transit systems. Sao Paulo currently operates 
the world’s most complex bus system, with over 25,000 buses and 1,900 different lines. 
The network has significantly improved since the 1960s and 1970s, with expanded ser-
vice and improved efficiency. The establishment of an extensive Bus Rapid Transit system 
throughout the 1980s was a milestone, creating a dedicated bus lane on major roads and 
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introducing off-vehicle fare collection that accelerated services considerably (Guizzo, 
2007: 33). The 2012 completion of a controversial elevated bus corridor to Cidades Ti-
radentes, a poor residential neighborhood on the eastern outskirts of the city that had 
previously been cut off from public transport, was also a laudable achievement — even 
though the elevated nature of the system turns it into another example of capsulariza-
tion, removing passengers from the urban space below as it shuttles them back and forth 
(Hidalgo, 2009: 20-21).

The subway network has also been expanded in recent years, to the point that it is 
currently the most extensive in South America. The subway is often depicted as one of 
the most democratic mobility networks in the city, with diverse socio-economic groups 
rubbing shoulders in carriages underground. However, there is much work to be done to 
live up to this reputation. At present, only 13% of inhabitants live within a kilometer of a 
metro station and the network coverage remains mostly limited to wealthier neighbor-
hoods in the city center (da Silva Costa, 2013: 134). Moreover, the fact that the subway is 
almost as heavily congested as the roads above ground, winning the dubious accolade of 
“busiest subway system in the world” in terms of passengers per kilometer, continues to 
dissuade many wealthier commuters from using it to get around the city.

Finally, considerable efforts have been made to reverse the disruption caused by the lay-
ing out of elevated road infrastructures in the 1960s and 1970s. The infamous Minhocao 
in downtown Sao Paulo is now closed to vehicles on Sundays and turned into a “linear 
urban park” for pedestrian usage. There are currently plans in the works to integrate the 
elevated roadway into the surrounding neighborhood on a more permanent basis, by 
converting the Minhocao into a green space for pedestrians and cyclists (Biderman, 2008: 
3). While such proposals are certainly laudable, their impacts would likely be uneven. Such 
a park would be disproportionately beneficial to the wealthy, who live and work nearby, 
and could possibly lead to a re-gentrification of the neighborhood.

Conclusion: Democracy and (im)mobility

In order to conceive of a more just urban space, mobile infrastructures and technologies 
need to be reconceptualized — not as passive objects of use but as highly politicized 
elements of the urban realm that help constitute and reproduce social hierarchies. His-
torically, the emergence of organized political opposition to automobility has been a 
slow process that only gained significant traction once cars were linked to air pollution. 
By contrast, the socio-spatial consequences of automobility have consistently failed to 
arouse political interest, in contrast to other issues like housing, education, water pro-
vision and so forth. As Vasconcellos (1997: 301) notes, “the nature of circulation conflict 
renders the appropriation of circulation space a complex arena… Consequently, there 
are no explicit and unified social movements around traffic problems, except in short-
term dramatic situations regarding fatal accidents involving children.” A better under-
standing of the historical processes that led to the hegemony of car usage helps to 
problematize our perceptions of automobility as a natural, universal and/or equitable 
mode of transport.

The stakes of such a perceptual shift are not trivial. Segregated modes of living, working 
and moving through the city lead to decreased interactions between heterogeneous 
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groups and increased fear and suspicion of the urban Other. Capsular spaces such as the 
car undermine the normative potential of cities to foster what Iris Marion Young (1990: 
237) describes as, “an openness to unassimilated otherness” and “social relations of dif-
ference without exclusion.” Indeed, numerous scholars have argued that the strength 
of democratic societies relies, seemingly paradoxically, on the “strength of weak ties.” 
While strong local relations ultimately contribute to broader social fragmentation, re-
peated exposure to non-intimate relations is actually what leads to tolerance, cosmo-
politanism, and ultimately a stronger collective identity (Lofland, 1998: 61-62). The spatial 
fragmentation of cities into capsular nodes and networks reduces the possibility of such 
encounters and leads to a corresponding social fragmentation. The formulation of pro-
gressive alternatives must begin with a greater understanding of the role of mobility in 
establishing and perpetuating seemingly fixed sites of social exclusion. Otherwise, Brazil’s 
democratic promise may end up consuming itself in an endless cycle of self-segregation.
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The Use of Building Information 
Modelling for the Planned 
Conservation of the Built Heritage: 
Methodological and Operative 
Issues  

Roberto Babbetto // University of Genoa

Abstract
Documentation and planned conservation of built heritage are complex issues that involve a 
multidisciplinary approach to the visualization and management of heterogeneous information 
of diverse origin and nature, which are implementable and changing over time. If an essential 
condition for an appropriate preservation and management of architectural heritage throughout 
its lifecycle is the availability of an extensive and accessible documentation, it is also true that 
the knowledge base required for this process consists of a wide range of information that refer 
to spatiality, materials, state of conservation of a building, and so on.  Therefore, in many cases 
it is not simple to manage and coordinate this variety of information in order to create an in-
depth knowledge and documentation that could ease an appropriate decision-making process. 
In recent years, as the field of architectural heritage has taken great advantages from the 
improvement of ICT, innovative information technologies allow the creation of 3D digital models 
and their integration within a Building Information Model (BIM) with the aim at managing all 
the information related to an existing building during the different stages of its planned conser-
vation process. Even if Building Information Models – because of their capability in organizing 
information into a databank continuously and easily accessible by different users – was originally 
intended for new architectures, many recent research lines are trying to explore a possible 
application of these tools in the field of conservation/restoration of existing buildings, especially 
monumental ones. This paper illustrates, through a specific case study, some of the early results 
of an ongoing research focused on the use of BIM for the restoration/renovation of existing 
buildings. The aim of the research, in fact, is the creation of a Building Information Model for the 
“Albergo dei Poveri” in Genoa, a vast architectural complex built in the XVII c. outside of the city 
walls as nursing home for the poor, at the moment partially used by the University, but for the 
most part abandoned and unused.

Keywords
Preservation; planned conservation; BIM; parametric design.
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 The Use of Building Information Modelling for Existing 
Buildings: The State of the Art 

One of the most important aspects emerging from the present debate about conserva-
tion/restoration of the built heritage is the need to rethink the intervention over an an-
cient building and to consider it within a unique and complex long-term strategy, rather 
than an autonomous and episodic event (Della Torre, 2013; Musso, 2009). Despite the 
different meanings that the word ‘conservation’ can assume in different cultural contexts, 
it is a commonly accepted principle that an effective preservation and conservation pro-
cess should pay attention not only to the intervention, but also to the preliminary sur-
veys and diagnosis, and to the management of the long-term maintenance of the building.

Therefore, it is quite clear that a fundamental methodological condition for an appro-
priate decision-making process should be referred to the availability of an extensive and 
accessible documentation about every stage of it. Such a documentation, in fact, is funda-
mental to provide an in-depth knowledge of a building, allowing the achievement of pro-
gressive levels of understanding and of critical synthesis. On the other hand, it is also true 
that a conservation process often produces a great variety of information – sometimes 
in an accidental and episodic way – that frequently flows into ungovernable systems that 
waste the knowledge associated to a building, instead of accumulating it. 

In recent years, a growing number of developments in the field of computer technology 
have explored the possibility of building specific tools that could allow to store and man-
age this amount of information, thus facilitating appropriate management of the refur-
bishment and the preservation work throughout the entire life cycle of a building (Arayici 
and Tah, 2008). One of the most important and promising tool that have emerged from 
these researches is represented by the Building Information Modelling (BIM). Concep-
tually, the BIM is an integrative tool for the design, representation, production, and long-
term management of a building, which combines multi-dimensional visualization with 
comprehensive and parametric databases to facilitate collaborative design among differ-
ent specialists (Russell and Elger, 2008). 
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Figure 1. The conceptual organization of a Building Information Model: a large amount of information 
of diverse origin and nature referring to a single building can be associated with the parametric objects 
of a 3D digital model. 
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Concretely, the construction of a Building Information Model is based on the creation of 
a 3D digital model consisting of “intelligent objects” that must be semantically and para-
metrically defined as components of the construction. Furthermore, this digital model is 
employed as a platform to incorporate diverse information related to the single objects, 
such as materials, manufacturers, costs, specifications, and so on [Figure 1]. 

For these reasons, BIM seems to be a very useful tool, as it allows to:

- have a single, interrelated and logic-based archival system ensuring consistency 
accuracy and accessibility of data to all the professionals involved in the conser-
vation process; 

- gather and store – in an integrated and well-structured way – all the informa-
tion (with the respective relationships) acquired in different stages;

- support and sustain a continuous updating of the system, also supporting mod-
ifications and information renovations over time;

- perform parametric modelling, a digital design method that allows the gen-
eration and manipulation of solid objects starting from the definition of a set 
of initial parameters and the design of formal relations – rules and constraints 
– that they maintain with each other. Through parametric modelling it is there-
fore possible to manipulate and instantly recalculate the geometry of an object 
operating on the parameters’ values (Chevrier C. et al., 2010);

- work with “intelligent objects” (walls, roofs,  interior partitions, etc.) which 
support not only highly accurate geometric data, but also a variety of relevant 
non-graphical data. The most common BIM platforms allow to select and pro-
cess the fundamental architectural elements available from the database, but 
also to create new objects if they are not present in it;

- create a connection with external databases. This connection, on one hand, 
enables to integrate the BIM model importing and merging external data into 
it, thus increasing the amount of information available. On the other hand, it 
allows the different professionals to work on the same project, giving them the 
possibility to work each on a local environment tied to a central model that can 
be constantly updated through the synchronization of files; 

-exchange and share BIM data among the different software platforms used 
by the various professionals involved in the process. This software interoper-
ability is allowed by the use of IFC data model, which is an open, international 
and standardized file format and exchange protocol technology that comprises 
information covering many disciplines involved in the building and facility man-
agement industry sector. 

However, BIM was firstly created with the aim at supporting the design and management 
of new structures (Eastman, 2008), characterized by an industrial and serial production of 
many components. For this reason, the use of BIM in documentation and conservation of 
ancient structures shows some evident limits. Some of the most important aspects that 
the construction of a specific BIM for existing buildings has to address are the following:

- the complex and specific dimensional, constructive and physical characteristics 
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of the elements, which sometimes makes their translation into a BIM model 
very difficult;

- the large number, the diverse nature and the different scales of representation 
of information;

- the historical evolution of the ancient structures, which frequently exhibit 
many different constructive and adaptations phases that led to their current 
configuration;

- the changing and continually increasing amount of the information during the 
different stages of the conservation/restoration and reuse process;

- the fragmentation and dispersion of information – frequently acquired by dif-
ferent subjects and within separate research activities – during the process.

The “Albergo dei Poveri” in Genoa has been adopted as case study1 that enabled the 
exploration of the real possibility to create a specific BIM for an existing building, with 
the goal to facilitate the management of interventions and successive maintenance, also 
supporting adequate technical and cultural decisions during the whole process. One of 
the most important task of this ongoing research, in fact, is the creation of a tool that is 
expected to:

- ease the avoidance of excessive simplifications and data reductions;

- make the information collected during the different stages effectively reusable 
within the decision-making processes, also because they are open and cannot 
be determined in advance;

- allow an effective coordination between all the professionals involved in the 
process and a better consequentialness between its stages;

- eliminate excessive and unsustainable degrees of discretion in making choices 
during the planning stages.

 A BIM for the Albergo dei Poveri in Genoa: Geometric Surveys 
and Data Collection

The “Albergo dei Poveri” in Genoa, now protected according to the Italian Code of Cul-
tural Heritage and Landscape, is a vast architectural complex that was built between the 
first half of the XVII c. and the middle of the XIX c. in a natural valley immediately out of 
the second city walls, even if it and was never completed according to the original plan 
[Figure 2]. The complex knew several transformations in the internal spaces over time, 
due to the changing of the social reality of the town, of the evolution of the scientific, 
social and political thought and, consequently, of the methods of hosting the poor and 
taking care of them. At the end of the Nineties of the past century, the legitimate owner, 
through a specific Loan, assigned the complex to the University for 50-year Use. The 
original previsions of the Athenaeum were to transfer all the Faculties of the Humanities 
in the complex. 

