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Theme

CAADence in Architecture    
Back to command

The aim of these workshops and conference is to help transfer and spread newly ap-
pearing design technologies, educational methods and digital modelling supported by 
information technology in architecture. By organizing a workshop with a conference, 
we would like to close the distance between practice and theory.
Architects who keep up with the new design demanded by the building industry will 
remain at the forefront of the design process in our IT-based world. Being familiar with 
the tools available for simulations and early phase models will enable architects to 
lead the process. We can get “back to command”.
Our slogan “Back to Command” contains another message. In the expanding world of 
IT applications, one must be able to change preliminary models readily by using dif-
ferent parameters and scripts. These approaches bring back the feeling of command-
oriented systems, although with much greater effectiveness.

Why CAADence in architecture?
“The cadence is perhaps one of the most unusual elements of classical music, an indis-
pensable addition to an orchestra-accompanied concerto that, though ubiquitous, can 
take a wide variety of forms. By definition, a cadence is a solo that precedes a closing 
formula, in which the soloist plays a series of personally selected or invented musical 
phrases, interspersed with previously played themes – in short, a free ground for vir-
tuosic improvisation.”
Nowadays sophisticated CAAD (Computer Aided Architectural Design) applications 
might operate in the hand of architects like instruments in the hand of musicians. We 
have used the word association cadence/caadence as a sort of word play to make this 
event even more memorable.

Mihály Szoboszlai 
Chair of the Organizing Committee
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Abstract: It’s not uncommon that analysis and simulation methods are used 
mainly to evaluate finished designs and to proof their quality. Whereas the poten-
tial of such methods is to lead or control a design process from the beginning on. 
Therefore, we introduce a design method that move away from a “what-if” fore-
casting philosophy and increase the focus on backcasting approaches. We use the 
power of computation by combining sophisticated methods to generate design 
with analysis methods to close the gap between analysis and synthesis of designs. 

For the development of a future-oriented computational design support we need to 
be aware of the human designer’s role. A productive combination of the excellence 
of human cognition with the power of modern computing technology is needed. We 
call this approach “cognitive design computing”. The computational part aim to 
mimic the way a designer’s brain works by combining state-of-the-art optimiza-
tion and machine learning approaches with available simulation methods. The 
cognition part respects the complex nature of design problems by the provision of 
models for human-computation interaction. This means that a design problem is 
distributed between computer and designer. 

In the context of the conference slogan “back to command”, we ask how we may 
imagine the command over a cognitive design computing system. We expect that 
designers will need to let go control of some parts of the design process to machines, 
but in exchange they will get a new powerful command on complex computing 
processes. This means that designers have to explore the potentials of their role as 
commanders of partially automated design processes.  
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In this contribution we describe an approach for the development of a future cog-
nitive design computing system with the focus on urban design issues. The aim of 
this system is to enable an urban planner to treat a planning problem as a back-
casting problem by defining what performance a design solution should achieve 
and to automatically query or generate a set of best possible solutions. This kind of 
computational planning process offers proof that the designer meets the original 
explicitly defined design requirements. 

A key way in which digital tools can support designers is by generating design pro-
posals.  Evolutionary multi-criteria optimization methods allow us to explore a 
multi-dimensional design space and provide a basis for the designer to evaluate 
contradicting requirements: a task urban planners are faced with frequently. The 
vision for a cognitive design computing system is to enable an urban planner to 
treat a planning problem as a backcasting problem by defining what performance 
a design solution should achieve and to automatically query or synthesize a set of 
best possible solutions.

In another part we reflect why designers will give more and more control to ma-
chines. We investigate first approaches learn how designers use computational de-
sign support systems in combination with manual design strategies to deal with 
urban design problems by employing machine learning methods. By observing 
how designers work, it is possible to derive more complex artificial solution strate-
gies that can help computers make better suggestions in the future. 

Keywords: Cognitive design computing, backcasting, machine learning, evolu-
tionary optimization, design synthesis

DOI: 10.3311/CAADence.1692

1. INTRODUCTION
New types of computing, such as cognitive com-
puting, are extending the application of IT into new 
areas. A general definition of cognitive computing 
is “the simulation of human thought processes in a 
computerized model” (Rouse, 2014). IBM’s Watson 
computing initiative and the associated programs, 
represent an important development in this di-
rection. A computational device as an opponent 
in a game of chess or a computer that triumphs 
on Jeopardy is just the beginning, and many other 
applications will follow (Kelly & Hamm, 2013). The 

latest success of a machine was DeepMind’s pro-
gram AlphaGo, which beat a human professional 
player in the ancient game of Go (Gibney, 2016). 
The approach we present in this contribution fo-
cuses on the application of cognitive computing to 
the domain of urban design. In our context, urban 
design means the arrangement and proportioning 
of spatial elements such as streets, open spaces 
and buildings taking into consideration functional 
aspects like accessibility, visual qualities, or solar 
radiation.  Our ultimate objective for this cognitive 
design computing system, as we call it, is to devel-
op a program that is able to make urban designs 

http://dx.doi.org/10.3311/CAADence.1692
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that are comparable to or even better than human 
designs. For this, the cognitive design computing 
system needs to be able to learn from existing 
designs as well as from human design strategies. 
The way this system interacts with designers is 
therefore a crucial aspect. To be able to evalu-
ate the performance of a design, we need various 
evaluation methods. Known urban analysis and 
simulations methods are one option, systemati-
cally collected ratings by humans another. 
Architecture and urban design have always been 
excellent application areas for artificial intel-
ligence and cognitive computing, but the small 
relative and absolute numbers of researchers in 
architecture made the advances appear less sig-
nificant than they actually were. Design applica-
tions of artificial intelligence methods and tech-
niques were introduced into education as early as 
the 1970s and 1980s in the United States (Mitchell, 
1977) and later in Europe. Architecture is an inter-
esting application area, because it involves a com-
bination of structured input that can be produced 
with rule-based systems and the appraisal of past 
experiences and expectations of the future. This 
mix of requirements corresponds almost exactly 
to the computational tools already used: struc-
tured input and constraints, e.g. as defined by city 
authorities; historical data and information, which 
can serve as the basis for future design decisions; 
and user requirements that come in very different 
shapes and sizes and representations.
Urban design is an even more interesting appli-
cation area of cognitive computing, as the amount 
of structured information and rules is relatively 
small compared to architecture, but the amount 
of decisions that can be derived from input from 
citizens, transportation needs, and external re-
quirements is much higher than similar informa-
tion for individual buildings. To achieve this, we 
need better ways of collecting and mining opin-
ions, proposals, and requests that can be repre-
sented as data.
Cognitive design computing can be understood 
as a combination of the above: from architectural 
design, it draws on the very efficient abstraction 
methods and deep knowledge of materials, cli-
mates, and people’s use of habitats that go back 
thousands of years. From urban design, it draws 
on the necessity to provide for large numbers of 

people that do not necessarily live in the urban 
system, but which rely on its infrastructure and 
central functions. The advent of big data is of rel-
evance for both cases as mining big data for pat-
terns and individual preferences has the potential 
to make urban design computing systems more 
and more powerful. 
In the following sections we introduce the frame-
work of our cognitive design computing system 
and its four main parts, as shown in Figure 1: data 
analysis, user interaction, learning, and geom-
etry. These we then examine in detail in the sec-
tions that follow. Data analysis focuses on the in-
dexing of geometries or of spatial configurations 
in general. A prerequisite for indexing is that we 
can distinguish geometries. For this purpose, we 
introduce a method of individually ‘fingerprinting’ 
spatial configurations. The section on user inter-
action and learning describes how the cognitive 
skills of the designer are involved and how the 
computer system can learn problem solving strat-
egies by observing the user’s actions. The geom-
etry section introduces methods for synthesizing 
spatial configurations, which are in turn used as 
input for the data analysis. We focus on an auto-
matic synthesis procedure to show first examples 
for the generation of pareto-optimal design solu-
tions. We demonstrate the automatic synthesis 
procedure using the example of a concrete plan-
ning project. Finally, we conclude with a reflection 
of the developed system and outline next steps for 
its further development in the outlook section.

2. COGNITIVE DESIGN COMPUTING 
FRAMEWORK
The central objective of the cognitive design com-
puting system is to serve as a planning support 
tool that can lead the designer towards better so-
lutions or suggests new, useful alternative solu-
tions. The technical realization can be either as a 
plug-in for existing systems or separate tool. In 
both cases a separate user interface is needed to 
allow the designer to design interactively using 
the system. The main elements of the cognitive 
design computing framework are illustrated in  
and explained in the following.
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Unlike approaches that employ urban data to ex-
clusively analyze existing situations, the intention 
of cognitive design computing is to transcend the 
retrospective view by integrating data via a mod-
el container into the urban design and planning 
process (). The main technique for doing this is 
the model container, which is shown in the data 
analysis domain in . The model container can hold 
all models that describe relationships between 
the built environment and any kind of data. Rather 
than undertaking a systematic analysis of which 
models or data would be necessary for a compre-
hensive, rational planning process, we take an 
opportunistic approach and adapt a concept de-
scribed by Maruani and Amit-Cohen (2007, p. 5), 
using models for which data is available or that 
are promising for certain planning problems.

3. DATA ANALySIS
The data analysis part of the cognitive design 
computing framework aims first to distinguish de-
signs by analyzing their geometry, and second to 
add as many indexes to the geometries. The cor-
responding problems are to find a generalizable 
way to create individual fingerprints for any kind 

of geometry, and to be able to aggregate results 
from various kinds of analysis (from the models 
container) to indexes.  
We start with the issue of how to compare differ-
ent designs based on their geometric represen-
tation. Existing methods can be divided into two 
main groups according to the particular kinds of 
compared data: either they compare shape de-
termining rules instead of a shape itself (Stiny 
& Mitchell, 1978) or they compare characteristic 
values computed as shape features of a design 
(Derix & Jagannath, 2014; Dillenburger, 2010) 
and topology informed labels (Langenhan, Weber, 
Petzold, & Dengel, 2011). A more general method 
for characterizing or labelling designs based on 
their purely geometric representation was intro-
duced by Standfest (2014). He proposed a Deep 
Learning method for unlabeled 3D polygon mesh-
es. The resulting characterization of a design can 
be understood as its fingerprint. This method can 
be considered as algorithmic modeling and is part 
of an observable trend towards minimizing the 
amount of semantic information needed for state-
of-the-art data analysis. Because the method is 
domain independent, it can be applied at various 
scales, e.g. to evaluate apartment plans, buildings  

Figure 1: 
Cognitive Design Com-
puting Framework. The 
main domains are data 
analysis, user interaction, 
learning, and geometry. 
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(Figure 2), facades, streets or whole neighbor-
hoods. For a shallow learning approach, other 
spatial entities can be used instead of polygon 
meshes. 
Such similar sized feature vectors, also referred 
to as fingerprints, are important for data analysis, 
especially in the context of cognitive design com-
puting. Firstly, they can be used to distinguish ge-
ometries to ensure that only significantly different 
ones are added to the search space. And secondly, 
it makes it possible to correlate geometry with 
empirical observations, sensor data, or computed 
measures from stochastic models. 
We applied the method by Standfest (2014) to 
create the fingerprints of 48 building volumes 
randomly chosen from the district of Zürich Alt-
stetten and provided by the city of Zurich. After 
labelling the buildings, they are clustered using a 
Self-Organizing-Map (Figure 2). Despite the lim-
ited volume of the data set, the resulting maps of 
different abstraction levels show significant clus-
tering and topologically correct alignment of the 
evaluated building blocks. Since the approach is 
strictly data driven, the characterization of design 

alternatives may differ from those of a designer. 
The example application shown in Figure 2 illus-
trates how different unlabeled polygon meshes 
can be aligned according to latent semantics. 

4. USER INTERACTION AND LEARNING 
In this section we combine user interaction and 
learning methods. First we aim to collect empiri-
cal data that can be used for indexing geometry, 
and second we observe how a human designer 
solves a design task and learn from it to derive an 
artificial design strategy. The long-term objective 
is to combine the strengths of human observa-
tion, cognition, experience and local knowledge 
into our system to improve the planning, design, 
management and transformation of buildings and 
cities. 
Based on the models container described in sec-
tion 3, we have various ways to measure the quali-
ties of an existing or a new urban design, depend-
ing on social, cultural, and functional contexts. For 
instance, one could calculate the level of street 
noise, air pollution, or solar exposure. With this 

Figure 2: 
Result of the experiment 

conducted on cluster-
ing 48 randomly chosen 

building blocks according 
to the latent semantics 
of the unlabeled mesh 

geometry (Standfest, 
2014). The building blocks 

are preprocessed with a 
Delaunay triangulation for 

each plane. Bottom row, 
left: Domain maps of level 
1 (small mesh face neigh-

borhoods consisting of 4 
triangles), middle: level 2 
(slightly bigger mesh face 
neighborhoods, consisting 

of 9 triangles) and right: 
level 3 (biggest mesh face 
neighborhoods consisting 

of 22 triangles).
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in mind, we assume the designer always pursues 
a number of goals in the form of criteria and con-
straints when developing a design. If a machine 
could know the formal descriptions of the crite-
ria and their importance weighting, it could also 
optimize a design accordingly. The quality of the 
solution then depends on the quantity and quality 
(sensitiveness) of such design criteria, as well as 
on an estimation of the user’s goals for these cri-
teria. The challenge in implementing our learning 
mechanism is to develop an algorithm that esti-
mates the user’s preferences with regard to the 
various design performance measures.
To provide an adequate user interface for human-
computer interaction, we developed an initial 
prototype that make use of current web-based 
technologies to render urban designs and simula-
tion results via a web browser (Figure 3). It facili-
tates visualizing, editing, creating, and evaluating 
spatial configurations at various scales. Various 
urban simulation and analysis tools can be run 
via a webserver using LUCI (Treyer, Klein, König, 
& Meixner, 2015) as middleware and the results 
can be visualized on the website. In addition, the 
web user interface can be used to present a de-
sign problem and observe the strategy a designer 
applies to find a spatial solution. These can then 
be used as input for a learning mechanism with 
the aim of applying it independently to new similar 
design tasks.
Through the learning domain we aim to implement 
a design routine that, on the one hand, proposes 
design alternatives to a planner and, on the other, 
obtains feedback in the form of the selection of a 
design variant to proceed with, thereby helping 
the system learn and adapt to the user’s needs.

5. GEOMETRy
Beside using existing urban designs or manually 
creating them, another crucial part of the cogni-
tive design computing framework is to automati-
cally synthesize geometry. According to Weber, 
Müller, Wonka, and Gross (2009), the synthesis of 
urban structures consists of a sequence of sever-
al processes: the creation of a road network, the 
definition of land use and parcelling, and building 
placement. Systems have been developed for the 
procedural creation of road networks based on L-
systems (Parish & Müller, 2001). In particular, the 
system CityEngine by ESRI facilitates the three-
dimensional, rule-based modelling of cities and 
urban structures to the level of building details 
(Gool et al., 2006; Weber et al., 2009). In all these 
examples, the rules for the creation of an urban 
design solution have to be specified a priori in de-
tail. The rules of generative or procedural algo-
rithms are also very technical, abstract and not 
related to a planning problem. More importantly, 
they are not combined seamlessly with evalua-
tion models and optimization methods. With these 
methods we therefore “have a model that can 
generate designs but has no means of establish-
ing whether those designs are any good” (Radford 
& Gero, 1988, p. 20).
To achieve more advanced and more meaningful 
geometry synthesis, we therefore need to find a 
representation that is able to create realistic ge-
ometry for a design and can incorporate a lot of 
performance measures (objective functions) that 
can be defined by a designer. This information 
should make it possible for the synthesis system 
to generate a correspondingly large amount of 
possible design solutions without needing to then 

Figure 3: 
Web user interface for 
citizen design that allows 
geometry to be created 
and manipulated (devel-
oped by Artem Chirkin for 
his PhD). Various urban 
simulation and analysis 
tools can be run on a web-
server and the results can 
be visualized (Figures by 
Artem Chirkin). 
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analyze if objectives contradict or not. To this end, 
we introduce a primary method for synthesizing 
geometry using Evolutionary Multi-criteria Opti-
mization (EMO) and show how this method is ap-
plied in a synthesis case study.

5.1. Evolutionary Multi-criteria  
Optimization
The basic technique we use for synthesizing ge-
ometry is evolutionary algorithms (EA) due to 
their flexibility with regard to problem represen-
tation as well as their robustness. This allows us 
to flexibly experiment with how we technically en-
code a design problem in the knowledge that the 
EA still work in an acceptable way even if we have 
a poor technical implementation. EA can be ap-
plied on various scales for layout design (Koenig 
& Knecht, 2014), building volume arrangement 
(Koenig, 2015b), urban district planning (Knecht 
& Koenig, 2012), or network development (Koenig, 
Treyer, & Schmitt, 2013; Schaffranek & Vasku, 
2013). The EA may be supplemented by a number 
of local search strategies in order to optimize its 
calculation speed (Koenig & Schneider, 2012). 
When we extend EA to include more sophisticated 
selection mechanisms that are able to consider 
more than one objective function for the evalua-
tion of design solutions, we speak of Evolutionary 
Multi-criteria Optimization (Deb, 2001). For our 
design synthesis prototype we developed an indi-
vidual evolutionary strategy in combination with 
a selection mechanism using the HypE algorithm 
(Bader & Zitzler, 2011) from the PISA framework 
(Zitzler & Thiele, 1999). This allows us to filter the 
non-dominated solutions out of all generated solu-
tions, especially if we have to deal with a variable 
set of contradicting and non-contradicting criteria.
During the computer-supported design process, 
planners obtain immediate feedback in the form 
of a set of design solutions that fulfill the formu-
lated design requirements as well as possible. 
The presented system for synthesizing designs 
offers the possibility to experiment with various 
restrictions and objectives for a design project. 
This is an important feature since the definition 
of a design problem can be considered as a main 
step towards its solution (Rittel & Webber, 1973).

5.2. Synthesis Case Study
We assessed the applicability of the EMO method 
for geometry synthesis using an example sce-
nario in Singapore. To demonstrate how our ap-
proach works in an existing urban context, we 
chose a defined area and assumed it needed to be 
completely re-planned (Figure 5, a). The choice of 
this example in Asia reflects an urgent need for 
fast and comprehensive planning systems. Nec-
essary data on the street network was taken from 
Open Street Map, and information about neigh-
boring built structures in 3D was available from 
the Future Cities Laboratory of the Singapore ETH 
Centre. 
We apply the design synthesis methods for creat-
ing road networks with defined centrality charac-
teristics, such as integration or choice of specific 
locations. We used these to define a location with 
high centrality for a new central business district, 
and a separate location with quite low traffic for 
a new residential area. Both requirements cannot 
be fully fulfilled, since they contradict each other 
where the locations adjoin. Here we need the abil-
ity of the EMO to find pareto-optimal solutions for 
contradicting problems. A set of these best com-
promise street networks is shown in (Figure 4c). 
Inside the blocks of the road networks we gener-
ate building layouts with defined densities, taking 
into account specific properties of the open space 
qualities measured by Isovist fields. Again these 
criteria may contradict each other. A set of gener-
ated pareto-optimal building layouts is shown in 
(Figure 4b). We illustrate how a user can interact 
with the developed prototype system (Figure 4) 
and how it can be used to help develop an urban 
planning proposal in a step-by-step approach 
(Figure 5). 
The planning process starts with the empty plan-
ning area defining the border for placing new 
street segments, and the starting street seg-
ments from which the street network is grown. 
The starting segments are taken from the exist-
ing network where it intersects with the planning 
area (Figure 5, a). Initially the user has to execute 
the EMO first for the street layouts and later for 
the building placements by specifying the respec-
tive properties on the right-hand section of the 
software prototype window shown in Figure 4d. 
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The user can, for example, select the size of the 
population, the number of generations to calcu-
late optimal layouts, and the size of the archive 
to store the solutions. The user interface shown 
in Figure 4 is structured in three main areas for 
visualizing the generated spatial configurations 
(6a-c). Figure 4b and 6c show the archives of best 
variants for the building layouts (6b) and street 
networks (6c) generated so far, and (6a) presents 
a 3D view that shows the configurations selected 
by a user out of the archives.
The centrality analysis can be run for the new net-
work connected to the existing network in a user-
defined radius around the planning site. They are 
combined with each other and the environment’s 
geometry. Based on our representation of a de-
sign by the chromosome structure of the EA, our 
software prototype makes it possible to move, ro-
tate and scale individual objects (street segments 
and building volumes) during the planning and 
optimization process. This is made possible by a 
specially-developed mechanism that sends infor-
mation on the changed geometry to its numeric 
representation in the chromosome. This is a very 
important feature of the system, since it allows a 
designer to modify selected urban design solu-
tions according to their individual needs during 

the optimization process. 
Corresponding view control functions for zoom-
ing, panning and rotating the view are available for 
each of the views of the software prototype (Fig-
ure 4). After several iteration steps, street graphs 
and building layouts appropriate to the objective 
values are found. Figure 5 shows the results of 
our prototype for a proof of concept.

6.  CONCLUSION
The presented system for cognitive design com-
puting incorporates methods for integrating 
various kinds of urban analysis and simulations, 
based either on stochastic or algorithmic mode-
ling. They are combined in a models container, so 
that they can be used for the automatic labeling of 
geometries that are taken either from existing de-
signs or from design synthesis processes. A cru-
cial aspect of the system is the ability to integrate 
human cognition as a means of enriching and di-
recting the computational design process. 
The capabilities of the cognitive design computing 
system enable an urban planner to treat a plan-
ning problem as backcasting problem by defining 
what a solution should achieve and to automati-
cally query or generate a set of the best possible 

Figure 4: 
Software prototype show-
ing the main areas of the 
user interface: (a) 3D view 
combining one solu-
tion out of each archive; 
Design solutions of the 
archives for (b) buildings 
layouts and (c) street 
networks; and (d) fields 
for inputting the size of 
population, number of 
generations, etc. 
A demonstration video of 
the prototype is available 
at http://cplan-group.net/
demo/ 
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Figure 5: 
Planning steps: (a) the 
vacant planning area, 

(b), the site filled with a 
generated street network 

and area Isovist field, 
(c) a block filled with 
a generated building 

layout and area Isovist 
field, (d) all blocks filled 
with generated building 
layouts and area Isovist 

field, (e) perspective view 
with area Isovist field, (f) 

detail of perspective view, 
(g) min radial Isovist field 

analysis, (h) occlusivity 
Isovist field analysis, (j) 

compactness Isovist field 
analysis.

solutions. This kind of computational planning 
process we can call evidence-based planning. It 
offers proof that the designer meets the original 
explicitly defined design requirements. This way 
of thinking offers a new approach for taking com-
mand on a computational design process.
Our cognitive design computing system is devel-
oped for the specific requirements of the urban 

planning context, in which planning goals and 
considered influences change often during the 
process. In other words, the problem is defined 
during the planning process. To achieve this, a 
computational planning support system needs 
to enable a user to interact with the geometrical 
elements, change restrictions and objective func-
tions and produce understandable visualizations 
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during the iterative search process. Because of 
the close collaboration between computer and 
designer, we call this approach cognitive design 
computing. The result is an urban design sup-
port system that guides urban planners efficiently 
through an ever-changing search space, thereby 
assisting them in finding good compromise solu-
tions for complex planning problems. 
For the technical realization of an understandable 
map of design solutions, we introduced a method 
based on Self-Organizing-Maps for clustering 
design variants. The obvious advantage of this ar-
rangement is that it allows us to find similar vari-
ants close to each other and helps to clearly iden-
tify the number of more distinctly different design 
solutions since they form separate clusters. The 
clusters can be also understood as representa-
tion of design strategies that can be explored in 
more detail. 
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INTRODUCTION
Concepts such as integrated practice and integrat-
ed design have gained prominence in architecture 
over the past decade as relatively new paradigms. 
What is usually meant by these terms is a multi-
disciplinary, collaborative approach to design in 
which various participants from the building in-
dustry – architects, engineers, contractors, and 
fabricators – participate jointly from the earliest 
stages of design, fluidly crossing the conventional 
disciplinary and professional boundaries.
Integrated design and integrated practice have 
emerged as a result of several, initially unrelated 
organic, bottom-up developments within the in-
dustry. At one end, the (re)emergence of complex-
ly shaped forms and intricately articulated sur-
faces, enclosures, and structures has brought out 
of necessity a close collaboration from the earli-
est stages of design among architects, engineers, 
and builders. The binding agent of the resulting 
disciplinary and professional integration were 
various digital technologies of design, analysis, 
and production that provided for a fairly seamless 
and fluid exchange of information from conception 

to construction, often defying the existing ossified 
legal structures of clearly delineated professional 
and disciplinary responsibilities.
At the same time, building information modeling 
(BIM) has emerged as a technological paradigm 
promising a way to encode comprehensively all the 
information necessary to describe the building’s 
geometry, enable various analyses of its perform-
ance (from the building physics point of view), and 
directly facilitate the fabrication of various com-
ponents and their assembly on site (and also the 
operation of the building once completed). BIM, 
as a technological platform, however, demands 
a structural redefinition of the existing relation-
ships within the industry if the various players are 
to fully realize the potential of better, faster, more 
direct exchanges of information. In other words, 
BIM’s message is that the integration of informa-
tion within the industry requires process-wise and 
structural integration of the various disciplines 
and professions comprising the highly fractured 
building industry today (Kolarevic 2003). That is 
how integrated project delivery (IPD) was born as 
a new collaborative model for the industry that 

http://dx.doi.org/10.3311/CAADence.1693
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brings together the entire team – the owner, ar-
chitects, engineers, and contractors – from the 
conceptual stages of the project to its delivery. An 
equally important (and unrelated) development 
was the emergence of design-build enterprises 
that, through the way in which they are structured, 
inherently imply close integration of design and 
building. The principal motivation behind them is 
a reduction in substantial inefficiencies that exist 
due to the fractured nature of the industry, and the 
implied, profit-motivated desire for integration.
The separate paths towards integrated design and 
practice stemming from the expansion of design-
build within the industry, introduction of building 
information modeling as an enabling technology 
and integrated project delivery as a new collabo-
rative structure, and the emergence of complex 
building forms, are increasingly converging, lead-
ing many to believe that integration within the in-
dustry is an inevitable outcome as architecture, 
engineering, and construction enter a “post-dig-
ital” age, i.e. as the digital technologies become 
increasingly transparent in their use. While the 
higher degrees of integration promise buildings 
that are better, faster, and cheaper to design and 
construct, the challenge is to avoid closed sys-
tems of integration and keep the integrative ten-
dencies as open as possible, conceptually and 
operationally.

A BRIEF HISTORy OF DISINTEGRATION
Architecture and building were once “integrated.” 
For centuries, being an architect also meant being 
a builder. Architects were not only the masters of 
geometry and spatial effects, but were also close-
ly involved in the construction of buildings. The 
knowledge of building techniques was implicit in 
architectural production; inventing the building’s 
form implied inventing its means of construction, 
and vice versa. The design and production, archi-
tecture and construction, were integrated – one 
implied the other. 
The disintegration started with the cultural, so-
cietal and economic shifts of the Renaissance 
that challenged the medieval traditions of master 
builders. Leon Battista Alberti wrote that archi-
tecture was separate from construction, differen-

tiating architects and artists from master build-
ers and craftsmen. With Alberti’s elevation of 
architects over master builders came the need to 
externalize information (so it could be communi-
cated to tradesmen) and the introduction of ortho-
graphic abstractions, such as plan, section and 
elevation. Architects no longer had to be present 
on site to supervise the construction of the build-
ings they designed.
The rifts between architecture and construction 
started to widen dramatically in the mid-nine-
teenth century when “drawings” of the earlier pe-
riod became “contract documents.” Other critical 
developments occurred, such as the appearance 
of a general contractor and a professional engi-
neer (first in England), which were particularly 
significant for the development of professional 
architectural practice as we know it today. The 
relationships between architects and other par-
ties in the building process became defined con-
tractually, with the aim of clearly articulating 
the responsibilities and potential liabilities. The 
consequences were profound. The relationship 
between an architect (as a designer of a building) 
and a general contractor (as an executor of the de-
sign) became solely financial, leading to what was 
to become, and remain to this day, an adversarial, 
highly legalistic and rigidly codified process. De-
sign was split from construction, conceptually 
and legally. Architects detached themselves from 
the act of building.
The twentieth century brought increasing com-
plexity to building design and construction, as 
numerous new materials, technologies and proc-
esses were invented. With increased complexity 
came increased specialization, and the emergence 
of various design and engineering consultants for 
different building systems, code compliance, etc. 
The disintegration was thorough, deep, but fortu-
nately, reversible, as shown by the various devel-
opments within the industry over the past decade, 
briefly discussed earlier.

REINTEGRATING OUT OF NECESSITy
Over the past decade we have seen in architecture 
the (re)emergence of complexly shaped forms 
and intricately articulated surfaces, enclosures, 
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and structures, whose design and production 
were fundamentally enabled by the capacity of 
digital technologies to accurately represent and 
precisely fabricate artifacts of almost any com-
plexity. The challenges of constructability left 
designers of new formal and surface complexities 
– whether “blobs” or intricately patterned “boxes” 
– with little choice but to become closely engaged 
in fabrication and construction, if they were to see 
their projects realized. Building contractors, used 
to the “analog” norms of practice and prevalent 
orthogonal geometries and standard, repetitive 
components, were reluctant to take on projects 
they saw as apparently unbuildable or, at best, with 
unmanageable complexities. The “experimental” 
architects had to find contractors and fabricators 
capable of digitally-driven production, who were 
often in shipbuilding. They had to provide, and 
often generate directly, the digital information 
needed to manufacture and construct building’s 
components. So, out of sheer necessity, design-
ers of the digitally-generated, often “blobby” ar-
chitecture became closely involved in the digital 
making of buildings. A potentially promising path 
to integrated design emerged.
In the process of trying to address the mate-
rial producibility of digitally conceived complex 
forms, “experimental” architects discovered that 
they have the digital information which could be 
used in fabrication and construction to directly 
drive the computer-controlled machinery, making 
the time-consuming and error-prone production 
of drawings unnecessary. In addition, introduc-
tion and integration of digital fabrication into the 
design of buildings enabled architects to almost 
instantaneously produce scale models of their 
designs using processes and techniques iden-
tical to those used in the industry. Thus, a valu-
able feedback mechanism between conception 
and production was established, providing a hint 
of potential benefits that the integration of design 
and production could bring. 
This newfound ability to generate construction 
information directly from design information, and 
not the complex curving forms, is what defined 
the most profound aspect of much of the formally 
expressive architecture we have seen since late 
1990s. The close relationship that once existed 
between architecture and construction – what 

was once the very nature of architectural prac-
tice – has reemerged as an unintended but fortu-
nate outcome of the new, closely coupled, digital 
processes of design and production. Builders and 
fabricators are becoming involved in the earli-
est phases of design, and architects are actively 
participating in construction. In the new digitally-
driven processes of production, design and con-
struction are no longer separate realms but are, 
instead, fluidly amalgamated. As observed by 
Toshiko Mori (2002), “The age of mechanical pro-
duction, of linear processes and the strict division 
of labor, is rapidly collapsing around us.”

In addition, the issues of performance (in all its 
multiple manifestations) are increasingly con-
sidered not in isolation or in some kind of linear 
progression but simultaneously, in an integrated 
fashion, and are engaged early on in the conceptu-
al stages of the project, by relying on close collab-
oration between the many parties involved in the 
design of a building. In such a highly “networked 
“design context, digital quantitative and qualita-
tive performance-based simulations are used as 
a technological foundation for a new, comprehen-
sive, highly integrated approach to the design of 
the built environment (Kolarevic and Malkawi, 
2004).
In light of the technologically enabled changes, 
innovative practices with cross-disciplinary ex-
pertise are forming to enable the design and con-
struction of new formal complexities and tectonic 
intricacies (Kolarevic and Klinger, 2008). Front, 
Inc. from New York is perhaps the most exempla-
ry collaborative practice to emerge over the past 
decade; acting as a type of free agency, they flu-
idly move across the professional and disciplinary 
territories of architecture, engineering, fabrica-
tion and construction, and effectively deploy new 
digital technologies of parametric design, analy-
sis, and fabrication. Similarly, entrepreneurial en-
terprises, such as designtoproduction from Zurich, 
Switzerland, have identified an industry niche in the 
translation of model scale prototypical designs into 
full-scale buildings. Design firms, such as SHoP 
Architects and LTL Architects in New York and 
Gang Studio Architects from Chicago, have inte-
grated in-house design and production in many of 
their projects. Meanwhile, integrated fabrication 
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specialists such as 3form, Inc. in Salt Lake City, A. 
Zahner Company in Kansas City, and Octatube in 
Delft, the Netherlands, represent an industry-ori-
ented broadening to engage the emerging innova-
tive design processes directly and more effective-
ly through close collaboration with designers.