Even if it has already been subject to some interventions, the main part of the complex is 
still abandoned and subject to the natural deterioration and decay. Recently the Univer-
sity, after many years of casual additions of separate and partial projects, has decided to 

1. This ongoing research, 
carried out by the Re-
search Unity of Genoa 
(Scint. resp. Prof. Arch. S. 
F. Musso), is part of a Re-
search Program of Na-
tional Interest (PRIN): 
“Built Heritage Informa-
tion Modelling/Manage-
ment–BHIMM” (National 
coordinator prof. Stefano 
Della Torre). Many aspects 
of this research are also 
a fundamental part of an 
ongoing Phd thesis (tutors: 
prof. S. F. Musso and prof. 
G. Franco) which the au-
thor is carrying out with-
in the “Conservation of 
Architectural Heritage” 
doctoral course at the Po-
litecnico in Milan (Coordi-

nator prof. C. Di Biase)
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Figure 2. On the left, the original plan of the Albergo dei Poveri. On the right, a bird’s eye view of the 
actual configuration of the complex.

adopt a restoration/renovation feasibility plan in order to allow a complete reuse of the 
complex as a university campus. Therefore, the construction and adoption of a specific 
BIM for the “Albergo dei Poveri” emerged as a possible basis to which anchor the contin-
uous updating of data derived from the studies already made and still in progress, and the 
ongoing confrontation with the structures of the University (Musso and Franco, 2014).

On the other hand, in order to build a self-consistent and effectively useful BIM of the 
“Albergo dei Poveri” in its actual configuration and state of conservation – the so called 
“as-built” BIM – the research has been organized and developed in different steps. 

The first step has consisted of an extensive and coordinated series of investigations 
aimed at collecting information about different aspects of the building. The main investi-
gation techniques adopted were:

- rigorous architectural surveys – through the integration of different survey 
tools and methods for collecting data – which have allowed to define a detailed 
knowledge of the geometric configuration of the building;

- historical inquiries grounded on the exploration of indirect archive sources 
compared with archaeological inquires on the building as first and direct source 
of its history;

- analytical and diagnostic investigations aiming at collecting data concerning the 
constructive characteristics and the state of conservation of the building. 

For the geometric survey, in particular, topographical, photogrammetric, image process-
ing and laser scanning instruments were adopted, this being indispensable to create a 
reliable and metrically correct model of a building (Musso, 2010). The topographic sur-
vey2 allowed the acquisition of a lot of points referring to the plan, the elevations and 
cross-sections of the building. It also allowed the creation of a main rigid measurement 
ring that has represented a general reference fundamental for a further correct location 
and orientation of the large amount of data coming from different sources and survey 

2. Performed using a ©Lei-
ca TS15 total station.
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techniques. Photogrammetric data3, integrated with the results of the topographic sur-
vey, allowed the creation of orthoimages of many external and internal elevations of the 
building. Finally, the use of laser scanner4 in many internal part of the building allowed to 
obtain raw 3D points clouds with a high level of accuracy needed for the digital recon-
struction of complex elements such as columns, capitals, and so on (Boehler et al., 2002).

After the acquisition phase, every single “data package” has been geo-referenced and 
then imported in specific software in order to perform data treatment and file format 
conversion necessary for exporting files to the BIM platform and make them effectively 
reusable in the modelling phase5 [Figure 3]. 

6. An interface that allows 
a first and general logical 
hierarchy for all the infor-
mation supported by the 

software.

Figure 3. From left to right: the main closed traverse, an orthoimage of an external elevation of the 
complex and the point cloud of the so-called “antechiesa” imported in ©Autodesk Recap for data treat-
ment and file format conversion.

 The Parametric Modelling of the Architectural Elements

The second phase of the research programme aimed at testing – through the solid mod-
elling of the elements of part of the architectural complex – the capability of the BIM to 
effectively support the complexity of historical buildings integrating the collected data in 
rigorous and manageable ways. 

The modelling phase has been performed using ©Autodesk Revit, one of the most wide-
spread commercial BIM platform. This software, in fact, allows to perform parametric 
modelling and it supports IFC classes data models which are fundamental for a real 
interoperability between different BIM platforms. 

Before starting with the modelling steps, the working environment has been organized 
firstly considering the different phases of the (past, present and future) evolution of the 
complex. For this reason, according to the different information emerging from the his-
torical researches, the Project Browser6 has been modified from its default configuration 
through the creation of a series of sheets corresponding to the main phases of the his-
torical evolution of the complex. After this preliminary step, it has been possible to start 
with the modelling of the existing phase.

The modelling phase explored a possible way to manage the shift from the survey data 
to the 3D digital model of the building. Since present BIM tools are per se suitable for 
industrial elements and modern architecture, the creation of the “as-built” BIM for the 
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3. Performed using ©Nikon 
D70 and ©Nikon D90 

cameras.

4. A ©Faro Focus 3D X 130 
has been used.

5. Topographic data have 
been edited with ©Geo-
studio GeosW and then 
imported in ©Autodesk 
Autocad to create a .dwg 
file. The point clouds form 
laser scanner have been 
edited with ©Faro Scene 
5.2 and then imported in 
©Autodesk ReCap to cre-

ate an .rcp file.
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7. The “Vault” family.

“Albergo dei Poveri” had to face some limits in the creation of complex elements such as 
vault systems, domes and other historical elements. At the moment, in fact, commercial 
BIM platforms, among the intelligent objects stored in their database and available, don’t 
support these types of historical elements because of their great variability and speci-
ficity. Thus, the research had to focus its attention firstly on the construction of specific 
new libraries of parametrically defined architectural elements, to be later imported in the 
modelling environment. The construction of these elements followed till now a manual 
process, since at the moment there is no efficient software (Hichri N. et al., 2013) ensur-
ing a direct and automatic shift. 

The methodology that has been followed until now within our research programme for 
the construction of the structural vault systems, started with the definition of a new 
object family7, followed by the definition of a system of hierarchical aggregation of the 
different elements that compose the object’s family (structural, non-structural elements, 
decorative layers, etc.), and finally the definition of the material and constructive features 
of each involved element. The “Vault” object family have been manually modelled through 
the identification of simple geometric primitives and using Boolean operations to com-
bine objects. The parametric design supported by the software, in particular, allowed 
the creation of the geometry of the vaults starting from set of parameters (such as the 
height, the length, the radius, etc.), values and constraints [Figure 4]. 

Figure 4. The creation of a new parametric object family (a cross vault) with its specific data-sheets.

Once created, the “Vault” object family has been stored in the software library. The 
modelling of the different vaults systems of the complex – described by the different 
survey “data packages” imported in ©Autodesk Revit – has thus been pursued uploading 
the parametric vault family in the modelling environment and adapting it – through the 
modification of the parameters’ values – to the level of detail of every package. Finally, 
geometric information have been integrated with some non-geometric information of 
diverse nature (such as materials employed, technical and technological characteristics, 
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mechanical and physical characteristics, etc.) emerging from the early mentioned investi-
gations and collected in specific data-sheets univocally associated to each element.

One of the most important results emerging from the adoption of such a methodology 
lies on the creation of a coherent and self-consistent framework that guarantees the 
possibility to update and modify the elements already modelled in function of new future 
investigations, plans and on-site intervention. The different levels of accuracy of data sur-
vey have imposed in some cases a high level of abstraction and oversimplification of the 
shapes. Nevertheless, every object created in the model could be modified – through the 
modification of some parameters’ values and of the data stored in the data sheets – in 
order to achieve a higher level of accuracy when (and if) new and more accurate data 
will be available.

 Connecting an External Database to the Digital Model

If on one hand parameters and specific data sheets allow a deep characterisation of every 
single constructive element of the digital model, it is also true that, sometimes, the man-
agement of several (potentially infinite) attributes referred to an existing building could 
become a difficult task.  For this reason, the direct association between the digital para-
metric model and an external database seem to be very useful in those cases in which it 
is necessary to record and describe specific features (or even processes) concerning an 
ancient building that can be barely supported by a tool that was born for supporting the 
realization of new constructions. This is, for example, the case of the moisture content 
inside a wall, which is often characterized by a dynamic nature. Despite up to now when 
we want to represent it, we currently make use of “fixed and static” thematic maps that 
provide a description of the phenomenon in a very confined range of time, a correct 
understanding of the moisture presence would requires a deep knowledge about the 
evolution of the moisture content inside that wall over time.

For these reasons, after the modelling phase, a first (and basic) database has been cre-
ated8 and linked to the ©Autodesk Revit 3D digital model using a specific plug-in9 that 
establishes a direct and bidirectional relationship between them. 

The database has been structured as a series of data sheets, each of them referring to a 
specific constructive element of the building (such as walls, roofs, vaults and so on). The 
data sheets contain all the information already stored in the digital model, but it also 
allows the creation of new items and the management of information that could not be 
available from the database of the modelling platform. The risk of ambiguities should be 
avoided thanks to the two-way correspondence10 between every element of the model 
and the corresponding sheet on the database.

For example: for each wall modelled with ©Autodesk Revit, in the correspondent data 
sheet of the database a specific item (called “Moisture content”) with a specific box has 
been created where to insert new information. The box can be thus useful for storing 
information deriving from a single monitoring activity, but it can also be sub-divided 
in order to store the results of periodical monitoring activities (also performed using 
remote sensing devices) spread off the time to take under control the evolution of the 
problem [Figure 5]. 

8. This basic database has 
been created using ©Mic-

rosoft Excel.

9. ©Revit DB Link.

10. The correspondence 
is guaranteed by the pres-
ence – both in the 3D 
model and in the database 
– of an identification code 

for each object.
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It is quite clear, from the example above mentioned, that this methodology allows every 
specialist involved in the conservation process (even if not self-confident with modelling 
tools like ©Autodesk Revit or others) to upload in it new information emerging from his/
her specific fields of investigation, also performing many basic functions such as individ-
uation or the quantification of areas referred to specific thematism, calculation of quan-
tities and so on. Furthermore, every specialist could use some computable information 
about the building in order to perform more specific and elaborate functions including 
component statistics, recapitulation elaborations [Figure 6] such as the assessment of 
quantities for a peculiar works, technical or economic valuations, summary evaluative 
schedules, and so on.
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Figure 5. The data sheet of the database associated to the walls in the digital model.

Figure 6. Examples of calculation of quantities allowed by the association between the BIM model 
and the external database.
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 Conclusions and future developments 

Starting from all the listed advantages and risks concerning the use of Buildings Infor-
mation Models for the conservation/restoration processes and interventions on ancient 
buildings, it is quite clear that the creation of a BIM for the “Albergo dei Poveri” repre-
senting the actual configuration and state of conservation of the complex can be seen as 
the first step of a long and complex process, rather than a goal in itself.

In the forthcoming steps, in fact, it will be necessary to test the model in its effective ca-
pability in supporting comprehensive data input for life-cycle management of the Albergo 
(Kerosuo et al., 2012), such as information concerning: 

- the design of new interventions (from preliminary to final plans with all the re-
lated technical and administrative or economic documents, drawings, data, etc.); 

- the management of the site while under restoration (a phase in which is often 
necessary to constantly update the project in response to the site monitoring 
and in accordance with new specific needs that were previously totally unpre-
dictable) and maintenance activities (on-site inspections, new surveys, etc.) 

As expect result, in fact, through the adoption of the BIM every new information emerg-
ing during the process should become effectively reusable and the whole workflow 
should be organized according to the real needs of the building (Osello, 2012).

Furthermore, thanks to the interoperability between different BIM platforms, as it could 
be guaranteed by the adoption of IFC data model standards (also supported by ©Au-
todesk Revit), it will be necessary – through the exportation of the model in some dedi-
cated ICT applications – to perform more specific calculations and simulations starting 
from the stored information.

These two aspects maybe represent some of the most important fields for the present 
research development about the use of BIM within the field of the protected monumen-
tal Heritage that could hopefully overcome the actual problems and risks associated with 
its use, thus becoming an effective support to a correct planned conservation process 
of the built heritage.
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Composition of Non-circular 
Compression Rings with Optimal 
Behaviour in Radial Tensile Roofs 

Rodrigo Martín Sáiz // ETS Architecture of Valles of Polytechnic University of Catalonia 

Abstract
Membrane and cable roofs tensioned in radial direction can balance their internal forces with 
a compression ring. Usually these rings have a circular shape. In an ideal state, the relationship 
between the load and the curvature causes the ring to resist only a constant axial force, with-
out bending moments. This is an optimal state for sizing. But the circular shape doesn’t always 
coincide with the geometry of the space under the roof and it’s necessary to propose another 
shape for the compression ring. Rings without circular geometry subjected to a centripetal 
and uniform distributed load must resist axial forces with non-constant value and significant 
bending moments as well, which makes it difficult to find the optimal sizing. This article shows 
a system to compose non-circular compression rings subjected to centripetal and variable 
distributed loads. The formulation of these loads depends on the variation of the curvature at 
each point of the ring, regarding the same relationship between the load and the curvature, so 
that the rings only have to resist a uniform axial force without bending moments. These rings 
are made of combinations of circular and elliptical arcs, and they can approximate different 
polygonal shapes, offering many possibilities to roof noncircular spaces, even irregular, with 
an optimal structural behaviour. The process to find this system is described as follows. First, 
the ideal centripetal distributed load is formulated. After, the combination rules are defined 
by tangency of circular and elliptical arcs to form closed rings, approximate to any possible 
polygonal geometries.

Keywords
Membrane; cable; tensile roof; compression ring; ellipse; optimization.
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 Initial Approach 

Since the first examples were built in the 1950’s, radial tensile roofs have been improving 
to become the most usual type in stadiums and other sport centers1,  because any other 
solution seems to be less efficient and heavier. The pioneers of these structures became 
aware of the problem of over-consumption of material resources in construction. This 
provoked a kind of technological revolution to replace conventional structures by new 
and more efficient systems2.

As opposed to other types of tensile structures, those of tensioned radius can balance 
their internal forces without the necessity of external means, such as ground anchors or 
big r. c. foundations. These structures need only a boundary compression ring to balance 
its internal forces. It is, exactly, the element of the biggest material consumption of these 
structures, and therefore, it is susceptible to be optimized, more than any other element. 
However, many of the discussions about optimizing these structures have been focused 
on the design of the geometry of tensioned cables3, ignoring the behaviour of the ring, 
often circular.

Figure 1. R. C. compression ring of The Georgia Dome, Atlanta, 1992. Source:  http://www.columbia.
edu/cu/gsapp/BT/DOMES/domes.html

This article is part of a broader research to find a system to design tensioned struc-
tures on compression flat rings composed of combinations of circumference and ellipse 
arches4 in which the conditions for the sizing of its tough section may be optimal, at least 
in an initial state of load. This means constant axial force throughout its length and lack 
of significant bending moments. I may call this perfect initial behaviour.

This design system consists of two different parts: the composition of compression rings 
of initial perfect behaviour, based on the relationship between load and curvature; and 
the adequacy of the tension of the membrane for an ideal state of load that, applied on 
the ring, produces a perfect behaviour on it.

1. It is possible to see five 
decades process of build-
ing roofs with radial tensile 
structures on http://www.
columbia.edu/cu/gsapp/BT/

DOMES/domes.html

2. “We must start with sci-
entific fundamentals, and 
that means with the data of 
experiments and not with 
assumed axioms predicated 
only upon the misleading 
nature of that which only 
superficially seems to be 
obvious” (Appelwhite and  

Fuller, 1975: 14).

3. It is possible to see for ex-
ample Kawaguchi, Tatemichi 
and Shan Chen (1999) and 

Netadovic (2010).

Composition of Non-circular Compression Rings 
with Optimal Behaviour in Radial Tensile Roofs

4. The composed rings are 
better suited, that is, that 
approximate better to the 
polygonal geometries than 
the simple circular rings, or 
even, than the simple ellipti-
cal, especially if polygons are 

not regular.
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The load on the compression ring in a tensile structure is derived from centripetal re-
actions transmitted by the membrane or cables forming the tensioned interior of the 
structure. These reactions have the direction of the tangent to the trajectory of the 
membrane or the cables in their joint with the ring. It is possible to decompose it in 
two directions, one transversal and another one in the plane of the ring. The latter is ab-
sorbed by the ring, allowing the reactions to equilibrate themselves inside the structure. 
Therefore it is said that such structures are autonomous.

The initial state of load on the ring proceeds from the reactions of the membrane or 
cables subjected to pre-stressing, and to its self weight, usually negligible. Since the mem-
brane has continuous contact with the ring, the reaction on it is a distributed load. How-
ever, in a structure of tensioned radius made of cables, the reactions are point loads on 
the ring. If local bending arising from the incidence of the tensioned radius over the ring 
is discounted, then the effect of such punctual loads is very similar to that of a distributed 
load. This article only deals with the design of the rings subjected to distributed loads.

Ideal Distributed Load on the Ring

The ideal load applied to the ring in its plane, in an initial state, must adapt to its curva-
ture, according to the relationship between load (Q) and curvature (C). Thus, the only 
significant effort to which it will be subjected will be a compression axial force (N) with 
constant value.

  

...where R is the radius, inverse of the curvature.

According to such relationship, the load value (Q) has to modify in each point of the 
ring as does so curvature (C). In other words, if in a circumference with initial perfect 
behaviour, the load may be centripetal (pointing to a single center) and uniform, like its 
curvature, in an ellipse, whose curvature varies at each point and whose radius also have 
different centers at each point, the load (Q) should be variable in value and direction 
(centripetal but multi-center) at each point.

To modify the load value (Q) along the perimeter of an elliptical ring there are two pos-
sibilities: The first one, if the angle β of incidence of the membrane or the cable with the 
ring in its transversal plane is the same in the whole the perimeter, modifying the tension 
of the membrane so that the reaction at each point (x, y) coincides with that defined by 
the law of charge Q(x), coincident with the function of curvature C(x). The second one, 
if the tension in the radial direction is uniform across the membrane or cables, modifying 
the angle of incidence of these on the ring in its transversal plane. It is interesting to 
imagine, for example, a conoid of tensioned membrane inscribed in an elliptical ring of 
compression in which, varying the angle of incidence at each point, it would have been 
adequate the geometry of the membrane until get an ideal state of load in the ring that 
would only produce a constant axial force, without bending moments.

Ideal Distributed Load on the Ring 
 
The ideal load applied to the ring in its plane, in an initial state, must adapt to its curvature, according to the 
relationship between load (Q) and curvature (C). Thus, the only significant effort to which it will be subjected will 
be a compression axial force (N) with constant value. 
 

N
C
Q

=   or N = Q · R  [1a and 1b] 

 
...where R is the radius, inverse of the curvature. 
 
According to such relationship, the load value (Q) has to modify in each point of the ring as does so curvature 
(C). In other words, if in a circumference with initial perfect behaviour, the load may be centripetal (pointing to a 
single center) and uniform, like its curvature, in an ellipse, whose curvature varies at each point and whose 
radius also have different centers at each point, the load (Q) should be variable in value and direction 
(centripetal but multi-center) at each point. 
 
To modify the load value (Q) along the perimeter of an elliptical ring there are two possibilities: The first one, if 
the angle β of incidence of the membrane or the cable with the ring in its transversal plane is the same in the 
whole the perimeter, modifying the tension of the membrane so that the reaction at each point (x, y) coincides 
with that defined by the law of charge Q(x), coincident with the function of curvature C(x). The second one, if 
the tension in the radial direction is uniform across the membrane or cables, modifying the angle of incidence of 
these on the ring in its transversal plane. It is interesting to imagine, for example, a conoid of tensioned 
membrane inscribed in an elliptical ring of compression in which, varying the angle of incidence at each point, it 
would have been adequate the geometry of the membrane until get an ideal state of load in the ring that would 
only produce a constant axial force, without bending moments. 
 

 
Figures 2a, 2b. Decomposed reaction of the membrane on the ring according two different angles of incidence 

β (by author). 
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Figures 2a, 2b. Decomposed reaction of the membrane on the ring according two different angles 
of incidence β .

Then, from the curvature function5 C(x) of any function y = f(x), formulated as follows:

...it is possible to formulate the load function Q(x) as follows:

In the particular case of an ellipse,

Substituting in the above formula x  y  x’  y’  x’’  y’’  by the function [eq. 5a] , its first and 
its second derivatives [eq. 5b and 5c], written in the parametric form,

        
        
...within which a and b are the major and minor semi-axes, and ψ the angle or reduced 
latitude of one point of the ellipse, projected in its main circumference, as shown in the 
figure below,

5. Curvature function from 
http://mathworld.wolfram.

com/Curvature.html

 
Then, from the curvature function(5) C(x) of any function y = f(x), formulated as follows: 
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...it is possible to formulate the load function Q(x) as follows: 
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[5a; 5b; 5c] 
 
...within which a and b are the major and minor semi-axes, and ψ the angle or reduced latitude of one point of 
the ellipse, projected in its main circumference, as shown in the figure below, 
 

 
Figure 3. Geocentric latitude (ω), geodetic (φ) and reduced (ψ) of a point M of the ellipse(6) (by author). 
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Figure 3. Geocentric latitude (ω), geodetic (φ) and reduced (ψ) of a point M of the ellipse6.

…we obtain the curvature function C(ψ) of the ellipse, and therefore also the load func-
tion7 Q(ψ) for a constant value of compression axial force (N) in the ring.

To calculate the minimum and maximum values of Q, simply replace ψ=90° and ψ=0° 
respectively in eq. 6b;

This non-uniform distributed load is formed by an infinite number of vectors whose 
scalar value may be expressed as follows:

...depending on whether it is formulated in terms of x of ψ.

The direction of these vectors is the same as that of the radius of curvature, the normal 
at each point of the ellipse, namely, the angle φ or geodetic latitude, and it is possible to 
calculate it from:

To calculate in a straightforward manner the value of the angle φ from the equation of 
the ellipse in a Cartesian form [eq. 4], first of all, it is necessary to find the gradient of 
the tangent line and, then, the normal at a point, namely, its first derivative at a point [eq. 

…we obtain the curvature function C(ψ) of the ellipse, and therefore also the load function(7) Q(ψ) for a constant 
value of compression axial force (N) in the ring. 
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( )32 2 2 2
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NabQ
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ψ
ψ ψ

=
+

 [6a; 6b] 

 
To calculate the minimum and maximum values of Q, simply replace ψ=90° and ψ=0° respectively in eq. 6b; 
 

min 2(90º ) NbQ Q
a

= =   and  max 2(0º ) NaQ Q
b

= =   [7a; 7b] 

 
This non-uniform distributed load is formed by an infinite number of vectors whose scalar value may be 
expressed as follows: 
 

Q(x)·dx  or Q(ψ)·dψ [8a; 8b]  
 
...depending on whether it is formulated in terms of x of ψ. 
 
The direction of these vectors is the same as that of the radius of curvature, the normal at each point of the 
ellipse, namely, the angle φ or geodetic latitude, and it is possible to calculate it from: 
 

btg tg
a

ψ ϕ=
  [9]

 

 
To calculate in a straightforward manner the value of the angle φ from the equation of the ellipse in a Cartesian 
form [eq. 4], first of all, it is necessary to find the gradient of the tangent line and, then, the normal at a point, 
namely, its first derivative at a point [eq. 10a], and then the inverse of the same derivative [eq. 10b], 
 
 

2
2

2

' '( )
1

by f x
a

x
x
a

= = ±

−

 …and then… 
( )

2
2

2

'

11 1
'

xa
a

y f x bx

− −
− −

= =
±

 [10a; 10b]

 

 
...about which we know that it is equal to the tangent of the angle that forms with the horizontal, that is, 
 

( )
1tg

'
arc

f x
ϕ

 −
=   

   [11]
 

 
From the infinite set of vectors, its outer contour can be drawn, that is, the line joining all the end points of 
these, and thus, a graphical of ideal distributed load function can be represented. To find the coordinates of the 
points that form this graphic, we need to subtract the scalar value of the load [eq. 6b] in the direction of the 
vector [eq. 11] to the coordinate (x, y) of each point of the ellipse. 
 

…we obtain the curvature function C(ψ) of the ellipse, and therefore also the load function(7) Q(ψ) for a constant 
value of compression axial force (N) in the ring. 
 