BROADENING INTEGRATED DESIGN
While integrated design could be understood as a 
well-defined (and thus closed) constellation of re-
lated disciplines and professions within the build-
ing industry, I would argue that we need a much 
more open conceptual and structural platform on 
which architecture could continue to develop in its 
post-digital stage as it embraces ideas, concepts, 
processes, techniques, and technologies that 
were until recently considered to be within the do-
mains of “others.” In other words, integrated de-
sign should be much more fluid, pliable, and op-
portunistic in its search of collaborative alliances 
and agendas. I refer to this alternative approach 
as integrative design, in which methods, process-
es, and techniques are discovered, appropriated, 
adapted, and altered from “elsewhere,” and often 
“digitally” pursued.
The distinction between being integrated and be-
ing integrative may seem minor, but I think it is 
rather significant, as it implies a fundamentally 
different attitude towards collaboration, which 
need not be limited to the professions and dis-
ciplines comprising the building industry (or the 
particular scale of building). The designers who 
engage design as a broadly integrative endeavor 
fluidly navigate across different disciplinary ter-
ritories, and deploy algorithmic thinking, bio-
mimicry, computation, digital fabrication, mate-
rial exploration, and/or performance analyses 
to discover and create a process, technique, or 
a product that is qualitatively new. Scientific and 
engineering ideas become starting points of the 
design investigation. For example, concepts such 
as minimizing waste are engineering tactics that 
are increasingly applied to architecture from the 
outset of design projects. Other engineering con-
cepts, such as optimization, are finding favor too, 
not just in budgetary considerations and fabrication 
procedures, but also in formal and organizational 
strategies. Increasingly, greater attention is given 

to the analyses of simulated building performance 
as essential feedback criteria in the design proc-
ess.
Mathematics and geometry are re-embraced as 
a rich source of ideas in articulating form, pat-
tern, surface and structure in architecture, and 
collaborations with mathematicians are increas-
ingly sought out. For example, the expansive, pat-
terned surfaces of the Federation Square building 
in Melbourne, designed by Lab Architecture Stu-
dio, are based on what is known in mathematics 
as pinwheel aperiodic tiling, enabling the design-
ers to apply different scales of the same pat-
tern across the building as needed. The National 
Aquatics Center in Beijing (built for he 2008 Sum-
mer Olympic Games), designed by PTW Architects 
from Australia, is a simple box that features a 
seemingly complex three-dimensional bubble 
patterning. Its geometric origin is the so-called 
Weaire-Phelan structure, an efficient method of 
subdividing space using two kinds of cells of equal 
volume: an irregular pentagonal dodecahedron 
and a tetrakaidecahedron with 2 hexagons and 12 
pentagons. This regular three-dimensional pat-
tern was sliced with a non-aligned, i.e. slightly ro-
tated rectilinear box to produce seemingly irregu-
lar patterning on the exterior. There are other 
notable examples in which patterning is based on 
mathematics. For example, Voronoi tessellation 
is a particularly popular patterning algorithm to-
day, in which distances to a specified discrete set 
of points in space determine the decomposition of 
space.

Science, mathematics, and engineering are not 
the only domains explored for potential ideas. De-
signers and researchers are looking increasingly 
for inspiration in nature to discover new materi-
als and new material behaviors, so that buildings 
(or rather, building enclosures) can respond dy-
namically to changing environmental conditions. 
In addition to mimicking the intricate complex 
appearance and organization of patterned skins 
and structures in nature, their behavior is also 
being investigated for possible new ideas about 
the performance of building skins and structures 
(Kolarevic and Parlac, 2015). In such “form fol-
lows performance” strategies, the impulse is to 
harness the generative potential of nature, where 
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evolutionary pressure forces organisms to be-
come highly optimized and efficient (nature pro-
duces maximum effect with minimum means). A 
nature-imitating search for new ideas based on 
biological precedents – often referred to as bio-
mimicry or biomimetics – holds much promise as 
an overarching generative driving force for con-
temporary architecture as it embraces sustain-
ability as a defining socio-economic and cultural 
issue today.
All of these developments are part of the per-
ceived broader shift towards integrative design 
within architecture as it enters a post-digital 
phase and as it embraces ideas, concepts, proc-
esses, techniques, and technologies from else-
where – just as it did in the past, but much more so 
now. The move towards integrative design implies 
an ongoing, endless process, akin to a half ca-
dence, also known in music as imperfect, weak or 
semi-cadence, because it calls for continuation. 
But it’s a cadence, nevertheless – a post-digital 
one, I would add.

NOTE
This is a revised, abridged version of a paper pre-
sented at the “Critical Digital” conference held in 
2008 at Harvard University Graduate School of 
Design.
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Abstract:  KAJIMA [1] is one of the largest construction companies in Japan. We 
have been applying BIM to more than 350 projects in Japan for the last 4 years 
(740 projects worldwide). We believe that there is nothing comparable to this scale 
of BIM implementation in the world. What makes our BIM different from others 
is our collaborative approach both internally and externally. We plan when and 
how much BIM effort we assign to each project. In other words, we optimize our 
efforts to make our BIM efficient on each project, not only for ourselves, but for the 
industry as a whole.  Flexibility is the essence of BIM collaboration. In general, it 
is said that front-loading is Key Success Factor (KSF) of BIM. However, we believe 
that the essence of KSF is to adopt BIM flexibly in each phase of each individual 
project. 
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INTRODUCTION
KAJIMA was established in 1840. We are a Tokyo-
based company with 12 branch offices in Japan. 
We are also a global company, with 4 regional 
headquarters in Europe, USA, Asia and Australia. 
We provide “Total Engineering, covering the life 
cycle of building construction.”
In our history, KAJIMA was first well-known for 
Western-style buildings, later for railways, sky-
scrapers and nuclear power plants. Now we want 
to be known as “OPEN BIM KAJIMA.”
We also have an official role to promote “OPEN 
BIM” internationally. Beginning this year, we are 
an invited member of the “Strategic Advisory 
Council” of buildingSMART International [2], 
which is the most prominent BIM standardization 
organization in the world. SAC consists of only 6 
companies in the world and KAJIMA is the only 

company from the Asian region and from the con-
struction industry.
We are No.1 by the number of BIM projects, too. In 
2015, we managed approximately 300 BIM projects 
in Japan. The total number of BIM projects we 
have managed worldwide is now 740. In this pa-
per, I would like to share our Theory and Methods 
based on our experience.

THEORy
Figure 1 describes the famous theory of Patrick 
MacLeamy [3]. The vertical line indicates the 
project-timeline, from Design till Operation. The 
green line indicates “Cost of Design Changes.” It 
shows that later, in the construction phase, the 
cost of design change is higher. The blue line is 
the “Ability to control cost.” It shows that you can 
control costs better in the earlier phases. Under 

http://dx.doi.org/10.3311/CAADence.1656
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those two conditions, the optimized “effort curve” 
should be the RED line. This is well-known as the 
“MacLeamy Curve.” Compared to the traditional 
curve (shown in black), the MacLeamy Curve has 
its peak in the earlier stage of the project, in the 
design phase. Because of the influence of the Ma-
cLeamy Curve, the focus for most of the people 
has been BIM in the design phase.
Now we have a variety of BIM software and in the 
“OPEN BIM” world, many BIM Software are stand-
ardized and have interoperability among them. 
So, we can apply BIM at any phase of construc-
tion. Under these circumstances, BIM data can be 
driven by users and BIM data can be distributed 
for various purposes. In other words, you do not 
need to optimize BIM data at the early stage of a 
project; you can just use the existing data and do 
your best in your process. 
In most countries around the world, design draw-
ings typically include all information, and con-
struction is carried out using this documentation. 
However, in Japan, design drawings usually do not 
have enough information for construction purpos-
es and we need to re-create them by ourselves. It 
is a specific character of the Japanese construc-
tion industry, that construction companies create 
construction drawings by themselves. 
Under these circumstances, the optimized effort 
curve is yellow, which I propose to call the “Yajima 
Curve.” If it is a Design-Build project, the MacLeamy 
Curve works quite well. However, if a construction 
company joins a project in the construction phase 
only, the Yajima Curve works better.

The Yajima Curve has 4 phases (Figure 2). The first 
is “Rapid Modeling”: It is a handover phase from 
Design to Construction. In this phase, construc-
tion companies analyze and thoroughly compre-
hend the design intent and transform them into a 
construction-BIM model as quickly as possible. 
Naturally, we spend significant effort in this phase. 
The second phase is “Sharing”:  We share the basic 
BIM model for project review as soon as possible. 
The third is called “Long Tail”:   During the rest of 
the construction period, we continuously update 
the BIM data.  Therefore, the BIM effort curve is 
shaped like a long tail. We maintain the BIM model 
to create construction drawings throughout the 
project, and use them for various purposes. The 
last phase is “Forward-Looking” described as an 
arrow. You can look back right at construction-
handover. After that, you should look forward to 
use BIM for completing your project.

Figure 1: 
MacLeamy Curve 
& Yajima Curve

Figure 2: 
Characters of 
Yajima Curve
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METHODS 
Modeling & Drawing
Figure 3 shows the main flow of Modeling & Draw-
ing. At first, we make a “Basic BIM model” for all 
projects. Next, BIM data is adapted flexibly for 
each project. Most of all, we use the BIM model 
for creating 2D construction drawings. 
There are three reasons why we put so much ef-
fort into creating construction drawings. The 
first is to understand the designer’s intentions. 
As I mentioned, some Japanese design drawings 
do not include detailed shapes, dimensions, and 
specifications. So we clarify these and add de-
tailed information to the construction drawings. 
The second reason is to achieve the client’s needs. 
In Japan, even though the design phase is finished, 
the updated requests from the client are added and 
reflected. So we need construction drawings to 
keep track and organize those design changes. 
The third reason is to maintain Quality, Cost, and 
Delivery. There are many hidden risks with regard 
to these. Therefore, in the process of making con-
struction drawings, we examine and solve them 
one by one. In short, we, as a Japanese contrac-
tor, manage projects using BIM modeling and  
drawings.
BIM significantly changes the way construction 

drawings are created. Drawings are generated by 
cutting out from the BIM model and transform-
ing them to plans, elevations, and sections. Next, 
we add some dimensions and hatchings using 2D 
functions. Moneywise, there is an obvious advan-
tage, as well. With the help of BIM, the cost of cre-
ating drawings has been reduced drastically. In 
2015, we achieved a 60% cost reduction compared 
to 2012.
We have also improved the quality of drawings 
(Figure 3 right). We improved the expression of 
construction drawings. Using BIM data, we are 
able to create 3D isometric drawings, thus we can 
deliver much more information to workers direct-
ly. It can improve the quality of buildings, too.

Figure 3a: 
 Modeling & Drawing Flow

Figure 3b: 
3D isometric 

construction drawing
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Flexible Production System
We built a modeling network similar to the supply 
chain of Japanese car manufacturers used world-
wide. We have 3 modeling partners abroad, and 
2 in Japan (Figure 4 Left). By collaborating with 
those modeling companies and using our cloud 
platform (Global BIM®), we can flexibly allocate 
staff to various projects and manage BIM projects 
effectively. In addition, we want to expand this 
supply chain to 24 hours’ operation and try to find 
partners in Central Europe and South America. 

Global BIM® [4]
We have been using ARCHICAD® [5] for more than 
20 years. In 2012, we started to use BIM Server 
and the TEAMWORK function in ARCHICAD 15. 
With this function, 30 people can work together 
on the same file, simultaneously. But at that time, 
this collaboration function could be used only in 
a closed network. So, we migrated it to a Cloud 
server and named it “Global BIM” (Figure 4 Right) 
in 2013. 
Now we have Global BIM version 2. It is also on the 
Cloud server and based on BIMcloud® [6] technol-
ogy. There are many small sub-contractors work-
ing together in site offices. We wanted to help them 
start using BIM with less investment. Using “AR-
CHICAD BIMcloud Team Client,” KAJIMA can lend 
licenses to them. Sub-contractors can freely in-
stall the “BIMcloud Team Client” on their PCs and 
can borrow our licenses through the Internet.

Automation Tools
To support BIM collaboration, we developed three 
systems” “BIMS,” “Automated Design Documen-
tation” and “SMARTCON Planner.”
“BIMS (BIM Issue Management System)” is for 
communication among BIM users. Because our 
modeling network expands abroad, BIM manag-
ers need to be able to handle requests from us-
ers and inform the modelers precisely. To make 
it smarter, we developed BIMS. It consists of an 
ARCHICAD add-on and a web-based system. If 
managers find some issues, they can add Pop-
Up marks on the model and save screen-shots in  
ARCHICAD. At the same time, the data is uploaded 
to the web-based system to share with modelers 
(Figure 5 Left). BIMS will be distributed in global 
markets via Doalltech [7] as an add-on tool to  
ARCHICAD.
“Automated Design Documentation” is designed 
and developed together with AIDEA [8]. The pur-
pose of this system is to remove repeated works 
for documentation including setting of scale, layer 
and drawing’s frame (Figure 5b). 
“smartCON Planner” is developed for construc-
tion planning. Construction planning is the es-
sential work of general contractors. We devel-
oped BIM parts written in GDL [9] and filed them 
as “smartCON Planner” (Figure 6). It includes 
many temporary objects such as cranes, shoring, 
and scaffolds. They also have menus, which can 
change GDL objects dynamically by changing pa-
rameters.

Figure 4: 
Flexible Production 
System with Global BIM
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Figure 5a:  
BIMS, 

Figure 5b:  
Automated Design Docu-

mentation 
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To make construction planning more efficient, we 
applied AI and automated its process. First, we 
set the basic BIM model on the ground. Following 
that, the program creates the excavation area by 
recognizing underground shapes. After that, the 
program allocates “Temporary Shoring,” “Tem-
porary Struts,” and “Working Platform” auto-
matically (Figure 7). We have an initial plan within 
a few minutes. Finally, site engineers can start 
further planning.

IoT
Now we are getting into IoT (Internet of Things). 
First, we started from “Formwork.” There are 
three steps for Formwork. The first is cutting 
wood plates to make panels at the factory. The 

second is assembling and adjusting those panels 
at sites, done manually by workers. If the panels 
are cut precisely, the assembling process is eas-
ier. The third step is removing those panels after 
casting the concrete. 
At first, we applied BIM during the cutting-wood-
process. We optimize how to cut panels and allo-
cate them on BIM and create input data for cutting 
machines. We can also estimate materials, and 
create “construction drawings” and “assemble 
process,” too (Figure 8). If we put them on tablets, 
workers can easily understand the working proc-
ess on sites. With wireless technology, we can 
also automate on-site-work. By integrating data 
of various sites, we can optimize distribution of 
materials, as well

Figure 6: 
smartCON Planner

Figure 7: 
Adopting Artificial 
Intelligence to 
construction planning
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Figure 8: 
Formwork automation 

with IoT

Figure 9: 
BIM as Interface
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CONCLUSION 
In this paper, I introduced our theory and meth-
ods. I would like to show my future vision as a con-
clusion. We have been continuously thinking about 
the role of BIM. Initially, we tried to set BIM to the 
center of our production system. Now we think of 
BIM as an interface (Figure 9).
BIM gives us a good interface for add-on tools and 
other programs. With these tools, we can pro-
vide various services to new customers. Now we 
are trying to change “our construction sites” into 
“Centers of IoT” (Internet of Things). We want to 
apply BIM to IoT for establishing a new production 
system. To make it possible, OPEN BIM must be 
expanded in both the construction industry and 
the manufacturing industry. 
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Minka, Machiya, and Gassho-Zukuri  
Procedural Generation of Japanese Traditional Houses 
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Abstract: Minka (traditional folk house), machiya (historic town house), and gas-
sho-zukuri (farmhouse conserved in the World Heritage villages) have individual 
characteristics in terms of their geometric shapes and are strongly affected by the 
local landscape in Japan. These houses are the archetypes of Japanese residences 
and their genotypes are alive in contemporary designs. This paper presents the 
procedural generation of these three types of Japanese traditional houses. Minka’s 
distinctive characteristics in appearance can be found in the roof combined with 
hip and gable shapes, called irimoya. Machiya’s characteristics can be found in the 
configuration of traditional lattice windows, called koushi-mado. Gassho-zukuri 
has a unique shape of a steeply inclined roof, which looks like praying hands. All of 
these procedures are implemented in CGA shape grammar language and are used 
in conservation design processes of traditional settlements. They are also planned 
to be used in the reconstruction design process from the Great East Japan Earth-
quake.
Keywords: traditional fork house, historic town house, World Heritage villages, 
CGA
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INTRODUCTION
The basic concept of shape grammar was pro-
posed by Stiny and Gips in 1971 [1]. It has been 
researched as the theory of spatial analysis and 
shape generation in the academic field of archi-
tecture. Mitchell precisely described the shape 
grammar of generating Palladian Villas [2]. Aoki 
critically improved it and proposed the individual 
expression as a simplified language (SAL) to de-
scribe the floor plans of folk houses [3].
In the early stage, these research studies about 
architectural design language had been explored 
mainly as desk studies and then they were im-
plemented as the practically executable applica-

tion systems along with the rapid development 
of computer technology. Watanabe proposed a 
unified framework of representing architectural 
design knowledge (AKM) and constructed its sys-
tem in the Smalltalk environment (OOAMS) [4, 5]. 
Müller implemented CGA language to process 
shape grammar [6].
Recently, with an increased interest in GeoDesign 
by Steinitz, the methodology of generating archi-
tectural shape with procedural descriptions is 
receiving attention again [7]. Watanabe made the 
study of shape grammar implicit in Japanese mod-
ern urban planning with the analysis of landscape 
elements in Tsukuba Science City [8]. Kumakura 
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used CityEngine as the communication media to 
share the memory of the past in an attempt to re-
produce the landscape lost by the Great East Ja-
pan Earthquake [9].
The essential matter in these research studies 
is to explicitly express the regularity suitable for 
every geometric shape of the same class, and 
these procedural descriptions can be regarded 
as the very knowledge of architectural masters. 
This paper explains the grammars for generating 
Japanese traditional houses requisite for our ur-
ban and rural landscape simulation.

SHAPE GRAMMAR AND CGA
First, the definition of shape grammar (SG) is 
reconfirmed as the following 4-tuple:
 SG = (VT, VM, R, I )  (1)
This is inspired from the phrase structure rules 
that Noam Chomsky introduced in linguistics. 
Chomsky’s grammar generates one-dimensional 
strings defined by the alphabet of letters, whereas 
shape grammar generates 2- or 3-dimensional 
shapes. That is, VT is the alphabet of shapes, VM 
is a maker to conduct shape generation, I is the 
initial state of shape, and R is a set of rules which 
defines the transformation of an existing shape 
and can be described as follows:
Left-Hand Side (LHS) → Right-Hand Side (RHS)  (2)
Basically, these rules are adapted in a top-down 
process like a tree structure; however, new LHS 
shapes, which satisfy requirements to adapt the 
rule, may come into existence across branches 
and also are acceptable in SG definition. CGA 
stands for Computer Generated Architecture, and 
can be used in CityEngine. The basic idea of CGA is 
the same as SG and its syntax is as follows:
    PredecessorShape --> Successor (3)
Humans effectively find Left-Hand Side (LHS) in a 
visual way but the detection of PredecessorShape 
in 2- or 3-dimensional world is not possible with 
computers. Adaptation of rules needs to be con-
ducted by the symbols of PredecessorShape ex-
plicitly given in Successor. The generation proc-
ess only expands branches of shapes in a tree 
structure; consequently, they are not able to join 
branches together like a semi-lattice structure in 

CGA. In this meaning, CGA can be regarded as a 
subset of shape grammar.
Additionally, the commands of handling shapes 
are limited to a small number of fundamental 
functions such as extrude, split, comp, translate, 
and rotate. The procedural modeling of CGA re-
quires a description of all generation processes 
only in the rules of combining these functions with 
dexterity and ingenuity. However, this differs from 
the interactive modeling where operational ob-
jects are sequentially selected by hand.
As an example, the three rules of drawing a sym-
bolic acrylic painting CG1 mentioned in the pio-
neering paper [1] can be written in CGA as follows:

Figure 1:  
Description of CG1
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// Rule1 and Rule3 ---------- 
MShape -->
 case i < level :
   set(i, i + 1)
   LShape
 else : 
  NIL
  
// Rule2 -------------------   
LShape -->
 t(0, 0.1, -scope.sz/7.5)
 s(scope.sx / 7.5 * 8.5, 0, scope.sz / 7.5 * 8.5)
 i(“Urform.obj”) Urfrom
 split(x) { 
  ~0.3 : split(z) {
   ~0.5 : rotateScope(0, 90, 0) MShape | 
   ~0.5 : rotateScope(0, -90, 0) MShape } | 
  ~0.3 : split(z) {
   ~0.25 : MShape | 
   ~0.3 : rotateScope(0, 180, 0) MShape | 
   ~0.3 : rotateScope(0, 90, 0) MShape }  | 
  ~0.25 : split(z) {
   ~0.5 : MShape | 
   ~0.5 : rotateScope(0, -90, 0) MShape } }

MINKA’S GRAMMAR
Minka’s distinctive characteristics in appearance 
can be found in the roof combined with hip and 
gable shapes called irimoya. The basic shape of 
these roofs can be generated with the roofHip and 
roofGable commands in CGA. By using these two 
commands, sketch volume of irimoya can be de-
scribed as the script in Figure 2.
With this script, the roof has to be divided into up-
per and lower parts. As previously mentioned, the 
CGA rules constitute the top-down tree structure; 
however, the individually generated faces cannot 
be merged into the single face even if they lie in 
the same plane. The precise shape of traditional 
irimoya roofs can be generated with additional 
grammar of detail elements such as verge, main 
ridge, corner ridge, and rafters.

IrimoyaRoof -->
 roofHip(30, 0.9)
 split(y) { 
  1.8 * sin(30) : comp(f) {
   bottom : NIL |
   horizontal : 
    roofGable(30, 0.0, 0.0) 
    comp(f) { 
     vertical : Gable | 
     top : RoofBoard } | 
   top : RoofBoard } | 
  ~1 : NIL }

RoofBoard -->
 extrude(y, 0.09)
 split(y) { 
  0.09 * sin(30) : NIL | 
  ~1 : comp(f) { 
   front : NIL | 
   all = Roof. } }

Figure 2:  
Generation Process of 

Irimoya 
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Figure 3 shows the different types of folk houses 
automatically generated from simple footprint 
polygons with the single CGA script. The windows 
are also arranged automatically according to the 
orientation of each wall but they are rarely incon-
sistent with the shape of roofs as shown in a right 
most house in Figure 3. This is because roofs and 
windows belong to different branches of the tree 
structure and it is difficult to determine the con-
flicts between shapes and solve them automati-
cally.

MACHIyA’S GRAMMAR
In Japan, each region has the particular design 
of machiya (historic town house), but their com-
mon characteristic in appearance can be found in 
the configuration of traditional lattice windows, 
called koushi-mado. 
The lattice windows are not the universally unique 
design motif. There are many previous studies on 
the geometrical configuration of regional lattice 
windows. For example, Stiny mentioned Chinese 
lattice windows and described the shape grammar 
of their tilling patterns and the parametric shape 
grammar of their dividing rules (Ice-ray) [10]. 
In lattice windows of machiya, tateko (vertical 
members) and yokosan (horizontal members) are 
arranged according to their individual rules. Their 
configuration represents the running business 
of the house, for example, sakaya-koushi means 
a liquor shop, gofukuya-koushi means a tailor’s 
shop, and shimotaya-koushi means out-of-busi-
ness [11]. The basic framework of their grammar 
can be described as the following script:

KoushiWindow -->
 offset(-0.045)
 comp(f) { 
  inside : YokosanArrange TatekoArrange | 
  border : extrude(-0.08) Frame }

YokosanArrange -->
 split(y) { ~scope.sy / 4 : NIL | 
  { 0.016 : Muntin | 
    ~scope.sy / 4 : NIL } * }

Figure 3:  
Automatically Generated 
Minka 

Figure 4:  
Grammar of Lattice 
Windows 
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TatekoArrange -->
 split(x) { ~0.144 : VoidArrange | 
  {0.039 : Mullion | 
   ~0.144 : VoidArrange } * }

VoidArrange -->
 split(x) { ~0.03 : NIL | 
  0.027 : Kotateko | ~0.03 : NIL |
  0.027 : Kotateko | ~0.03 : NIL }

In this example script, parameterize numerical 
parts and add the grammar of structural mem-
bers for de-koushi (extended window) and tsuri-
gane-koushi (oriel window), then various types 
of lattice windows can be generated in detail as 
shown in Figure 4.
The machiya generally has a short frontage and a 
long depth, and the ridge of its gable roof is paral-
lel to the frontage direction called hirairi. On the 
other hand, the roofGable command automati-
cally determines the ridge of the roof in the long 
direction, which is orthogonal to the desired one. 
To solve this problem, the virtual volume, which 
is expanded N times in the frontage direction, is 
introduced to generate the right direction of the 
gable roof and resize it as shown in Figure 5.
Figure 6 shows the typical town houses automati-
cally generated from simple footprint polygons 
with the single CGA script.

GASSHO-ZUKURI’S GRAMMAR
Gassho-zukuri is well known as the farm house 
conserved in the World Heritage villages of 
shirakawa and gokayama located in a heavy 
snowfall area. Most of the gassho-zukuri along 
the Shō River were pulled down or sunk in dam 
lakes during the period of rapid economic growth. 
Today, people miss this lost landscape.
Gassho-zukuri has the unique shape of a steeply 
inclined thatch roof, which looks like praying 
hands. This is ancient wisdom to prevent the roof 
from collapsing under accumulated snow. Today, 
the gable sides are often extended to adapt to 
modern lifestyle.
Figure 7 illustrates the variation of gassho-zukuri 
generated by the implemented CGA script. The 
basic shape of the roof can be described by the 
simple roofGable command containing the gram-
mars of characteristic detail elements such as 
muna-gaya (thatch of ridge) and kanzashi-gaya 
(thatch of ridge end) to look like gassho-ukuri.

GasshoRoof-->
 roofGable(55.0, 1.2, 0) 
 comp(f) { 
  horizontal : NIL | 
  vertical: Gable | 
  all : Thatching }
 comp(e) { ridge : Ridge }

Thatching-->
 s(scope.sx + 1.2 * 2, ‘1, ‘1)
 center(x)
 extrude(0.6) 
 alignScopeToAxes(y)
 split(y) { 
  ~1 : comp(f) { 
   all : ThatchTexture } | 
  0.6 * cos(55.0) : NIL }

Figure 5:  
Generation Process of 

Hirairi

Figure 6:  
Automatically Generated 

Machiya  
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Finally, Figure 8 shows the landscape image from 
the famous observatory of the World Heritage vil-
lage, in which all traditional houses are automati-
cally generated with the CGA scripts introduced 
in this paper.

CONCLUSION
Constructive principles of architectural design, 
which have been inherited historically and cultur-
ally, are mentioned in various forms such as writ-
ings, drawings, and physical models. However, 
they are not often implemented in the procedural 
format and are rather executed more practically 
in a computational manner. 
This paper introduced the characteristics of tra-
ditonal Japanese architecture, and presented the 
outline of their procedual generation. All of these 
scripts are implemented in CityEngine, and are 
used in conservation design processes of tradi-
tional settlements. They are also planned to be 
used in the reconstruction design process from 
the Great East Japan Earthquake. However, the 
rules described in the system are only part of the 
design knowledge of traditional Japanese archi-
tecture. Many shortcomings are identical and will 
be improved in our future studies.

Figure 7:  
Automatically Generated 
Gassho-Zukuri

Figure 8:  
Simulated Landscape of 
Shirakawa  
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Abstract: Any random words can be put together – but in most cases they 
would not constitute a meaningful sentence. Similarly, any geometry can be 
used as the shape of a building or an architectural element, but in most cases 
tradition, aesthetics, and practice strongly restrict this theoretical freedom. 
The shapes of the spires of Western European medieval churches show a high vari-
ability – yet they use only a limited portion of the infinite set of potentially possible 
polyhedral or conical shapes. In this paper a generalized classification system of 
polyhedral spire shapes is presented as a kind of 3D shape grammar. This system 
can be used for describing the roof-shapes themselves – just like phonetic symbols 
can be used to represent the qualities of an oral language. At the same time the sug-
gested notation system can hopefully provide unambiguous descriptions that can 
even be used in automated CAD modelling.
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INTRODUCTION
In architecture, a spire is a steeply pointed termi-
nation to a tower, which usually has an accentuat-
ed ideological and aesthetical significance.1 In this 
paper the term will be used in a somewhat wider 
geometrical sense: not only for the most common 
pyramidal or conical shapes, but for any shape a 
roof of a tower can have.
In a previous article [1] I proposed a descriptive 
system which I thought to be appropriate for no-
tating the 3D shapes of spires that are bounded by 
planar surfaces exclusively. In the past few years 
I have used this system in academic courses and I 
have found that it is suitable for educational pur-
poses also: the simple descriptions can help the 

1  “In its mature Gothic development, the spire was an elongated, 
slender form that was a spectacular visual culmination of the building 
as well as a symbol of the heavenly aspirations of pious medieval men. 
Encyclopædia Britannica” •  http://www.britannica.com/technology/
spire

students understand, and consequently recon-
struct the 3D shapes of the more complex spire 
shapes. Actually, in some cases it happened the 
other way around: in order to achieve a satisfac-
tory level of comprehension, sometimes we had to 
reconstruct the elements and the operations first, 
taking the description as a kind of “recipe”, and 
using the modelling process itself as an explana-
tion.
Yet, I have found then in certain cases this notation 
system is not specific enough – especially for de-
scribing compound shapes. All basic shapes that 
have the same notation are affine transforma-
tions of each other – however, even the same type 
of primitives can produce different compound 
shapes, if they have dissimilar steepness and/or 
relative size. Therefore, in order to accomplish a 
higher level of precision, the description system 
needs to be “upgraded”.

http://dx.doi.org/10.3311/CAADence.1672
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This article is intended to expand the previously 
proposed notation system in order to achieve a 
precision which ensures that every spire shape 
has a description sufficiently specific even to en-
able its – theoretical – reconstruction.

DEFINITIONS
The archetype of the medieval tower can be de-
scribed as a building, or part of a greater build-
ing (mostly a church or castle), whose height is 
considerably bigger than the dimensions of its 
base – which is usually a square, a polygon or a 
circle, or, in rare cases, a rectangle or an ellipse. 
Figure 1 depicts a compound spire shape showing 
the names of its most important components that 
appear in this article.

A gable is a vertical plane (a wall) whose existence 
is inevitable whenever the bottom edges of the 
sloping surfaces of the roof proper are not hori-
zontal. A verge is the sloping outer edge of a gable, 
and the gable apex is the highest point of a verge. 
The spire apex is the point located over the centre 
of the base, typically the highest point of the whole 
shape. A valley is a concave break between adja-
cent surfaces, which therefore collects the water 
from them; while a ridge is a convex break, which 
consequently diverts, not collects water. Finally, a 
gable ridge is a ridge starting from the gable apex, 
usually, but not always connecting it with the spire 
apex.

BASIC SPIRE SHAPES
Figure 2 depicts a basic spire shape set: the “prim-
itives” that either can be used in themselves, or as 
constructive elements of more complex shapes to 
cover a square base. Obviously, the same type of 
shapes can be used over polygons having different 
number of sides also.
The most obvious of all spire shapes over an n-
sided base is a regular n-gonal pyramid (e.g. a₄ • 
St. Mark’s Campanile, Venice, Italy).
If the midpoints of the edges of the base are 
moved upward, the triangular faces of the original 
pyramid break, and because of these new ridges 
(which connect the spire apex with the gable apex-
es), the shape becomes a convex 2n-gonal base-
truncated pyramid (e.g. b₄ • Marienkirche, Lübeck, 
Germany). It is worth noting, that this shape is not 
necessarily regular (b°), since similar forms can 

1 Spire apex

2 Ridge

3 Valley

4 Gable ridge

5 Gable apex

6 Verge

7 Bottom plane of 
the spire

8 Gable (gable wall)

Figure 1: 
Parts of a spire

Figure 2: 
Basic spire shapes over 
square base, arranged in 
order of ascending gable 
apex height

a₄ b°₄ c₄ d₄ e₄
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be constructed using a little bit higher (b⁺) or low-
er (b⁻) gable apex height also – but unless stated 
otherwise, we usually assume that the horizontal 
section of the spire is a regular 2n-gonal polygon.
If the gable apexes are raised higher, the diago-
nal ridges “sink” into the roof planes, and the 
shape becomes a rotated n-gonal base-truncated 
pyramid – while the horizontal section of the spire 
(above the level of gable apexes) becomes a ro-
tated convex n-gonal polygon (e.g. c₄ • St. Faith’s 
Church, Sélestat, France).
If the gable apexes are raised even higher, the roof 
surface breaks again, and the diagonal edges re-
appear – but this time as valleys – and the shape 
becomes a concave 2n-gonal base-truncated pyra-
mid. This shape is similar to the bn type, since in 
this case the gable height can again be moved in a 
relatively wide interval: a decent lowering or rais-
ing the gable apexes does not change the basic 
attributes of the shape. We can find an equilib-
rium state, in which case the slopes of the verges 
and the diagonal valleys meeting in the corners 
are equal. Furthermore, when the number of the 
sides of the base polygon is more than four, an 
even more interesting shape can be used, which 
has a star-shaped horizontal section, since its 
every third face lie in a common plane. Hence, 

assuming that the number of sides is even, this 
shape can be seen as the union of two isomorphic 
base-truncated pyramids (e.g.d°8 • St. Aposteln, 
Cologne, Germany).
Finally, if the gable apexes reach the height of the 
spire apex, we get intersecting gable roofs – a not 
too impressive form, which seldom used in itself 
as a termination of tower (e.g. e₄ • St. Marien-
kirche, Wismar, Germany).2

COMPOUND SPIRE SHAPES
The more complex spire shapes can be gener-
ated from the basic spire shape set, using regu-
lar Boolean operations. Obviously, if we combine 
the same types of elements, but choose different 
relative heights for them, we end up with shapes 
that are not affine transformations of each other 
anymore.
A good example of the geometrical dissimilarity 
of similarly denoted shapes are the two a₄⋂c₄⋃a₈ 
shapes of Figure 3 – due to the different propor-
tions of the same type of primitives, the horizon-
tal edge on the front side might, or might not be 
present.
2 Theoretically, the gables can be even higher than the spire apex (f4), 
but that would contradict the architectural purpose and the “message” 
of the spire.

e₄ ⋃c₄ ⋃ a₈ a₄ ⋂ c₄ ⋃ a₈ a₄ ⋂ c₄ ⋃ a₈ a₄ ⋂ c₄ ⋃ c₄

Figure 3: 
Examples of compound 

spire shapes over square 
base
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The logical connections between the shapes of the 
figure is quite interesting.
The left shape has been constructed with three 
objectives in mind: the slope of the verge of the 
gable should be 60°, the angle of the horizontal 
projection of the valley between the e₄ and c₄ 
shapes should be 22.5°, and finally, the a₈ compo-
nent should be placed so that its ridge would start 
from that same valley.3

The second shape is basically the same, only the 
gables have been “cut off” – resulting in a differ-
ent frequently used spire shape, sometimes called 
splayed-foot spire4 (e.g. Cathedral of Trier, Ger-
many). The third shape uses the same type of el-
ements as the second one, but since the slopes 
of its a₄ and a₈ components are equal, the afore-
mentioned horizontal edge disappears (e.g. Pa-
trixbourne, England). Finally, the fourth shape 
features the same a₄ and a similar c₄ element, but 
a different, c₄ termination (e.g. Cathedral of Trier, 
Germany also).
It is worth noting that in addition to the variety pro-
duced by the differences of steepness and relative 
height of the elements of compound shapes, the 
shapes often deliberately diverge from the “de-
fault” form. Probably the most important asset is 
the use of pinnacles – which actually use a similar 
geometrical shape set as the spires themselves, 
as it can be seen e.g. in Roriczer’s booklet describ-
ing a construction method that ensures the “right” 
proportions of an e₄⋃a₄ pinnacle shape [2].