( )32 2 2 2
( )

cos

abC
a sen b

ψ
ψ ψ

=
+

 and 
( )32 2 2 2

( )
cos

NabQ
a sen b

ψ
ψ ψ

=
+

 [6a; 6b] 

 
To calculate the minimum and maximum values of Q, simply replace ψ=90° and ψ=0° respectively in eq. 6b; 
 

min 2(90º ) NbQ Q
a

= =   and  max 2(0º ) NaQ Q
b

= =   [7a; 7b] 

 
This non-uniform distributed load is formed by an infinite number of vectors whose scalar value may be 
expressed as follows: 
 

Q(x)·dx  or Q(ψ)·dψ [8a; 8b]  
 
...depending on whether it is formulated in terms of x of ψ. 
 
The direction of these vectors is the same as that of the radius of curvature, the normal at each point of the 
ellipse, namely, the angle φ or geodetic latitude, and it is possible to calculate it from: 
 

btg tg
a

ψ ϕ=
  [9]

 

 
To calculate in a straightforward manner the value of the angle φ from the equation of the ellipse in a Cartesian 
form [eq. 4], first of all, it is necessary to find the gradient of the tangent line and, then, the normal at a point, 
namely, its first derivative at a point [eq. 10a], and then the inverse of the same derivative [eq. 10b], 
 
 

2
2

2

' '( )
1

by f x
a

x
x
a

= = ±

−

 …and then… 
( )

2
2

2

'

11 1
'

xa
a

y f x bx

− −
− −

= =
±

 [10a; 10b]

 

 
...about which we know that it is equal to the tangent of the angle that forms with the horizontal, that is, 
 

( )
1tg

'
arc

f x
ϕ

 −
=   

   [11]
 

 
From the infinite set of vectors, its outer contour can be drawn, that is, the line joining all the end points of 
these, and thus, a graphical of ideal distributed load function can be represented. To find the coordinates of the 
points that form this graphic, we need to subtract the scalar value of the load [eq. 6b] in the direction of the 
vector [eq. 11] to the coordinate (x, y) of each point of the ellipse. 
 

…we obtain the curvature function C(ψ) of the ellipse, and therefore also the load function(7) Q(ψ) for a constant 
value of compression axial force (N) in the ring. 
 

( )32 2 2 2
( )

cos

abC
a sen b

ψ
ψ ψ

=
+

 and 
( )32 2 2 2

( )
cos

NabQ
a sen b

ψ
ψ ψ

=
+

 [6a; 6b] 

 
To calculate the minimum and maximum values of Q, simply replace ψ=90° and ψ=0° respectively in eq. 6b; 
 

min 2(90º ) NbQ Q
a

= =   and  max 2(0º ) NaQ Q
b

= =   [7a; 7b] 

 
This non-uniform distributed load is formed by an infinite number of vectors whose scalar value may be 
expressed as follows: 
 

Q(x)·dx  or Q(ψ)·dψ [8a; 8b]  
 
...depending on whether it is formulated in terms of x of ψ. 
 
The direction of these vectors is the same as that of the radius of curvature, the normal at each point of the 
ellipse, namely, the angle φ or geodetic latitude, and it is possible to calculate it from: 
 

btg tg
a

ψ ϕ=
  [9]

 

 
To calculate in a straightforward manner the value of the angle φ from the equation of the ellipse in a Cartesian 
form [eq. 4], first of all, it is necessary to find the gradient of the tangent line and, then, the normal at a point, 
namely, its first derivative at a point [eq. 10a], and then the inverse of the same derivative [eq. 10b], 
 
 

2
2

2

' '( )
1

by f x
a

x
x
a

= = ±

−

 …and then… 
( )

2
2

2

'

11 1
'

xa
a

y f x bx

− −
− −

= =
±

 [10a; 10b]

 

 
...about which we know that it is equal to the tangent of the angle that forms with the horizontal, that is, 
 

( )
1tg

'
arc

f x
ϕ

 −
=   

   [11]
 

 
From the infinite set of vectors, its outer contour can be drawn, that is, the line joining all the end points of 
these, and thus, a graphical of ideal distributed load function can be represented. To find the coordinates of the 
points that form this graphic, we need to subtract the scalar value of the load [eq. 6b] in the direction of the 
vector [eq. 11] to the coordinate (x, y) of each point of the ellipse. 
 

…we obtain the curvature function C(ψ) of the ellipse, and therefore also the load function(7) Q(ψ) for a constant 
value of compression axial force (N) in the ring. 
 

( )32 2 2 2
( )

cos

abC
a sen b

ψ
ψ ψ

=
+

 and 
( )32 2 2 2

( )
cos

NabQ
a sen b

ψ
ψ ψ

=
+

 [6a; 6b] 

 
To calculate the minimum and maximum values of Q, simply replace ψ=90° and ψ=0° respectively in eq. 6b; 
 

min 2(90º ) NbQ Q
a

= =   and  max 2(0º ) NaQ Q
b

= =   [7a; 7b] 

 
This non-uniform distributed load is formed by an infinite number of vectors whose scalar value may be 
expressed as follows: 
 

Q(x)·dx  or Q(ψ)·dψ [8a; 8b]  
 
...depending on whether it is formulated in terms of x of ψ. 
 
The direction of these vectors is the same as that of the radius of curvature, the normal at each point of the 
ellipse, namely, the angle φ or geodetic latitude, and it is possible to calculate it from: 
 

btg tg
a

ψ ϕ=
  [9]

 

 
To calculate in a straightforward manner the value of the angle φ from the equation of the ellipse in a Cartesian 
form [eq. 4], first of all, it is necessary to find the gradient of the tangent line and, then, the normal at a point, 
namely, its first derivative at a point [eq. 10a], and then the inverse of the same derivative [eq. 10b], 
 
 

2
2

2

' '( )
1

by f x
a

x
x
a

= = ±

−

 …and then… 
( )

2
2

2

'

11 1
'

xa
a

y f x bx

− −
− −

= =
±

 [10a; 10b]

 

 
...about which we know that it is equal to the tangent of the angle that forms with the horizontal, that is, 
 

( )
1tg

'
arc

f x
ϕ

 −
=   

   [11]
 

 
From the infinite set of vectors, its outer contour can be drawn, that is, the line joining all the end points of 
these, and thus, a graphical of ideal distributed load function can be represented. To find the coordinates of the 
points that form this graphic, we need to subtract the scalar value of the load [eq. 6b] in the direction of the 
vector [eq. 11] to the coordinate (x, y) of each point of the ellipse. 
 

6. These latitudes are used 
to situate any point of the 
ellipse through different 
angular reference systems. 
All three have their zero 
on the horizontal and ro-
tate counterclockwise to 
clockwise. The geocentric 
and reduced systems have 
a single reference point 
located at the intersection 
of the main axes of the 
ellipse, which is actually 
that of the polar coordi-
nate system. However, the 
geodetic system has no 
single point of reference, 
and such point varies in 
each rotation of the angle 

(Hernández, 1997: 45).

7. Formulated by author.
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8. The evolute is the line 
containing all centers of 
radius of curvature of a 
curve. In the case of the 
ellipse, it islike an aster-
oid and is formulated as 

follows:

(from html http://math-
world.wolfram.com/Ellip-

seEvolute.html).

10a], and then the inverse of the same derivative [eq. 10b],

...about which we know that it is equal to the tangent of the angle that forms with the 
horizontal, that is,

  

From the infinite set of vectors, its outer contour can be drawn, that is, the line joining 
all the end points of these, and thus, a graphical of ideal distributed load function can 
be represented. To find the coordinates of the points that form this graphic, we need to 
subtract the scalar value of the load [eq. 6b] in the direction of the vector [eq. 11] to the 
coordinate (x, y) of each point of the ellipse.
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ture can be misleading, as two different units are drawn on the same graph scale: that of 
the length and that of the load. This means that the load value is represented as a length 
according to an arbitrary graphic scale.
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Figures 4a, 4b. Two identical ellipses with its evolute8 and one same function for ideal loads repre-
sented with two different graphic scales.
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Rings Composition

After defining the function of the ideal load on elliptical rings, it is possible to compose 
rings by the combination of elliptical and circumference arches, as long as these combi-
nations, that are made not only of arches, but also of ideal distributed loads associated 
to each arch, satisfying the necessary condition for a perfect behaviour, namely, when the 
value of the load is function of the curvature on each point. From this condition, as long 
as the tensioned element is a membrane or distributed cables, that is, that the load on 
the ring is distributed, result continuous curves, ie, without sudden changes in trajectory.

To reach continuity in the curvature, the joint between two arches must be by tangency, 
coinciding center and radius of curvature in both arches.

Then, from any point (x, y) of an ellipse, from which it is possible to calculate the geodesic 
angle φ [eq. 11], the radius of curvature R(x) and the center of such radius on the evolute, 
one osculating circle9 is drawn, tangent and of an equal curvature to the ellipse at that 
point, resulting in a splice without any discontinuity in the path of the line. At this point, 
the value and direction of a centripetal load with the same factor are identical. And the 
axial force resulting in the two curves is also the same, the ellipse and the circle, and this 
is, after all, what avoids any bending moment, and therefore, what allows that the sizing 
conditions of the resistant section to be optimal.

9. The osculating circle 
is one that is tangent 
to the ellipse at a point 
and also has the same 
curvature. There is only 
one osculating circle for 
each point of the ellipse. 
The set of all the centers 
of osculating circles of an 
ellipse is located in the 

evolute.

Figure 5. Tangency between an ellipse and its osculating circle at a point of a geodetic angle φ and 
radius of curvature R(x). 

Thus, to compose a ring it is necessary to chain stretches of ellipse arc and/or tangent 
circumference to form closed figures, of which, the simplest are those formed by two 
arcs of a same circumference combined with two arches of the same ellipse.
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According this system, it is possible to compose rings approximate to any regular poly-
gons with three, four or more sides. Rings approximate to polygons with too many sides 
will look like a circumference, because the distance between the side of the polygon and 
arch of the polygon becomes smaller the more sides it has.

It is also possible to compose rings only by joining ellipse arches, as long as the geodetic 
angle φ of the ellipse at the point of tangency is equal to the half of angle α between the 
sides of the regular polygon that approximation. Thus, for composed rings approximate 
to an equilateral triangle, the tangency will be at φ=30°, for one approximate to a square 
in φ=45 º, and so on, because the normal to the ellipse in the point of tangency coincides 
with the bisector of the angle α between the sides of the polygon.

Co
m

po
sit

io
n 

of
 N

on
-c

irc
ul

ar
 C

om
pr

es
sio

n 
Ri

ng
s w

ith
 

O
pt

im
al

 B
eh

av
io

ur
 in

 R
ad

ia
l T

en
sil

e R
oo

fs

Figures 6a, 6b. Composition of a ring formed by two arches of a same ellipse and two arches of a 
same osculating circle corresponding to a geodetic angle φ.

Figures 7a, 7b. Composition of rings approximate to regular polygons of three sides.
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Composed rings only by ellipse arcs allow a better approximation to the polygon, be-
cause the radius of curvature at the point of tangency, which is the distance to the vertex 
of the polygon, is smaller for a same ellipse than when it is combined with circumferences.

The greater the eccentricity10 of the ellipse, the higher also the approximation of the 
ring to the polygon, although it means that the arches of the ellipse, having lesser curva-
ture, when applying a distributed centripetal load, the compression axial force increases 
significantly.

Conclusion

The deductive process to obtain the composition rules of non-circular rings is as follows: 
optimum conditions for sizing the compression ring in radial tensile roof have been de-
fined, the ideal function load-curvature of elliptical rings has been formulated, and condi-
tions of tangency between circumference and elliptical arcs and the continuity between 
both of the ideal function of load-curvature have been defined. At last, composition rules 
of rings approximate to simple polygons and the possible variations of the eccentricity 
between the ring and the polygon have been set.

10. The eccentricity of the 
ellipse ε refers to the rela-
tionship between its main 
axes, and is calculated as 

follows:

from http://mathworld.
wolfram.com/Eccentricity.

html

Figures 10a, 10b. The ring on the right has a higher approximation to the triangle than the ring of 
the left, because it is formed by ellipses of greater eccentricity.

Figures 9a, 9b. Rings composed of elliptical arcs only, approximated to an equilateral triangle and a 
square.
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Following these rules of composition, it is possible to compose rings approximated to 
any irregular polygons too, by combining arches of different circumferences and ellipses. 
Some examples are shown bellow. 

This opens the possibility to design the roofing system of regular and irregular polygonal 
geometries by recurring to tensioned structures of radial distribution without having to 
renounce to the optimization of the sizing of their compression ring.

It will be necessary to follow this research to formulate rules that define the relationship 
between the geometry and the membrane or cable tension, and the reaction on the 
compression ring, that is, the control of the load on the ring, defined in this research 
article.
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Hyper-Morphology: 
Experimentations with Bio-inspired 
Design Processes for Adaptive Spatial 
Re-use
Jia-Rey Chang // TU Delft

Abstract
Hyper-Morphology is an on-going research outlining a bottom-up evolutionary design process 
based on autonomous cellular building components. The research interfaces critical opera-
tional traits of the natural world (Evolutionary Development Biology, Embryology and Cellular 
Differentiation) with Evolutionary Computational techniques driven design methodologies. In 
the Hyper-Morphology research, genetic sequences are considered as sets of locally coded 
relational associations between multiple factors such as the amount of components, material 
based constraints, and geometric adaptation/degrees of freedom based adaptation abilities 
etc, which are embedded autonomously within each HyperCell component. Collective intelli-
gence driven decision-making processes are intrinsic to the Hyper-Morphology logic for intelli-
gently operating with autonomous componential systems (akin to swarm systems). This subse-
quently results in user and activity centric global morphology generation in real-time. Practically, 
the Hyper-Morphology research focuses on a 24/7 economy loop wherein real-time adaptive 
spatial usage interfaces with contemporary culture of flexible living within spatial constraints 
in a rapidly urbanizing world.

Keywords
Evo-Devo; cellular differentiation; self-organization; evolutionary computation; adaptive 
architecture.

Note
This article is a newer version of a paper originally published in the eCAADe 2013  
Conference Proceedings Computation & Performance.
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 Introduction 

Contemporary architecture and its growing fascination with the ingenuity of formal explorations 
supported by the increasing sophistication of computer aided design software comes with its own 
pros and cons. The growing importance of formal aesthetic has been misused and misinterpreted 
under the banner of organic and bio-inspired architecture, wherein mimicking of formal attributes 
has taken center stage. Computational design and its facets such as evolutionary computing, on 
the other hand are also gaining importance within academia as well as are percolating into some 
contemporary design offices wherein a distinction between top-down aesthetic visions as opposed 
to bottom-up simulation driven analytical form finding are being seriously questioned. Such explo-
rations have been heavily instrumental in exploring biological processes of adaptation, growth and 
mutation, or in other words are truly concerned with understanding biotic principles and optimi-
zation phenomenon in order to derive performative design solutions. The desire to imitate organic 
form as opposed to understanding inherent biotic processes as bottom-up systemic interactions 
resulting in outward appearances unreservedly needs definite persuasion within the architectural 
domain. The research paper outlines one such approach of deciphering and translating the logics 
of natural morphogenesis into the digital realm and applying it to an architectural case of real-time 
adaptive re-use of space: Hyper-Morphology.

Hyper-Morphology outlines a bio-inspired evolutionary design process with a primary focus on 
cellular differentiation, adaptation and self-organization via collective decision-making processes. 
The research thus has its roots in the science of Evolutionary Developmental Biology (Evo-Devo), 
Embryology and Cellular Biology, which exemplify various stages of embryonic growth, cellular 
behavior and development cycles of an organism. In doing so, our research revealed the following 
critical traits within the natural world as quintessential: 

- Regulation of cellular differentiation: Each specialized cell type in an organism expresses a 
subset of all the genes that constitute the genome of that species. Each cell type is defined 
by its particular pattern of regulated gene expression: the process by which information 
from a gene is used in the synthesis of a functional gene product. Gene regulation gives 
the cell control over structure and function, and is the basis for cellular differentiation, 
morphogenesis and the versatility and adaptability of any organism. At a local level, Signal 
Induction, which refers to cascades of signaling events, during which a cell or tissue signals 
to another cell or tissue to influence its developmental fate is equally important from a 
collective decision making point of view.

- Self-organization: In biological systems self-organization is a process in which pattern at 
the global level of a system emerges solely from numerous interactions among the low-
er-level components of the system. Moreover, the rules specifying interactions among the 
system’s components are executed using only local information, without reference to the 
global pattern (Camazine, 2003).

Existing architectural spaces and their inherent static nature owing to their material make-up as 
well as the nature of linear processes, which lead towards their conception, are unable to provide 
the much needed flexibility as regards functional diversity, user-driven customization of space as 
well as adaptation within a dynamic context. Hyper- Morphology challenges such linear, non-dynam-
ic processes and by means of inculcating built-in adaptive behavior within the smallest constituting 
component of architectural space (the cell) intends to make a transition towards understanding 
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architecture as a performance driven, real-time adaptive construct. The ongoing research 
builds on the aforementioned critical traits in the natural world and will illustrate in-
tricate, yet energy efficient information frameworks and communication protocols 
amongst autonomous cellular building components. The paper will also elaborate upon a 
simulation driven design interface (for intuitive communication with designers) as a front 
end to such non-linear computational process. The research also focuses on the appli-
cability and thus the performance measurement aspects of such collective intelligence 
driven spatial systems within the context of real-time adaptive re-use of architectural 
space. Cellular differentiation/specialization is thus seen as a resultant impact of the gene 
expression within the inherent genetic code via intelligent communication capabilities 
based negotiation between all the architectural components.

 Theoretical background

“What we are evolving are the rules for generating form, rather than the forms them-
selves” - John Frazer (1995) in his article “A Natural Model for Architecture”. The re-
search heavily draws on John Frazer’s viewpoint and focuses on evolutionary growth and 
the role of DNA from a design process perspective in order to generate performance 
driven adaptive spatial solution sets. The research thus thoroughly explores Evolutionary 
Development Biology (Evo-Devo) to understand how organisms form from the differ-
ences of embryos and how the invisible logic inside the genes controls an organism’s 
growth. The Hyper-Morphology research extracts three distinct ideas, which can be ap-
plied to architectural design from the field of Evo-Devo: “simple-complexity”, “switch and 
trigger” and “geometric rules”. 

Figure 1A. Vertebral Column, an expression of the Simple to Complex logic within Evo-Devo.
Source:  http://creationwiki.org/Vertebrate Figure 1B. The Switch and Triggers of Hox-gene controls 
different parts of the Drosophila’s morphology Source: http://www.dls.ym.edu.tw/lesson3/dros.htm  
Figure 1C. The “Fate Map” of embryo which drives the formation of the organisms.
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- The simple to complex logic can easily be discovered while studying an organ-
ism’s body parts, such as the vertebrate’s spine structure. Each complex organic 
body is composed of numerous amounts of simple elements with variations in 
scalar aspects of the same component [Figure 1A].

- The switch and trigger, on/off logics, play an important role in regulating the 
formation of the organism. For example, the switches inside the Hox gene tell 
an organism where and when to evolve different body parts in time. The char-
acteristic of the output (form, color, pattern etc) is the resultant of multiple 
nested sets of inputs by these switches [Figure 1B].

- The geometric rules are mainly related to a “Fate-Map” during the embryo 
formation. Based on Sean B. Carroll’s (2005) explanation in his book “Endless 
form most beautiful”, A “Fate-Map” demarcates different functional areas of an 
embryo, which works as an information protocol for cells as regards the kind of 
cellular differentiation and specialization tasks they need to undertake [Figure 
1C].

These fundamental logics together with the gene regulation processes give cells control 
over their structural and functional roles, thus defining cellular behavior and adaptation 
principles. This knowledge can in turn be applied to autonomous architectural compo-
nents with the assistance of computational design routines. It has also been observed 
that genetic processes and evolutionary strategies in natural systems are easily mis-
understood and misused by designers. Geometric form-finding processes are at times 
deduced by considering a DNA code as a metaphor for fixed formal attributes while 
completely ignoring the deeper relational processes that exists between encoded ge-
netic information and the resultant phenotype. The research categorically opposes the 
much-simplified literal translation of A-C-T-G sequences within the DNA into the data-
sets of spatial vertexes, edges, transformation factors, and other geometric relationships 
for deriving a shape. On the contrary the research premise establishes that all genes in 
cells should unavoidably interact with each other as a relational system in a non-linear 
process in order to successively grow an organism from cellular differentiation and spe-
cialization based tissue formations into a holistic body. This necessitates a systemic rela-
tionship between genes as a vital area of research in order to extract rules for generating 
information driven performative form. 
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Figure 2. Diagram of genetic rule set per cell and cellular specialization in evolutionary design pro-
cesses.
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In other words, the paper proclaims that designers should build bottom-up spatial for-
mations by setting up genetic rule sets within the design process. These will be inherited 
within the smallest unit of the proposed space; the spatial component (similar to the 
cells in organisms). The number of such cells, their material make-up, their communica-
tion protocols and data exchange routines (gene expression and signal processing) while 
interacting with their immediate context in order to arrive at individual cell specializa-
tion (in terms of form and ambient characteristics) result in the generation of emergent 
morphological phenotypes [Figure 2].

 Technical Interpretation & Adaptive User-Centric Innovation

Computational processes, which operate as a medium for translating biotic principles 
into spatial, mechanical as well as informational frameworks, take center-stage within 
the research. The focus here is also on bottom-up evolutionary computing processes 
rather than conventional top-down aesthetics driven solution-finding procedures, thus 
enabling one to seek parametric variations while assessing performance of the variants in 
real-time. Evolutionary computation (EC), a terminology widely used in the field of com-
putational Intelligence explicitly deals with the creation of well-defined models (which 
can be expressed in an algorithm, protocol, network topology, etc.) pertaining to the un-
derstanding of evolution, which, in Biology is the process of change in the inherited traits 
of a population of organisms from one generation to the next. Architectural, Engineering 
and Urban design oriented research and design experiments via the EC perspective are 
thus seen as systematic attempts to understand and mimic how organic components 
and subsystems create nested processes with the ability to interact and adapt to their 
contextual dynamics in real-time.

Architectural design in the computational domain has heavily experimented on the idea 
of self-organization to see how micro-scale organic components and systems can create 
nested processes with the abilities to adapt to their dynamic context in real-time. The 
research emphasizes swarm intelligence as a self-organizational computation strategy 
under the umbrella of Evolutionary Computation. Numerous autonomous components 
(HyperCell) with material limitation driven local degrees of freedom akin to cells in 
an organism thus create the foundation of collective decision-making scenarios in this 
research [Figure 3]. 

Figure 3. Process of collective decision making through local level adaptive components to emergent 
optimized body for the information distribution idea within the logic of self-organization and swarm 
intelligence.   
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Based on local adaptation routines stored within each component’s DNA, efficient nego-
tiation scenarios between immediate neighboring components are structured in order 
to collectively decipher performative morphologies in accordance with user require-
ments as regards the activities they wish to perform. This collective decision making 
scenario applies to diverse set-up of the components with differing material and geo-
metric make-up in the form of variable gene regulations akin to cellular differentiation 
mechanisms in the natural world.

Instead of having a central core for distributing data from and to the components, the 
idea of data transmission in this research involves embedding each single component 
with a low-level processor, which computes local adaptation routines and generates pro-
tocols for communicating with its neighbours on the fly in an energy efficient distributed 
information processing architecture. This distribution process is similar to Signal Induc-
tion in natural growth processes, which refers to cascades of signaling events in order to 
provoke cell’s to send signals to their neighboring cells in an attempt to attain informed 
cellular differentiation.

The research does not only deal with the data exchange between cellular components, 
but also tries to establish an active communication between components, environment, 
and users in real-time. Charles Darwin once said, “It is not the strongest of the species 
that survives, nor the most intelligent that survives. It is the one that is the most adapt-
able to change.” Adaptation mechanisms play a crucial role for an organism to survive, 
sustain and grow. As opposed to a responsive system, which operates on a much linear 
communication process, the research thus harnesses an adaptive systemic logic involving 
real-time non-linear interactions with the immediate context and end users.

The user-centric nature of the HyperCell implies real-time structural, physiological and 
ambient adaptations for optimal end-use. This involves consideration of user’s activity 
oriented needs, issues of human computer interaction, and tangible or digital commu-
nication modes with the HyperCell components. In other words, the term user-centric 
refers to the user’s possibilities of communicating; modifying and customizing the collec-
tive intelligence driven generated morphologies of HyperCell clusters. Towards this end, 
everyday digital gadgets such as smartphones, tablets, and multi-touchscreen devices, 
with intuitive user-interfaces will be utilized. 3D interaction gesture tools, such as Kinect 
by Windows, which control virtual objects by responding to user gestures, will also be 
extended to interact ubiquitously with physical HyperCells in real-time [Figure 4].