SPIRE SHAPE NOTATION
I think the above notation system adequately fits 
the need of e.g. historical or artistic description – 
at the same time it could ensure some additional 
level of precision. Using these denotations one 
can easily say – and others can easily understand 
– something like: “the b₄ type is one of the most 
frequent spire shapes in Austria”.
Yet, when one tries to be even more specific, some 
additional information would also be needed. For 
example, one might add, that “in most cases the 
slope of the verge of the gable is ≥60°”. Fortu-
3 The height of the a₈ element has been chosen to be the same as 
the height of a b₄ spire having the same regular triangular gable (see 
Figure 5).
4 http://www.lookingatbuildings.org.uk/glossary/glossary/S.html?&tx_
contagged%5Bpointer%5D=7

nately, this additional information can easily be 
integrated into the system without becoming “in-
compatible” with the simplified version used so 
far. I think it is important that even this upgraded 
system would preserve its human “readability” 
– yet, it should provide a description specific and 
unambiguous enough that even a program can in-
terpret it, and it should be possible to create a 3D 
model using only the information provided by the 
description of the shape.

SPIRE PROPERTIES
If there was a CAD program capable of using the 
elements of the basic spire shape set as its regu-
lar “primitives”, it would (or at least it should) have 
a panel containing similar information then the 
one that is depicted in Figure 4.
So far only the symbol of the shape type and the 
number of the sides of its base have been used 
in the description. In order to describe the spire 
shape more specifically, two more properties have 
to be specified. As the graph in Figure 4 indicates, 
one can choose one line (i.e. the two variables 
it connects) from the bottom two, and one from 
the top eight in order to specify the spire shape 
unambiguously. In case of the base polygon, the 
number of sides (N), and the radius of either the 
inscribed (Ri) or the circumscribed (Rc) circle is 
needed – the other can easily be calculated using 
the Ri/Rc = cos (π/n) relationship – and it obviously 
sets the length of the side of the base polygon (S) 
also. In case of the spire shape itself, two of the 
following five variables have to be set: the type 
of the spire shape (T), the slopes of the verges of 
the gables (Λg), the slopes of the diagonal edges 
or planes of the spire (Λd), the height of the spire 

Figure 4: 
The spire properties panel 
(implemented in Ms Excel 
VBA) and its logical graph
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apex (Ha), and the height of the gable apex (Hg). 
Note however, that not all pairs can be used, since 
two pairs are mutually dependent: the slope of the 
gable sets the gable height (Hg = tan(Λg)×S/2), and 
the slope of the diagonal sets the spire apex height 
(Ha = tan(Λd)×Rc) – and vice versa.5

As it has already been mentioned, in case of the 
basic shapes the change of the slope of the roof 
would not produce a topologically different spire 
shape. However, the ratio of the height of the ga-
bles and the height of the spire apex is a unique 
characteristic, so their Q quotient is a distinctive 
feature.
In case of the an shape there are no gables, so Qa 
is obviously 0, in case of the en shape the height 
of the gables is the same as the spire apex itself, 
so Qe is evidently 1 – and the Q values of the other 
shapes fall between these extrema.
A b°

n
  spire is a base-truncated 2n-gonal pyramid 

whose diagonal ridges (starting from the spire 
apex) reach the base plane, while its gable ridg-
es do not. Since both sets of ridges have equal 
5 Notice also that an an spire does not have gables, so in that case 
neither Λg nor Hg can be used.

slopes, their height-difference is proportional to 
the length-difference of their horizontal projec-
tions, hence the radii of the circumscribed and 
inscribed circles of the base.

    Qb = 1 – cos (π/n) (1)

The cn spire is also a base-truncated pyramid (this 
time an n-gonal one) whose base is circumscribed 
about the circumscribed circle of the original 
base.

 Qc = 1 – cos² (π/n) (2)

The d°
n
  spire has the same gable height as b°n/2 

spire would.

   Qd = 1 – cos (2π/n) (3)

Obviously, in order to use these basic shapes in 
conjunction with each other (for example to create 
a compound spire shape), it may be necessary to 
set the location of the elements relative to each 
other also.

c₄ b₄ a₄ ⋂ a₈

Figure 5: 
More spire shapes over 

square base
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DISCUSSION
In my view, having an appropriate “vocabulary” 
is crucial in order to really understand, i.e. being 
able to “mentally reconstruct” the 3D shapes of 
the spires – otherwise one simply would not have 
the proper terms to draw even the most obvious 
conclusions. Unfortunately, the architectural def-
initions are sometimes not specific enough to be 
geometrically definite – and if they are, they might 
turn out to be self-contradictory.
“The Rhenish helm (…) is a pyramidal roof on tow-
ers of square plan. Each of the four sides of the 
roof is rhomboid in form, with the long diagonal 
running from the apex of roof to one of the corners 
of the supporting tower. Each side of the tower is 
topped with an even triangular gable from the peak 
of which runs a ridge to the apex of the roof.”6

The citation is a meticulous description of the c₄ 
shape (see Figure 5) – the problem is that the only 
example that is given in the article – the Cathedral 
of Speyer – has b₄ spires on all four of its corner 
towers. On the other hand, the definition obvi-
ously cannot be applied to the c₈ shape that uses 
the very same logic, but has an octagonal base 
(e.g. St. Martin, Münster, Germany).
“In the attempt to coordinate (…) an octagonal 
spire with a square base, the broach spire was de-
veloped: sloping, triangular sections of masonry, 
or broaches, were added to the bottom of the four 
spire faces that did not coincide with the tower 
sides (…).”7

The a₄⋂a₈ shape in Figure 5 is undisputedly a 
broach spire. Sometimes the a₄⋂c₄⋃a₈ splayed-
foot spires of Figure 2 said to be a subtype of the 
broach spire too8 despite their clearly different 
geometry, which would suggest that perhaps all 
spires without gables should belong to this cat-
egory – but at the same time the above descrip-
tion definitely excludes the very similar a₄⋂c₄⋃c₄ 
shape of Figure 2 since it does not have an octago-
nal termination…

*

6 Wikipedia • https://en.wikipedia.org/wiki/Rhenish_helm
7 Encyclopædia Britannica •  http://www.britannica.com/technology/spire
8 “Splayed-foot: variation of the broach form (…) in which the four 
cardinal faces are splayed out near their bases, to cover the corners, 
while oblique (or intermediate) faces taper away to a point.”
http://www.lookingatbuildings.org.uk/glossary/glossary/S.html?&tx_
contagged%5Bpointer%5D=7

In my view, if one uses the same term for different 
shapes (and does not even have a specific name 
for others) then it is almost impossible to draw 
unambiguous conclusions. Therefore, I think that 
the notation system described in this article can 
be useful for designating the spire shapes much 
more precisely – just like phonetic symbols can 
be used to represent the qualities of an oral lan-
guage.9 At the same time this system can provide 
unambiguous descriptions that can even be used 
in automated modelling.
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Abstract: Flexibility is a solution employed in housing from the twentieth centu-
ry, in which allows space adaptation to its residents. In addition to creativity, var-
ious materials assisted this transformation over the years, improving construc-
tion quality and better response for inhabitants demands. During this process, 
the multidisciplinary association between some areas, such as Computer Science 
and Electrical Engineering, were essential for built environment, highlighting the 
project complexity. This study aims to explore the importance of collaborative de-
sign for deepening the relationship between living and dwelling flexibility, show-
ing how different professional fields can be used to qualify the space adaptation. 
Methodologically will be investigated some prototypes and products emphasizing 
computerized technology and multidisciplinary.
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INTRODUCTION
A building project should integrate multidiscipli-
nary professionals, so all design and construc-
tion steps are correctly detailed. Initially, these 
interactions occurred as discussions during 
face-to-face reunions, in which several drawings 
were continuously reviewed. Internet and CAD/
BIM technologies have been changing this context 
since the computer insertion [1]. 
The support to multiple design participants pro-
gressed with Information Technology (IT), utiliz-
ing constant communication, virtual studios, and 
collaboration. It enabled access to databases, 
computational resources and messaging data/
exchange [2].  Computer Supported Collaborative 
Design (CSCD), a field from Computer Supported 
Collaborative Work (CSCW), incorporated these 
aspects integrating members separated in time 
and space to develop individual tasks in a com-
mon project [3].

Collaborative Design explores how the informa-
tion, interface, and design can be technically 
manipulated by more than one person [1]. Is a 
resource to construction complexity and dynam-
ics, in which involves relationships, organizations, 
and processes [4]. 
As collaboration can be used in different contexts 
of the building project, this study aims to explore 
the importance of Collaborative Design for dwell-
ing flexibility. The subject was chosen to explore 
it from a new perspective, applying technology to 
approach user accommodation into living envi-
ronment. 
Methodologically will be investigated some pro-
totypes and products emphasizing computerized 
technology and multidisciplinary. The selected 
cases have been chosen according to their innova-
tion and transformation capacity. Only examples 
with qualified information were considered. 

http://dx.doi.org/10.3311/CAADence.1659
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INNOVATION IN SPATIAL FLExIBILITy
Flexibility is the competence to offer varied choic-
es and customizations [5]. A space with general 
purpose, where furniture and movable partitions 
create a malleability [6]. Furthermore a polyva-
lent form, in which distinct uses occur without a 
change in itself [7]. An aptitude to create a margin, 
implementing different interpretations and tasks 
[8]. 
To achieve these results, strategies employed 
are modular and prefabricated elements, sliding/
folding/retractable partitions, light partitions, 
functionless spaces, and multipurpose furniture 
[9]. Modular and prefabricated elements facilitate 
assembly and disassembly as Gypsum, Drywall, 
and ceramic Cobogós. 
Partitions are a simple environment divisor or a 
ambience aggregator/divider. Functionless spac-
es change one use in another (sometimes exclud-
ing kitchen and bathrooms). Furniture employs 
transformation, such as beds and tables into 
built-in cabinets [10]. 
Besides these strategies, prefabrication and in-
dependent structure were fundamental in the 
nineteenth and twentieth centuries. Currently, 
computerized technology innovates revolutioniz-
ing the old practices and materials, replacing the 
manual function by the automation [11]. 
For example, the concept of Smart Home seeks 
to incorporate control devices in the housing [12] 
or automate communication between them [13].  
A smartphone or digital panel control remotely 
lighting, air conditioning, monitoring camera, and 
locks, ensuring comfort and practicality in daily 
activities [14]. 
Thus, how Collaborative Design can help to en-
hance flexibility at dwelling? Collaborative Design 
allows constant interaction among the partici-
pants, sharing databases, process, and design in-
formation. Furthermore, it strengthens creativity, 
stimulation of ideas, and cross-fertilization [15]. 
Together with IT helps in the design process and 
project planning, since it can be extended to ma-
terials and builders suppliers. Further, assists 
manufacture and installation, improving the qual-
ity and performance of entire project itself [16]. 
Some examples below will support these facts.

PRODUCTS AND PROTOTyPES
Prototype Wallbot (Figure 1) is a retractable par-
tition from LAAB Collaborative Studio in Hong 
Kong. The partition opens and closes through sen-
sors and mechanisms, powered by electronic and 
kinetic systems. It operates according to the user 
preset, being attached to each other [17].  Archi-
tectural, designer, mechanical engineering, civil 
engineering, and computer science probably were 
employed to achieve this result. It can be said the 
concept demands studies, simulations, and con-
stant dialogue to build it in collaboration.

Another example is the Fritting™ panel (Figure  2) 
developed by the Adaptive Building Initiative. The 
product consists of fritted glass layers with dy-
namic graphic pattern controlling its transparen-
cy [18]. Presumably, experts have used contrast-
ing knowledge to ensure the product.
Similarly dynamic technique is employed at “liv-
ing” facades. Al Bahar Towers and Institut du 
Monde Arabe (Figure 3) have geometric facades 
altering according to the sun presence. The ge-
ometries have potential to be converted to inter-
nal devices, reshaping it as inhabitants context.

Figure 1: 
Wallbot. [17].
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Walls or habitats could deform and adapt similarly 
as the prototype developed in the work Translated 
Geometries (Figure 4) from Institute for Advanced 
Architecture of Catalonia (IAAC). The prototype, 
made of Shape Memory Polymer (SMP), operates 
with microcontrollers, drones, and heat/cooling 
to change its appearance [21].
A partition could be mountable or inflatable such 
as the transformable material created at Harvard 
University (Figure 5). Inspired by snapology (a type 
of origami) it folds and unfolds through pneumatic 
actuators on the edge of the cells. Some parts are 
almost rigid and other has the freedom to deform 
[22].

The teamwork was composed of Chemical Bi-
ologist and other Applied Sciences professionals. 
Therefore, there are no limitations of fields that 
can be used in collaboration. From this back-
ground, it is possible evaluate the relevance of 
multidisciplinary at housing.

DISCUSSION
Although the great advantages of collabora-
tion, some problems may interfere the process. 
Physical and temporal barriers can prevent the 
communication among the teamwork, requiring 
subsystems to avoid it [15]. Organizational, hier-

Figure 2: (left) 
 Fritting. [18].

Figure 3.(right)  
Al Bahar Towers and 

Institut du Monde Arabe. 
[19 & 20].

Figure 4. 
Translated Geometries. 

[21].
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archical and relational conflicts can disturb the 
final product progress, since a dynamic network 
with no centralized controller and global behavior 
it is not always available [23 & 15].
Specifications, concepts, and design demands al-
ter over time hence, versatility in the collaboration 
is substantial to make reviews and adjustments in 
work [24]. Knowledge barriers can damage the in-
tegration of all participants, so softwares demand 
an equal peer instruction [15].
Computerized technologies, to find new ways of 
flexibility, also have advantages and disadvan-
tages. Usually, manual and traditional systems 
have lower added value and are more popular. 
Handling and maintenance are more simple, be-

cause they are commonly used in commerce and 
the parts are accessible. However, manual sys-
tems have limited options, assigning only one or 
two functions. 
Digital systems may comprise different function-
alities. It can be programmed according to the 
needs of one or more users, ensuring comfort and 
convenience [25]. Even though technology has a 
higher added value, many are designed to gener-
ate a saving of resources over time [26].
Maintenance in such cases depends on each arti-
cle. A programming repair may be cheap but the 
exchange of parts could be very specific, difficult, 
and expensive [27]. The biggest disadvantage of 
digital systems is energy and connection by Wi-Fi 
or Bluetooth. 

CONCLUSIONS
The viewpoint presented demonstrate plausible 
applications to enhance flexibility via technology 
and collaboration, ratifying different opportuni-
ties to innovate ways of living. Multiple profes-
sionals allow enriching the design and answer the 
constant changes of society.
Conflicts among the participants require attention, 
as it involves different concerns. A defined focus is 
important for the continuity of the work, assigning 
tasks to organize the design. Virtual connections 
bring opportunity to create therefore, lacks some 
assistance to avoid these problems. The principal 
key is balance all the aspects involved, either hu-
man or computer.
Computerized technology benefits show to be rel-
evant, taking over more than one function and a 
practical manipulation. Disadvantages such as 
maintenance and price can be seen as transition-
al, because of the popularization and improve-
ment around them.
Conclunding, advantages of technology and Col-
laborative Design are bigger than disadvantages, 
making a favorable scenario to continue inves-
tigating the subject.  As a future prospect is ex-
pected to reinforce the study and find a new way 
of reacting to the environment, improving man 
relationship with his living space and dwell needs 
through technology support. 

Figure 5. 
Transformable Material, 
[22].
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Abstract: As small and medium enterprises, such as craftsmen in the building 
sector, are often unable to invest in larger scale software solutions, full-blown on-
line product configurators with embedded real-time 3D rendering appeared to 
have been out of reach for most of them so far, because of comparatively high in-
vestments; considering programming and launch as well as maintenance, espe-
cially regarding the necessary effort to ensure smooth front-end availability and 
performance. This paper discusses the possibilities to develop and implement 
online-configurators with 3D representations as small scale solution for SMEs 
in the design-product and building sector. In this context an exemplary overview 
is presented and discussed; starting with the parametric design of the product 
in Rhino/Grasshopper, moving on to the translation of its geometry into webGL 
embedded in a JavaScript/PHP-combination for 3D representation in a simple 
online-configurator and then importing customer-chosen values for the definition 
of product-instances back into the Rhino/Grasshopper CAD environment, with 
the aim of semi-automatically creating production data for the CNC-milling of 
customized product-parts.

Keywords: configurators, 3D visualization, mass customization, SMEs, semi-
automated customer dialogue
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INTRODUCTION
In 2013, Piller and Piroozfar have shown a variety 
of concepts and approaches to use mass customi-
zation (which is spelled “mass customisation” in 
the title of their publication) and the accompa-
nying tools, such as online-configurators, in the 
building sector and the field of architecture [1]; 

there appears to be a growing trend to apply mass 
customization in this area e. g. in offering furni-
ture to customers who are enabled to make final 
adjustments of the product before ordering. The 
configurator database of 2015, released by Paul 
Blazek et. al. [2] lists comparatively few configu-
rators in this sector, considering that parametric 
design as a term and technique has been around in 

http://dx.doi.org/10.3311/CAADence.1660
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design and architecture for quite some time. One 
of the reasons may be the considerable technical 
effort to ensure smooth front-end availability if 
3D representation is wished for [3], but generally 
also budget and easy implementation in the over-
all workflow play an important role for small and 
medium enterprises, and lack of one or the other 
may be a serious obstacle.

1. ACCESSIBILITy OF 3D VISUALIZATION 
WEBTOOLS
In recent years the accompanying online-solu-
tion to OpenGL, webGL (which is commonly used 
within JavaScript frameworks) has offered a 
technical environment for relatively easy-to-im-
plement interactive 3D representation. Using the 
<canvas>-tag as part of HTML5, web-applications 
can be programmed that allow for an interactive 
3D representation of more or less complex ob-
jects. In the following example of a simple mod-
ular shelf system in an online configurator, PHP 
has been used in addition to enable the user not 
only to interact with the 3D representation of the 
object by zooming and turning, but also by chang-
ing its parameters and thus altering its geometry  
(Figure 1). 

These parameters not only change the online 3D 
representation, but can also be send to the manu-
facturer, who first and foremost need the data (al-
tered by individual specification), not necessarily 
the 3D web-image. The latter usually serves, as 
its main purpose, as an illustration of the changes 
made by the customer to him-or herself.

2. DATA-PROCESSING IN RHINO/GRASS-
HOPPER
In the proposed workflow the manufacturer is 
using Rhino/Grasshopper to further process the 
data sent by the customer (Figure 2). Rhino is used 
here since it is still a comparatively low-cost CAD 
tool with a powerful selection of APIs, enabling 
further manipulation. Also, it is especially suited 
for parametric design tasks with a low-barrier ap-
proach via the free of charge Grasshopper plug-in 
for graphical macro programming.

2.1 Importing Customer-Generated Data
Grasshopper is equipped with a special node, 
which allows to import text from a .txt-file. This 
means the geometry of an object constructed 
within Rhino/Grasshopper may be changed with-

Figure 1: 
Simple online-configu-
rator with interactive 3D 
representation
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out even touching any lever inside the Grasshop-
per UI, the 3D modell is changed just by opening 
the .gh-file.

2.2 Further Customer-Dialogue
The .gh-file is the basis for visualization output 
out of Rhino. It provides the 3D model as the basis 
for photorealistic renderings, plan with measure-
ments and price-calculation, that can be send to 
the customer as text/and or .jpg-file as part of a 
(standardized) e-mail or in print.

2.3 Semi-Automated Export of the  
Machine Program
An export node similar to the text import can be 
used to further process the data and automatical-
ly write the program for the CNC milling machine 
and/or e. g. for the output of parts lists which then 
can be used in the shop or within additional soft-
ware to optimize material use.

Figure 2: 
Overview of the ordering 

process 
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3. PREPARING PRODUCT-SPECIFIC 
DATA-ENVIRONMENTS
3.1 Production of the Product-Specific 
Grasshopper Geometry
If the manufacturer has a certain product he/she 
wants to offer via an online configurator, the prod-
uct needs to be parametrically constructed once, 
using the text-import node for referencing the dis-
crete and steady variables, which will be supplied 
later by the customers. The production of such 
a macro program in Rhino/Grasshopper can be 
externalized; this software-combination is of ad-
vantage regarding the described overall workflow 
scenario, since it doesn’t require deep program-
ming knowledge to produce e. g. modular and 
especially orthogonal products or product parts, 
that leave certain parameters up to the custom-
ers’ choice. Still, that doesn’t imply, that crafts-
men have to turn to programming. Such graphical 
macro programming can be managed by students, 
alumni and professionals working in the fields of 
design and architecture - persons who are closer 
to the products in question than professional pro-
grammers, but still (often) already equipped with 
the necessary IT skills.

3.2 Production of the Product-Specific 
Machine Program
During a workshop in 2013 in Cologne held by Hans 
Sachs from responsive design studio [4] and his 
colleague Sebastian Bächer the author learned 
about their specific strategy of automatically gen-
erating text out of fixed and variable text blocks 
that translated with the help of simple Visual Ba-
sic scripting into full .mpr-syntax. A .mpr-file in 
turn can be used e. g. inside the software Wood-
Wop, which allows for digital communication with 
the CNC milling machine in the shop. The produc-
tion auf this part of the product-specific .gh-file 
requires a certain specific degree of know-how 
which can be acquired in a two-day workshop, or 
else this piece of the macro program can also be 
punctually externalized whenever a new product 
is introduced. The general aim is to reduce or 
eliminate the need for shop floor programming 
(SFP) [5].

4. CONCLUSION
The proposed workflow offers designers and 
craftsmen/manufacturers a comparatively low-
cost solution for implementing parametric design 
and online configurators in the overall strategy of 
their enterprise. It shows an approach that opens 
up the possibility to make parametric design and 
mass customization part of the online-marketing 
of SMEs in the design- and building sector with-
out the need of a high initial investment. It does 
however call for a closer cooperation between 
a younger generation of designers and archi-
tects with producers who run their businesses 
as craftsmen on a broader scale than is usually 
the case. In addition to this the task remains to 
provide individually configurable semi-automatic 
data processing from the CAD model to the CNC 
milling machine (or other machines) for SMEs, 
that are easy to implement and meet the needs of 
individual enterprises [6].

4.1 Outlook on Design Education
Students in design and architecture often have the 
chance to learn about parametric design (e. g. us-
ing the Rhino/Grasshopper combination); the con-
nection to mass customization however, is made 
less frequently. Next steps in developing this area 
in the building sector could be, on the part of de-
sign education, to regularly introduce parametric 
design techniques accompanied by theory and 
practical exercises directed also at mass custom-
ization strategies in design and architecture. 

4.2 Outlook on the Automated Production 
of Product-Specific Machine Program-
ming
The digital strategy of Hans Sachs and Sebastian 
Bächer to automatically combine fixed and vari-
able text blocks including customer choices into 
full .mpr-syntax within the Grasshopper macro 
program could also be applied by just using PHP-
programming. The practicality of this alternative 
approach needs to be tested as a next step refin-
ing the proposed workflow.



 Section A2 - Smart cities | CAADence in Architecture <Back to command> |65 

REFERENCES
[1] Piller, F. and Piroozfar, P. A. E., Mass Customisa-

tion in Architecture and Construction, Routlegde, 
New York, 2013.

[2] Blazek, P., Configurator Database, 2015
[3] Westerholm, T., Stylemachine – Case Study: Mass 

Tailoring The Housing Block Apartments on the 
Internet, Routlegde, New York, In: Piller, F. and 
Piroozfar, P. A.E., Mass Customisation in Archi-
tecture and Construction, 2013, p.199, 206 

[4] Sachs, H., responsive design studio, http://www.
responsivedesign.de

[5] Ludolph, M.; Herchenhahn, A.; Behre, H., CAD/
CAM Technologien – Änderungen der Qualifika-
tionsstrukturen in klein- und mittelständischen 
Betrieben des Holzhandwerks, LitVerlag. Mün-
ster, In: Pangalos, J., Spöttl, G., Knutzen, S. and 
Howe, F., Informatisierung von Arbeit, Technik 
und Bildung. Eine berufswissenschaftliche Be-
standsaufnahme, 2005, p. 115

[6] ProWood Stiftung, Untersuchung zur Situa-
tion und zukünftigen Entwicklung im Tischler-
handwerk. Study commisioned by ProWood Stif-
tung (carried out by applikatio), Frankfurt am 
Main, 2010, p.7



| CAADence in Architecture <Back to command> | Section A2 - Smart cities66 



 Section A2 - Smart cities | CAADence in Architecture <Back to command> |67 

BIM to GIS and GIS to BIM
Szabolcs Kari1, László Lellei2, Attila Gyulai3, András Sik4,  
Miklós Márton Riedel5

1,2,3,4,5Directorate of Geospatial Services
Lechner Knowledge Center, Hungary
e-mail: {szabolcs.kari|laszlo.lellei|attila.gyulai|andras.sik|miklos.riedel} 
@lechnerkozpont.hu

Abstract: Designing of a building and urban planning are two different profes-
sions. Apart from the professional knowledge the data, the scale, the applied soft-
ware are all different. However, these two areas depend on each other. In our opin-
ion, planning does not end at the building level, since a building pertains to a street, 
and a street is a part of a settlement. The process of building designing has to be 
a part of the larger scale process of urban planning. Architects would need infor-
mation  the beginning of the designing, which is actually available at the urban 
level: localization of the parcel, the density of built environment, local architectur-
al regulation,etc. It would be useful to give the opportunity for automated control 
after completing the design. Furthermore, the work of the urban planner could be 
highly supported by the 3D architectural  models of buildings. Our work is focused 
on the practical applicability of the issue in Hungary rather than researching new 
theroretical methods. Our pilot project showed convincing results. With further 
improvements the implementation can begin.
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BUILDING INFORMATION MODELING – 
BIM
BIM has become one of the most popular acronym 
in the field of architecture over the last few years. 
BIM comes from the English expression Building 
Information Modeling. This can be defined as an in-
telligent, model-based process spanning through 
the complete life-cycle of the building, which was 
created to support the more economical, faster 
and more environmental friendly implementation 
of construction projects. It generates coopera-
tion between the participants even from different 
fields, and provides numerous advantages to de-

signers, construction professionals and owners 
throughout the entire period of the project [1]. 
BIM is a system to store and manage all the data 
related to the building, which represents a three-
dimensional model-based database. This implies 
that primarily BIM is a spatial model and sec-
ondly it is a database. This is important because 
the built-up components (elements) in the model 
space are identified, and later attributes are linked 
to them depending on their application: stati-
cal characteristics by the supporting structures, 
prices by the budget and thermal characteristics 
by the energetics.

http://dx.doi.org/10.3311/CAADence.1645
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An independent, standardized file format has 
been developed in order to help the model- and 
data-based communication between the various 
disciplines, which is suitable for the structured 
description of the BIM objects used in architec-
ture. This file format is IFC (Industry Foundation 
Classes), and it is recognized by all of the archi-
tectural, structural and mechanical design soft-
ware packages. The collaborators of different 
disciplines export their models into an IFC file, 
which contains all the field-specific information. 
Then the architect imports these files into his own 
software, and integrates it with the architectural 
plans.

GEOGRAPHIC INFORMATION SySTEM – 
GIS
The Government Decree No. 314/2012. (XI. 8.) con-
tains regulations about the urban  development 
concept, the integrated strategy for urban devel-

opment, the tools of the settlement planning and 
its specific legal institutions.
The regulations define that the settlements de-
velop the infrastructure network, control the land 
use and the local building policy within their own 
competence, while preserving the natural, land-
scape and architectural values of the environment 
and ensures consistency with the higher-level 
regulations. Its tools are [3]:
• the urban development concept, which is based 

on the decision of the local government’s repre-
sentative body;

• the urban structure plan, which is based on the 
local government’s decision of the urban de-
velopment concept and developed by the local 
government’s representative body;

• the local building code and the regulation plan, 
which is based on the settlement structure plan 
and determined by the regulation of the local 
government’s representative body.

Figure 1: 
A building’s life-cycle [2]
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The local building code contains the construction 
rules that apply to a particular site. Construction 
Monitoring System is a web application operated 
by the Lechner Knowledge Center, and it supports 
the local building collaborators by displaying 2D 
informations on basemap about the local building 
codes. The problem is that the current regulation 
plan is not directly comparable with the plans of 
a building permit arriving in 2D format (PDF) to 
the construction authorities; therefore they can’t 
be automatically checked and verified. Moreover, 
some of the rules not only depend on the spatial 
arrangement of the site, but also on the construc-
tion itself. Unfortunately, in the current situation 
even a simple verification cannot be implemented 
automatically (e.g. keeping distance from the plot 
border), since the necessary data is not available 
or it is not in the appropriate format.

THE CONNECTION BETWEEN COMMU-
NITy PLANNING AND ARCHITECTURAL 
DESIGN – GIS TO BIM
In the architectural design, taking certain crite-
ria into consideration from the beginning of the 
design is essential. The regulations concerning 
the local single settlement areas can be found for 
each settlement in different websites and in dif-
ferent structures.  The table of contents regularly 
cannot be found or does not even exist so finding 
the planning site in the documents and the regu-
lation which is connected to the site can take up 
much time from the architect. 
After the identification of the parcel the actual 
work begins with the analysis of the written docu-
ments and the map appendixes. The cognition of 
the site and taking into consideration the rules, 
the designing of the building shall begin. Current-
ly in the course of the settlement planning and ar-
chitectural planning, in which certain processes 
are built on each other there is no recent IT data 
connection.
The architects would need information at the time 
of the start of the planning which are already 
available on the settlement level. For example the 
spatial position of the site, the inbuilt of the neigh-
borhood, the local architectural regulations, etc. 
The 3D models are arising as the final result of 

the planning can be automatically compared with 
the local building codes, and the LOD2-level gen-
eralized building models 3D representation could 
support the settlement planning. 
The creation of submission formats and BIM tech-
nical guidelines would be worthy to take into ac-
count, moreover developing plugins or add-ons 
for the most popular planning software packages 
(for example: ArchiCAD, AutoCAD, Revit). It could 
help the architect’s workflow and would facilitate 
the automatic check of the files by sending them 
into the national building registry.
If the architects would not only be able to use the 
regulations processed by the settlement plan-
ners in a text and static map form, but they could 
get access to its dynamic database, the designing 
phase and quality control can be accelerated and 
would be refined. This presupposes the storing of 
the full regulation in a database to which the ar-
chitects have to be able to connect by a web-based 
data connection. 
It would be necessary to modernize the processes 
of the two specialties in such a way that each oth-
er’s data and its information should be able to sup-
port their own work. These connections should be 
established with already existing standard tech-
nologies to support the building permit procedure 
at the authority.
From designing a building – BIM model and IFC 
standard – it is necessary to reach the stage of city 
model’s geospatial information technology (GIS), 
than from there back to the building model again. 
To achieve this goal it is mandatory to be able to 
handle the 3D building models on their own and in 
a generalized form for the city-scale as well.
Five different levels of city-scale visualization can 
be distinguished by LOD (Level of Detail). Floor-
plan (LOD0), floorplan with height (LOD1), roofs 
(LOD2), overhangings, windows and doors (LOD3) 
and the complete interior design (LOD4) (Figure 2). 
These levels in the architectural planning appear 
differently because of the scale. The overall build-
ing mass (LOD100), specific geometry (LOD200), 
specific and accurate assemblies (LOD300), de-
tailed specification and real life solution (LOD400) 
(Figure 3). 
The substance of the levels of the two disciplines 
can be associated with each other. They show 
similarity, however the content has some differ-
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ences. Using web-browser technologies for the 
city-scale display, speed is the bottleneck so it is 
essential to minimize the data quantity sent to the 
users. In web-browsers using LOD2 the building 
mass can be seen and the data content and quan-
tity are moderated so that is why this method in 
visual representation is the mostly accepted.
One of the methods to collect large quantities of 
LOD2 data is based on laser scanning technol-
ogy, as it results point clouds come into existence. 
During the process of making point clouds the ob-
jects should be recognized automatically (for ex-
ample: building, ground, etc.). To be able to apply 
this process different separation workflows are 
obligatory, based on spectral (color) or geometry 
(segmentation) separations.

THE RELATIONSHIP BETWEEN BUILD-
ING DESIGN AND URBAN PLANNING – 
BIM TO GIS
Currently, during the building authorization proce-
dure the architect prepares the plans and uploads 
the 2D blueprints to the Electronic Documenta-
tion System Supporting the Building Authorization 
Procedures (ÉTDR).
During the architectural design, it is becoming 
less common to work in 2D. Building a 3D model is 
becoming an integral part of the planning process. 
This model is used by the architect to accelerate 
and specify his own work, and to create architec-
tural visualizations as well. Once the designing 
process has finished and the building has been 

Figure 2: 
LOD in GIS

Figure 3: 
LOD in BIM [4]
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erected there is no further need for the architec-
tural files. On the other hand in some cases after 
the realization of the building the 3D model and 
plans are needed, for example for Facility Man-
agement reasons, renovations, and etc. Storing 
architectural plans and 3D models in native file 
formats during the process is common. This is the 
most effective and easiest way to handle the data 
fast and keep everything updated. 
Finished project files remain saved in local com-
puters and after a few years it is really hard to find 
and open them. Since the original files were made 
in older versions of architectural softwares, open-
ing and updating them can only be managed with 
great efforts. Sometimes migrating old libraries, 
finding unique elements and custom objects are 
impossible and the project cannot be opened fully 
as it was. Keeping every project updated during 
years takes a lot of effort which is not usual espe-
cially in small architectural studios. If the already 
completed 3D BIM models could be imported and 
stored in a database, it could greatly accelerate 
the work of the designers and the authorities.
Storing 3D data in a platform neutral, open file 
format can prevent data loss during time. As for 
2D documents PDF format is perfect for conser-
vation, now for 3D data the IFC format is the most 
suitable. Old IFC files can be opened in present-
day softwares without any trouble and further 

modifications can also be managed. Since IFC is 
not only able to store 3D data but attribute data too 
it is the perfect solution to link properties to 3D 
elements or connect it with other databases. IFC 
scheme set-ups can define different processes 
during the life-cycle of a building including new 
processes like the building authorization proce-
dure. 
For the authorization procedure the building plans 
must be provided in PDF/A format, whether it is a 
plan, a photo or a text document. If an opportu-
nity arises to submit and use 3D models during 
the authorization procedure, the authorization 
eligibility could be verified from a more accurate 
and detailed model. Using automatic and semi-
automatic rules, the objective parameters could 
be filtered more quickly and efficiently, compared 
to the manual verification used today.
Nowadays the project documentation can be proc-
essed only by the use of human resources. After a 
plan takes legal effect and is realized, many im-
portant building- and city-scale data get lost in 
the text documents.
After the realization of the building, if the archi-
tect could upload a BIM model (IFC file) which 
contains all the important 3D and attribute data, it 
would facilitate and accelerate the collaboration 
between the two spatial levels.

Figure 4: 
Levels of visualization
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PILOT PROJECT, WEB-BASED  
3D VISUALIZATION
Aerial data are collected from a sample area, 
which was resulted in LOD2 and CityGML files, 
and was stored in PostgresSQL database.
Some of the buildings had plans which had been 
created in Graphisoft ArchiCAD  and IFC files were 
provided as well. The 3D building models were 
converted to LOD2 models by the FME 2016 soft-
ware and these were uploaded into a database.
The 3D visualization can be divided into two scales: 
city-scale from LOD2 data and building-scale 
from the detailed BIM (IFC) files (Figure 4-5). The 
city models generated from the LOD2 data would 
provide a complete overview for the general pub-
lic and authorities, and they could support impact 
assessments, arrangement models and verifica-
tions in 3D. The city-scale visualization was tested 
by a pilot project. Solutions for the building-scale 
visualization already exist, which allow walking 
through and rotation in the model as well.
This process successfully demonstrated a system 
supporting the architectural authorization proce-
dure, where BIM models designed by architects 
and models from aerial data collection can be in-
tegrated. These data could become public during 
a subsequent design process, and could greatly 
accelerate the work related to the authorization 
procedure including the designers and the admin-
istrators. Furthermore, important data are stored 
in databases that can be used for quantifiable sta-
tistics and reports on city-scale too.
Finally, the pilot project was completed by the 
combination of Cesium and OpenLayers 3 tech-
nologies (Figure 6). The demo integrates the LOD2 
models generated from remote sensing and the 
architectural IFC models. These can be used for 
simplified web-based queries.

Altogether our main goal was to demonstrate how 
the latest technological trends (BIM, IFC, 3D visu-
alization) can create a connection between the dif-
ferent levels of building and urban planning.
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INTRODUCTION
The present paper introduces an extension of a 
previous work of the authors which focuses on the 
structural detailing of tensile membranes: typi-
cal connections, categorization of details, analy-
sis of forces, CAD representation [7]. The recent 
research extends the collection of the details to 
practical usage by parametric algorithms devel-
oped to build 3D models for complex membrane 
structures.
Membrane structures are spatial load-bearing 
elements. Structural tents, public and stadium 
covers, temporary or permanent shading sys-
tems, even facades are built out of textile mem-
branes. These structural solutions are gaining 
more and more investment due to developments 
in the fabric industry, especially in case of build-
ings with higher quality level. In accordance with 
the mechanical behavior of membranes the ar-

chitectural shape is determined by mathematical 
requirements [8,9]. As membranes can support 
no compression or bending moment, a tensioned 
structure must be designed - it must form a dou-
ble curved surface with hyperbolic shape. Mem-
branes have an almost negligible dead-load (<~1 
kg/m2), which makes them uniquely practical for 
covering larger spans [3, 4, 5].
   The first stage of the Membrane Detail Project 
was a pioneer work that summarized and ana-
lyzed the typical joint details in a free and trans-
parent web library (http://www.membranedetail.
com). Such a collection is useful as a knowledge 
basis for engineering work and as a platform for 
education. A virtual compilation of cca. 90 CAD-
models was made in Autodesk® AutoCAD Archi-
tecture (Figure 1) [7].
Based on the Membrane Detail Project a novel tool 
kit is developed using up-to-date CAD methods. 

http://dx.doi.org/10.3311/CAADence.1647
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With parametric CAD algorithms a set of detailed 
joint models were formed. They can be integrated 
into real projects in a flexible way. One of the ad-
vantages of parametric design is the possibility of 
saving on the time of manual work for engineering 
companies.
Parametric modeling means creating algorithms 
representing the internal relations of different 
geometries. Codes can generate all possible ver-
sions of forms between pre-defined limits and pa-
rameters. In parallel with traditional modeling this  
coding is useful in case of complex geometries, 
where repeated elements (such as details of ten-
sioned membranes) and/or precise positioning are 
on the table.  In the case of membrane projects 
engineers model lots of complex forms: curves, 
surfaces, meshes, bolts, connecting elements, 
etc. Because of time and budget constraints, es-
pecially in the case of final execution drawings, 
it is reasonable to reduce the amount of manual 
work as much as possible. Furthermore the de-
sign of 3D models directly builds the basis even 
for steel components’ manufacturing.
A group of algorithms was created with a user 
friendly functionality for engineers inexperienced 
of coding. For example the code is able to gener-
ate a complex corner detail with standard steel 
elements by expanding a manual model including 
three curves with a common intersection created 
by the user by traditional 3D modeling. After the 
user repositions the intersection node of the axis 

curves, the detail realigns itself.  The algorithmic 
elements are simplified models of steel items and 
are free to change, scale and calibrate. Models 
of real products can be inserted flexibly into the 
system. 
There are a some commercial membrane soft-
ware on the market with a focus on form-finding: 
Easy (http://technet-gmbh.de), formfinder (http:// 
www.formfinder.at), IX-Cube (http://www.ixray-
ltd.com). They already have steel details featured 
but are relatively expensive for firms that do not 
have an exclusive focus on membranes. Since 
CAD systems (such as Rhino) are usually used for 
the modeling of entire buildings, it is reasonable 
to exploit the features of their plug-ins to  avoid 
the export-import between different software. 
Consequently, all of the models and codes are 
made in the Grasshopper® plug-in of the Rhino 5 
McNeel® program. 

PARAMETRIC MEMBRANE ALGORITHMS
Parametric algorithms express the internal coher-
ence of geometries through logical, mathematical 
and geometrical steps. The efficiency of the algo-
rithms can be better than that of traditional mod-
eling, if the geometry is reasonably automatable. 
For example situations with strong repetition or 
dependency with the criteria of strong accuracy.
Membrane details are problematic to visualize be-
cause of their complex 3D geometry. In the case of 

Figure 1: 
Detail rendering examples 
from the Membrane Detail 
website 
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bigger tents repetitive situations occur with small 
differences  in large number of elements, regard-
ing the length, angles, planes, etc. Using gener-
ated details can make a faster and more efficient 
modeling process.

The background of the MD algorithms is based 
on the simultaneous functionality of two files. 
The first is the tensioning element components 
file (.3dm extension): it contains the 3D models of 
tensioning items: cable heads, bolts, edge plates, 
etc. They are arranged to a special inner coordi-
nate and vector system bound for the functionality 
of the algorithm. The other file is the Grasshop-
per algorithm file (.ghp file extension) with its own 
complex internal connections - it completes the 
detail for the user. These two, synchronized files 
can be easily integrated into active projects and 
can be disseminated through the website.
The file of the components contains typical mod-
els of real tensioning products: wire rope heads, 
steel bolts, tensioning plates, etc. It also contains 
strongly simplified elements to save memory and 
computational time. This file of components can 
be extended with models of products of compa-
nies - so the algorithms can be a proper tool for 
companies to trade their own elements.
These are the simple steps to generate the model 
(Figure 2.):
- browse the file path of the components file on 

the computer
- browse the file path of the actual model file on 

the computer
- put the axis curves on a layer with a pre-defined 

name
- choose from the given options to refine the de-

tail
- freeze the model detail in the model space when 

it fits the demands for further rendering, visu-
alization and work.

The entire usage is simplified for the user. The in-
ternal functionality of the code is hidden in a sys-
tem of folders containing the compressed codes 
called ’Clusters’, therefore for the user only the 
upper commands are visible in a very neat, or-
dered form.
There is a group of pre-defined parameters to 
optionally calibrate the details through number 
sliders, value lists, control knobs and other visual 
buttons. In this Parameter list one can choose 
for example the type of the head of the cable, the 
number of bolts on a tensioning plate, the scaled 
diameter of a cable, the number of the cable con-
nections, etc. The user can also define the density 
of “meshing”. Meshes are substitutions of surfac-
es to simplify the geometry for saving on compu-
tational time. 
Regarding the internal functionality of the algo-
rithms, an initial geometry is provided for every 
model, which is a set of axes to generate the 
joint onto. The user only works with these lines/
curves/points, etc. These geometries are in every 
case evident for the detail: such as the axes of ca-
bles for rope details or the intersecting axes of the 
cables for corners. 
Connected to this simple, reference geometry 
the code operates with a file path and an “import 
gate”. These coding parts ensure the connectiv-
ity and synchrony of the two files. With their help 
the elements are imported into the active model 
file. The coordinate vectors and lines are also set, 
they define the lengths and the angles of the ele-
ments.
The complex geometrical processes and the pa-
rameter lists are different in every case with a 
strong repetition. The process moves the import-
ed elements to their final coordinate system.
The collection currently contains 6 algorithms for 
typical membrane situations:
Curved and linear cables: the most typical details 
in the membrane industry. The code generates a 
cable structure onto a curve or a line. The cable 
aligns its own heads in the plane where the ac-
tual rope would rotate. For linear cables there is 
an additional parameter to rotate the cable heads. 
One can choose separate heads for both ends of 
the curve. In case the user chooses to split the ca-
ble into more segments, the number and position 
of connection plates get listed as well (Figure 3).

Figure 2:  
An example for the 

parameter list and for the 
simple steps to follow to 

activate the algorithm
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Compressed beam: a beam structure, generated 
onto a line. The possibility for the rotation is the 
same as for the linear cable. There are different 
support solutions for both ends of the beams, de-
pending on the mechanical behavior, the degree of 
freedom and the rigidity. A complex cable struc-
ture is generated around the main axis if required 
as a supporting system against the buckling of the 
beam. The cable heads and diameters, and the ra-
dial and linear count of the extended cable struc-
tures are all on the parameter list amongst other 
options (Figure 3).

Simple corner detail: corner details are modeled 
very often. This detail is generated from two in-
tersecting curves. The number of the connecting 
bolts, the dimensions of the hole in the steel plate, 
the radius for the filleting of the plate, etc. are 
listed parameters (Figure 4).
Flexible corner detail: a detail with a very complex 
geometrical process in the background, which 
generates a huge amount of elements along its 

edge curves. The detail is generated onto three 
intersecting curves. This detail is the best rep-
resentation of how complex the modeling can be 
in case of membranes. It can be practical for a 
stadium  roof with a high number of such details, 
especially when they have different angles and di-
mensions (Figure 4).
High-point mast detail: this is a good example of 
how powerful the parametric design for complex 
membrane details can be and it shows that even 
with longer codes it is still robust. The mast is 
generated onto two simple circles in the modeling 
space and has plenty of parameters to choose 
from: number of segmentation for the surface 
with cables, number of secondary cables, height 
ratio of the secondary membrane surface, etc. 
(Figure 5).
In the background of every algorithm there is a 
large amount of volatile data streaming through 
the code: value parameters, coordinates, refer-
enced surfaces, imported curves, length data, etc. 
Part of these data is referenced simultaneously to 
the traditional modeling space. In order to main-
tain an ordered information flow and a valid result 
the programmer has to focus on the data trees at 
every step. Data trees represent the grouping of 
the data. This is the most delicate issue of the par-
ametric coding. There is no clean solution for the 
extended partitioning of the numeric information. 
By grouping the data into ordered Tree branches 
or lists, the coder has to know the logical struc-

Figure 3: 
Curved and linear cables 
and a compressed beam 

Figure 4: 
 Generated versions of a 
simple corner (left) and 
a complex corner detail 
with flexible edge ele-
ments (right)  
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Figure 5:
  High-point mast detail

ture of each component.  There is a certain group 
of commands to regulate the information flow. 
Component examples: Graft Tree: every list item 
will become a separate group. Flatten Tree: the 
partitioning dissolves, one collective group re-
mains. Trim Tree: the depth of the grouping “fold-
er” structure is reduced by x levels. Simplify Tree: 
common branches disappear. In other cases the 
coder uses logical-mathematical distributors and 
conditional statement commands to administer 
the aimed pattern. (Figure 6) [1, 2]

FURTHER DEVELOPMENT
The presented project has a wide range of pos-
sibilities for its usability, future content and busi-
ness model.  In the near future, the new para-
metric details are going to be intagrated into the 
website.
Another plan is to combine the codes with the 
Kangoroo plug-in in Grasshopper. Kangoroo is 
a code-system to put loads onto structures and 

affect their geometry. In Kangoroo it is simple to 
tension a curved cable or a surface. In case of the 
Membrane Detail joints the details would realign 
themselves in response to the load parameters. 
The details would be real-time extensions to ac-
tive, live structures. [6]
There is also a possibility to code entire para-
metric structures: complex masts or matrixes of 
parametric shading systems, etc. These could be 
representative models for the sales of real indus-
trial products (tents, wire rope systems, profiles, 
etc).
The algorithms could be extended to the Au-
todesk® Revit Dynamo parametric plug-in (which 
operates with Families, pre-defined models). Nev-
ertheless, Graphisoft ArchiCAD has been recently 
expanded with the GSM-LCF Exporter plug-in to 
ensure the synchronized connectivity  between 
the algorithms and the traditional architectural 
CAD models which opens up new possibilities. 

Figure 6:   
Tree branches: represen-

tations of data grouping 
variations
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SUMMARy
The present paper represents the parametric 
modeling tool of the Membrane Detail Project. 
The aim of the parametric modeling is to reduce 
the large amount of working time and manual 
work of 3D CAD modeling of complex  structures 
on company level. Typical membrane structure 
details are represented to illustrate the efficiency 
of parametric modeling. Accordingly, complex 
structural elements can be formed and modified 
with simple and user-friendly tools.
The current state of the project has to be present-
ed for industrial users and realistic tests are re-
quired for the verification of the efficiency in real 
situations. The system has plenty of development 
and extension possibilities. 
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Abstract: On the one hand, I am fascinated by a phenomenon that creates rich-
ness and harmony in nature, like trees of the same kind sharing the same charac-
teristics and being individually unique. On the other hand, in contemporary Hong 
Kong housing architecture, pure repetition dominates on all distinguishable levels.  
For my final year project, I studied the levels of order of trees, developed an imple-
mentation of this order in scripts, and generated drawings of trees. Then I tried to 
apply this thinking and working method to an architectural question. I formulated 
the design of a housing tower not as a fixed project but as a description of its parts 
and their relationship over several levels of order. The way I used parameters, al-
lows me to control characteristics on all levels from elements to the whole tower 
and to create a wide range of spatial configurations and expressions. 

Keywords: Parametric design, scripting, GDL, order
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INTRODUCTION
In this paper I describe my final year work under 
the guidance of Vito Bertin for the Master of Archi-
tecture degree at the Department of Architecture 
of the Chinese University of Hong Kong in 2006/07. 
The work in the form of a study consists of simul-
taneously learning and developing a method in the 
form of an analysis, adapting it to an architectural 
issue with experiments, and finally testing it with 
a specific example. 

ILLUSTRATION OF THE BACKGROUND
This study has two backgrounds, one a specific local 
reference, the other a general global observation.
Hong Kong housing has to deal with large num-
bers. Historically, there were many interesting 
attempts to address these with architectural 
means. Contemporary housing consists often of a 

repetition of very few identical floor plans lead-
ing to similar tower types, as illustrated in figure 
1, a view looking from Hong Kong Island towards 
east Kowloon. Frequently, superficial decorative 
means are used in an attempt to hide the merci-
less repetition. I was interested in an alternative 
approach that could respond to different family 
sizes and living patterns with a range of flat sizes 
and configurations.
With this in mind, I was inspired by nature, which 
shows character and richness in spite of its under-
lying patterns and repetitions. For example, two 
trees of the same kind never are identical. They 
share many properties which give them a recog-
nizable character, but in detail they are individual. 
Initially, I was interested in the image of a tree, but 
when I realized that the image is an expression of 
an order (as illustrated in figure 2), I tried to study 
this and find out if the insights gained could be ap-
plied to architecture as well.

http://dx.doi.org/10.3311/CAADence.1682
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DESCRIPTION OF UNDERLyING 
THOUGHTS
This study is based on a few hypotheses. Complex 
form might not have to be described directly, but 
could be generated by descriptions of simpler 
principles. Form can be understood as an expres-
sion of an invisible order beneath. This form-or-
der relationship can extend over multiple levels 
of order. [1] 
The visible elements on one level are not consid-
ered as being laterally related to each other but 
instead related to a structure on the level below. 
In a tree for example, the perceived relationship 
between the leaves is determined by the actual 
relationship of each leave to a branch. This con-
trasts with a modular concept which looks at re-
lationships as combinations on one level.
This study is neither an attempt to solve the repe-
tition problem in Hong Kong housing design nor is 
it a design project for a housing tower. Instead, the 
housing tower is used as an occasion to study de-
sign issues and develop and test a working meth-
od which also contains aspects of study method 
and design method.
Parametric design or parametric description of 
form is not dependent on the computer or soft-
ware. It is based on design ideas and mathemati-
cal concepts. [2] The computer and software 
enables the implementation of such ideas by gen-
erating forms based on certain parameters and 
displaying the forms in drawings and models. In 
this study, the implementation is as GDL-scripts 
in ArchiCAD.

ExPLANATION OF THE METHOD
The working method has several aspects. I had 
to learn and develop the method for myself based 
only on some experience from a research study 
course. I developed the study over three stages: 
To study the basic principles, I looked at trees 
with the aim to generate drawings of trees with 
the means available to me. Subsequently, I made 
a few experiments using existing architectural 
examples, applying insights from the tree study 
to more architectural questions. Finally, I tested 
this method by generating models and drawings 
of a housing tower for which I defined some re-
quirements I tried to fulfill and aims I attempted 
to achieve.
The working process for the three stages was es-
sentially the same. It consisted of three sequential 
phases which led to development cycles. Process 
and results were continuously documented in the 
form of booklets.
In an initial analysis I determined the levels of or-
der, identified elements on each level and defined 
the relationships between the elements and the 
levels of order. The implementation consisted 
of writing GDL-scripts from which drawings and 
models were generated and displayed as plan or 
model views within ArchiCAD. I studied the output 
by observing the views while experimenting first 
intuitively and then systematically, with parame-
ter-settings. Reacting to the observations, I made 
adjustments to the order, modified the scripts and 
generated new output which I observed again, 
leading to development cycles.

Figure 1: 
Pure repetition dominates 
on all distinguishable lev-
els, flats, wings, stories, 
and even towers in Hong 
Kong

Figure 2: Potted trees at 
Tsz Wan Kok temple in 
Hong Kong
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The final submission apart from display panels 
and models was a set of six booklets, two booklets 
for each stage, one with explanations and illustra-
tions, the other with the scripts.

DEMONSTRATION OF HOW IT WORKS
The tree study is used to illustrate this method. 
As illustrated in figure 3, four scripts describe the 
orders on the four main levels. Starting from the 
top level, each subsequent level is called with all 
the parameters set on the top level and sent to the 
lower levels.

For the tree trunk and the branches, the same 
three branching variations are used which result 
in nine distinct basic tree types, illustrated in fig-
ure 4.

Figure 3: 
Each main order level is 

implemented as one GDL 
script

Figure 4: 
The nine basic tree types 

result from the combi-
nation of three branch-
ing types for trunk and 

branches

Variation created

by changing Parameter

Variation created

by changing Parameter

Variation created

by changing Parameter
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There are three main types of parameters to set 
with which the appearance of the tree can be in-
fluenced. As illustrated in figure 5, the first is by 
choosing the trunk and branch type combination 
to determine the basic type. The second is a switch 
to turn on and off the leaves. The third is a series 
of ranges for random values which result in trees 
with the same character but individual details for 
the same settings.
By making the parameter settings carefully, it is 
possible to generate a wide variety of different 
types of trees. To me, they are graphically very at-
tractive, although they are of course biologically 
not really correct. They could be further improved 
and refined in several ways, like adding width to 
the trunk and branches. Actually some scientists 
and biologists also use computer software to 
model plants [3], with the aim to create a realis-
tic computer model of a plant. However, the tree 
generation exercise in my study is just a stepping 
stone to lead me to explore the final goal: the tow-
er generation. 

PRESENTATION OF SOME OF THE  
OUTCOME
In the housing tower, the number and type of ele-
ments, as well as the levels and relationships are 
more complex than for the tree. For the tree, the 
aim was to get drawings which looked like trees, 
whereas for the tower, various subsystems had to 
function and work together. On the one hand, the 
following requirements had to be fulfilled:
- Consistent load bearing structure from top to 

bottom
- Continuous vertical installation ducts for the 

pipes
- Kitchens and bathrooms adjacent to ducts
- Reasonable floor plan layout and dimensions
- Appropriate space enclosures, openings, and 

climatic border
- Guaranteed access to all flats

On the other hand, the aim was to achieve a wide 
range of differentiations and variations, like
- Different sizes and number of flats per floor

Figure 5: 
Three types of parameter 
control the range of pos-
sible forms for the tree

Figure 6: 
From these examples of 
tree graphics one can 
judge how well the script 
can represent natural 
beauty
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- Different configurations of floor plans
- Possibility for double storied flats
- Variation in materiality and spatial articulation

Each generated tower fulfils the basic require-
ments and the aims can be regulated. The follow-
ing figures 8, 9, and 10 can only give an indication 
for what the script is capable of. The final illustra-
tion as a composite perspective, figure 11, points 
at the richness of the spatial articulation.

FINAL COMMENT
The outcome of the test with the residential tower 
shows that the method in principle works and can 
deal with a complex spatial organization. It could 

be applied to other types of buildings and could 
also be used for only part of a building or any 
range of order levels. Even not breing a program-
mer, the most difficult part was not the writing of 
the scripts but the identification of elements, lev-
els, and relationships. The necessity for the de-
scription of these parameters enforce the impor-
tance of consideration of relevant design aspects 
carefully and precisely. The way the parameters 
are used gives extensive control to influence the 
outcome for the organization of the building and 
its expression. The degree of order between the 
extremes of uniformity and individuality can be 
finely adjusted.

Figure 7: 
Three tower instances of 

the same size, two with 
repeating floor plans and 

one with plan variations

Figure 8: 
The number of flats per 
floor can vary from four 

to eight
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Figure 9: 
Flats can be single storey 
or extend over two floors

Figure 10: 
This axonometric view 
indicates the complexity 
of space which can be 
generated from the script
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Figure 11: 
Composite perspective of 

a range of floors, edited 
by adding furniture and 

human figures
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Abstract: Because the conservation of buildings constructed during Japan’s 
period of high economic growth is now an urgent problem, this paper reports on 
the development of a method of forecasting the time between problems of build-
ing components that integrates building information modeling (BIM) data and 
building repair records in order to enable more effective and strategic facilities 
management. In addition, because numerous buildings and facilities are suffer-
ing from worker shortages, thus making efficient management and maintenance 
essential, it is necessary to gain an understanding of how the conditions of com-
ponents in a building change over time. To that end, building models were created 
using building blueprints and BIM data was extracted, which was then used in 
our calculations. Attempts were also made to calculate time between problems of 
building components via multiple regression analysis. In this process, explana-
tory variables were collected from BIM and repair record data.
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INTRODUCTION
Numerous buildings were constructed during Ja-
pan’s period of high economic growth, which oc-
curred from the mid-1950s to early 1970s, and the 
conservation of those buildings is now an urgent 
problem. Many of the blueprints for these build-
ings, which were printed on paper, have since 
deteriorated — rendering some of them unus-
able — while others have been lost entirely. Ac-
cordingly, it is imperative that the remaining plans 
be preserved so that they can be used effectively 
to repair and maintain existing building stocks. 
While there are many ways of storing paper docu-
ments electronically, we have been focusing on 

the conversion of paper design documents into 
three-dimensional (3D) models by using building 
information modeling (BIM) software [1]. In addi-
tion, we have pushed forward a study regarding 
the resulting BIMs [2].
The effectiveness of BIM in the architecture engi-
neering and construction (AEC) industry is widely 
acknowledged and increasingly well understood. 
However, in contrast to new construction, the 
maintenance of existing buildings depends pri-
marily on two-dimensional (2D) blueprints, which 
play an important role in the conservation of ex-
isting buildings even now. However, to increase 
the effective use of BIM, it is necessary that tra-

http://dx.doi.org/10.3311/CAADence.1637
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ditional facilities management tools and methods 
be carefully considered.
At the large university campus chosen for our case 
study, an ongoing labor shortage requires numer-
ous existing buildings to be checked and main-
tained by a limited number of workers. As a result, 
it is important to promote efficient management 
and maintenance practices. To facilitate this, it 
is necessary to grasp the problems particular to 
each building, and identify the troublesome com-
ponents that contribute to those problems. Since 
usage and repair histories have been recorded 
and maintained for most existing buildings, it was 
considered likely that these records, as well as 
BIM, could be used for calculating time between 
component problems, and that BIM would prove 
useful for facilities management.
Furthermore, BIM technology has the potential to 
enable fundamental changes in project delivery, 
and thus support a more integrated and efficient 
process [3]. To that end, a common format has 
been developed to transmit information neces-
sary for facilities management [4]. In a case study 
conducted over time, the use of BIM data for fa-
cilities management using numerous software 
applications at a university was examined [5], and 
a system that displays BIM data generated from 
BIM software on a website was developed [6]. Re-
cently, research aimed at utilizing BIM in existing 
buildings has increased. For example, in existing 
buildings, unlike new construction, it is necessary 
to consider numerous problems, such as the una-
vailability of design documents and uncertainty in 
building conditions [7].
At present, even though a number of studies fo-
cused on developing facility management sys-
tems using BIM have been conducted, none have 
focused on the integration of BIM data with exist-
ing repair records.

OBJECTIVE
This study aims at forecasting the time between 
problems of the building components by inte-
grating BIM data with repair records. Note that, 
whenever possible, original paper documents 
will be used to create the building models used 
in our method. In addition, attempts were made to 

calculate the time between problems of the build-
ing components via multiple regression analyses 
using explanatory variables from BIM and repair 
record data.

REPAIR RECORDS USED FOR  
CALCULATION
Tsukuba University’s repair records for this build-
ing were collected for integration with BIM data. 
An overview of the process and a simple totaling 
of the repair records are described below.

Overview
Table 1 shows an overview of the collected 
records. In our university, building users ask the 
Facilities Dept. to conduct inspections or repairs 
when problems occur. The document used to re-
quest service is transmitted to the Facilities Dept. 
by facsimile or email. Depending on the consul-
tation contents, drawings and photographs of the 
building may be attached to the document. This 
format of repair record was selected because it is 
used most frequently. Additionally, since it is nec-
essary to grasp the season-specific characteris-
tics of each consultation, the documents for a full 
year were collected. This format is used for all of 
the 391 buildings on our campus.

Item of  information Description

Characteristic 

Document submitted for 
contacting the Facilities 
Dept. when building 
problems occur.

Period April 1, 2014 -  
March 31, 2015

Coverage Tsukuba campus (391 
buildings)

Quantity 3,407

Table 1: 
Overview of Collected 
Repair Records
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Results of Simple Totaling
Simple totaling was carried out based on the build-
ing name and reported consultations in order gain 
an understanding of the characteristics of the col-
lected documents. The consultation content re-
sults are shown in Figure 1. Because the category 
of “others” was seen most frequently from among 
the items entered in this format, those contents 
were classified and counted. Based on those re-
sults, it was determined that consultations re-
garding “lamp bulb, fluorescent lamp” were most 
common, followed by “air conditioner”, “door”, 
“lighting fixture”, and “toilet drainage”.
A list of the buildings with the highest number 
of consultations is shown in Table 2. To consider 
the tendency of the buildings, two items extract-
ed from documents obtained from the Facilities 
Dept. were added to the list. The results show that 
buildings with greater total floor area tended to 
have higher consultation numbers. On the other 
hand, post-construction building age was found of 
have no impact on the number of consultations.

Building Quantity year 
constructed

Total floor 
area (m2)

Laboratory 
of Advanced 
Research D

124 2003 14,651

Laboratory 
of Advanced 
Research B

121 2003 17,430

Medical Science 
Building 115 1976 24,340

Institutes of 
Engineering 
Sciences (Bldg. F)

105 1979 20,088

Building 5C 87 1973 18,027

FORECASTING TIME BETWEEN  
PROBLEMS
Next, we attempted to forecast the time between 
problems of various building components by 
performing a multiple regression analysis. This 
method enabled us to consider which factor deter-
mines the time between problems for a particular 
component. Information acquired from BIM data 
was added to provide explanatory variables. The 
components “door” and “air conditioner” were 
chosen in this study because they led to the high-
est number of consultations. In the buildings with 
the highest number of consultations, Building 5C 
was chosen.

Conversion from Paper Drawings to BIMs
This study utilized BIMs created manually from 
blueprints to forecast building lifetimes. In our 
previous study, we investigated this conversion 
process with the objective of determining how 
much of an elaborated 3D model could be recon-
structed from existing drawings alone [1]. More 
specifically, using the Autodesk Revit BIM mod-
eling software, which is widely used in the AEC in-
dustry, blueprints for Building 5C on the campus 
of the University of Tsukuba were converted into 
a case study BIM. An overview of this process is 
shown in Table 3. The same process was used to 
create the BIMs used in this study.
Building 5C, which has been in use since the open-
ing of University of Tsukuba in 1973, is a multi-
purpose building with laboratories and rooms for 
offices, meetings, and classes. Seismic reinforce-
ment work on the building was carried out from 
2006 to 2008, during which time the air condition-
ing, plumbing, and electrical systems of the entire 
building were also renovated.

Figure 1:  
Breakdown of consulta-

tion contents (left) and 
contents most often seen 

in “others” (right) 

Table 2: 
Buildings with  

Most Consultations
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Item of information Description

Location Tsukuba campus 
(University of Tsukuba)

Year constructed 1973

Structure S (partly steel-encased 
reinforced concrete (SRC))

Floors B1F–6F

Total floor area (m2) 18,027

Major building 
projects

1973: New construction 
(Design documents were 
printed on paper.)

2006-2008: Renovation 
(Design documents were 
stored in an electronic 
format.)

The conversion was performed using the design 
documents from the most recent renovation 
projects implemented in 2007 and 2008. Docu-
ments from the building’s original construction 
were used as reference material when areas 
not described in the renovation documents were 
identified. The 3D model created via this process 
is shown in Figure 2.