Figure 4. Experiment of controlling the visual 3D model through a smart phone device.
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Considering this user-centric approach, the issue of Evolution in this research takes up 
the dimension of novel interactions produced by diverse combinations of HyperCells as 
well as topological and ambient customizations produced by end-users within a Hyper-
Cell cluster. The users in this manner explore and customize spatial topologies within a 
set technical adaptability range in order to self-create multiple usability scenarios.

 Experimental Case Study

HyperCell as an autonomous architectural component system will be applied to an in-
terior scale as the first experiment. Each HyperCell component has its own geometrical 
definition; a Hexahedral (cubic) geometry in this case, and will in real-time adapt and 
transform its geometrical shape in response to contextual factors and user based activity 
requirements to generate feasible topologies. Following the aforementioned theoretical 
logic and tangible techniques, the HyperMorphology research in this phase puts more 
focus on experimenting with diverse functional furniture morphologies harnessing the 
aforementioned number of cells and the combination logic of the HyperCells. 

Figure 5A. Degree of freedom in terms of dimensions. Figure 5B.True mirror function.  Figure 5C. 
False mirror function. Figure 5D. Example of True & False regulation between cells.

At the starting stage of the simulation process, the fundamental geometry, the transfor-
mation process and the communication logic are explored in parallel using computa-
tional techniques. The initial research phase employs a 2-dimensional quadrangle based 
structure as the fundamental element of the HyperCells. From a parametric point of 
view, the coordination and control of the constituting four vertices of a single quadrangle 
shape contributes towards attaining geometric variability and transformation possibilities 
to the HyperCells [Figure 5A]. In other words, different lengths of a basic quadrangu-
lar element’s edges define a repeated geometric shape in order to compose a singular 
HyperCell component by following the “mirror” geometric transformational function. 
The mirror function as a mathematical definition is called a reflection transformation 
based on a mirror (a line for 2D space or a plane for 3D space as an axis of reflection) 
to map a specific figure to its opposite position to create symmetry. In this research, two 
different mirror functions have been applied as “True and False” logic while composing 
the HyperCell component.
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The “True mirror function” stays with the general reflection idea to create a symmetric 
figure based on one of the original quadrangle’s edge [Figure 5B]. The “False mirror func-
tion” adds one step after getting the reflected figure by the True mirror function. Instead 
of using the quadrangle’s edge as an axis of reflection, the “False mirror function” makes 
another reflection based on the first reflected shape’s perpendicular bisector [Figure 
5C]. This True and False combination logic is a crucial mechanism of forming a single Hy-
perCell component by connecting the quadrangular cells together. This can be interfaced 
with the switch and trigger mechanism extracted from Evo-Devo: for example, if we 
connect four quadrangular cells as a basic HyperCell component, first we have to decide 
the True or False sequence, such as TTT or TFT (T = True and F = False) as connecting 
regulations between cells [Figure 5D]. This simple regulation of True and False sets up 
the basic formation of the HyperCell component similar to the gene regulation process 
of living creatures, which defines their body parts. Besides this, the other critical logic 
involves that all basic quadrangle cells share the same dimension to build up a single Hy-
perCell [Figure 6]. Once a particular quadrangular cell gets its dimensional information 
from the system to change one of its edge’s lengths, it will pass this information to its 
neighboring cells in order to do the same transformation so that the overall HyperCell 
components can make different bending formation in real time for different usages. This 
data transmission is related to the information distribution between cells. Furthermore, 
by extruding the 2D quadrangular cells of particular lengths as 3D-Hexahedral elements, 
the transformation mechanism can still be embedded and applied to build a 3D Hyper-
Cell component.

Figure 6. Diagram illustrating the various wall typology of the HyperCell from basic geometric ele-
ment with the degree of freedom and simple rule-based logic.

Figure 7. Transformable furniture made of HyperCell component can change the overall shape to fit 
in different function based on the timeframe and requirement of the user.
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The goal of using the same set of HyperCells with different combinations to create 
different furniture functions is to achieve all required spatial usages within the same 
foot print in real-time. With this goal, multi-functional HyperCells can, owing to their 
adaptation possibilities minimize each person’s generic spatial volume for living. Two sets 
of parameters which are Dimension-DNA (D-DNA) and Logic-DNA (L-DNA) drive the 
main furniture (trans)formation built by HyperCells, such as chair, table, bed...etc. These 
two sets of parameters are related to the transformation logics which were discussed 
earlier while defining the basic quadrangular shapes and the manner of connecting them. 
D-DNA defines the basic geometry to build up the overall furniture shape bottom-up, 
and the L-DNA defines the True and False mirror function between each cells’ connec-
tions.

Figure 8. Part of the catalogue of the furniture pieces built up by the HyperCell components. First 
line of the diagram shows the Logic-DNA of how the HyperCells construct. Second line of the diagram 
represents the actual dimension of the furniture pieces.

Apart from applying principles of cellular differentiation the idea that all species share 
the same gene tool-kit, involving simple operations to produce complex outcomes and 
attain morphological variation via simple switch and trigger mechanisms are perfectly ex-
perimented with in the research. Although all cells (HyperCells) share the same degree 
of freedom (D-DNA), but with different amount (number) and geometric regulations 
(L-DNA), they create various functional furniture formations to fulfill different spatial 
and usage based topological requirements. This on-going research subsequently aims to 
develop and market the HyperCells as flexible and transformable furniture pieces apt 
for adaptive reuse. In other words, a set of HyperCells bought by customers, can be 
assembled differently by using different D-DNA and L-DNA to attain specific furniture 
functions, or enable the embodiment of different transforming abilities to existing func-
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tions in order to suit the customer’s spatial requirement in time as regards the active 
reuse of space [Figure 7]. The research, after experimenting with HyperCell furniture 
systems will subsequently focus on how these autonomous objects can in real-time send 
data between each other under locally and how users can effortlessly communicate with 
them to customize spatial adaptations [Figure 8]. Metaphorical speaking, if each of the 
HyperCell furniture in the space is taken as a body part of an organism, different con-
figuration of the HyperCell furniture will represent a specific spatial species [Figure 9].

Figure 9. Diagram which shows one of the combinations of HyperCell furniture for working spatial 
usage as a particular kind of species in nature.

The evolution process of the HyperCells will mainly come from the end users.  Although 
several default settings of the HyperCell furniture and configurations will be given while 
users start using it, the users are not forced to stay with these settings. In other words, 
users are allowed to create their own customized  furniture or spatial usages by modify-
ing the two sets of the aforementioned HyperCell parameter (D-DNA & L-DNA). This 
evolution idea can reflect to the note of every natural species are sharing the same gene 
tool kits from the principle of Evo-Devo. Similar to LEGO bricks, the HyperCell compo-
nent will also have the potential to generate various results to challenge the conventional 
idea of furniture and space. Moreover, because of the transformable characteristic of the 
HyperCell component,  more flexible spatial ambience and practical usages will be more 
suitable to the users according to their spatial requirement through time.

 Conclusion 

Unlike so-called organic architectural designs, which literally mimic natural organic shapes 
with the assistance of sophisticated computational techniques, the HyperMorphology re-
search engages in deciphering and translating the logics of natural morphogenesis into 
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the digital realm and applies these to an architectural case concerning real-time adaptive 
reuse of space. HyperCell as a cellular architectural component can operate as an auton-
omous entity with its own sensing and actuating mechanism, though each autonomous 
adaptation will have an associative impact on the overall morphology of the built form. 
The research thus aims at deriving the most essential information structure for optimal 
computing (almost like the hox gene) in a regulated sequence which will in turn be 
auto propagated but autonomously regulated by each cell throughout the bio-inspired 
systemic spatial formation. The research does not state that HyperCell is the ultimate an-
swer for the future of adaptive re-use in architecture, but instead proposes an innovative, 
bio-inspired design methodology for real-time adaptive architectural and interior spaces.

Figure 10. Different configuration of the HyperCell furniture metaphorically represents a special 
kind of species similar to how organic cells build up a natural species.
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Broadened Drawing-Scape: 
Being, Becoming, Computing
Onur Yüce Gün // Massachusetts Institute of Technology

Abstract
In his book Getting Back into Place: Toward a Renewed Understanding of the Place-
World, Edward Casey (2009) unfolds the human’s embodied existence in terms of everlasting 
interaction that takes between the body and place (Morris, 1999: 39). According to Casey (2009: 
xii), places shape one’s experience of being, yet ‘no given place suffices indefinitely,’ and thus 
people live most of their lives in a continuous stream of ‘restless mobility.’ Consequently, ‘getting 
out of place’ settles in as an intrinsic constituent of the human life, as one journeys across scapes 
(Casey, 2009: xii).
In this paper, I project Casey’s elaborations on ‘being in place’ onto the dynamics of Stiny’s visual 
calculation enterprise. The non-stationary nature of being and the open ended interpretations 
inherent to seeing help weave subtleties that exist both in Casey’s place-world and Stiny’s 
shape grammar formalism. To bridge the domains of philosophy of being and visual thinking, 
I particularize the commonalities between Casey’s and Stiny’s theories by analyzing the act of 
drawing as an embodied process of becoming. I outline the actions and perceptions that govern 
the analog drawing process via overviewing descriptions that are made by renowned artists, 
art historians and architects, and via examining these descriptions in light of Ingold’s (2007) 
anthropological elaborations on lines and Damasio’s (2000) elaborations on consciousness and 
bi-directional perceptions. I outline the intertwined actions of our hand(s), eye(s) and mind(s) 
to unfold the analog drawing process as an embodied thinking process, as ‘thinking through 
the body’ (Cain, 2010: 27). I argue that rethinking the divide between human’s seamless bodily 
transactions and the discrete nature of binary computing help revisit the ways in which designers 
utilize computational technologies in design and in design research. 
In this paper, I make one theoretical and one technical contribution. Theoretically, I associate 
evidences from fields of philosophy, cognitive science, anthropology, arts and literature, to frame 
a systematized inquiry of yet-to-be outlined associations between designs, computing and the 
conscious human body. Technically, I propose the broadened drawing-scape that consists of 
hardware and software components and that fuses analog and digital modes of drawing (and 
more), –as a proof of concept of my systemized inquiry.

Keywords
Computation; drawing; shape; becoming; embodiment.
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 Being: Wandering/Wondering 
  
 Placing the Human Body In (Between) Place(s)

And just as he who unwills what he wills
and shifts what he intends to seek new ends
so that he’s drawn from what he had begun.

so was I in the midst of that dark land,
because, with all my thinking I annulled

the task I had so quickly undertaken.

- Dante, Divine Comedy, Inferno, Canto II

At the dusk of the day Dante meets Virgil, Dante questions his ‘worthiness to visit the 
deathless world’ (Alighieri, Mandelbaum and Armour, 1995: 63). He stands still at the 
verge of the dark forest and ponders withdrawing his journey. In Casey’s (2009: 22) 
terms, Dante experiences the anxiety of walking into the unknown, and of being ‘dis-
placed’. Yet still, a conversation with Vigil soothes his worries and Dante finally does not 
un-will his will, and he enters the ‘steep and savage path’ (Alighieri, Mandelbaum and 
Armour, 1995: 67).  

Casey (2009: xii) masterfully frames the ability, reasons and consequences of mobility: 
‘A tree stands in its own place. Its life is sedentary... a life without anxiety.’ According to 
Casey, humans change places, not only because they can, but also because they must. ‘No 
given place suffices indefinitely,’ neither for biological, nor for emotional needs. Conse-
quently, ‘getting out of place’ becomes an intrinsic constituent of the human life.