Explanatory Variable
A list of collected explanatory variables is shown 
in Table 4. The left table contains building varia-
bles and the right contains room variables. Build-
ing variables were acquired from repair records 
along with other materials. Years after construc-
tion, total floor areas, and number of floors were 
extracted from documents obtained from the 
Facilities Dept. and added. Power consumption 
peaks were extracted from the university’s elec-
tricity management system, while the highest 
temperature was acquired from meteorological 
data.

The inclusion relationship between classes is 
shown in Figure 3. Fixtures are included in rooms, 
and rooms are included in buildings. In this study, 
a multiple regression analysis is premised on re-
lationships between classes, and the room vari-
ables can be to be added to the building variables 
when a room-based objective variable is adopted.
Room variables, including attribute information 
for door and floor values were primarily obtained 
from BIM data. Doors, air conditioners, and air 
terminals within a room were counted in BIM data. 
Use of Autodesk Revit DB Link, allowed attribute 
information to be exported from BIM software 
to the database. In addition, lecture units, which 
were complied using a syllabus, were also added.

Objective Variable
For time between problems, which was used as 
an objective variable, both building and room val-
ues were prepared. The former indicates the time 
between problems of the target class within a 
building and the latter indicates the time between 
problems of the target class within a room. These 
values were arranged by confirming the dates writ-
ten in the entry columns for a building or a room.

Table 3: 
Overview of Building 5C

Figure 2: 
3D model of 
building 5C 

Figure 3: 
Inclusion relationship 
between classes
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Multiple Regression Analysis
Multiple regression analysis was carried out us-
ing SPSS, which is a statistical analysis software 
package. The forced entry method was adopted 
for the analysis, the results of which are shown 
in Table 5.
The coefficient of determination in the case of a 
room-based objective variable was higher than 
that achieved when a building-based objective 
variable was used. However, for only the air con-
ditioner, the adjusted R-squared in the case of a 
room-based objective variable was slightly higher 
than that achieved when a building-based objec-
tive variable was used. When it was considered 
whether BIM was used or not, the adjusted R-
squared using BIM was lower than that achieved 
when BIM was not used. But, because only one 
building was sampled, three variables were ex-
cluded when multiple regression analysis was 
carried out using a room-based purpose variable. 
The explanatory variables acquired from BIM data 
were not persuasive in this attempt.
Since a building-based objective variable was re-
placed with a room-based objective variable and 
candidates for explanatory variables increased 
by considering relationships between classes, 
the coefficient of determination would have be-
come higher. However, because the numbers of 
explanatory variables were different between the 
cases, it is necessary to continue to examine the 

effects of the variables obtained from BIM data by 
increasing the number of samples.

CONCLUSION
In this study, in order to consider the integration 
of BIM data and repair records, we attempted 
to calculate time between problems of building 
components by performing a multiple regression 
analysis. A comparison of results calculated with 
and without BIM data was also performed.
The multiple regression analysis results show 
that, for the adjusted R-squared, the value that 
was acquired using BIM data tended to be smaller 
than that obtained without BIM data. It was difficult 
to identify a persuasive variable from information 
from the BIM data in comparison with building 
variables. Because influences on the coefficient 
of determination by adding room variables were 
different between a door and an air conditioner, it 
is possible that it will depend on the class whether 
the coefficient of determination gets higher or not.
In this paper, our examination focused on items 
related to building fittings and air conditioners. 
Future work will involve carrying out multiple 
regression analyses regarding items related to 
electrical equipment. In addition, it will be neces-
sary to increase the number of samples used in 
the calculations by adding buildings or expanding 
the period of repair records.

Table 4: 
Explanatory 

Variables

D: Door, 
A: Air conditioner 

 Italic letter: 
Item obtained 
from BIM data

[Building variables]

Kind Variable Unit Acquisition 
method

D, A Period During term: 1, 
During vacation: 0 Repair records

D, A Years after 
construction Year Documents from 

Facilities Dept.

D, A Total floor 
area m2 Documents from 

Facilities Dept.

D, A Number of 
floors - Documents from 

Facilities Dept.

A Temperature °C Meteorological 
data

A Electricity 
consumption W

Electricity 
monitoring 
system of 
university

[Room variables]

Kind Variable Unit Acquisition 
method

D, A Volume m3
Attribute 

information of 
BIM data

D Floor -
Attribute 

information of 
BIM data

D Number of 
doors

- Counted objects 
within room

A
Number 

of air 
conditioners

- Counted objects 
within room

A Number of 
air terminals - Counted objects 

within room

D, A Total time of 
classes Unit Syllabus of 

lectures
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Abstract: Based on the investigation of administration of apartment building in 
Japan, a database for facility management, including the information of inspec-
tion schedule and maintenance frequency, are proposed in XML. The building in-
formation, including the IfcSystem data is created by ArchiCAD MEP Modeler. 
According to the IFC2x3 TC1, the IfcDistributionElement has an inverse attribute 
for boundaries defined by IfcRelSpaceBoundary. But the boundary information is 
undefined in most cases. By analyzing the geometric representation of IfcSpace 
and IfcFlowMovingDevice, the relationship between IfcFlowMovingDevice (for 
fun) and IfcSpace is added. By using IFCsvr ActiveX Component, a facility man-
agement tool iFM is developed. The equipment information is integrated into the 
building information in a tree-view. Furthermore, the facility management infor-
mation of equipment devices can be listed quickly by the link of IFC data and the 
XML FM database, which is helpful for doing equipment maintenance plan and 
building administration.

Keywords: Facility Management, IFC, Database, Equipment Device, Apart-
ment Building
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INTRODUCTION
The life cycle of buildings in Japan is about 40 to 
50 years, while the equipment service life span is 
only about 15 years. Therefore, an equipment in a 
building needs to be replaced 2 to 3 times during 
the whole building life cycle, which means there 
are a lot of maintenance and repair during the 
facility management period. In houses, the resi-
dents have little knowledge about MEP inspection 
and maintenance. In this article, a database for 
facility management, including the information of 
inspection schedule and maintenance frequency, 
are proposed in XML, based on the investigation 
of administration of apartment building in Japan. 

And a facility management tool iFM is proposed, 
integrated with the IFC data and the proposed da-
tabase. iFM tool can not only view the details of 
the building information in a tree-view, but also 
create the management information of equipment 
devices, which will be helpful for doing equipment 
maintenance plan and building administration

LITERATURE SURVEy
In Japan, Tokyo Building Maintenance Association 
(TBMA) is a professional association in charge of 
the development of building maintenance tech-
nology and the promotion of the knowledge con-
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cerned. Urban Renaissance (UR) Agency is an 
independent administrative institute not only 
managing the land development and urban devel-
opment but also providing about 750,000 rental 
apartment with 2 million residents in the whole 
country. It has its own facility management manu-
als for its rental housing. The other administration 
agencies like Hokkaido Building Guidance Center 
(HBGC) also publish guides for facility manage-
ment in houses. 
According to the books and manuals published 
by TBMA, UR and HBGC [1, 2, 3], the items and 
contents of facility management, especially on 
MEP inspection are studied. In most documents, 
inspection items, method, inspection cycle, main-
tenance cycle, and expected service life are de-
tailed. 

PERSONAL INTERVIEW SURVEy
As to the status quo of the administration in resi-
dential houses, a personal interview survey was 
conducted in a 10-story mansion in Tagajo, Miyagi. 

The mansion administrator carries out his daily 
patrol of the common parts, such as staircases, 
elevator halls, roof top and lobbies, as well as the 
inspection of services and facilities, such as water 
pumpers, ventilation fans and fire extinguishers. 
He also writes the report for the patrol and sur-
veillance. Examples of the job sheet are shown in 
Table 1. The administrator observes the defects in 
buildings, records the symptoms or phenomena, 
and also do some simple maintenance works, 
such as light alternation, and filter cleaning. As to 
the serious defects, such as pump failure, eleva-
tor noise, he will call the relevant service contrac-
tor to do the repairing. Finally, the maintenance 
result, together with repair cost, will be recorded 
according to the report from the contractor.
The administrator does his patrol from the out-
side to the inside, from the lower story to the high-
er, and from one room to another. Therefore, the 
information of system/facility name and location 
becomes important.

Date System/Facility Discipline Location Symptoms/Phenomena
Dec. **, 2014 Water pump Water supply system Pump room Water leakage
Jan. **, 2015 Fan filter Ventilation system Toilet Dust in filter screen
Feb. **, 2015 External wall Building envelope 1F outside Mortar cracks
Feb. **, 2015 Fluorescent light Electrical installation 2F corridor Blink on and off

Table 1: 
Examples of the job sheet 
for daily routine

Figure 1: 
Construction of the facility 
management database
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DATABASE FOR FACILITy MANAGEMENT 
According to the results from literature survey 
and personal interview, the items of the FM da-
tabase are extracted as shown in Figure 1. The 
database is in XML format, with the primary key 
of System/Facility Name, by which the other infor-
mation about FM will be found.

IFC DATA FOR MEP SySTEMS
The building information, including the IFC data 
for MEP systems is created by ArchiCAD and its 
MEP Modeler [4]. Using the IFC Manager, the IFC 
System is created for MEP systems. For example, 
a fan, ducts and a ventilation vent can be grouped 
into a ventilation system.
In the design phase of one project, MEP systems 
are often separated by the space information. The 
connection between MEP systems and spaces 
is not so clearly defined. But during the facil-
ity management period, the space information is 
important. For example, the building administra-

tors inspect the rooms one by one, and they also 
record the inspection results together with the 
room name. Therefore, MEP systems, especially 
the equipment which can be found in the rooms, 
need space boundary information.
According to IFC2x3 TC1 [5], an MEP element, 
such as a fan, can be expressed as an IfcDistri-
butionElement Entity having an inverse attribute 
for boundaries (ProvidesBoundaries) defined by 
IfcRelSpaceBoundary, shown in Figure 2 [6]. Al-
though the boundary information is undefined 
in most cases, by analyzing the geometric rep-
resentation of the IfcSpace entity standing for a 
room and the IfcFlowMovingDevice entity stand-
ing for a fun, the boundary relationship between 
IfcFlowMovingDevice and IfcSpace can be added. 
If the lowest horizontal level of a fan (IfcFlowMov-
ingDevice) is contained in a room (IfcSpace), then 
a boundary relationship can be defined between 
this fan and the room. Therefore, the fan can be 
linked with the room, and the boundary relation-
ship attribute is added in the iFM tool proposed in 
this article.

ENTITY IfcDistributionElement;
ENTITY IfcRoot;
ENTITY IfcObjectDefinition;
ENTITY IfcObject;
ENTITY IfcProduct;
ENTITY IfcElement;

Tag : OPTIONAL IfcIdentifier;
INVERSE

HasStructuralMember : SET OF IfcRelConnectsStructuralElement FOR RelatingElement;
FillsVoids : SET [0:1] OF IfcRelFillsElement FOR RelatedBuildingElement;
ConnectedTo : SET OF IfcRelConnectsElements FOR RelatingElement;
HasCoverings : SET OF IfcRelCoversBldgElements FOR RelatingBuildingElement;
HasProjections : SET OF IfcRelProjectsElement FOR RelatingElement;
ReferencedInStructures : SET OF IfcRelReferencedInSpatialStructure FOR RelatedElements;
HasPorts : SET OF IfcRelConnectsPortToElement FOR RelatedElement;
HasOpenings : SET OF IfcRelVoidsElement FOR RelatingBuildingElement;
IsConnectionRealization : SET OF IfcRelConnectsWithRealizingElements FOR RealizingElements;
ProvidesBoundaries : SET OF IfcRelSpaceBoundary FOR RelatedBuildingElement;
ConnectedFrom : SET OF IfcRelConnectsElements FOR RelatedElement;
ContainedInStructure : SET [0:1] OF IfcRelContainedInSpatialStructure FOR RelatedElements;

ENTITY IfcDistributionElement;

Figure 2: 
Inheritance graph of 

IfcDistributionElement

http://www.buildingsmart-tech.org/ifc/IFC2x3/TC1/html/ifcproductextension/lexical/ifcrelspaceboundary.htm
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IFC DATA FOR A MODEL APARTMENT 
BUILDING
Case study is carried out in a two-story apart-
ment building with the floor area of 76.8m2, shown 
in Figure 3. Only the equipment in the toilet is 
studied. The ventilation system shown in Figure 
4 consists of a fan (IfcFlowMovingDevice), a duct 

(IfcFlowSegment) and an outside vent (IfcBuildin-
gElementProxy).
By the IFC manager, a new system (IfcSystem) can 
be created. The three entities of the ventilation 
system (fan, vent and duct), as well as the toilet 
(space) will be grouped by dragging and pulling 
them into the newly created IfcSystem. And the 
result can be confirmed in Figure 5.

Figure 3: 
A two-storey apartment 
building

Figure 4: 
Ventilation system in 
Toilet





























Figure 5: 
MEP data confirmed by 
IFCExplorer
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PROPOSITION OF IFM
Using the IFCsvr ActiveX Component released 
by SECOM CO., LTD., iFM is developed for facility 
management in houses and its interface is shown 
in Figure 6. 
Choosing the File tab control and clicking the Open 
button, an ifc file will be opened and the building 
information can be shown in the right window.
Choosing the FM tab control and clicking the 
Treeview button, the facility management informa-
tion can be shown in the right window (Figure  7).

CONCLUSION 
Facility management contributes a large part of 
the life cycle cost in one building. According to 
the investigation of administration of apartment 
building in Japan, a database for facility manage-
ment, are proposed in XML, including the infor-
mation of inspection schedule and maintenance 
frequency. In this article MEP systems are drawn 
by ArchiCAD and its MEP modeler. Using the IFC 
Manager, an IfcSystem entity is created, which 

combines the different elements of one MEP sys-
tem into a group. A facility management tool iFM 
is developed, which can integrate the IFC data 
with the XML facility management database. The 
equipment information, as well as the building in-
formation, is organized in a tree-view with the key 
item of space (room). Moreover, the facility man-
agement information of equipment devices can be 
listed in a tree-view by the link of IFC data and the 
XML FM database, which will be helpful for doing 
equipment maintenance plan and building admin-
istration.
Although IFC manager can combine the different 
elements into an IfcSystem group, it takes time 
to pick up the elements, and an easier grouping 
method is expected. 
While the facility management information is 
gathered easily by iFM, the interface should be im-
proved for the long-term preventive maintenance 
plan. In order to update and expand the facility 
management database, the personal interview 
survey of administration of apartment building 
will be continued and the needs for BIM applica-
tion will also be investigated. With the popularity 

Figure 6: 
Interface of iFM-treeview 

of building information





























Treeview of
Building 
Information
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Treeview 
of FM 
Information

FM tab control
Tree View button

Figure 7: 
Interface of iFM-treeview 
of FM information

of mobile devices, such as Surface, and iPad, the 
camera capture function is also expected, which 
will help the building administrators record their 
inspection results on site.
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Abstract: The use and implementation of BIM technology, BIM software and 
BIM processes are still new to the Architect, Engineering and Construction in-
dustry. Adopting BIM in a project involves more than just a software update. The 
processes used in a traditional Two-dimensional-environment is not necessarily 
possible to adapt in a Three-dimensional BIM environment. The use of BIM has 
the potential to radically change the structure and dynamics of a project. In our 
experience, we need to apply the same radical changes on how education for archi-
tects, engineers and BIM Technicians are applied. The BIM Technicians Educa-
tion started up at Oslo Technical College in 2008. [1] The students are construction 
workers with a vocational certificate and practical experience from the building 
industry. On order to facilitate the transformation of these former construction 
workers into skilled BIM Technicians in the AEC industry, we have adopted teach-
ing methods often referred to as “Situated Learning” and “Reflective Practice”. 
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INTRODUCTION 
In Norway, most large building projects imple-
ment BIM at some level. Participants use the lat-
est BIM technology and multi-disciplined models 
are used for clash control, quantity take-offs, and 
to calculate cost estimates.  The use of BIM has 
proven its worth as an important cost-saving tool, 
not least when it comes to reducing the person-
hours required to finalise projects. 
BIM also provides new possibilities to create holis-
tic project planning and implementation. Still, es-
tablished contractual frameworks and practises 
are limiting the optimal use of BIM software and 
processes. However, these established practises 
are being challenged. As we will explain below this 
entails that the participants not only share infor-
mation, but also participate in an evolving process 
to find solutions before project start-up. 

When the BIM technician programme was estab-
lished in 2008, we believed that BIM could be a 
game-changer in the construction industry. Our 
ambition has been to educate BIM technicians that 
are able to provide their future employees with 
the competence necessary to fully utilise both 
BIM software and processes. [1]
In order to do this, it has been crucial to realise 
that in the same way as the construction industry 
cannot fully utilise BIM by replicating old proc-
esses, it is not possible to educate fully produc-
tive BIM technicians by replicating old teaching 
methods.  By adapting a learning- centred focus 
we aim to give our students the necessary skills 
and training, to develop and manage BIM proc-
esses in the field.   
A learning- centred focus means that the per-
spective is on student learning outcome, rather 

http://dx.doi.org/10.3311/CAADence.1690
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than teaching output. The student is the pivot 
point in the development of the curriculum and in 
the physical layout of the classroom. 

NEW TECHNOLOGy IN THE EDUCATION 
SECTOR 
A limited approach to new technology is also well-
known in the education sector. 
Journalist David Raths has described what hap-
pened when one of America’s top universities es-
tablished its first computer classroom.  
“In the late 1980s, Stanford University’s (CA) writ-
ing program received a grant from Apple Com-
puter to build a computer classroom and writ-
ing instruction lab. The facilities staff suggested 
putting the computers in rows, because that was 
the easiest way to hook them up, but the instruc-
tors had different ideas about how to arrange 
the classroom…It was one of the first computer 
classrooms designed by teachers instead of by 
the technologists and facilities folks,” recalled 
Richard Holeton, director of academic computing 
services at Stanford. But he remembers that the 
communication about the new space was a chal-
lenge. “The facilities staff has always thought in 
terms of things like square footage per person. 
We realized we had a situation where there was no 
common language, no standard for how you talk 
about group work.” [2]
The example from Stanford University is highly 
relevant when teaching BIM. As we will show be-
low, adding computers and software to a class-
room does not make the students able to fully uti-
lise BIM on a construction site.

TRANSFORMING CONSTRUCTION 
PROJECTS 
As mentioned above a clear majority of projects 
and construction companies use BIM software, 
but contractual frameworks and practises are 
limiting or delaying the process toward using the 
software to optimise the construction planning 
and implementation process itself. 
Even in multi-billion projects, participants use BIM 
software, but are obliged to deliver drawings, often 
a pdf file, instead of models. Sophisticated and de-

tailed models, containing a wide array of informa-
tion, are reduced to Two-dimensional drawings.
As a result, in many companies, the implemen-
tation of BIM is limited to a replica of the proc-
esses developed for Two-dimensional “blue print 
production”. This can be compared to using your 
computer as a typewriter, without ever exploring 
the added possibilities available through word 
processing, hyperlinks, and file sharing. 
Secondly, in established contractual frameworks, 
income is generated every time there arises a 
need for revisions that are not covered in the ten-
der document. In other words, the framework 
rewards the production of revised drawings and 
plans throughout the project. There is therefore 
no incentive to make sure that the original plan is 
as accurate as possible and that revisions are kept 
at a minimum. This can be described as a culture 
of claim. A contractor, who on a regular basis ex-
periences that the actual cost of construction is 
far higher than described in the tender document, 
makes the claim. In his book Construction Law: 
From Beginner to Practitioner Jim Mason names 
this practice as Claimsmanship, and give the fol-
lowing description of its nature: 
The bid price is frequently a long way removed 
from the actual cost of construction. The reasons 
for this can lie in poor planning and late design 
changes… The defence to the allegation put for-
ward by the contractors would be that the ultra-
competitive tendering procedures and focus on 
lowest cost to the exclusion of all other factors 
leave them no choice but to seek to make a margin 
by bringing claims. [3]
In the report popularly named as “The Egan Re-
port”, or as it’s officialy named; Construction Task 
Force to the Deputy Prime Minister, John Prescott, 
on the scope for improving the quality and efficiency 
of UK construction, Sir John Egan concluded on the 
matter of competitive tendering: 
The industry must replace competitive tender-
ing with long term relationships based on clear 
measurement of performance and sustained im-
provements in quality and efficiency. [4]
The report was published in 1998, long before the ex-
istence of today’s high-level functional BIM software. 
None the less, the report pinpoints how the tender-
ing process can be a limiting factor for the delivered 
quality and the collaborative processes in a project. 
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BREAKING THE DEADLOCK 
By demanding open BIM formats, Norwegian pub-
lic clients have been the main driver behind the 
transformation from Two-dimensional drawings 
to model-based information delivery. The Norwe-
gian public contractor Statsbygg sets the use of 
models containing properties and relationships 
as a mandatory demand in their BIM manual;
“A digital 3D building information model (subse-
quently denoted as “the BIM” or similar) based on 
object-based design (using objects with proper-
ties and relationships) and using open BIM stand-
ards/formats is a main deliverable.” [5] 
This is an example of how governments can play 
an active and important role in making BIM the 
main deliverable platform of information in the 
project. This active role is described by Jim Ma-
son who concludes on this matter in his book Con-
struction law, from Beginner to Practitioner:
The government is a major client of the construc-
tion industry and can clearly dictate policy in rela-
tion to public projects. [3]

TAKING BIM A STEP FURTHER 
In the planning of the new regional public hospital 
for the county of Vestfold, this approach has been 
taken a step further. In this project, the govern-
mental client also demands that all sub-contrac-
tors are jointly responsible for accurate planning 
and implementation. [6] Helse Sør-Øst (the Health 
Authority for Norway’s southern and eastern re-
gions) has added additional demands when con-
tracting for one of their new regional hospitals 
currently under planning. The hospital located in 
the city of Tønsberg, will comprise 40,000 square 
metres, and has an estimated budget of NOK 2.5 
billion (approximately 250 million Euro).  Hospitals 
are considered the most complex type of building 
project, but this has not deterred the client from 
setting ambitious goals. 
The official objectives are to: 
- Reduce costs with 10 per cent, compared with 

similar projects
- Reduce time from start up to completion with 50 

per cent, compared with similar projects
- Keep the amount of construction related error 

at 0 per cent [7]

KEy SUCCESS FACTORS 
In order to fulfil these objectives several key fac-
tors have been identified. One of the most im-
portant is to place collaborative BIM processes 
at the nave of every project decision. The project 
teams are therefore obliged to work at the on-site 
project village throughout the planning and build-
ing process.  
Another key factor is that the client has decided 
that the quality of the BIM models must be at lev-
el with LOD 500 before start-up. LOD 500 has a 
level of detail normally found in “As Build” mod-
els. In other words, the sub-contractors must 
work together, foreseeing and solving possible is-
sues prior to the construction phase. In addition, 
the different technical disciplines have to pass a 
practical modelling test before being accepted 
as qualified to take part in the project. The use of 
Four- Dimensional tools like Synchro is manda-
tory, and gives the client a possibility to follow up 
progress and alterations at a new level, and finally 
IFC files cannot take longer than 15 minutes to ex-
port from their proprietorial program. 
Setting these standards, means taking into ac-
count the BIM processes, the use of BIM software 
and also the challenges working with BIM.

BIM DIDACTICS: ACTIVITy RATHER THAN 
BROADCASTING   
As shown above, optimal use of BIM processes in-
volves a high degree of information sharing and 
willingness of committing to collaborative proc-
ess. A BIM technician should therefore be able to, 
not only use the software, but also take active part 
in and develop BIM processes. 
We therefore need to empower our students so 
that they have confidence in their own abilities to 
think holistically, contribute to problems solving, 
and carry out quality assurances.  In our opinion, 
it is not possible to teach students these skills 
through lectures where the teacher broadcasts 
the curriculum, and the students are passive re-
cipients. 
We have therefore based our curriculum on Con-
structivist Learning Theories, which focuses on 
empowering students through constructing their 
own learning. In his article Rethinking Science Ed-
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ucation: Beyond Piagetian Constructivism Toward 
a Sociocultural Model of Teaching and Learning, 
Professor Michael O’Loughlin quotes the Brazil-
ian Constructive educator Paulo Freire on how 
learning emerges: 
“…Freire argues that curriculum must emerge 
from the generative themes of people’s lives and 
that if education is to be empowering it must cul-
minate in praxis.” [8]
Freire points to two elements, firstly, that the cur-
riculum should emerge from generative themes 
in people’s lives, secondly that in order to be em-
powering education must culminate in praxis. We 
try to adopt this sequel of learning in our curricu-
lum.  

PREVIOUS ExPERIENCE 
Firstly, we have based the curriculum on the stu-
dents’ previous knowledge and experience.  Our 
students are former construction workers, in-
cluding carpenters, steel workers, brick layers, 
plumbers, and electricians. This means that the 
student has a practical understanding of at least 
one building discipline and is familiar with on-site 
construction. We encourage our students to use 
this experience as a starting point when creating 
their own models. For example, a plumber is well 
versed in the difficulties related to finding solu-
tion related to routing pipes above a suspended 
ceiling. Consequently, using his or hers former 
experience when using a Mechanical Electrical 
Plumbing (MEP)-tool in modelling proves to be 
fruitful.  The ability to adopt previous experiences 

on to a new phase in a construction site, can be 
described as reflection in action. Donald Schön 
describes this process in his book The Reflective 
Practitioner, How Practitioners Think In Action. [9]

SITUATED LEARNING AND  
EMPOWERMENT 
Secondly, we have found that empowerment is 
best achieved by drawing on the methods of Situ-
ated Learning, an element within Constructivist 
learning. 
Situated Learning was first projected by Jean 
Lave and Etienne Wenger as a model of learning 
in a community of practice. This type of learning 
allows an individual (students/learner) to learn by 
socialization, visualization, and imitation. 
“The pedagogy of computer tutors echoes the ap-
prenticeship model in setting individualized tasks 
for learners and offering guidance and feedback 
as they work.” [10] 
In order to support a Situated Learning model, our 
classrooms were set up to facilitate workshops, 
instead of desks in a row, the rooms were de-
signed as open office environments. 
We thereby transformed the classroom from a 
standard “knowledge reproducing environment” 
to a “knowledge sharing environment.” The layout 
of the BIM-Classroom itself encourages teachers 
and students to share experiences. Large oval 
tables give the students an opportunity to walk 
around and interact with one another. It also di-
minishes the teacher’s authority (which is good) 
and places the BIM teacher more on level with the 
students (which is even better). After all, we teach 
skilled construction workers, who often have 
more up-to-date experience from construction 
projects than we do. 
Working in this environment, the students cre-
ate multi-disciplined BIM models throughout the 
course.  They find solutions and adopt changes in 
projects based on real-life scenarios, interacting 
with teachers and other students, or even con-
sulting former students (see more below) as they 
to their tasks. 

Picture 1: 
The picture shows how 
the students (sitting) and 
the teachers (standing) 
collaborating on a com-
mons task. An example 
of learning-centred area 
design integrated with 
BIM. 
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IN REAL LIFE
In the same way as collaboration is a key factor in 
the Tønsberg hospital project, we have found that 
the use of Internet, file sharing and other collabo-
rative platforms does not make the need for social 
interaction obsolete. In fact, more information, 
and more complex models increases the need for 
communication IRL (In Real Life). 
The Tønsberg project demands that the different 
stakeholders are physically co-located from the 
design phase to the initial test phase when the 
hospital is operational. Why is this so important 
for the project? Files can be shared digitally, but 
the need to follow up on issues and establishing 
common ground is best solved through physical 
co-location. 
A good example of how to promote collaborative 
processes can be found in the floor plan of the 
Tønsberg Site Village. 
Note the blue area marked BigRoom. This area 
will host a multi-disciplined team. The area can 
be changed to an open meeting area where the 
BIM models will be the source and origin for the 
day to day planning. (ref Integrated Concurrent 
Engineering)

Finding solutions and resolving issues are at the 
centre of any BIM process. This is the reason why, 
in our curriculum, mastering BIM processes is 
equally important to mastering BIM software. 

PRAxIS 
Finally, we encourage contact and facilitate meet-
ing points between students and members of the 
Architect, Engineer and Construction (AEC) in-
dustry.
- Former students are organised through an 

alumni network providing feedback to both 
present students and interaction between 
former students. This takes place through 
events and through an online forum. 

- As part of the course, each student spend be-
tween two and four weeks as interns in an AEC 
industry company. 

The AEC industry is also invited to evaluate our 
curriculum at regular intervals. This is to ensure 
that the curriculum stays relevant and up to the 
standards expected on site. 

Picture 1: 
Floor Plan of the Site 

Village at the Tønsberg-
project
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CONCLUSION 
BIM has already altered the way building projects 
are carried out. BIM is in the process of radi-
cally changing established project structures. In 
the Tønsberg project, a much larger part of the 
overall project has been moved forward to the 
pre-building phase and sub-contractors are ex-
pected to collaborate earlier and closer through-
out the project. This means that increasingly the 
BIM technicians need to be skilled in collaborative 
processes and digital, holistic quality assurance. 
In the Tønsberg project, BIM is not a “add on” but 
at the heart of the project design.  
The same applies to the learning of BIM proc-
esses. Students need to implement, and actively 
taking part of the process itself, in order to be able 
to fully master the curriculum. 
Learning-centred area design and learning-cen-
tred curriculum does not limit its use to topics in-
volving BIM, but our experience is that Information 
Technology and BIM profits from the use of these 
methods. Both the student’s previous experiences 
and training best described as Situated Learning, 
are key elements in the transformation that leads 
the former construction worker to play a vital role 
in a collaborative BIM project. 
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Abstract: Modifications of B-spline knot values change the parametrization and 
influence the shape of B-spline curves. Via these computations one can modify B-
spline data (derivative, curvature value at a curve point, some points of the control 
polygon, etc.) such that the new parametrization of the curve satisfies special in-
put conditions of a B-spline algorithm. We give a detailed analysis of operations 
on knot vectors determining the parametrization of non-uniform B-spline func-
tions. Different knot manipulation techniques are presented using blossoming 
approach. We describe a new knot manipulation strategy: repositioning of a knot, 
which is computed directly without knot insertion and removal. This strategy can 
be used for clamping the control polygon of B-spline curves. As further applica-
tions of the knot manipulation we show two methods which modify the tangent 
and the curvature data in the starting and end points of B-spline curves. These 
computations are illustrated with nice examples.
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INTRODUCTION
Knot manipulation techniques are widely used to 
modify the parametrization of B-spline curves. 
These parameter-transformations are necessary 
to fulfill geometric constrains in certain points/
edges of B-spline curves or surfaces. Such con-
strains can arise from various user specified in-
put conditions or from the geometry of the model 
in curve and surface design. 
The most important knot manipulation tech-
niques are the knot insertion and removal. These 
algorithms can be used for degree manipulation, 
refinement of the knot sequence, changing the 
contact order of spline segments by raising the 
multiplicity of knots, clamping or unclamping the 
control polygon of the curve etc. Formerly several 

papers have been presented to analyze knot in-
sertion and removal strategies (see [4, 5]). A good 
survey can be found in the books [6, 7]. Eck et al. [9] 
also presented a paper which analyses in details 
the knot removal. As an application of techniques 
keeping the shape of the input curve the clamping 
of control polygons is described by Hu et al. [10], 
which is a special case of the knot modification. 
Clamping the control polygon of the B-spline is a 
knot modification which pulls all knot values into 
one in the end of the knot vector. A further appli-
cation of knot manipulation is shown in [11], where 
the authors present a curve merging method with 
adjusting the knot vectors of the input curves.
The effect of changing one knot in the knot vector 
and keeping the control polygon unchanged was 

http://dx.doi.org/10.3311/CAADence.1615
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comprehensively studied by Juhász and Hoffmann 
[12]. Since this knot manipulation changes the 
shape of the input curve, the authors applied the 
technique in different shape control problems [13]. 
We present here a collection of different knot 
manipulation techniques which keeps or approxi-
mates the shape of the input curve. The insertion 
and removal techniques are combined in order to 
perturb a knot in the inner part and in the end of 
the knot vector. We describe the effect of these 
knot perturbations on the shape of the B-spline 
curves. In order to apply these knot manipulations 
we show how to set the tangent and the curvature 
values at the endpoints of a B-spline curve and how 
to generalize this technique to B-spline surfaces.

B-SPLINE CURVES AND KNOT  
MANIPULATIONS 
The Definition of B-spline Curves
A curve b(t) is called a B-spline of order k, defined 
on the knot vector t=(t1, t2, …, tn) where ti ≤ ti+1 for 
all i, if 

 
(1)

where C=(c1, c2, …, cn-k) are the control points of 
the curve and Ni

k(t) are the  basis functions defined 
by the recurrence:

These curves are piecewise polynomial curves 
of degree k-1 over the parameter domain [tk, tn-k]. 
Each segment of the curve has the parameter 
range [ti, ti+1], where i=k,…, n-k-1. These segments 
are joining to each other in the points b(ti) with 
contact order k-2, if all ti knots are different. 
If we change the value of a knot ti, then the basis 
functions Ni

k(t),j = 1, ..., j + k - 1 are changed. By 
adding or removing a knot value we can change 
our basis to denser or coarser function set, while 
the curve will have one more or one less control 
point and curve segment.

Knot Insertion and Removal Algorithms
Knot insertion is a technique, which raises the 
number of basis functions used in the assign-
ment of the curve. Thus the insertion of a knot 
can be derived without changing the shape of the 
curve. We can express the new control points  
C*=(c1, c2, …, cn-k)  of the curve via a matrix mul-
tiplication,

 C*= M(t, j; τ)C,                 (1)

where M(t, j; τ) is a bidiagonal matrix and τ is the 
new knot value inserted to the knot vector t into 
the “j+1”th place (see [1] for details).
The removal of a knot from the knot vector results 
in the basis the reduction of the number of basis 
functions, thus it cannot be always derived with-
out changing the shape of the curve. Therefore 
different techniques exist to remove a knot from 
the knot vector. These techniques generate an 
approximating curve of the original curve, which 
keeps the shape of the curve if the removal can be 
derived without error. The condition when the knot 
removal does not change the shape of the curve 
can be found in [9] or in [1] eq. (4).  The most com-
mon removal techniques are collected in [1]. In the 
paper three main techniques are considered: the 
direct   inverse method of insertion, and the re-
versal insertion method proposed by Tiller, which 
can be computed in two different ways, depending 
on whether we apply the method forward or back-
ward to the sequence of the control points.

Repositioning of a Knot
Changing one knot value can be understood as 
consecutive removal of the knot tj and the inser-
tion of the new perturbed knot value τ ∈ (tj-1, tj+1). If 
the knot removal cannot be done without changing 
the shape of the input curve then we can carry out 
the knot perturbation using different knot remov-
al strategies. Moreover the order of knot insertion 
and removal also influences the shape of the out-
put curve. If we apply first the removal then the 
insertion of a knot, the output curve preserves the 
shape of the curve generated by the simple knot 
removal, thus this technique of knot repositioning 
cannot generate a better approximating output 
curve as the curve computed by the knot removal 
(see Figure 1).
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The recursive computation of the knot insertion 
and removal can be derived with the help of blos-
soming technique of B-splines. We can derive 
similarly the repositioning of a knot as a direct 
computation on the control points (see [1]). This 
direct computation technique can be computed in 
two different ways, too, either forward or back-
ward on the sequence of the control points.  The 
direct repositioning method and the removal af-
ter insertion technique have always one of the two 
computed output curve, which is the same. If the 
knot tj is slid to the right to tj < τ , then the back-
ward computed direct method and the backward 
computed removal after insertion techniques 
have the same output curve, if  τ< tj then the for-
ward computed output curves are the same.

Comparison of the Knot Perturbation Methods 
In the following example we compute the output 
curves of the different knot perturbation algo-

rithms for a B-spline curve of degree 3. We com-
pare here the error occurred in the approxima-
tions. The input curve was defined by the control 
points

on the uniform knot vector t={0, 1, 2, 3, 4, 5, 6, 7, 
8, 9, 10, 11, 12, 13, 14, 15}. The knot vector of the 
input curve (grey curve in Figure 2) was modi-
fied such that the knot value “8” was slid to the 
left to value “7.9”. The output curves of the differ-
ent  algorithms are shown in Figure 2. The error 
of each approximation is computed with piecewise 
integration on the segments of the curve, and in 
addition a maximal error value is computed in 
each segment due to the parameterization. Table 
1 shows the error values.

Figure 1:  
On the left the output 

curves of consecutive knot 
insertion and removal, on 

the right knot insertion 
after removal are shown 

on a B-spline curve of 
degree 4. The insertion af-
ter the removal preserves 

the shape of the curve 
arisen after the removal 

the knot.



           

    

            


            



            




          
            
             









       
       

      
 


      
      

       
      

       
      






           





           

    

            


            



            




          
            
             









       
       

      
 


      
      

       
      

       
      






           



Table 1:  
Approximation error 

measured along each 
segment of the approxi-

mating output curves. 
For each method the first 
row shows the total error 

along the segment, the 
second row contains the 
maximal error of the ap-

proximation.
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The error values show us, that the direct compu-
tation generates a good approximating curve in 
that part of the input curve, from which the com-
putations has been started. Figure 2 in the right 
shows the first four segments of the output curve 
using the forward computation of direct pertur-
bation and the last three segments of the output 
curve generated by the backward computed re-
positioning. The two curves are disjoint in their 
endpoints associated to the common parameter 
value 7.9, but both curve segments are preserving 
better approximation along the first/second half 
of the input curve, respectively, than other gener-
ated output curves.

APPLICATION OF KNOT CHANGING FOR 
END KNOTS OF THE KNOT VECTOR
Modifying Endknots
If we modify the “endknots” in the knot vector of 
a B-spline of order k, then the recomputation of 
the first and last k-1 knots can be always carried 
out without changing the shape of the curve. The 
repositioning of the kth or n-k+1th knots (first and 
last “important” knots of the curve) cause the ex-
tension or shortening of the parameter domain of 
the curve, thus the starting/endpoint of the curve 
is moved along the B-spline curve (see Figure 3 a) 
and b)). If we slide all endknots to the first (last) 
“important” knot of the curve then we clamp the 
control polygon to the starting (end)point of the 
curve, namely the first(last) control point will 
be moved to the starting (end)point of the curve  
(Figure 3 c)).

Figure 2: 
A B-spline curve of 
degree 3 is modified. In 
the left the output curves 
of the direct method is 
shown computed forward 
and backward along the 
control polygon. In the 
right the starting seg-
ments of the forward 
computed and the last 
segments of the backward 
computed repositioning 
are shown together.

Figure 3: 
a-b) Changing third and 
fourth knots of a cubic 
curve. The grey curve is 
the input curve. In the 
first case the curve is 
unchanged, in the second 
case it is extended. 
c) Clamped control 
polygon computed by knot 
moving.

a) b) c)
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Solution of a second order boundary problem by 
knot repositioning
In the next example we show a cubic B-spline 
curve with prescribed second order boundary 
conditions. As we have shown the length of the 
kth knot interval in the knot vector influences the 
starting point, the tangent vector at this point and 
also the shape of the curve. Now we are going to 
compute the control points of a cubic B-spline 
curve with given starting point, tangent vector and 
curvature in this point. The two first control points 
of the curve are determined by the starting point 
and the tangent vector at this point, and they are 
the solution of a system of linear vector equations 
for each fixed knot vector. The third condition, a 
prescribed curvature value at this point leads to 

a non-linear equation, either we want to deter-
mine the third control point, or a knot value. In the 
case of a changing third control point additional 
conditions would be necessary in order to deter-
mine all the coordinates from a scalar equation. 
Therefore, we have analyzed, how the curvature 
of a curve of order k is depending on the kth knot 
value perturbed in the fixed interval (tk-1, tk+1).  In 
our case the 4th knot value is changed in the in-
terval determined by the 3th and 5th knot values. 
We have found that the curvature is monotone de-
creasing within a bounded interval while the 3th 
knot interval is growing. Consequently, to each 
curvature value the corresponding value of the 
perturbed knot can be determined numerically by 
a simple interval dividing method. 

Figure 4:  
The resulting curve shown 

as a dashed curve, it is 
determined by the control 

polygon, the two first 
control points of which are 

computed from the given 
starting point and tangent 

vector (not shown) with 
the appropriate knot vec-

tor chosen according to 
the given curvature.

Figure 5:  
The resulting surface 

has the boundary curve 
interpolating the given 

points and tangent vec-
tors. The „longitudinal” 

isoparametric curves have 
the prescribed curvature 

within a relative error 
bound of 10-2.
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Figure 4 shows the solution of this second order 
boundary problem for a cubic B-spline curve. The 
given curvature value is visualized by the osculat-
ing circle at the prescribed starting point with a 
given tangent vector. Of course, the range of this 
curvature value is limited by the fixed length of the 
knot interval, where the knot value is moving, but it 
can be influenced by the length of the tangent vec-
tor. This is a subject of our further investigation. 
We have extended this method to a bicubic sur-
face. One set of isoparametric curves are com-
puted according to the algorithm developed for 
cubic B-spline curves. Figure 5 shows a B-spline 
surface consisting of 2 x 2 patches. The end condi-
tions are visualized on a sphere along a circle. The 
curvature is the reciprocal value of the radius. In 
[2] and [3] the end conditions are given by the first 
and the second derivatives of the curve.

CONCLUSIONS 
We have shown new methods for shaping B-spline 
curves which can be applied to merge and to fit 
B-spline curves or surfaces. In our algorithms 
the knot vector determining the basis functions 
of a B-spline curve has been changed using knot 
repositioning methods. The different knot pertur-
bation techniques are analyzed and compared via 
examples. As a possible application it is shown 
how to set the endpoint, the tangent direction and 
curvature value of a B-spline curve using knot re-
positioning in the end of the knot vector. The nu-
merical computations and the figures have been 
made by Wolfram Mathematica.
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INTRODUCTION
For all the techniques introduced in this paper, the 
following tools are used:
• Grasshopper [1]: a visual programming lan-

guage developed by David Rutten at Robert Mc-
Neel & Associates that runs within the Rhinocer-
os 3D computer-aided design (CAD) application.

• Galapagos [2]: an optimizer component that 
runs under Grasshopper. It provides a generic 
platform for the application of Evolutionary Al-
gorithms.

• Millipede [3]: a structural analysis and optimi-
zation component for Grasshopper. It allows 
for very fast linear elastic analysis of frame 
and shell elements in 3D, 2D plate elements for 
in-plane forces, and 3D volumetric elements. It 
produces the initial point cloud. 

• Karamba [4]: a parametric structural engineer-
ing tool, which provides an accurate analysis of 
spatial trusses, frames and shells. It is used to 
find the optimized version of the presumed Vo-
ronoi/Delaunay.

Figure 1: 
The Delaunay triangula-

tion states that, in any 
set of points, each three 

points’ circumcircles 
cannot contain any other 

point. If we connect the 
centers of these circum-

circles, we get the dual 
Voronoi Diagram. The im-
portance of the Delaunay 
triangulation is its brevity 
and adaptability. Pictures 

are from wikipedia.org.  

http://dx.doi.org/10.3311/CAADence.1623
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• The Delaunay triangulation and its dual Voronoi 
diagram as in Figure 1. The paper’s aim is to find 
the points upon which Voronoi/Delaunay would 
be defined.

The aim is to find the optimal Voronoi/Delaunay 
structural representation based on the calculated 
stresses of the point cloud produced by Millipede 
as in Figure 2. These point clouds are the input 
to our optimization as in Figure 4. This cloud rep-
resents the data for the model. Our evolving un-
derstanding and interpretation of these points 
will vary over the optimization process. Our un-
derstanding and classification of the cloud repre-
sent the knowledge produced by the model. This 
understanding will prove to be optimal, or not, by 
using the evolutionary optimizer of Galapagos. 
A structural engineering tool (Karamba) will be 
used during the optimization. 

THE GENERAL THEORy:
The two main constituents of the general theory are:
A) To optimally classify the point cloud into dif-

ferent zones.
B) To represent each zone by a point, curve, sur-

face, or mass.
An exemplary implementation of the theory is 
illustrated in Figure 3. The theory is general be-
cause it enlists all the possibilities of the zones 
representations. Though these two assumptions 
seem simple, the difficulty arises for the theories 
that implement them. The paper includes an im-
plementation that is based on the centroid method 
described is section 2.0.

1. THE CENTROID MODEL: 
This is the simplest model, computationally and 
theoretically, to interpret and to understand the 
cloud. Our understanding of the cloud can readily 
be proved as optimal or not, as the physical con-
sequent can easily be constructed. We present 
two methods to understand the cloud. In the 
first method of analogous systems, optimality is 
achieved by defining a parallel system that is af-
fected by some of the attributes of the cloud. The 
applications of this method are the most common 
of the known structural optimization methods [5]. 
The second method, which is the paper’s main 
focus, is the classification method. In our digital 
testing environment, the classification methods 
superseded the analogous systems by five to ten 
times.

Figure 2: 
The interpolated stresses 
over a cantilevered beam 
as in (A) (with support and 
load as indicated) and a 
shelter structure as in (B), 
using Millipede then data 
interpolation tools. This is 
the main input used by the 
general theory or any of 
its special forms

Figure 3:
An exemplary optimized 
cloud that may be repre-
sented by, zone centroids, 
zone curves, zone sur-
faces, or/and zone mass. 
These facets are defined 
by the general theory.
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Figure 4:
An overall representation 
of the introduced optimi-

zation model. The tools 
used, its rules, and the 

data/knowledge section 
are illustrated; the struc-
tural optimization and the 
optimal chord dimensions 

are summarized.
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1.1. Analogous systems (our implemen-
tation):
The bounding box of the cloud is divided into equal 
boxes. The mean of the stresses of the points, in-
side each of the dividing boxes, is calculated. The 
values of these means were compared. Based on 
this comparison, a number of points were allocat-
ed to each dividing box. Other exemplary analo-
gous systems can be found in [5].

1.2. Classification methods:
1.2.1. Bell-shaped distribution:
A variation of the normal distribution is used, 
as the possible skewness of the distribution is 
of minor importance compared to its computa-
tional needs. The chosen bell-shaped Function 
[1] is more general than the normal distribution. 
The (a, b, and c) parameters can optimize our un-
derstanding of the data as in Figure 6. Galapagos’ 
main task is to find the composition of these pa-
rameters. This would cluster the cloud to produce 
a local, or global, optimal structure. 

1.2.2. Machine learning classifiers:
Our earliest optimization effort in this research 
was to find a mean and a variance that represents 
each group of the cloud’s points. The hypothesis 
was that this representation would yield an opti-
mal structure. This effort was found to be a match 
of the well-known EM algorithm’s Gaussian Mix-
ture’s implementation [6], which is one of the ma-
chine learning classifiers. Some of the included 
machine learning classifiers may be used instead 
of the bell-shaped distribution or as a final proc-
ess after the bell-shaped optimization.  

1.2.2.1. Hierarchical Agglomerative Clustering:
This method is a computationally expensive meth-
od [6]. A binary-tree like data structure is created 
based on the closest neighbors’ 3d locations and 
stresses. This method can substitute the bell 
function [1] in producing initial centers that can 
later be used by other classifiers. One of the im-
portant features of this method is the simplicity of 
predicting the optimal number of clusters. 

1.2.2.2. K-Means Clustering:
The K-Means method is considered the main-
stay for our optimization. It must have a centroid 
guesser for the K-Means calculation process 
to start. Afterward, each point should belong to 
the nearest center. After the point clustering is 
completed, new centroids are calculated, and the 
process would iterate until convergence.

Figure 5:
Implementation of the 
analogous system.


       
            
 
        

     





              











             
          


        


  
     






 
 

(1)

Figure 6:
The influence of changing 
the parameters of Func-
tion [1]. In (A) variables 
are; c=5 a=5 b=1. And in 
(B) variables are; c=0 a=2 
b=4. The graph was pro-
duced using the calculator 
on www.desmos.com/
calculator.
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1.2.2.3. Gaussian Mixtures & EM Clustering:
The probabilistic Gaussian Mixtures implementa-
tion of the converging EM clustering algorithm was 
the initial focus. We started our classification efforts 
by implementing similar techniques. It can replace 
the K-Means algorithm, but with a higher cost.

1.2.3. Discussion regarding the proposed classi-
fiers:
The introduced algorithms could be classified 
into two groups. The first group, as in Figure 7, is 
responsible for predicting the optimal number of 
clusters and a best guess initial optimization. The 
hierarchical agglomerative algorithm [6] is a non-
optimizable data structure. The bell-shaped Func-
tion [1] is optimizable, and its local optimizations 
can be used without any further optimization.

1.3. Chord dimensions’ optimization:
After defining an optimal structure of the gen-
eral or the concentric theory, the last step in the 

optimization is to define an optimal dimension 
for each chord. The chord dimensions optimiza-
tion enhances structural optimization two to four 
times. The optimization can be carried out by us-
ing Function [1]. The utilization property of each 
chord of the optimal structure is sorted in ascend-
ing order; Galapagos then calculates the proper 
parameters of Function [1] until reaching the light-
est possible structure. This introduced technique 
can optimally designate different dimensions of 
any structure type. 

Figure 7: 
The possibilities of incor-

porating the introduced 
algorithms. The first 
phase as an input to 

the second phase. The 
K-Means as a converg-

ing non-optimizable 
algorithm (as in B), and 
optimizable, by using a 

fishing function (as in A)  

Figure 8:  
Exemplary classifica-

tions (optimizations) 
and their corresponding 

Voronoi/Delaunay forms. 
The classifications were 

carried out mostly by the 
bell-shaped Function 

[1]. The shelter analysis 
would need the K-Means 

classification for a clearer 
clustering.

Figure 9:
An optimization of the 

chords’ dimensions using 
the bell-shaped  

distribution optimizer as 
in Function [1].
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2. AN IMPLEMENTATION OF THE  
GENERAL THEORy:
To implement the general theory, we need to de-
fine the optimal classification of the cloud, and 
their corresponding optimized forms of points, 
curves, surfaces, or masses.
For implementing the general theory we should 
abstractly describe our mission as:
1. Our work as an inferring machine. We relate, 

conclude, re-relate, re-conclude and so on
2. Our knowledge as relations. The most impor-

tant of which is the relation of classification. 
Classifications are relations of the relations; a 
relation cannot exist without the classification 
relation.

3. The world of actions supports or contradicts 
our concluded relations.

As in Figure 10, the important constituents of the 
search are Relations, Hierarchy of relations (re-
lations describing relations, like classification or 

relations meta-data), Actions, our understanding 
(tested or untested), and samples of inferred re-
lations (zoom-in-zoom-out, pattern of each zone 
and its neighbors’ arrangement, form, or stress-
es). These constituents solely or collectively help 
to build a best guess.
As in Figure 11, a best guess implementation can 
be found using the zoom-in-zoom-out relation. 
The assumptions are:
• The final clusters’ number is less or utmost 

equal to the optimal centroid clusters.
• the optimal centroid clusters’ forms are defined 

using Form recognition techniques
• Low-resolution and high-resolution (using the 

same bell-shaped diagram) will be used to de-
fine the form and then the final numbers of the 
final clusters. 

• The process would perform optimally (compu-
tationally) using parallel processing threads.

• Other supportive optimal centroids could be 
considered to support final decisions. 

Figure 10:
The abstract constitu-
ents of any implementer 
of the general theory. 
Computationally, these 
constituents can function 
in parallel or sequentially. 
The yellow colored items 
represent our best guess 
general theory implemen-
tation as in Fig. 11.

Figure 11:
The zoom-in-zoom-out 
general theory imple-
mentation as illustrated 
in Figure 9 in yellow. The 
optimal is a benchmark 
for the different zoom 
levels to interpret the 
different cases of point, 
curve, surface, or mass.
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3. CONCLUSION:
What is the difference between the general theory 
and the analogous system? It is hard to prove the 
advantage of one over the other, as both can be 
developed and enhanced to perform better. Both 
of them are operating based on certain method-
ology. Our approach depends on interpreting and 
understanding the point cloud. This approach is 
readily optimized and controlled. If the analogous 
systems are designed to rely on the cloud, they 
will perform better. This proves that introduced 
general theory is the more general and the more 
comprehensive approach.   
The introduced general theory was envisioned 
based on the success of the special centroid form. 
The results, computationally achieved so far, in 
the concentric form are highly promising, but do 
not provide a full understanding of the cloud. For 
example, the form of the cloud clusters may be 
non-concentric forms and representing them by 
a point is a misinterpretation. Other possible rep-
resentations of curve, surface, or masses could 
be considered as different analytical methods of 
the point cloud. The abstract constituents of any 
implementer of the general theory were defined.  
A zoom-in-zoom-out implementation of the gen-
eral theory was introduced. This implementation 
can be regarded as a recursive call to the centroid 
form. 
As a brief of the tests conducted computationally, 
Delaunay triangulation representation performs 
two to three times better than Voronoi diagram 
representation; the Voronoi representation per-
formed much better than other representations 
like shortest walk, and the classification method, 
using Voronoi, superseded our implemented anal-
ogous method five to ten times.
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Abstract: The form language of the currently ongoing trend of parametric design 
remains often symbolic and arbitrarily interchangeable. In order to counteract 
this general trend within landscape architecture, the increasing digitalization in 
design should not contribute to generating even greater meaningless complexity. 
The main goal within the postgraduate study program Master of Advanced Stud-
ies in Landscape Architecture (MAS LA) at the Chair of Prof. Chrsitophe Girot at 
ETH Zurich, is to examine which workflows are suitable for understanding a place 
with its given potentials as local data sets to generate a responsive and sustain-
able landscape design. Often data is integrated at the outset of the design proc-
ess – in contrast, we would like to propose the thesis that an understanding of a 
site and the conceptual stance drawn from it influences the choice of data and not 
the contrary. It is therefore necessary to search for new methodic approaches and 
workflows in order to understand a place with its different contextual layers and 
integrate the right data as parameters in the process.
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INTRODUCTION
Today’s architecture is very often disconnected 
from the terrain and from its surroundings. Land-
scape architecture has followed the trend and 
can very often been understood as fragmented. 
Natural elements are too often simply used as set 
pieces that have nothing to do with their original 
environment. Places become illegible and unintel-
ligible due to an incredible confusion of program, 
materials and plants. ‘Green infrastructure’ has 
become the dominant gesture of current planning 
efforts. 

We are currently at a crossroads where conven-
tional approaches to landscape architecture do 
not serve justice to the increasing complexity of 
environmental issues, which require solutions 
that are both visionary and sustainable [6]. Cli-
mate change, global developments such as ur-
ban sprawl and the rapid growth of cities require 
strategies that integrate geographical, ecologi-
cal, sociological and infrastructural datasets into 
planning. Landscape architecture is challenged to 
combine heterogeneous fields of action that are 
both physical and philosophical, scientific and po-
etic, and bring together past, present and future 

http://dx.doi.org/10.3311/CAADence.1668
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potentials into a single meaningful whole [7, 13]. 
This situation has lead the team of Prof. Chris-
tophe Girot to develop a framework and tools to 
recall the potentials of landscape architecture 
with a special focus on computational design 
methodologies. Landscape architecture has to be 
strengthened as an integrative discipline deeply 
rooted in shaping and preserving nature to the 
design of sustainable environments with a site-
specific character by integrating future-oriented 
technology. In the era of ‘data-overload’ special 
attention must be given towards how data is han-
dled and how specific information is chosen to 
move from mere ‘data mapping’ and ‘datascapes’ 
to the development of coherent and fully function-
al data-driven design tools [16]

HOW TO TRAIN A MEANINGFUL EDUCA-
TION OF COMPUTATIONAL TOOLS?
Landscape Architecture Design  
Simulation – MAS LA ETH Zurich
The one-year MAS LA program works within a 
range of future-oriented technical and design in-
puts, theoretical issues and discussions, as well 
as feedback from international specialists, from 
landscape architecture and information technol-
ogy to landscape design simulation. The program 
picks on current problems and investigates new 
workflows, which can be evaluated and applied ex-
perimentally to site-specific issue. The focus lies 
on the use and deployment of the latest computa-
tional techniques as well as 3D landscape illus-
tration methods in order to enable the graduates 
to explore new computational design strategies 
which accommodate the complex environmental 
and dynamic issues facing us today.
For the last three years, the MAS LA program has 
been involved in researching new fields of appli-
cation that explore the range of the programs in 
relation to the representation of real data (sen-
sor data and open access data) as a design tool. 
Our experience up to now is based on the use of 
Processing (Open Source programming language 
with direct visual output) and Grasshopper [12]. 
The main goal is to learn a creative approach to 
handling complex correlations. At the beginning, 
the elementary understanding of the data is the 

focus, which will subsequently be researched for 
new strategies. These are then visualized in order 
to be able to make a design-relevant decision [4] 
(Figure 1). 
A research into the software packages gener-
ally applied for data visualization reveals that the 
process of reflection is often forgotten. The visual 
representation, whether it is a model or a draw-
ing, is often a very similar fact or design solution 
and runs the danger of being mistaken for the 
other [1,2]. Our experience shows that in ‘Big Data 
Visualizations’ in landscape architecture, in addi-
tion to understanding the data, a certain basic un-
derstanding of programming is required in order 
to be able to independently control the situation 
and the application of the data. The current rapid 
developments in technology make an almost un-
limited application of optional complex data sets 
possible; whether self-developed or downloaded 
from an open-source site. In turn, this requires a 
methodical and didactic further development of 
the design tools on university sites [11].

Explorative Data Mapping: Experimental 
Teaching Tools
Within the design process, what methods are 
needed to identify relevant information from the 
abundance of data sets available [8,9]? How can 
the data be visualized in order to derive subse-
quent meaningful decisions for the design? We ex-
plore these questions experimentally in the MAS 
LA Module: Programming Landscapes – Explora-
tive Data Mapping. 
As a result of the 5 week module the students 
were able to interact with the data in a very design 
oriented manner. The methodology of the module 
is comprised of three steps. First the application 
possibilities of open access data for the creation 
of design tools within landscape architecture will 
be examined at a theoretical level. Subsequently, 
methods and workflows in programming will be 
elaborated in order to develop concrete tools and 
methods, based on case studies from teaching and 
reference projects from professional practice, to 
reveal possibilities for integrating databases as 
interactive design tools in planning in the third 
and final step. 
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Figure 1: 
Interactive scripted tool by 
MAS LA 2015/16 students 

Thalia Poziou and Erick 
Galicia. By scrolling over 

the aerial photo of the 
site (image top left), the 
section is automatically 

drawn which displays the 
interpretated data of the 

site in correlation with the 
proposed design (image 

lower row).  
The input for the program 

are different layers of 
site-specific data, which 

are integrated into the 
script by colored maps 

(images top middle and 
left). 

While classic statistical representations have the 
main task of communicating complex ideas clear-
ly, exactly and efficiently, we are currently living 
in a time that has almost unrestricted opportuni-
ties to access data that can be considered design-
relevant. Through simple technical access using, 
e.g. quadrocopters in combination with sensors, 
various data that deliver real-time information on 
site-specific conditions can be recorded.

Data that provides supplements to the classic 
GIS information ‘datascapes’, especially in land-
scape architecture, can be applied as design tools 
on various levels. Experience with our students, 
however, show that the data sets are often not 
completely understood and the resulting false pa-
rameters can then influence the design. The de-
signs quickly become endlessly complex and can 
no longer be controlled [11].
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Pilot Project at Aalto University: Digital 
Landscape Architecture Studio
The studio cooperation between ETH Zurich and 
Aalto University concentrated on new readings of 
landscape systems by integrating emerging tools, 
like site-specific data capturing and data visuali-
zation, in combination with traditional hands-on 
design tools. Students were encouraged to cross 
disciplines and theoretical boundaries and criti-
cally analyze dataset information as a design tool 
(Figure 2-4). Workflows developed at the Chair of 
Professor Christophe Girot were tested within a 
new environmental setting.  The focus lies on the 
usage of site-specific data as design supportive 
tools, as well as experimental modes of represen-
tation and visualization to test and communicate 
the design proposal [3]. Collecting data responsi-
bly and independently and integrate it as relevant 
tools in the design process. Students are encour-
aged to cross discipline and theoretical bounda-
ries and critically analyze the dataset information. 

With the simple technical access of sensor tech-
nology, for example in combination with Arduino 
(an open-source electronics platform based on 
easy-to-use hardware and software), one can gen-
erate a plethora of environmental data regarding 
place-specific conditions in real time through the 
use of UAVs (unmanned aerial vehicle). Data that 
can create datascapes, especially in landscape 
architecture, as a supplement to conventional GIS 
information, can be used at various levels as de-
sign tools [5].

REFLECTING ON THEORETICAL  
POSITIONS 
Researchers like Jeremy W. Crampton are raising 
the question: “…how today Big Data are framing 
the contours of our lives in the age of the algo-
rithm?” Relevant positions of key figures in this 
domain with a strong connection to the practice 
of landscape architecture are summarizing the 

Figure 2:  
Aalto University: Site 
Perception Tools: Work-
shop with Luis Fraguada 
(IAAC Barcelona) at Digital 
Landscape Architecture 
Studio: Students gather-
ing site-specific data with 
sensors. Development of 
Grasshopper scripts to 
postprocess the data into 
the design chain. Main 
purpose of the workshop 
is to find relevant conclu-
sions be made from the 
flood of existing infor-
mation and to develop 
workflows most suited to 
keeping data relevant and 
meaningful to design.

Figure 3: 
Aalto University: Project: 
FLUX by students Jussi 
Virta and Sanna Sarkama. 
FLUX manipulates the 
design site with an artistic 
intervention using the 
seasonal flood event as 
a tool to get the people 
closer to the existing 
water. The starting point 
and goals of the design 
were future growth 
of population around 
Gräsanoja; improvement 
and increase of recre-
ational values in the area; 
making the water more 
accessible; and turning 
the flood into a positive 
feature. To achieve the 
complex design goals, the 
students developed their 
individual computational 
design process. 
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Figure 4: 
Aalto University: Project: 

GRAAS. Gräsanoja 
Renewal, by students 
Minna-Mari Paija and 

Antuané Nieto-Linares. 
The project seeks to mini-

mize this infrastructure 
disruption of the place by 
utilizing topography as a 

binding agent. Urban and 
green infrastructure are 
the responsive elements 

to the demands of the 
site. The integration of 

wind and sound data was 
used to shape the new 
landform which will us 

the excravation material 
from the near-by metro 

construction area. 

ongoing discussion like Jürgen Döllner as fol-
lows: “A rapidly growing collection of digital tools, 
systems, and applications is shaping the way we 
manage challenges in scientific disciplines and, to 
a significant degree, defines the scope of possible 
options and solutions we can develop. In the past 
few years, a general movement toward distrib-
uted, service-based IT solutions can be observed. 
The software architecture of geovisualization ap-
plications and systems demands efficient meth-
ods for coping with the conditions and restrictions 
of mobile devices such as limited networking and 
computing resources.“
Carl Steinitz, a former member of the Harvard 
Laboratory for Computer Graphics: “For serious 
societal and environmental issues, designing for 
change is inevitably a collaborative endeavor, with 
participants from various design professions and 
geographic sciences, linked by technology from 
several locations for rapid communication and 
feedback, and reliant on transparent communi-
cation with the people of the place who are also 
direct participants.”

When one sets these theses within the context 
of landscape architecture, it becomes apparent 
where the potential and also the challenges in the 
area of “big data” lay. Dependent on the scale and 
the complexity of the given landscape architec-
tural problem and its context, different databases 
may be relevant. Here, the research addresses 
both sociological-cultural questions with rela-
tion to big data as well as the question how this 
development may be embedded in the theoretical 
context of information theory and what kind of im-
pact can be expected from it. In the wide field of 
“big data” questions, the focus of the analysis is 
parameter-based design, the correlation of data 
generation and integration and its possible quali-
tative improvement of a design.
What kind of theoretical relevance does the large 
field of data visualization with special focus on 
data mapping and datascapes with relation to the 
development of a design methodology and how 
can these developments be arranged in the gen-
eral theoretical reflection of the ‘era of computa-
tional architecture and landscape architecture’?
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CONCLUSIONS
Holistic Approach, we need to be critical!
Landscape architects have to deal with a high level 
of complexity in their designs, as they have to deal 
with dynamic forces such as water, tidal activity, 
wind, and changes of season and their influence 
on geology and vegetation over time. Therefore 
landscape architects are currently challenged to 
generate a new digital workflow by creating mul-
tiple software platforms to communicate and ex-
change data information [14].
This position allows for the development of vision-
ary solution strategies that open new possibilities 
for combining elements by discarding simple and 
often restrictive algorithms. By freeing design 
from linear control and the context-free grid, the 
results of these aforementioned methods show 
controllable, transparent and better answer to 
complex planning tasks. The change from top-
down to bottom-up allows the design process to 
become comprehensible and flexible [15].
At the moment, the work of finding relevant data 
often resembles that of a search machine: one is 
only able to find truly relevant data in the flood of 
information by creating customized tools. These 
pick up on the particular qualities and assets fo-
cused on by the designer for a certain project and 
link them to relevant information. This informa-
tion, in turn, can help one look beyond one’s own 
area of expertise and establish participative work 
processes that can strengthen the quality of the 
designing in the discipline of landscape architec-
ture.
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Abstract: The creative thinking is an ability that should be learned and devel-
oped by teaching and practice. When these activities are elaborated into social 
circle and interact with different perspectives, it is possible to improve the ideas 
and build the best solution. Sometimes, inspiration appears when the problem is 
shared and discussed with colleagues and friends. The best design solutions come 
by sharing information and feedback through collaborative and multidisciplinary 
work.  When the learning process is produced in community, teachers have a way 
to improve the creativity of architecture students. However, they need to use suit-
able teaching methods to develop knowledge by collaborative learning. At the same 
time, construct an innovative design according to the generation of information.
The aim of this paper is to explain how communications and interactions among 
the students influence in creative thinking and learning from the field of architec-
ture.