Life as a journey (or as collection of journeys) as conceptualized by Lakoff and Johnson 
(1980), is not a new metaphor. Probably not as adventurous, purposeful or dangerous 
as Dante’s, everyone journeys to find themselves somewhere in-between: ‘We are be-
ings of the between, always on the move between places’ (Casey, 2009: xii). Likewise, 
Ingold (2007: 2), highlights the longevity of in-between-ness in human life: ‘…life is lived, 
I reasoned, along paths, not just in places… and paths are lines of a sort.’ Ingold calls 
the wanderer ‘wayfarer’ and states that wayfarer’s path is naturally undetermined and it 
‘wends hither and tither.’ ‘While on the trail the wayfarer is always somewhere, yet every 
‘somewhere’ is on the way to somewhere else’ (Ingold, 2007: 81)

Casey concretizes ‘the place’ and Ingolg conceptualizes ‘lines’ to investigate the in-be-
tween-ness of the journeying human body. For Ingold (2007), existence of paths is inher-
ent to the existence of places, and thus we live both in places and along the paths. Casey 
(2009) unfolds the body-place relationship in a more comprehensive way, and what In-
gold calls ‘lines of sort’ becomes more inclusive (wider spanning) ‘arcs of embodiment’. 
For Casey, body and place encompass each other equally, and the arc of embodiment 
becomes constituted neither in cognition, nor in the body only, but in the ‘interplay of 
the body and place, in being-in-place’ (Morris, 1999: 39).
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 Wandering in Wild-Scapes (Shapes)

Built places, Casey (2009: 186-223) claims, ‘serve to bring body to rest—indeed, to bring 
it to a virtual stasis,’ whereas ‘wild places put the body into action’. We ‘edged out from 
built places’ to move into wilderness because ‘…centers cannot hold; capacious as they 
are, they cannot contain the diversities and vicissitudes of the place world.’ Similarly, 
Lebbeus Woods’ (2004: 37) self-critical observation substantiates the connections be-
tween the habitual environments in regard to design discoveries eloquently: ‘If I cannot 
free myself from the reassurance of the habitual, how can I speak of the experimental, 
which is nothing if not real risk, even loss?’ However, moving out of habitual domains re-
quire esteemed effort. Casey (2009: 223) states that wild places require cautious actions 
such as ‘alert apprehension,’ ‘adroit exploration,’ and last but not the least observation, 
a ‘seeing-around.’ Seeing-around echoes as an obligatory action to take the ‘multifarious 
qualities and shapes of the surrounding(s)’ into account. Casey (2009: 203) broadens the 
meaning of shape via its etymological connection to the word scape:

 [Scape] is essentially the same [word] as shape, except that it once meant a compo-
sition of similar objects… given the considerable scope of –scape… there are at least 
as many placescapes as there are kinds of place: seascapes, housescapes, cityscapes, 
aeroscapes, dreamscapes, wildscapes, even thoughtscapes.

Stiny’s propositions about seeing and shapes parallel Casey’s elucidations. For Stiny (2006) 
preservation and use of ambiguity is a must for truly open-ended visual explorations. Ac-
cording to Stiny, combinatorial computational systems cannot handle ambiguity, whereas 
visual calculation -seeing- can. Along similar lines, in Casey’s place-world, by departing 
from the built (or structured) environments and journeying into the wilderness, one 
moves from the regulated land-scape that is ‘the natural world as collected in coherent 
clusters and placed on view’ to the wild-scape that is ‘the undespoiled natural realm’ 
(Casey, 2009: 203). Casey’s place-word meets Stiny’s shape-universe, with a considerable 
amount of resolution:

Casey Stiny

seeing around seeing

coherent clusters combinatorial systems

underspoiled natural realm ambiguity

In wilderness, the path to be taken is never fully pre-conceived. Stiny’s amplified percep-
tion box, the eye helps draw paths using the clues available at specific places. Stiny (2006: 
157) concludes ‘that visual calculating encourages the creative wanderings of the artist 
mind.’

 Wondering in Drawing-Scape

Drawing is the process of becoming that proceeds via encounters with the in-betweens. 
Drawing does not merely reveal our patterns of thoughts, but it subsists as an extension 
of us: ‘drawing forever describes its own making in its becoming’ (Dexter, 2005: 6). The 
drawing process as a course of becoming (of both the drawing and us), involves both 
the drawing and the drafter. Drawing process does not follow a determined trajectory 
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towards convergence of a pre-conceived image. It rather flows towards the emergence 
of the next in-between. According to Dexter (2005) coincidental in-betweens keep visual 
explorations open-ended. Both happy and anxious moments play roles in becoming of 
the drawing ‘…drawing wears its mistakes and errors’ (Dexter, 2005). 

Wechsler (1996), in her film entitled Drawing: The Thinking Hand, states ‘by leaving the 
figure and composition incomplete, the artists’ imagination is kept in state of flux’. Incom-
pleteness, then, appears as not an incompetency but a necessity for the drawing process. 
From this perspective, drawing metaphorically resembles an endless journey that involves 
the drafter as a wayfarer. Stiny (2006: 157) unfolds this resemblance as ‘creative wander-
ing’ that enables the artists ‘to see and do in the unstructured flow of experience.’ What 
Stiny calls as creative wandering does not take place between pre-defined departure and 
destination points. It rather flows along moments of discoveries and re-originates from 
the locations found on the way. Casey (2009: 275) once again parallels Stiny’s ideas in his 
place-world: ‘beginning-place and an end-place may stand out as the most conspicuous… 
—but the in-between places are just as interesting, and sometimes more so.’ 

 (Drawing is) Becoming

Artists and art historians describe the act of drawing by using ambiguous albeit intuition-
al terms. They define drawing often as a mode of thinking that happens ‘through the body’ 
(Cain, 2010: 27). Hill (1966: 1) explains drawing as a practice that ‘exposes mind’s work-
ings,’ Wechsler (2013) describes it as a process in which the hand -as the eye’s equal- gets 
‘mediated by the mind in the equation of artist’s thought in action.’ Petherbridge (2010: 
90) unfolds drawing as a course in which ‘the moving hand of drawing registers the move-
ment of the thinking eye.’

These descriptions follow a pattern that involves three core elements, eye(s), hand(s) and 
mind(s) and several other terms that refer to some sort of motion. The motion element 
indicates the intertwined actions of eyes, hands and minds. Figure 1 shows the frequency 
of use of words in these descriptions.

It also appears that while the authors can talk about the seeing and doing (Stiny, 2006) 
elements in a literal way, they appear to talk about the thinking element mostly meta-
phorically. Frequently, the thinking element (the mind) ends up being registered to eyes, 
hands or often to the body as a whole.

Figure 1. Each word is scaled according to their frequency of use in quoted descriptions of drawing. 
Image generated by the author using wordle - http://www.wordle.net
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 Mind(s)
Although artists, art historians and architects use the term thinking frequently while 
describing the drawing processes, they often situate it secondary to the other two ele-
ments, eyes and hands. Stiny (2006: 101) cannot find a good enough reason to talk about 
thinking more than seeing, because simply ‘—drawing trumps thinking…’ Even more so, 
according to Stiny, the thinking element might become an obstacle during the drawing 
process. His elaborations on situating the thinking element within the drawing process 
reach climax at almost total abandonment of it: ‘In my head, the whole idea is sense-
less…’ (Stiny, 2006).

Artists and designers make elaborations that coincide with Stiny’s statement. They often 
submit to blank state of mind when they need to position the thinking element in accor-
dance with other two elements, eyes and hands. Cain (2010: 17) uses the term ‘absent-
mindedness’ to frame her mental state. Cain insists that while a retrospective evaluation 
of the drawing process is potentially possible, the mind’s workings can only be described 
as ‘elusive or at best ambiguous’ during the drawing process.

For architects, Cook (2008: 9) refers to a similar unconscious state that governs the 
drawing process by eloquently stating that ‘…the ideal way in which an architect can 
approach the act of drawing is to be unaware that he is actually doing it at all.’

 Eye(s)
Artist and designers, when they talk about the drawing process, often situate the eye 
over the mind, because they admit that seeing is the only way for them to understand 
what they are thinking. Edward Hill (1966: 33) states that drawing ‘shapes the shapeless’ 
and it allows an idea to be worked via transforming ‘blurred mental images’ into actual 
traces. For Hill, the mental image and the visible drawing differ immensely, because only 
the latter enables the eye to ‘judge’ the ‘original idea.’  

Another reason for thinking element to be trivialized might be that a great portion of the 
transactions those take place in the brain correlate to vision. Some studies in cognitive 
and neuroscience show that a third of the brain is devoted to sight  (Findlay and Gilchrist, 
2003). These facts can as well be used as evidences to unfold seeing as a literal way of 
thinking, because the eyes work as a specialized extension of the brain.  

Vision proves to be both purposeful and active. Stiny (2006: 20) describes the role of 
active vision in visual calculation by stating ‘calculating is using your eyes.’ Hill (1966: 25) 
reminds that humans pick and choose from amongst the things that lie before their eyes, 
and pay attention to the things that ‘provide information pertinent to’ their ‘momentary 
needs and very little else.’ To clarify the strong bonds between drawing and seeing Hill 
(1966: 25) outlines drawing as ‘a discipline of vision’ by using the very explicit equation 
‘Drawing = Seeing.’

 Hand(s)
Haptic feedback constitutes one of the core components of our sensorial system, and 
it is vital for both spatial and objects perception (Pallasmaa, 2005). People with healthy 
neurological condition use sense of touch in almost all interactions with objects, and 
frequently in interactions with people (Paterson, 2007: 2).
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Hand-drawing is evidently a practice of touching. One does not only touch (or hold) the 
drawing tool (such as the pencil), but also touches the drawing surface via the tip of the 
drawing tool. For Petherbridge (2010: 110), there exists a correlation between ‘the visual 
signs of touch in drawing’ and ‘actual touching.’ Petherbridge eloquently explicates the 
correlation between the visual properties of a stroke and artist’s intensions: ‘…a delicate 
stroke; for example, suggest distance and a heavy, emphatic gesture signifies closeness to 
the spectator and/or compositional emphasis.’ 

 Motion
Motion governs the drawing process. All of the three elements, hands, eyes and thoughts 
move along the course of drawing. Vision, for instance, because it is an active type of per-
ception, works via directing the attention towards areas of interest. Our gaze constantly 
moves, and at times the movement spreads through our head and even through the body 
trunk to direct our visual attention towards the area of interest (Findlay and Gilchrist, 
2003). Eventually, looking at things not only involves the eye, but also the mind and the 
body as natural constituents. 

Even more so, the movements that take place in the body, and the movement of the 
body as a whole draw lines regardless of presence of a drawing tool, or even without a 
clear intention to draw. ‘Human beings… leave reductive traces in the landscape, through 
frequent movement’ (Ingold, 2007: 43). For Ingold (2007: 43) this natural law applies to 
other living organisms as well: ‘…traces abound in the non-human world. They most 
commonly result from the movements of animals, appearing as paths or tracks. The snail 
leaves an additive trace of slime…’ Tim Knowles cultivates this very idea in his artwork. 
He takes a step further and makes trees literally produce their hand (in tree’s case, 
branch) drawings. The limbs that move with the mediation of the mind in human’s case 
in turn become embodied as the branches that move with the unpredictable currents of 
the wind in tree’s case. These branches trace-out the diagrams of their own experience. 
Knowles, states that ‘like signatures, each drawing reveals the different qualities and char-
acteristics of each tree’ –if not the unpredictable mechanics of nature. 

 Inquiry Into Computing

 Embodied vs. Artificial Intelligence

The direction of information flow that takes place between eyes, hands and the mind 
during the drawing process proves challenging to outline. Cain (2010) ends up framing 
the drawing process as an ‘enactive’ one, as a course in which one produces and uses 
the information (knowledge) via doing. The body as a whole takes care of all transactions 
that constitute a model of embodied intelligence. This approach does not necessarily 
align with the proposals that are made by a fraction of cognitive scientists that seek for 
the answers via examining the mechanics of the human brain (Kandel, 2013). However, 
these mechanics remain yet to be resolved. Regardless of the financial and intellectual 
investments that has been made in the field of Artificial Intelligence research for ‘develop-
ing a computational account of human intelligence’ (Winston, 2012), ‘computers remain 
mute about sophisticated interplay between intuition, will, discrimination, memory and 
knowledge formation in humans’ (Stafford, 2001: 141).
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Artists, then, still favor metaphorical and analogical descriptions to talk about the drawing 
process. Cynthia Lin, during her lecture at the Drawing Connections Symposium at Brown 
University, described her drawing process as ‘constant devotion.’ The description paral-
lels Hill’s (1966: 26) description of intertwined web of perceptual, cognitive and bodily 
transactions as ‘the field of struggle.’