Keywords: connectivism, design learning, creative teaching, ICT

DOI: 10.3311/CAADence.1670

INTRODUCTION
Connectivism is a learning theory for the digital 
age; it is promoted by Stephen Downes and George 
Siemens. According to this theory, learning occurs 
by connections and networks, specialized nets or 
information sources. Students could create new 
knowledge by sharing information and construct-
ing their own learning.  “The connections that en-
able us to learn more are more important than our 
current state of knowing” [1].
In the first place, the architectural design process 
begins as a challenge towards creativity, when 
looking for new ideas and solutions for a specific 
requirement. According to Fonseca [2]: “The chal-
lenge for accessibility, good education and collec-
tive work benefits the development of innovative 

solutions”. 
Many important questions are raised about the 
educational theory through technology and com-
munications. How does ICT impact in architecture 
teaching at present? How does one create a teach-
ing method by using the theory of connectivism in 
architectural design?
Nowadays, we are living in the technology and 
knowledge society, as a result of the digital revo-
lution. In Weller and Anderson´s definition: [3] 
“The changes made possible by the combination of 
digital content and global networking have profound 
implications for all aspects of higher education.” 
This paper discusses the idea that a collaborative 
methodology based in the connectivism theory 
improves creativity in architecture students.

http://dx.doi.org/10.3311/CAADence.1670
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CREATIVITy AND CONNECTIVISM  
THEORy
The term connectivism is stated by George Sie-
mens and Stephen Downes [4]:
Connectivism is a learning theory that explains 
how internet technologies have created new op-
portunities for people to learn and share infor-
mation across the World Wide Web and among 
themselves. These technologies include Web 
browsers, email, wikis, online discussion forums, 
social networks, YouTube, and any other tool which 
enables the users to learn and share information 
with other people.
This definition places the emphasis on people´s ca-
pacity to interact, share and think together, for the 
purpose of getting a better solution. For instance, 
the architectural learning based on connectivism, 
should include research, fact questioning, and the 
pursuit of creativity and innovation.
Creativity has been defined by different authors; 
some believe that creativity is born with a person, 
as a personality type. On the other hand, it can be 
developed by practice, through which it is possible 
to become motivated and improved.
There are several theories about creativity as to 
why some people are more creative than others, 
and the ways that they can develop it as a skill. 
According to Segal: 
Creativity has also been attributed to the environ-
ment in which the creative process occurs… the 
characteristics of the day-to-day interactions 
among people, the attitudes they maintain, and 
the availability of resources including time, peo-
ple and money. [5]
Reddy finds that “Creativity is too complex in na-
ture. It is difficult to understand the meaning in 
one single definition”. “Creativity had been used 
synonymously with terms like imagination, spon-
taneity, productivity, originality, divergent think-
ing, invasiveness, intuition, exploration and gift-
edness” [6]
Connectivism theory proposes a learning proc-
ess as an associated network within a social and 
cultural context. In 2005, Siemens and Downes 
started this theory for the digital age. This theory 
has its origin in Vygotsky´s idea where the cogni-
tive development happens in the “zone of proxi-
mal development” (ZPD): level of knowledge at-

tained depending on social interaction, behavior 
and context. This skill that can be developed with 
adult collaboration or peers, more than it can be 
achieved by oneself. When it comes to collabora-
tion, Chaiklin explained:
The term should not be understood as a joint, 
coordinated effort to move forward, in which the 
more expert partner is always providing support 
at the moments when maturing functions are in-
adequate. [7]
In Europe and North America collaborative work 
has been used naturally by students within social 
networks in education for many years, however, 
in several Latin American countries its use is still 
being evaluated. Oblinger [8] described communi-
ties and social networks:
The Net Gen exhibits a tendency to work in teams or 
with peers and will move seamlessly between phys-
ical and virtual interactions. It is not uncommon to 
find students working together and still sending IMs 
- even though they are a few feet away.
For students to work collaboratively, it is a natu-
ral characteristic. According to research by Mu-
gahed, Sharizan and Mi Yusuf about collaborative 
learning theory: [9]: “Both researchers and stu-
dents have a chance to experiment on a computer 
supported collaborative learning and use social 
media network platform”.

CONNECTIVISM IN ARCHITECTURAL 
DESIGN LEARNING
Architecture students are considered creative 
people, and at the same time, they demand a dy-
namic and innovative teaching method. When the 
students receive special motivation during the 
class, they could develop it into different skills.
To start with, most architectural and construc-
tion professionals must work together, the design 
project should be the result of teamwork among 
several specialists. Inside this process, they pro-
duce an analysis, exchange ideas, evaluate op-
tions, and discuss. The purpose of developing 
critical thinking, sharing and evaluating ideas, can 
be particularly useful if they work in a team.
Connectivism is the new form for student´s 
learning of architecture in the digital generation, 
marked by collaboration and sharing. The social 
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connective context promotes new learning activi-
ties for reflection, for developing critical thinking, 
integration, self-evaluation, learning objectives 
and share experiences.

METHODOLOGy
This research has been applied to architecture 
students of the digital representation course.  With 
the active use of connectivism in design learning, 
the instructor could support the development of 
cognitive skills in the attitudinal, procedural and 
conceptual aspects.
In order to demonstrate the importance of con-
nectivism in architectural design learning, the au-
thor used this method in an experimental group of 
students, and established the differences among 
other similar group (control group) without apply-
ing the method.
This learning methodology was designed based 
on the principles of connectivism according to 
Siemens: [10]
• Learning and knowledge rest in diversity of 

opinions. 
• Learning is a process of connecting specialized 

nodes or information sources. 
• Learning may reside in non-human appliances. 
• Capacity to know better is more critical than 

what is currently known.
• Reinforcing and maintaining connections are 

needed to facilitate continual learning.
• Ability to see connections among fields, ideas, 

and concepts is a core skill. 
• Accurate, up-to-date knowledge is the intent of 

all connectivist learning activities. 
• Decision - making is a learning process. Choos-

ing what to learn and the meaning of incoming 
information is seen through the lens of a shift-
ing reality. While there is a right answer now, 
it may be wrong tomorrow due to alterations in 
the information climate affecting the decision.

First, a learning environment should be organized 
for networking in the experimental group, follow-
ing these guidelines: [11]
• Facilitate the sharing of knowledge and distri-

bution over networks.
• Search for information according to discovery 

patterns.

• Establish friendly relations through the influ-
ence of network diversity and the strength of its 
ties.

• Support in adapting users to learning styles 
through multiple connections.

• Facilitate the activities transfer of knowledge 
by nets.

• Evaluate the assimilation of knowledge accord-
ing to learning levels.

The professor should create a friendly classroom 
environment and encourage learning. He must 
improve empathy among students and the teacher 
by supporting and continuing monitoring.
In the experimental group the following activities 
have been made in three stages:
1° Analyzing, researching and investigation:
• Present the topic of a specific project. For in-

stance, the single - family home design. It must 
be related to the students’ level and explained 
in terms of design problems.

• Stimulate the use of design concepts to apply 
prior learning.

• Propose a special time for the students ex-
change ideas, reflect and build knowledge. This 
activity is suggested at the beginning of class.

• Research on the internet about similar issues 
and share images and web pages.

2° Brainstorming and competition
• At first, ask students to produce the most pos-

sible number of design alternatives, to discuss 
and analyze if it is suitable or search other ways 
to solve the problem.

• Secondly, form small workgroups in the class-
room, to encourage competition among them.

• Invite groups on a private place of social net-
work or educational platform to encourage 
comments about the course.

• Motivate students to talk on the social network 
and place the progress and suggest improve-
ments.

• Make a digital forum and place a question on a 
topic of interest, related to group work.

• Present all contributions and experiences hand-
ed in by the students in classroom, exchanging 
and evaluating the suggestions among them.

• The group members provide ideas and possibil-
ities to analyze together. None of them should 
receive criticisms or jokes, all of them must be 
considered.
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3° Evaluating and staking
• The professor should constantly assess the de-

sign process.
• After the evaluation, students must stake the 

projects and try to find the best solutions.
• At a certain point, each student must confront 

his/her ideas with other students, defending 
and reviewing his/her position.

• Monitor the development of the design stages 
constantly in order to assess previous knowl-
edge.

• The teacher should provide the workgroup with 
educational materials to be used for self-learn-
ing according to the results of evaluations.

• During the development of the creative proc-
ess, implement a self-assessment, by promot-
ing pair work among students so that they will 
share their opinions and analyze the partner´s 
work.

CONCLUSIONS 
The experimental analysis proved the hypothesis 
that collaborative work encourages creativity 
in architectural design learning. In quantitative 
terms, the scores in the experimental group were 
higher than those in the control group.  Qualita-
tively, as a result of observations and surveys of 
students, it can be said that connectivism pro-
motes social and communication skills, builds a 
friendly learning environment, emphasizing col-
laboration and the sharing of information. 
A by-product of the research made by the author 
found that the experimental group developed bet-
ter designs than those of the control group. For 
instance, students created unconventional forms, 
new ways of space distribution, volumes and ma-
terials.  Usually, at this level, most students per-
form very basic work when it comes to shape and 
design. Here students demonstrated better atti-
tude for academic work, teamwork, self-learning, 
self-confidence, motivation, friendship and an at-
titude of responsibility. 
Concerning the professor, empathy was evident. 
Respect in a friendly manner, an atmosphere 
of trust and great communication were present 
among teachers and students. Technology pro-
vides an instrument for helping students when it 

is necessary. 
Methodology brings guidelines to improve the 
teaching - learning oriented development of crea-
tivity in architectural design. Connectivism inte-
gration as a learning strategy, improves teaching 
empathy, social relations and cooperative work.
In conclusion, the present investigation proves 
that the application of connectivism theory in ar-
chitecture students contributes to the develop-
ment of creative thinking.

RECOMMENDATIONS 
Several institutions have taken actions to imple-
ment connective learning in their programs. This 
requires leadership and commitment to teaching. 
The activities in this paper should show it is possi-
ble to change a classroom environment with such 
learning. 
Throughout the years, young professors had to 
learn to incorporate these changes to improve 
learning, but this method is not accepted by all 
teachers. Many professors limit themselves to 
make theoretical presentations in the classroom 
and evaluate the learning level, regardless of 
whether students are learning or not. If the stu-
dents need support in class content, they resort to 
help from friends or search on the internet.
It must be emphasized that the ability to make 
connections that facilitate learning depends on 
the teacher´s skill. The types of practice and de-
sign exercises, will depend on the students’ level 
in the career of architecture. The teacher must 
make constant monitoring and periodical evalua-
tions to adjust contents in work group and share 
learning materials.
The teacher must be a communicator and gener-
ate work activities where students may have the 
opportunity to discuss and share information. 
Students should build cognitive skills while allow-
ing the teacher instructions for the development 
of the project. 
The author hopes that this document may serve 
for further research and contribute to improve the 
learning of creative architecture with the support 
of technology and connectivism.
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Abstract: This paper speaks about ambience in architecture in the flow and re-
sults of experimental design studio Achten/Nováková in Summer semester 2016 
that cooperated with PET-MAT, a research team focusing on recycled plastic in 
architecture. This time, also questions of management of a big student group 
arose. Fifteen teams (50 participants) of the studio designed, presented and deliv-
ered ambient installations to the public event called Student Night. It was a small 
temporary architecture: bars, stage decoration, corridor decorations and furni-
ture like tables or chairs all made of plastic. Particularly, results of research on 
recycled PET in architecture were implemented here in form of a new plastic brick 
called PET(b)rick. The Installations were directly tested by visitors of that event 
and have proven the concept of PET(b)rick. 
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1. INTRODUCTION
In our experimental design studio we try to com-
bine design from unusual materials with their 
pratical implementation, so that the student’s 
experience is complete. The 4ECTS elective ex-
perimental studio has been running at FA CTU 
in Prague for seven years now, usually using the 
strategy of learning by doing. In this paper we are 
presenting not only architecture made of waste 
PET bottles but also an attempt of incorporating 
non-standard behaviour to the designed objects: 
the ambience – custom interactivity. Students 
built fully functioning full-scale prototypes of 
their designs. Within the client-oriented studio 
manner,  these prototypes were directly used dur-
ing a public event.

1.1 Ambience
Ambience in architecture is not common phenom-
enon yet, although it was introduced by Phillips as 
an Ambient vision in the end of the last millenium. 
(1) Phillips also founded so called home lab, where 
people were observed doing their daily life duties. 
Based on these studies, the scientists from Phil-
lips research group came up with ideas of bringing 
peoples homes adaptive to their needs. Now we 
already have experience with clever light bulbs, 
which can automatically react on the intensity of 
daylight. (2) But we can also perceive self-opening 
doors or self stopping running stairs as ambient, 
reacting on a presence of people. Although am-
bience can be understood as personified adapt-
ability of surroundings, we decided to understand 
it as an adaptability of installations on people 
generally. We tried to introduce ambience to our 
students in order to adapt on implementation of 

http://dx.doi.org/10.3311/CAADence.1677
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digital technologies in architecture together with 
new recycled materials. We aimed at encouraging 
their flexibility to work with generally unknown 
material such as PET(b)rick (3,4) using (for them) 
an unknown technology. We present the result of 
this experiment as a case study.

1.2 PET(b)rick
As a result of our supported research at FA CTU 
Prague PET(b)rick was developed and prototype 
was generated in 2015. PET(b)rick is a building 
unit in form of a bottle with cap, which allows fill-
ing the unit with diverse media, initially it works 
when empty and only full of air. Chairs made of 
PET(b)ricks were exhibited at the EXPO in Milan 
(Figure 1), where they were fulfilling the function 
of mobile shining seats. Millions of visitors re-
laxed on the seats in the time-span of 5 months. 
The seats were installed in the second floor of the 
pavilion without service or supervision. One of 
the tasks of the studio was also the experimen-
tal use of the PET(b)rick in different application. 
We aimed at encouraging the students to develop 
another form of application of bottle-bricks. We 
wanted the bricks to be tested in real situation in 
form of a bar or DJ desk.  

2. THE TASK
In the elective experimental studio of summer se-
mester 2015/2016 we had 42 registered students. 
Additionally we cooperated with 8 students of New 
Media institute from Charles University. The stu-
dents were asked to design an ambient installa-
tion for an event of Students Night 2016 at Faculty 
of Engineering at CTU Prague (Figure1).

There were 42 “technical” students of Faculty of 
Architecture and 8 students from the Charles Uni-
versity. We created fifteen teams and hired three 
assistants in order to manage such an amount of 
students. The task was split into five topics: bars, 
corridors, stage, dJ’s and Tables (chairs). There 
were also individuals coming with their original 
ideas. In this article we will focus on the instal-
lations, which fulfilled the ambition of reactivity. 
The flow of the studio fulfilled the scheme of ex-
perimental design studio (5) apart of that they had 
very limited time and everything had to be ready 
within one month. After two weeks, the students 
presented their designs to the organizers of the 
event, in the rest of the time all approved proto-
types were constructed in the laboratory of FA 
CTU. Altogether with that, students from Faculty 
of Electrotechnics were asked to help with practi-
cal implementation of the interactivity.
The topic of the Studio was the use of waste PET 
bottles and plastic in architecture. Students were 
encouraged to implement the new developed 
PET(b)rick in a real scene as a building unit for the 
bars, stage decoration and DJ desk. 

Figure 1: 
PET(b)ricks in Milan 

Figure 2: 
The outline of PET(b)rick 
was used as a mascot of 
the event 
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3. DESIGN
In the beginning the biggest surprise was that the 
students have no idea how to implement ambi-
ence of at least any kind of interactivity into their 
designs, mostly because they did not know what 
ambience is. Together we looked up many exam-
ples on the Internet and all students stuck with 
the light interaction. Also the difference between 
ambience and interactivity was discussed a lot 
and some students rather liked their object to be 
interactive. The Ideas collected we put in the table 
of ideas collected from the students dealing with 
bars, stage, DJ’s and corridors. (Table 1)

Almost all ideas were implemented or at least 
tested. The tests were made during the construc-
tion of the objects. Several systems of binding the 
bricks together were tried and students also ex-
perimented with diverse plates for load distribu-
tion. The biggest surprise for the students was the 
very small size of all sensors and the extremely 
fine tuning of them. The initial design of the ob-
jects for the first presentation (Figure 3) was 
rather sketchy and students worked with the form 
of cube when they decided to use PET(b)ricks, 
because this form of binding the bricks together 
was proven at the EXPO in Milan before. Two de-

Student 
group Idea of ambience or interactivity method

Pharaohs 
bar

the bar announces the frequency of people 
trespassing by a red flash throughout the 

bar and further around the space.

Sensor controlled trespassing gate, 
directed by arduino.

Glow bar
The bar detects a person standing in front 
of it and shines different color for men and 

different color for women.

Footprint sensor, detecting men or women 
by the type of shoes directed by Enttec 

driver.

Tetris bar

The reactive part of the bar detects a beer 
glass placed on the desk and changes color 

every time somebody places or removes 
the glass. The bar measures the overall 
alcohol consumed throughout the party.

Pressure sensor below the upper desk of 
the bar, directed by enttec driver.

DJ desk Equalizer reacting on music.
Programmed color switch reacting on 
loudness of the music. Addressed LED 

lights directed by arduino.

Stage Tetris-like installation reacting on music.
Programmed color switch reacting on bas 

line in the music. Addressed LED lights 
directed by arduino.

VIP corridor
Light running along the wall increasing the 
density towards the darkest moment in the 

corridor. 

16 LED stripes inside of the hanging bottle 
chain directed by arduino.

Medusaa 
corridor

Medusas reacting on the visitors by 
switching on/off the light and showing 

them the way in the darkness.

12 LED stripes connected to battery and 
touch sensor.

Loudspeaker 
design

The supports should be reacting on music 
by changing the color of the lights

16 led bulbs were programmed to react 
on the beats in the music. It was directed 

by arduino together with the stage 
installation.

Table 1: 
Table of Ideas
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Figure 3: 
Fifteen designs by the 
teams. 
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signs went into construction experiments:  DJ’s 
group tried a new shape by binding vertical pan-
els, which did not have to carry any load apart of 
the lights. On the other hand, the student with the 
design of supports for loudspeakers constructed 
two very large hollow pieces with the lights inside. 
Unfortunately they could not be tested for safety 
reasons.

THE PROCESS OF CONSTRUCTION: 
LEARNING By DOING
All of the installations were accepted by the client 
and students had another fourteen days to con-
struct their pieces. Although it was just temporary 
installation, the panels had to be pre-constructed 
and tested at a different place (The Lab at the Fac-
ulty of Architecture). (Figure 4) This meant that 
the pieces had to be assemblable from smaller 
transportable panels and also very quickly re/
disassemblable. Nylon strings and plexi-glass 
plates were used in order to fix bind these bricks 
together. White LED stripes together with drivers 
or Arduinos were implemented into VIP corridor, 

Chandeliers and tables, where they were self-
active by changing the intensity of light. Program-
mable Enttec lights (5) were mounted inside of the 
blocks or attached to the ready panels from the 
backside.
The programmable LED light units had to be in-
corporated inside of the panels or cubes with the 
possibility to be connected at the place of destina-
tion in the proper connection scheme, which was 
given to the programmer by students (Figure 5).

RESULTING OBJECTS AND INSTALLATION
Students had 10 hours for installation of their ob-
jects at the site. They had to do this by themselves 
completely, together with that they had to adapt on 
changes of dimensions of spaces, passableness 
and user flow, position of electrical plugs etc. The 
actual act of building their installations was the 
First level of proof of the design. All of the objects 
were successfully constructed and all of them 
survived the transportation and were installed at 
the place of destination. 14 out of 15 objects were 
functioning in terms of performing light effects 

Figure 4: 
preparation of the panels. 

Figure 5: 
schemes of light connec-

tion by students.
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during the party (Figure 6). We learned that ob-
jects were adaptable to changed space conditions 
and students were able to react on that during the 
installation.
Second proof was the user-test during the 8 hours 
long event. The visitors actually enjoyed the inter-
activity of the installations, although several com-
ments appeared.

CONCLUSION
We found that students needed to visit the con-
crete site of the event and have first experience 
with PET(b)ricks and plastic bottles before they 
could start to generate first designs. Students 
were not able to adapt on the unknown conditions 
immediately, but after they faced the reality and 
experimented with the real material once, they 

could start producing their designs. They needed 
help with implying ambience into their objects. 
The assistance by a student from Faculty of Elec-
trical Engineering was a great help and discus-
sions with the students of non-technical univer-
sity pushed them forward to proceed, not only in 
design – as this design was interconnected with 
the real behavior of users. The overcome of the 
gap between the design and the reality was quick, 
as the experiments with the real building units 
took place hand in hand with the designing and 
students could try out their ideas immediately.
We delivered 15 shining installations for the Stu-
dent Night event 2016. Two of them were ambient 
and one interactive, four installations reacted on 
music and three used light dynamics. Students 
learned that their design must be adaptive to 
changing conditions, flexible, demountable into 
pieces and reassemblable. They learned how to 

Figure 6: 
Installation of experimen-
tal studio at the Student 
Night 2016.

Student 
group Comments, problems Lessons learned

Pharaohs 
bar

Bartenders: flashing light is annoying 
Visitors: We do not understand why it is 

flashing

Installations should be tested for the same 
time as they are used. Time factor was not 

taken into account.

Tetris bar

The construction is too thick, bartenders 
could not reach the customers. The tuning 
of the sensor is not easy. It had to be hit by 

the customer by hand.

There should be more time for 
playing around with the sensors, their 

implementation is not easy.

DJ desk
Changing the scheme of connected lights 

on the site breaks the system of pre-
programmed equalizer.

The installation should be built on the site 
first and than programmed according to 

the final state.

Table 2: 
Table of Comments
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cooperate with other professions and they could 
listen to the comments of users of their designs 
directly. By constructing their own design they 
learned practical issues in terms of incorporating 
ambience or interactivity into the designs.
Because of the very applied and experimen-
tal process we can conclude that the method of 
learning by doing can be successfully used in the 
Experimental design studio.
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Abstract: New technological environment is present in civil engineering and used 
in academic education. It is also used in geometric research. This paper presents 
some examples of different technology, used in surface modelling, surface analysis 
and iterative form finding. By using a 3D laser scanner, a point cloud of a build-
ing can be created. Point clouds allow not only 3D visualization, but also further 
processing. By using CAD software, a surface can be created from certain parts of 
point cloud. In this paper, an example of this will be presented.
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INTRODUCTION
When engineers of today design buildings, they 
use recent technological improvement: 3D scan-
ning instead of measuring and drawing, a variety 
of modelling methods, 3D models and BIM. They 
also use prototyping and reverse engineering. 
New technologies are also included in today’s 
education.
The shape of a structure is the basis of every con-
struction project, especially in the field of light 
structures. Geometry of a surface is of fundamen-
tal importance for the behaviour of the structure 
under load. In the design of structures such as 
membranes, domes, cable grids, barrel vaults, 
foldable structures, etc, important areas are also 
modelling and form-finding process. BIM (build-
ing information modelling) requires that all the 
details of the project are in digital form.

SURFACE MODELLING
Modelling depends on surface properties
Virtual 3D space in CAD can be used as a Euclide-
an model of the projective space. Surface have to 

be modelled according to its definition and prop-
erties.
Translation surfaces are useful in designing: Part 
of the surface can be the shape of a dome, over 
an object. Translation quadrics are cylinders, hy-
perbolic paraboloid and elliptic paraboloid. Bohe-
mian dome is a quartic translation surface while 
helicoid can be generated by a helix, translating 
along a congruent helix [2].
The easiest way to create a model of a transla-
tion surface is to translate one (generating) curve 
along the other (directrix) curve in such a way that 
a point on the first curve traces the second curve. 
Translation surface can be defined as a Minkowsky 
sum of two curves. The locus of all possible chord 
midpoints between two given curves is one trans-
lation surface (also called midsurface). Converse-
ly, (from the author’s experience [4]): for a given 
translation surface there are many pairs of such 
curves. For each surface on figure 3 such a pair of 
curves is found using Rhino. Physical interpreta-
tion: If endpoints of an elastic thread slide each 
along its given curve (random mode), its midpoint 
lies on a translation surface.

http://dx.doi.org/10.3311/CAADence.1671
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Figure 1: 
Ruled quartic surfaces, 
modelled using Rhino 
(own work).

Figure 2: 
Translation surfaces 
modelled using Rhino 
(own work).

Figure 3: 
Translation surface (left: 
hyperbolic paraboloid and 
right: quartic surface) as 
midsurface of two given 
curves.
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SURFACE ANALySIS
Shells are curved thin structures, which can take 
load as the membrane. The thickness h of the 
shell is small compared to the radius R1 > R2 of 
the principal normal curvature of the surface and 
compared to the dimensions of the object.
Shell roofs behaviour depends on the shape of the 
shell: Shells have compression stresses follow-
ing the convex curvature while the tension stress-
es follows the concave curvature. Using CAD 
software we can observe the normal curvature in 
any direction, for the considered point of the sur-
face. Curvature analysis offered by Rhino includes 
Gaussian (K) and mean curvature (H). Curvature 
graph displays surface normal and normal curva-
ture along u and v lines of the surface.
Using CAD, it is easy to construct the tangent 
plane in all points on the free edge of the shell. 
That is important because supports of the shell 
are taking only forces in the direction, tangent to 
the shell.
In terms of the Gaussian curvature [3], shells are 
classified into three groups: 
1. Elliptic surfaces, with positive curvature K>0 
form synclastic shells (ellipsoid, elliptic parabo-
loid and two sheets hyperboloid, elliptic surfaces 
of higher order).

2. Parabolic (K=0) shells with a single curvature, 
are developable everywhere (cones, cylinders and 
surface traced out by the tangents of any twisted 
curve).

3. Hyperbolic surfaces, with negative Gaus-
sian (integral) curvature Kn0, form anticlastic 
(saddle-shaped) shells. Such surface crosses its 
tangent plane (non-degenerated ruled quadrics). 
Surfaces of higher order may combine elliptic and 
hyperbolic regions, which are separated by a lo-
cus of parabolic points.
Surfaces with constant mean curvature are use-
ful for modelling some physical processes, in-
cluding the formation of soap bubbles. Mean cur-
vature vanishes H=0 on minimal surfaces, such 
as Scherk surface. Some other surfaces can have 
regions of mean curvature approximately equal to 
zero (marked blue on Fig. 8).

Figure 4: 
Mean curvature and 

curvature graph on pa-
raboloid (Rhino). Surface 

normal and tangent plane.

Figure 5: 
modern shapes - synclas-

tic surfaces.

Figure 6: 
developable eaves,  traced 

out by the tangent of the 
helix.          

Figure 7:  
K<0 hyperbolic paraboloid 

- combination
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Figure 8: 
Mean curvature of sur-
faces: Bohemian dome, 
hyperbolic paraboloid and 
Scherk surface 
(own work).

Figure 9: 
Catenaries, modelled 
using Grasshopper (own 
work).
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Rhino plug-in for parametric modelling is Grass-
hopper. Equal resistance catenary , that was nec-
essary for the exact model of Scherk surface, was 
modelled in Grasshopper, from the equation.

ITERATIVE FORM FINDING
Different methods are in use within form finding 
processes. Physical models for tensile structure 
can be rubber sheet or soap membrane. Using in-
verse method, the shape that took tensile struc-
ture under the load should be turned upward. Nu-
merical form finding methods are iterative.
Minimal surface can be modelled for given bound-
ary condition, by iterative method, using Rhino-
Membrane, a plug-in for Rhinoceros. On Fig. 11 
boundary curve consists of four semicircles. In 
the first case (red) they were four curves, in the 
second (blue) concave and convex arcs were con-
nected forming in total two curves and in the 
last (cyan) case all arcs were connected forming 
one boundary curve. The result depends on the 
number of curves. 

POINT CLOUD
Using 3D laser scanner “FARO Focus” the thea-
tre building “Teatro Fenice” in Rijeka is scanned. 
Each 3D image consists of several million points. 
The integrated camera takes photo realistic col-
our scans. Point cloud scanned data are proc-
essed by “SCENE”, a point cloud software that 
allows not only 3D visualisation but also meshing 
and exporting in various data formats for further 
processing.

SURFACE FROM POINT CLOUD 
The point cloud can also be imported into a CAD 
software and used as a basis for modelling. The 
result can be presented on the web as a digital 
3D model of the object. In this example software 
Rhinoceros was used for processing a point cloud. 

Figure 10: 
Geodesic curves on quar-

tic surface and on Sherk 
surface. Comparison of 
the two surfaces. Rhino 

(own work) 

Figure 11: 
Different results for dif-
ferent boundary curves 

(own work).
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There are several reverse engineering plug-ins 
for Rhino. One of them is RhinoResurf .
University of Rijeka has recently purchased a multi-
material 3D printing system Connex500. It allows 
simulation of the final product by combining multi-
ple materials with varied properties and tones.
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Figure 12: 
Photo and laser scans 
(point clouds) of Teatro 
Fenice.

Figure 13: 
Point cloud - detail of 
cellar.
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Figure 14: 
Point cloud - detail of 

ceiling.

Figure 15: 
Surface that was gener-

ated from point cloud 
using Patch command 
in Rhino and software 

CloudCompare  
(own work)
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Abstract: The use of laser scanning technology for surveying historical buildings 
or ruins is gaining widespread popularity. While the “manual” surveying meth-
ods are time-consuming and provide just rough guess about the shape of the inves-
tigated complex building, the scanning process is very quick and the point cloud 
contains the “exact” geometry with the desired accuracy. This paper introduces 
a method, where by using the “exact” geometry of a ruined Hungarian castle, the 
stability of the remained walls is checked. With the aid of the point cloud an au-
tomated calculation process was developed, that defines the maximum wind load 
and earthquake ground acceleration as the limit load of the structures. The effect 
of geometrical precision was also investigated by varying the density of the point 
cloud.

Keywords: laser scanning, masonry, limit load
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INTRODUCTION
The preservation of the architectural heritage 
is a crucial issue of our days. Various numeri-
cal methods, reinforcing techniques and new 
materials have been developed for the proper 
reconstruction of the antique or medieval build-
ings and structures. The amount of the required 
reinforcement can be defined just by the good un-
derstanding of the structure, which may start with 
the proper survey of the building. A really edifying 
research that investigated Michelangelo’s David 
statue [1] found that the former reinforcement of 
the masterpiece caused big part of the cracks at 
the ankle of the body. This reveals that without the 
deep understanding of the behavior the best pre-

serving aim can be even harmful.
Laser scanning technology and data processing 
are in the focus of civil engineering researches 
as well. The advantages of the technology are the 
non-destructive nature of it, the very quick collec-
tion of data and the potential for use in a wide va-
riety of fields. New methods are being presented, 
where automated segmentation of the point cloud 
results in a geometric basis for structural analy-
sis [2], detects the cracks of the structure [3] or 
derives CAD models suitable for structural com-
putations [4]. All these researches show a good 
way for the geometric pre-processing of the point 
cloud that can really be hard to manipulate manu-
ally. The result of the pre-process is a down-sam-

http://dx.doi.org/10.3311/CAADence.1639
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pled data that is more suitable for the structural 
analysis.
The potential density of the point cloud of terres-
trial laser scanners is growing, although the pre-
cision of the surveys does not always require that. 
It can be an important decision for choosing the 
adequate precision which still results in a man-
ageable data size.

PROBLEM STATEMENT
When planning how to preserve the castle of 
Mátraderecske, called also Kanázsvár the ques-
tion arises, whether the over 15 m high remains 
are safe enough to start excavation works at the 
shadow of the medieval structure, Fig 1. Remain-
ings of the olden guard-tower stand on a bare hill-
top. The effect of the wind and the rain constantly 
devastates the structure and the complex geom-
etry makes it difficult to determine the safety of 
the masonry. Without knowing the stability of the 
walls it is hard to plan the costs of the preservation 
works and the potential utilization of the place.
Our aim was to develop a method that proves the 
stability of the structure against the probable hor-
izontal loads by using the point cloud made by the 
archaeologists.

BRIEF HISTORy OF KANáZSVáR
1,2 km away from Mátraderecske a hill is situated 
that is coped with a fortress. The castle Kanázs-
vár was built sometime in the 13th century or may-
be even earlier [5]. It was a little fortress in the 
northern part of present Hungary, with a guard 
tower, whose more than 15 m high ruin remained, 
Fig 2. The castle was destroyed during the 16th 
century, and since then the remains have been un-
covered, while the wrecking still being going on. 
No excavations have been made even during the 
recent decades, resulting in a bundle of guesses 
about the history of the olden castle.