Words devotion and struggle contain meanings that are associated to bodily, perceptual 
and emotional conditions that cannot be easily addressed or explicated in reference to 
one single sense, and that in turn suggest that trying to describe the drawing process by 
‘splitting the human field’ (Alpers, 2009) or trying to understand the act of drawing via 
‘separation of senses’ (Crary, 1990) would hardly succeed. Along the similar lines, Cain 
(2010) quotes Halsall that ‘…any mode of analysis which limits itself to one sense alone 
will be a floored account of experience.’ 

Artists, designers and art historians end up describing the drawing process as an embod-
ied and enactive thinking process. They frequently use the word experience to include 
the multitude of senses and actions while they analyze the act of drawing. The vitality of 
the term experience surfaces in Ackermann’s (2007) elaboration on its connection to 
knowledge, that ‘…knowledge is (derived from) experience, and actively constructed and 
re-constructed by subjects in interaction with their worlds.’ In regard to drawing, Hill 
(1966: 26) explains experience as not only something to have, but also something to con-
stantly seek in course of drawing. According to Hill, ‘drawing diagrams (our) experience,’ 
and ‘line mediates a silent conversation’ that takes place between us and ‘the currents of 
(our) experience.’

 Touch and Proximity

If drawing is mainly a product of embodied intelligence, then how do we inquire our 
interaction with computers –things that can hardly become a part of our embodiment? 
While computers enrich visual explorations, they bring along yet-to-be addressed lim-
itations. Regardless of the virtual visual richness that we may witness on the computer 
screen, what we look at always remains on the other side of the ‘virtual window,’ (Freid-
berg, 2009) deprived of feeling of touch: ‘the lack of such tactile responses in the act of 
making something on a computer… is regarded as so significant that there are many 
research projects concerned with stimulated touch...’ (Petherbridge, 2010: 110).

This is in no means a new problem statement, and thus explains why researchers have 
been working on computer interfaces that enable haptic feedback since the apparition of 
computers. The early studies took place as early as 1976, when the Architecture Machine 
Group developed the touch and pressure sensitive screen. Disney Research’s Tactile Ren-
dering of 3D Features on Touch Surfaces project appears to be one of the state-of-the 
art technologies in the field, yet its contribution over the Architecture Machine Group’s 
touchscreen remains questionable, especially when almost forty years of technological 
advancement is considered. 

Antonio Damasio (2000) makes insightful descriptions of the mechanics of ones engage-
ment with  one’s surroundings. Damasio (2000: 133) explains consciousness ‘in terms of 
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two players, the organism and the object, and in terms of the relationships those players 
hold.’ From the perspective of this bi-directional interplay between the organism and 
the object, the world can hardly be understood as a mere projection on one’s sensory 
system. Damasio insists that there is nothing such as ‘pure perception’ and perception 
occurs via reaction of the sensory cells ‘to a specific stimulus by slightly altering’ their 
‘physiological constitution.’ In other words, humans never look into a world out from a 
frozen referential core; on the contrary they see and understand it via the physiological 
altering that takes place within their body. From Damasio’s (2000: 133) point of view, as 
an organism, one gets ‘involved in relating to some object, and … the object in the rela-
tion causes a change in’ one. However following the interaction one still knows that one 
is oneself: one changes, but not to the extent to fundamentally reconfigure who one is.  
Consequently, Damasio argues that the amount of change that the object causes on the 
organism is directly proportional to proximity of the object to the organism: ‘the things 
you own are close to your body, or should be, so that they remain yours, and this applies 
to things, lovers, and ideas’ (Damasio, 2000: 145).

 Seeing vs. Information Processing

When we sum up the arguments, hand drawing unfolds as an embodied action that 
involves different layers of engagement of one’s close proximity to one’s drawing. Even-
tually, to have a true interaction with drawings, one not only needs to be close to them, 
but also needs to touch them via multitude of embodied senses. Computers, due to 
their physical properties and operation principles, cannot satisfy this very need of touch. 
Computing requires constant translation of concepts into numbers. This necessity of 
translation breeds a boundary through which only quantitative descriptions can cross. 
Humanly senses, values, conceptions and insight that cannot be precisely quantified re-
main incomputable. 

To illustrate, while the inside/outside problem can be solved via human vision at a glance, 
it requires a series of geometrical and logic operations to be computed. In his ray inter-
section method (also referred as ray-casting algorithm), Ullman (1984) solves the prob-
lem by running a routine that shoots rays that originate from a point placed in or around 
a planar shape and count how many times that ray intersects that shape. While the inside 
condition returns an odd number of intersections (1 or 3), the outside condition returns 
an even number (0, 2 or 4) as demonstrated in Figure 2.

Figure 2. Reconstruction of Ullman’s ray intersection method diagram.

A problem that correlates to visual perception becomes a matter of counting even/odd 
numbers. With such logic, shapes and their visual properties disappear. Instead of working 
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Figure 3. Series of drawings and the photo of the 3D printed model of ‘Merging Circles.’

with the meaning (of being inside or outside), one counts numbers, and thus processes 
information (Bruner, 1990). The un-visualization of a pure visual practice briefly outlines 
the incompatibility between the seeing and number crunching. 

 On Drawing on Computers
Drawing on a computer can be categorized roughly into two: one can create draw-
ings using algorithmic systems (such as parametric modeling or scripting) or draw on 
touch-sensitive display screens (via a stylus or a finger-tip).  Although the latter seems 
to emulate the analog drawing process, visual means still get translated into numbers as 
I described above.

As open-ended as an algorithmic drawing process -the first type of drawing on a comput-
er- deemed to be, it operates within a pre-determined domain due to its pre-conceived 
constructors. To illustrate, I will showcase Merging Circles (2007), a study that is quite 
similar to algorithmic sketching studies that are now widely referred as tower-form gen-
eration studies. In this model I distribute two sets of circles along two swirling splines. 
These circles merge or remain detached in accordance to rules of proximity and scale. 
Virtually infinite number of variations can be generated and evaluated via real-time in-
puts, the output remains mostly the same. While minor modifications can be made on the 
fly, major ones require changes in the underlying hierarchical order, and modifications in 
the code. The decisions that are made visually cannot be applied immediately. The deter-
minate structure of the model disables direct visual interventions on the model, and thus 
the immediacy of analog drawing gets replaced by cycles of translations between visual 
intentions and the code.

The second type of drawing operates on platforms that work with raster graphics. Shapes 
get translated into a dot matrix data structure and they become an array of discrete rect-
angular pixels (Mitchell, 1998: 113).  If one makes a trace with a digital brush, the com-
puter tracks the area on which the trace travels, and approximates it into a jagged-edge 
pixel group as shown in Figure 4.
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The last image on the far right with sixteen pixels can be used to demonstrate how the 
computer discretizes and approximates a trace. If I define an array of five numbers for 
each pixel and use the first number in the collection to indicate the X position, second 
to indicate the Y position, and the rest to indicate the red-blue-green (RGB) color values 
of a pixel, and replace the pixels with the corresponding number arrays, the image trans-
forms into a numerical representation as seen in the table below. 

0,0,78,78,78 0,1,119,119,119  0,2,60,60,60  0,3,15,15,15
1,0,13,13,13 1,1,43,43,43  1,2,64,64,64  1,3,51,51,51
2,0,0,0,0  2,1,6,6,6   2,2,90,90,90  2,3,94,94,94
3,0,25,25,25 3,1,16,16,16  3,2,124,124,124  3,3,127,127,127

This table is a half-way conversation between the visible image and the true binary bits 
of computing, yet inarguably it already falls too far from offering what can be visually 
absorbed from the original set of pixels. 

 ‘Ending in the Journey’ (Casey, 2009)

 The Broadened Drawing-Scape

My primary goal in my research is to re-situate and centralize human’s embodied actions 
and perceptions for characterization of visual explorations in art and design practices. If 
we are to incorporate computational technologies into truly open-ended visual art and 
design workflows, then we should develop tools and environments that can intertwine 
digital and analog modes of drawing and making. 

To undertake this task, I propose a visual-exploration environment, a broadened draw-
ing-scape that consists of both hardware and software components as seen in Figure 5. 
The environment includes a drawing surface, a computational camera that is positioned 
to capture images from the drawing surface and a projector. This setup enables fusing the 
visual richness of rule based drawings with intuitional foundations of hand-drawing: using 
this environment, one can work with both computational (such as coding) and analogue 
means (hand & material) of drawing. To explore the potentials of the broadened draw-
ing-scape, I conduct a series of experiments. These experiments not only help re-evaluate 
the limitations of the computational drawing environments but also help speculate about 
novel ways of making drawings.

In this environment, first, I fuse the analog and digital modes of drawing that hardly co-ex-
ist simultaneously.  Second, I introduce a non-symbolic trace-based drawing process that 

Figure 4. Traces drawn on a touch-pad, zoomed in in four steps.  What is visible as traces are a collec-
tion of discrete square pixels.
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focuses on use and utilization of user-drawn ambiguous shapes as opposed to offering 
pre-compiled primitives. Third, by offering such a system I punctuate the importance of 
discoveries and ambiguity over production, multiplication and efficiency (Solnit, 2006) for 
design processes.  The system remains open: and shape can be discovered, embedded, 
isolated and re-used. The setup holds the potential to work with visuals that are greater 
than drawings via utilization of materials, light (and anything else) that can be a part of an 
instant bricolage as seen in Figure 6.

Figure 6. Stages of a drawing process that starts with simple traces and ends in a sophisticated drawing 
that is a product of hand drawing, image processing, shape transformations, paper folding, and lighting. 
Drawing by Ahmet Ünveren, Can Görgün and Onur Yüce Gün.

Figure 5. The diagram of the current setup of the broadened drawing-scape.

Contributions

In this paper, I use the act of drawing to frame an outlook about embodied actions of 
humans, later to pose them against mechanics of computing. My aim is to inquiry the 
divide between human’s seamless bodily transactions and the discrete nature of binary 
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computing –not to situate analog means over computational ones, but to motivate a crit-
ical re-evaluation of the engagements we can develop with computers. I argue that only 
with an aware outlook, it can be possible to formulate computational methodologies that 
better satisfy the embodied actions of humans. To support this argument, I associate evi-
dences from fields of philosophy, cognitive science, arts, anthropology and literature, and 
I outline a systematized inquiry about yet-to-be refined relationships between designs, 
computing and embodied actions of humans. I also propose a hardware and software 
setup, the broadened drawing scape that enables me to introduce a novel model for 
visual-exploring via fusing analog and digital means of drawing. 

Final Remarks
Two renowned names, Casey and Stiny, who arguably come from two very distinct fields, 
in turn make bonding conceptualizations about humans’ actions and perceptions. One of 
the Casey’s and Stiny’s strongest consensuses appears to be the dynamic and ever-chang-
ing states of places, shapes and things. Casey (2009: 282) concludes ‘(ambulatory jour-
neyer’s) ongoing motion assures that no place, not even the place of destination will be a 
scene of complete arrest… (the) very destination is no more than a place of departure.’ 
Arrival and departure in essence turn out to be very much the same, because one entails 
another in a cycle that never ceases. Casey ends the journey (with)in the journey.  Like-
wise, at the end of the first section of Divine Comedy, Dante and Virgil end their journey 
at the verge of another one towards Purgatory. 

An opportunistic viewpoint about endless journeys help comprehend the ‘restless mo-
bility’ not as inescapable fate, but as an indispensable constituent of what one is bounded 
to become. Awareness about similarities and divides between the human-nature and 
mechanics of computing prove to be a critical path to be taken toward discovering novel 
ways to bridge being, becoming and computing. Drawing and seeing then, I argue, is not 
seeking the ultimate place to stay, or computing with utmost coherency and determinism, 
but it rather is expecting to see something new in ambiguity (Stiny: 2006), every time one 
looks out from one’s arc of embodiment (Casey: 2010), into the sky (Alighieri, Mandel-
baum and Armour, 1995: 67).

My guide and I came in that hidden road
to make our way back into the bright world;
and with no care for any rest, we climbed—

he first, I following – Until I saw,
through a round opening, some of those things

of beauty Heaven bears. It was from there
that we emerged, to see – once more – the stars 

[Figure 7]

- Dante, the Divine Comedy, Inferno, Canto XXXIV
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