METHODOLOGy
Our investigations have been based on the follow-
ing assumptions:
- the structure is homogeneous, so no hidden 

hollows, no cracks are taken into account
- the masonry does not have tensile strength, the 

material is elasto-plastic
- based on the non-destructive on-site experi-

ments, the stone is andesite, with a density of 
approx. 22 kN/m3. The compressive strength of 
the stone is at least 60N/mm2 (strength of the 
andesite ranges from 60 to 270 N/mm2) and 

Figure 1: 
The present state of the 
tower 
(photos: Róbert Fülöpp)

Figure 2: 
A former survey of 
Kanázsvár 
from Nováki [6]
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when calculating with a weak mortar, the esti-
mated compressive strength of the masonry is 
~14,0 N/mm2

- the orientation of the coordinate system: the 
horizontal plain is the x-y plane, the vertical 
axis is the z

The survey has been made by MindiGIS Ltd., and 
we have received a “clear” point cloud that did not 
contain the vegetation and just showing the main 
part of the hilltop with the ruins of the tower. While 
no excavations were done, the level of the founda-
tion is unknown, so we have decided to investigate 
the stability at the base, where the whole cross-
section of the structure is just above the ground. 
To define the effect of the point cloud accuracy on 
the results, we were given data with 3 cm, 10 cm, 
25 cm and 50 cm grid. The coordinates from the 
.dxf file was exported to MatLab [7] (Fig 3).
The first question is the stability of the structure 
for its dead load. To calculate the projection of 
the centroid of the structure at the base, we cut 
the structure by m horizontal plains. The cutting 
planes are at a distance of Δh from each other, 
which is equal to the average density of the point 
cloud. The points that are at distances of -Δh/2 
and Δh/2 from the reference plane are projected 
into that plane. Based on the coordinates of these 

points, the contour polygon of the section is de-
fined at the given level using the built-in bound-
ary command in MatLab [7]. The polygon defines 
the section, and its area and the coordinates of its 
centroid can be calculated in each section [8].

where Aj is the area of the jth section defined by 
the polygon coordinates x and y. The length of 
vectors x and y is n, where xn=x1 and yn=y1. The cx

j 
and cy

j are the coordinates of the centroid of the 
jth section. Knowing the centroid of the section at 
the foundation, the origin of the global coordinate 
system is moved there.
The integral of the areas of these sections along 
the height gives the volume of the structure. 
Based on that we can define its weight by assum-
ing the density of the masonry as stated above.
Figure 4 shows the areas of the sections and the 
volume of the structure. The difference of the re-
sults for different density of the point clouds was 

Figure 3: 
The point clouds 

with different 
data density
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almost negligible (there is only 1% difference 
between the smallest and largest volumes): the 
volume of the structure for different data density 
(Fig  3) is 204,2 - 207,5 - 211,1 - 206,3 m3. The re-
sult of the second dataset (density: 10 cm) approx-
imates most closely the average, so we choose 
207,5 m3, which means Gk = 4565 kN weight.
The eccentricity of the dead load of each Δh high 
section can be calculated as follows:

where Nj and Mj are the normal force and the 
bending moment caused by the jth section respec-
tively. The calculated eccentricity at the founda-
tion is e_0=0.4 m. 
The next question is whether the point of action 
of the weight corresponding to this eccentricity 
is within the core of the section generating just 
compressive stresses at the foundation and not 
causing cracks. To find the core of section at the 
foundation section, we need to calculate the prin-
cipal axes and the principal moment of inertias. 
The moment of inertias (also known as second 
moment of area) of a polygonal shape, about the 
global x and y axes can be calculated by the fol-
lowing equations [8]:

Figure 4: 
The area of the structure, 
and the coordinates of the 
centroid for 10 cm data 
density
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Where Ix and Iy are moment of inertias of the po-
lygonal shape about the x and y axes, and Ixy is the 
product of inertia. To find the principal moment of 
inertias I1 and I2, we need to solve the characteris-
tic equation of the I matrix of tensor of inertia. The 
eigenvectors of the matrix define the position of 
the principal axes.

Core of section of a cross section is a locus where 
applied compression force causes just compres-
sive stress over the whole section. In this case the 
neutral axis does not intersect the cross-section. 
We can find the corner points of this convex poly-
gon by solving the following equation for every 
side of the convex contour of the cross section.

where kx
i and ky

i are the coordinates of the ith point 
of the core of section corresponding to the ith edge 
of the convex contour of cross section. The P 
points are arbitrary points on the edge.

RESULTS
Figure 5 shows the core of section at the founda-
tion and the eccentricity of the self-weight. It is 
clearly seen that the resultant force is within the 
core of section, so the whole area is under com-
pression. This means, that there are no stability 
problems with the structure for the self-weight.
The next question is the effect of horizontal loads: 
what is the maximum wind load the structure can 
take? We wish to find the load, where the eccen-
tricity is about to reach the contour of the core of 
section. For this, an optimization process was de-
veloped in MatLab with two parameters: the mag-
nitude of the uniform wind load, and the angle of 
the wind (i.e. wind direction). The loaded area is 
assumed to be the contour of the structure that 
faces the wind. For arbitrary angles the area and 
the centroid of the vertical plane were calculated 
and the related destabilizing moment at the foun-
dation was determined as well.

The results can be seen in Figure 6. The load 
that causes tension stresses at the foundation 
is 1.5 kN/m2. The wind load need to be consid-
ered [9] is wk=1.155 kN/m2 based on the qc,p=1.05 
and the shape factor, that is cpe=1.1 for polygonal 
buildings with this slenderness [10]. This shows 
that as the result of the design value of the wind 
load (wEd=1.73 kN/m2), there are tension stresses 
on the section, so just a certain part of the cross 
section is under compression. Assuming plastic 
stress state, at least a 0.35 m2 compressed zone 
is required to balance the dead load of the struc-
ture. This is less than 2.5% of the base area, and 
would result some 1.6 m eccentricity at the most 
dangerous point.





    

          

   
    

  

  
  




           


   
          

   
          

   
           

 



           (11)




             


  
 




 




   

                 














             






            



(12)

Figure 5: 
The geometry at the 

foundation with the core 
of section

Figure 6:  
The loaded view of the 

structure and 
the effect of 

maximal wind load
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The effect of the earthquake can be investigated 
by assuming the followings, using the response 
spectrum method [11]:
- the first mode shape of the building is considered
- the structure is rigid, so TA<Tn<TC
- behavior factor of the masonry is taken to be 

q=2.5
- the structure is in the northern part of Hun-

gary, where the base acceleration on rock is 
ag,R=0.1 g

- the castle was built on rock, so the soil class is 
A, so S=1.0

Based on this data, the resulting base shear force 
is Fb=456,5 kN, which causes Mdestab=3350 kNm 
moment at the base, and 0.74 m eccentricity. This 
results 1.14 m total eccentricity, which is still less 
than the above stated limit eccentricity 1.6 m.

CONCLUSION
In this paper we have investigated the stability of 
the remaining part of an old castle tower. While 
the structure needs to be renovated, a survey 
of the masonry has been performed using laser 
scanning technology. The original point cloud was 
made at a 1 to 2 mm accuracy resulting over 200 
million points which was unmanageable for our 
studies. We found that the point cloud with an ac-
curacy of 10 cm still gives accurate results, and 
the amount of the data permits fast calculations. 
It was an interesting experience, that the point 
cloud with accuracy values of 25 cm and 50 cm 
gave also acceptable results (less than 2% differ-
ence in the volume of the structure).
The structure was found to be safe against the dead 
load and the probable horizontal loads. We could 
define the limit eccentricity, for which the whole 
section is under compression. We defined the ul-
timate eccentricity for which the structure is safe. 
The developed method is automated, and it can be 
easily adopted to other point clouds of structures.
In our investigations it was not considered that the 
structure can fall down due to inner cracks or hol-
lows. Therefore, the preservation of the surface 
against the wind, rain and snow and the pointing 
of the masonry are necessary to ensure that the 
structure remains safe for the following decades 
and centuries.
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Abstract: The analysis and the knowledge of the historical building masonries 
are key elements in preserving and enhancing their heritage value in a conscious 
way. The paper aims at simulating the hygrothermal behaviour of several tradi-
tional masonry structures, using a dynamic simulation program (Delphin 5.8.3) 
for coupling heat, moisture, and matter transport in porous building materials. 
Traditional walls have different geometries, characteristics, construction tech-
niques, and materials. The most important difficulties in the simulation concern: 
(i) graphic simplification of complex structures, (ii) definition of the boundary 
conditions; (iii) layout discretization; and (iv) selection of the materials from the 
existing databases. In addition, the influence of wall orientation, climate data, 
and boundary conditions is relevant for the results. The focus of this paper is the 
comparison between the hygrothermal simulations and the in situ heat flow meter 
measurements of some traditional Italian solid walls. In this way, we can under-
stand the influence of different assumptions, parameters, and simplifications on 
the virtual models. 

Keywords: graphic simplification, hygrothermal simulation, historical masonry.
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INTRODUCTION
Each historical period produced a specific archi-
tecture that represents a unique experience for 
the human history, showing a symbol of different 
cultural evolutions. It follows well-defined and dif-
ferentiated characteristics, according to the terri-
tory, the local resources, the cultural values, the 
economic opportunities, and the skills of workers. 
Each building is “un unicum” that should be known 
and analysed, in order to preserve and to update 
properly its cultural features and appearances. 
Although common elements have been found in 
structures from the same geographical areas or 
historical periods, normally there are many differ-
ences related to construction techniques, selec-

tion, and processing of materials. For this reason, 
the widespread knowledge of history, dimensions, 
structures, shapes, building techniques, materi-
als, environmental behaviours, energy concepts, 
and conservation state, management procedures 
is a necessary starting point to work properly on 
cultural heritage. The deep knowledge of distinc-
tive characteristics and complexities of a historic 
building needs a systematic approach from gen-
eral to particular. The work on historical buildings 
requires an accurate identification of thermal 
properties, damage problems, moisture contents, 
local and seasonal environmental conditions, 
and so on. This information can be challenging, 
particularly for historical masonries, due to the 

http://dx.doi.org/10.3311/CAADence.1640


| CAADence in Architecture <Back to command> |  Section C1 - Collaborative design + Simulation156 

presence of several materials, layers, and thick-
ness variability across the wall. In this context, 
the hygrothermal simulation of historical walls 
can be a valid tool for supporting a conscious de-
sign. Nowadays, several hygrothermal simulation 
software are available, such as Wufi (Fraunhofer 
Institute for Building Physics) and Delphin (Dres-
den University of Technology). Nevertheless, the 
estimation of the thermal performances of the 
historical envelope encounters the difficulties of 
non-availability of appropriate criteria, parame-
ters and tools for hygrothermal and energy simu-
lations. For this reason, the assessment of these 
instruments and their comparison with the exper-
imental measurements, particularly for histori-
cal building could help architects and engineers 
in understanding their thermal performance and 
solving specific problems.

AIMS AND METHODOLOGy 
The paper aims at understanding the influence 
of different geometrical simplifications, discre-
tization, and material selections on the thermal 
performances of traditions stone walls. Further-
more, for verifying the reliability of the simulated 
results, the hygrothermal simulations have been 
compared with the in situ heat flow meter meas-
urements. The assessment of the hygrothermal 
behaviour of historical walls is somehow still un-
resolved because of the attempt to use the same 
evaluation methods and criteria used for modern 
constructions and the limited knowledge of his-
torical construction techniques that are far differ-
ent from the modern ones. The methods normally 
used for assessing the hygrothermal perform-

ance of the building components are: (i) tabulated 
thermal values from standards, literature or soft-
ware libraries; (ii) performance calculation using 
standard proprieties of the materials; and (iii) in 
situ heat flow meter (HFM) measurement. The 
first one is considered not adequate for historic 
masonries, due to the complexity and the variety 
of traditional materials and structures compared 
to standard simplifications [1 & 5]. Therefore, 
the paper aims at comparing the hygrothermal 
behaviours obtained by the simulation and the 
HFM measurements, using the same climate and 
boundary conditions. The work is structured in 
the following phases: 
- Selection and analysis of a traditional Italian 

masonries widely used in historical buildings; 
- In situ HFM measurement of the thermal con-

ductivity of the wall; 
- 2-D (dimensionally) hygrothermal simulation 

of the wall obtained using the software Delphin 
5.8.3 with different geometrical simplifications, 
discretization, and material properties; 

- Comparison between measured and simulated 
results

Case-study  
The case study is the Public Weigh House, a build-
ing of Romanesque origins located in the city 
center of Bolzano (Italy). Here, we select a tradi-
tional stonework from the Renaissance period. It 
presents a complex pattern composed by irregu-
lar ashlar and a nucleus formed by raw and mixed 
materials, such as igneous rocks, mortar, bricks, 
and woods. It is covered in most parts on both 
sides with historic lime plaster, partially with wall 

Figure 1: 
The historical research 
and the diagnostic  
analyses conducted in the 
case study



 Section C1 - Collaborative design + Simulation | CAADence in Architecture <Back to command> |157 

paintings and frescoes. The wall section has a 
thickness of about 62 cm. The historical research, 
the petrographic studies, and the diagnostic cam-
paigns (made by different techniques as IR-ther-
mography and coring) allow to do accurate hy-
pothesizes about the structural morphology. We 
considered: (i) age of the masonry; (ii) technical 
construction; (iii) type of stone; and (iv) physical 
characteristics and hygrothermal proprieties of 
the materials used. In this way, we collect enough 
data to suppose the shape and the dimensions of 
the stone elements and to theorize the manufac-
ture of the nucleus. 

HFM Measurement
The HFM measurement is a None Destructive 
Testing (NDT) that permits to determine the ther-
mal transmission properties of the opaque en-
velope directly in situ. The apparatus (Ahlborn 
Almemo 2590-3S) is composed by a data-logger 
equipped with two temperature sensors (trans-
ducers) and one heat flux plate for measuring and 
registering the internal and external temperature 
and the heat flows through the walls. In addition, 
an adjunctive ambient temperature sensor has 
been used to verify the stability of the air tem-
perature. The measurement has been carried out 
according to the International standard [4] on the 
north-facing walls and on a representative part of 
the whole element, to avoid the influence of the 
environment (e.g. sun, wind, rain, snow, localized 
eat sources), and the singularities (e.g. thermal 
bridges, different thicknesses, internal humidity, 
or damage). In addition, inner and outer surfaces 
have been protected from the variability of the 
boundary conditions (e.g. systems, people, direct 
solar radiation, and so on). To check the uniform-
ity of the measurement area, the location of the 
HFM apparatus has been investigated by the IR-
thermography [2]. The sensors have been located 
about half-way between window and corner, and 
floor and ceiling. The monitoring period has been 
chosen to provide a stable thermal resistance (R-
value) that takes into account the inertia of the 
walls [1]. The standard procedure [4] requires a 
sampling duration of an integer multiple of 24 h 
and at least 72 consecutive hours, dependent on 

the characteristics of the building component and 
the temperature variation. In this case, the test 
has been conducted continuously for 4 days (96 
hours) with a climatic stability, to improve the re-
liability of the results on the high thickness wall. 
The data has been processed with the “average 
method”, a simplified approach based on the fun-
damental equations of the heat transfer. 

2-D simulations
The numerical simulation program Delphin 5.8.3 
uses the model of coupled heat, humidity, and air 
transport in capillary porous building materials. 
The simulation of complex walls, as the histori-
cal ones with inhomogeneous material and non-
standardized layouts, must be made with 2-D 
models. The program package consists of a user 
interface (data input), a solver (calculation mod-
ule), and a post-processing tool for visualizing 
the results. The program contains several data-
bases with climatic data, air, and material propri-
eties (measured directly in the laboratory). The 
graphic output is based on 2-D coloured image 
and contour plots, location and time cuts, and the 
post processing or further processing of the data. 
Physical units, axis scales, and any choice of dis-
play section are integrated. The software has very 
rigid options to define the graphical model that 
always not correspond to the real wall structure 
(e.g. regular geometries and shapes, orthoclastic, 
absence of splines, homogeneity of the material, 
and so on). Therefore, the simplification of the his-
torical layout is the most important problem for 
modelling correctly its hygrothermal behaviour. 

Discussion 
The work concerns the geometric simplification 
of a complex masonry composed by irregular 
ashlar and a nucleus formed from raw and mixed 
materials. The first step concerns the geomet-
ric simplification of the wall, using the software 
AutoCAD 2014. It permits to define different wall 
layouts and to calculate its dimensions. The soft-
ware is a necessary support for the design phase, 
to solve the geometric complexity of the Delphin 
interface layout. Four different layouts have been 
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outlined. The initial model (1A) is the most com-
plex: it presents several stone elements with dif-
ferent dimensions that reproduce the real situa-
tion of the historical walls. The stone blocks have 
a random design, without any standardization 
or orderliness. The second stratigraphy (1B) re-
produce the real thicknesses and features of the 
wall. The external sides are formed by more regu-
lar stone blocks, while different stones compose 
the central nucleus. The third model (1C) is more 
regular than the previous one. The external sides 
are realized with solid stones and the central part 
has the same composition of the previous model. 
The last model (1D) has a very simplified layout 
composed only by a central layer made of stone. 
The Delphin layouts come from these schemes. 
The following image shows the different steps for 
the simplification of the model (Figure 2). 
The second step concerns the definition of the 
same boundary conditions for the simulation and 
the in situ measurement to evaluate the accuracy 
of the results. Standard climatic data for the city 
of Bolzano (temperature, relative humidity, short 
wave radiation, rain, vapour diffusion, heat con-
duction) have been used. In addition, the heat flux 
density and the surface temperature of internal 
and external sides have been inserted to repro-

duce the measurement configuration. 
The third step considers the geometrical discre-
tization of the walls, in order to understand the 
accuracy of the model. The software discretizes 
rows and columns using either equidistant or var-
iable grids. In the first case, all the rows and the 
columns have the same thickness. Its application 
is not correct for the historical walls, because the 
original layer geometry is completely lost. There-
fore, a variable grid of vertical (all models) and 
horizontal (1A & 1B because 1C & 1D have same 
vertical structure) directions has been applied. In 
a second step we decide to use only the vertical 
discretization to reduce the simulation times (e.g. 
both vertical and horizontal = 6-2 day; only vertical 
2h-5 minutes). 
The fourth step regards the selection of the stone 
material. The following phases has been per-
formed: (i) definition of the age of the wall with 
the support of historical researches; (ii) charac-
terization of the type of stone, using literature, 
geographic maps, and coring; (iii) definition of the 
average thermal conductivity (λ-value) of the wall, 
matching historical researches, petrographic re-
sults, laboratory tests, and in situ measurements. 
Following, the characteristic of the materials are 
illustrated (Table 1).

Figure 2:  
Different steps for the 
graphic simplifications of 
the hygrothermal simula-
tion model
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RESULTS
First, it is necessary to define a time interval 
where the environmental and the wall conditions 
are fully operational. The software needs a peri-
od longer than the standard 72H to have a stable 
thermal behaviour (about 1 month). The compari-
son between the simulated surface heat fluxes 
shows very interesting results. The model 1D 
has the highest value, due to the simplicity of the 
monolithic structure composed only of granitic 
stone. The models 1B and 1C have similar results, 
thanks to the choice of the filling materials. In this 
case, the result is connected mainly to the mate-
rial proprieties, not only to the geometry that is 
very similar. The model 1A has the lowest values, 
close to the in situ measurement. This is due to 
the complex design of the nucleus, not far from 
the real situation. Follow, the results are shown 
(Figure 3). 

The surface temperature changes within the 
walls, in the horizontal and vertical sections. The 
simplest models (1C & 1D) made a 1-D simulation, 
with constant temperature along the vertical axis. 
This does not correspond to the reality, as shown 
by the IR-thermography. In the other models (1A 
& 1B) the temperature varies in the 2-D section. In 
both cases, the simulation shows the temperature 
fluctuation during the year (Figure 4).
The static calculation of the thermal conductance 
on one year shows the following results (Table 2).

Table 1: 
Proprieties of the different 

materials used in the 
geometric models

         


 












   

        


       

       


       

       

        




           



            
            










Figure 3:  
Comparison among  

simulated surface  
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Table 2:  
Comparison among the 

monitored and simulated 
thermal conductance 
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Figure 4: 
Temperature 
fluctuations inside the 
wall

The thermal conductance of the complex model 
(1A) is the most similar to the reality. The simple 
walls are more deviate from the actual case. The 
variability is in the range 5.5-35%. 

CONCLUSIONS
The analysis of pre-industrial structures is very 
complex, due the geometry, the composition, and 
the structure of the material. For this reason, the 
paper aims at understanding the influence of dif-
ferent geometrical simplifications, discretization, 
and material selections on the thermal perform-
ances of traditional stone walls. Furthermore, the 
comparison with the in situ measurements per-
mits to evaluate the flexibility, the adaptability, 
and the accuracy of the results.
In general, the features of the traditional ma-
sonries are hardly represented in the current 
software and tools, due to the differences of ma-
terials, technologies, and morphology from con-
temporary architectures. The structure tested 
by us is one of the most popular traditional wall 
used until the nearly 1900 (especially in historical 
buildings and rural areas). At the same time, this 
system is the most difficult to interpret because 
its construction is not well defined. This is the first 

hurdle to be overcame. The simulation models are 
mainly thought for homogeneous or multi-layer 
walls, without a complex structure as the historic 
ones. On the contrary, the calculation for inhomo-
geneous walls is very complex. The most impor-
tant difficulties for the simulation concern: (i) the 
graphic simplification of complex structures, and 
(ii) the material selection from existing databases. 
Likewise, the calculation databases are too much 
simplified for describing correctly the pre-indus-
trial materials. In addition, the influence of wall 
orientation, climate data, and boundary condi-
tions is relevant for the result.
The first problem is related to the geometric de-
sign of the structure and the disposition of the 
stone element. In general, more complex is the 
model, more reliable are the results. Despite the 
reflection apparently seems banal and obvious, 
behind that many considerations are hidden. As 
said in the introduction of the paper, the software 
works to fit a single material in a single region, so 
is impossible do an average between two or more 
materials. In this way, we must choose the nucle-
us composition: (i) 1D - nucleus composed only by 
stone; (ii) 1B and 1C - nucleus composed only by 
mortar, (iii) 1A - nucleus composed by mixed ele-
ments with a hypothetic geometry.  
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The excessive simplification (1D) of the model 
leads to unreliable results, while there are many 
similarities between the models 1B and 1C. Ob-
viously, the model 1D is not a correct represen-
tation of real wall, but just a simplification of the 
elements present in the real wall (mortar and 
plaster). In this case, the wall is homogenous 
throughout the height, so a small piece repre-
sents all the wall section. The simplification is ex-
cessive: the difference with the monitored data is 
36%. Reduced simplifications (AC, 1A and 1B) lead 
to more reliable results. 
A second topic regards the percentage on stone 
and mortar. Normally, in steady state conditions, 
we tend to the mortar joints: first because it is 
difficult to estimate correctly this quantity and 
second because its percentage it is very lower for 
affecting the result. This theory has been shown 
comparing the results between the models 1B 
and 1C, whose difference regards only the pres-
ence of mortar joints. In addition, the model 1C is 
completely homogenous throughout the height, 
while the 1B in inhomogeneous (as it happens in 
the real wall). The R-value of the model 1C is 3% 
more than 1B, so apparently negligible. However, 
the difference with the monitored data is 15% (1B) 
and 18% (1C), so the first is closer to the reality 
and more reliable. Thus, the focus was try to find 
a graphic simplification that could be close to re-
ality and could be replicable at the same time. 
Furthermore, the model 1A is not a correct repre-
sentation of real wall, but the graphic simplifica-
tion takes into account all the elements present in 
the real wall (mortar and plaster). In this case, the 
wall is homogenous throughout the height, so a 
small piece represents all the wall section. 
This calculation tool has good flexibility to the ap-
plication on historical walls, but its modelling is 
reliable only from adjusting the data on material 
propriety appropriately to obtain results close to 
the experimental data. The problem is real: as 
the matter of fact, the application of inadequate 
models causes risks and disadvantages for the 
buildings related to damage, corruption, and deg-
radation. In addition, retrofit actions based on an 
incorrect understanding of the energy perform-
ances can cause serious physical damage and 
possible legal claims. Certainly, this is only a first 
step and it need further works for defining bet-

ter the geometry, the influence of an insulating 
material, the hygrometric performance, and the 
influence of different climate and boundary condi-
tions. 
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1 INTRODUCTION 
The objectives of the first phase of this investigation 
are to integrate geometry, material and fabrication 
with interactive/responsive mechanisms in IoT re-
search.  The end goal is to develop a full scale re-
sponsive ceiling envelope for YunTech Digital Media 
Design Centre to provide a framework for experi-
mentation with ambient interactivity. The concep-
tion and construction of the prototypes take advan-
tage of parametric and digital fabrication strategies 
for material exploration, responsive interaction 
logic as well as developments in microelectronics.
We discuss the theoretical framework that we 
used to conceptualise the design, some proto-
types done in both labs, implications of geometry 
on HCI and space and the way in which HCI can 
be reconceptualised as an architectural problem 
where there are important correlations between 
the design of computing systems and the design 
of physical spaces and places.

1 THEORETICAL FRAMEWORK 
2.1 Ubiquitous Computing
From the point of view of human computer interac-
tion (HCI), architectural space and living settings 
in general present an opportunity for expanded 
possibilities of interactive environments. The con-
cept of a ‘disappearing computer’ predicts that 
with the advancements of digital technologies and 
their increased availability, individual devices and 
appliances would give way to ubiquitous systems 
that would be incorporated into all facets of our 
everyday lives [1]. Embedded computation has, 
since Weiser’s predictions expanded to the fields 
of art and design with problems that often cross 
disciplinary boundaries and present us with what 
some call diffuse problems [2]. These are com-
plex areas of inquiry that require interdisciplinary 
approaches. In order to develop design strategies 
for the interactive envelope, we draw on the pre-

http://dx.doi.org/10.3311/CAADence.1689
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vious taxonomies of ambient display information 
systems [3] as well as theory and research on 
architectural elements as an ambient and a story 
telling medium.

2.2 Ceilings as story-telling medium
We ground the design framework on ceilings as 
a potential platform for new ways of visualising 
information and creating ambient displays. From 
cave paintings to Egyptian temples to Medieval 
and Renaissance periods, the ceiling was used 
as a storytelling medium. Through time, people 
looked up to increase their knowledge of their en-
vironment and the world around them making it a 
natural opportunity for a responsive envelope [4]. 
Today we are more reliant on digital appliances 
and hand-held devices, relegating architecture 
to the background. Tectonically, most contempo-
rary ceilings consist of modular panels suspend-
ed from building structure concealing ducts and 
wiring with the open plan increasingly being co-
opted as an efficient means of achieving maximum 
density especially in office environments [5]. This 
creates an effect of a large homogenous surfac-
es interrupted by AC vents, sprinklers and other 
service outlets. Architectural ceiling has moved 
away from being a storytelling medium conveying 
abstract information to purely a functional fea-
ture. Chameleon ceiling attempts to reconceptu-
alise ceilings as ambient story-telling envelopes 
by incorporating ubiquitous computing, ambient 
information visualisation and component driven 
digital design and fabrication. 

2.3 Architectural Component Design
The combination of architectural parametric de-
sign with interactive and adaptive control systems 
is a relatively new area of inquiry with many ar-
chitectural schools initialising new programs that 
are dealing with material and computational re-
search [3]. This project opens up the possibility 
for connecting physical architectural elements to 
be deployed as means of testing various aspects 
of HCI through an abstract cellular sensing and 
communication. 
The Chameleon Ceiling research is centred on the 
hypothesis that a deeper understanding of spatial 
interactive systems and ubiquitous computing 
can be achieved by exploring the possibilities of 
three-dimensional cellular envelopes as instal-
lation prototypes to test out various systems of 
interaction within architectural space. Computa-
tional design is an experiment which investigates 
behaviour of increasingly complex systems both 
physical/architectural and interactive [4]. The fol-
lowing text describes the experimental studies 
through which we are exploring this hypothesis.

3 PROTOTyPES
3.1 Carrier components and digital  
fabrication
To develop digital fabrication and basic computa-
tional geometric techniques in our lab, we develop 
a post-graduate curriculum, prototyping simple 
digital fabrication methods centring on carrier 
components and free-form surfaces (Figure 1). 

Figure 1: 
Postgraduate work devel-
oping digital fabrication 
methods
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Students are asked to create a parametric proto-
type based on a variety of design scenarios while 
considering material selection and fabrication 
methodology. Through this process we keep on 
pushing available digital fabrication methods in 
order to apply them in a more robust manner to a 
greater variety of materials using a larger sample 
of geometries in design. 

3.2 Components as pixels
The design concept was developed through post-
graduate research focusing on aggregative form 
and construction of an interactive prototype (Fig 
2). Interactive installations deploying high-resolu-
tions tend to be non-ubiquitous, flat, bounded and 
rely on centralized control systems [5].  The base 
idea formed from looking at geometries and com-
positional approaches that begin from a series of 
simple rules and form complex structures that are 
incomplete or have the ability to renew and grow 
where ‘the element suggests a manner of growth, 
and that, in turn, demands further development of 
the elements, in a kind of feedback process’ [6]. 
The components acted as spatial pixels and car-
ried LEDs and were activated through one cen-
trally located microphone sensor. They can be 
switched or modified, independent of their posi-
tion or internal structure. Strategically deploying 
low-resolution spatial ambient light makes con-
text surroundings more legible [5]. 

The form was based on a simple script that added 
a truncated tetrahedron to the proceeding shape 
creating additive, crystalline-like geometries from 
repeating elements. These strategies are derived 
from structures such as Weaire-Phelan and are 
present in both the soap bubbles and polycrystal-
line solids [7]. Unlike Weaire-Phelan however, this 
approach subdivides space quasiperiodically and 
thus it is difficult to articulate in such a way as to 
enclose or be structurally complete. For the next 
step we used a different geometric approach, fo-
cusing on much simpler generation of a continu-
ous carrier surface with a repeating component 
tessellating it. We did, however retain the idea 
of components as pixels that act as independent 
cells on a tessellating grid.

3.3 Interactive ceiling
3.3.1 Geometry
Development of the chameleon ceiling prototype 
began by establishing an envelope that acts as 
a carrier surface for repeating sets of compo-
nents forming a pixel grid. The following design 
iterations began testing spatial and architectural 
strategies for positioning the pixel envelope be-
tween the main entrance and the adjacent wall 
spanning the length of the staircase connecting 
ground floor to upper mezzanine level inside the 
YunTech’s interactive design lab (Fig. 3).

Figure 2: 
Postgraduate work 

incorporating aggregative 
components and sensor 

technology
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Initial design was a simple hyperbolic paraboloid 
with triangular tessellation. Second iteration was 
used in prototyping of scaled components and 
virtual interaction scenarios and is a free-form 
NURBS surface that acted as a carrier for trian-
gular tapered extrusion cladding elements (Fig 4). 
The third iteration is physically simulated mesh 
which forms a vaulted structure. These design 
iterations were done using Grasshopper [9] and 
Kangaroo plugin [10].
The major constraints of the envelop surfaces are 
structural. In Figure 3(2), the freeform surface is 
envisioned to be supported from the ceiling by a 
tertiary system of proprietary steel ties that con-
nects the structure of the installation to the ceil-
ing.
This means that components would require a sec-

ondary structure – a skeleton which holds com-
ponent in place providing a rigid framework to 
connect to elements of the room with tertiary 
structure. Figure 3(3) attempts to minimise ter-
tiary structure by implementing a physics based 
geometry solver to put components mostly under 
compression, creating a catenary canopy system. 

The geometry of individual pixel components 
also begins to fluctuate depending on variation 
in curvature and stresses- some becoming much 
larger and stretched near anchor points with ad-
ditional surface areas. 

Another impact is surface resolution. Given the 
site area of approximately 8mx4.5mx5m, variation 
in component density and thus, component scale, 
has impacts on both the ambient display resolu-
tion which in turn affects the complexity of struc-
ture and construction. 
For the purposes of scaled prototypes and sce-
nario testing, we established a one-to-one rela-
tionship of pixel to component. Effects of distor-
tion of individual components and non-orthogonal 
mesh edge alignment as well as methods of fabri-
cation of multiple, unique structural components 
and claddings are still under investigation. 

3.3.2 Interaction
The project also entails a parallel body of re-
search into combinatory approaches to computer 
simulation of interaction (Fig 5). Using simple data 
sets and attractors, these were designed to refer 
to potential ambient data displays and traction of 
individuals through space. This framework al-
lowed us to simulate simple interactivity scenari-
os and their affects. Further experimentation was 
done using Firefly plugin for Grasshopper [11]. 
This allowed us to link the camera inputs directly 
to the geometry and more closely approximate 
interaction-to-geometry affects in the component 
based design. The firefly generates an undulating 
mesh as a visual representation of camera bitmap 
brightness from which we sample Z-coordinates 
related to the components of the installation. We 
than use these parameters to create an RGB grid 
of pixels. Depending on how these are chosen to 

Figure 3: 
Design iterations of an 
architectural pixel envelop

Figure 4:  
Testing of component 
systems (scale 1:20)
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be mapped to the components, there is a large 
number of possibilities depending on how colour 
parameters are used. In this particular test, there 
is only one parameter for each pixel, however it 
is possible to shift values to generate multi-col-
oured scenarios or use other information to map 
to different colour values entirely. 
The low resolution quality of the mesh creates op-
portunities and constraints for both ambient qual-
ities of interaction (with feedback of movement 
through space) that could retain or aggregate 
colour intensities as more people are travelling 
through to more specific information that could 
be mapped to different parts of the envelope. Indi-
viduals could learn to adapt to different methods 
of representation and information communication 
[12]. This presents interaction design with a rich 
platform for experimentation and testing of vari-
ous combinations of input/output scenarios. 

4 DISCUSSION
The first stage of explorations into architectural 
dynamic ceiling envelopes has given us some in-
sight into research issues associated with ambi-
ent architectural displays. These present an in-
terplay between physical structural systems and 
systems of interaction.
In terms of geometry and fabrication, additional 
techniques have to be developed to minimise vari-
ation in component geometry to streamline fab-
rication. This could incorporate flexible materials 
in physical assembly or new mesh optimisation 
techniques in modelling. The structural forces 
need to be engineered from the geometry of the 
ceiling itself to relieve it of redundant structural 
features. 
Interaction needs to be further prototyped on 
clusters of components to test intensity and leg-
ibility of light, assembly sequences and optimisa-
tion for interchangeable output mechanisms. In 
the next stage interaction will also be tested at 
full scale on site.

Figure 5: 
Simulating LED interac-

tion in geometry



| CAADence in Architecture <Back to command> |  Section C1 - Collaborative design + Simulation168 

5 CONCLUSION
Technology is rapidly advancing and seeping into 
all areas of contemporary life. As HUI and ubiq-
uitous computing research expands to include 
larger elements of human environment and in-
teraction, we will see traditional architectural 
elements transformed. The initial research phase 
presented here attempts to examine architectural 
geometry in light of responsive design and explore 
potentials of cellular interactive envelopes. In the 
next phase of work we plan to construct full scale 
prototypes and begin testing structural and inter-
active properties of chameleon ceiling on site. We 
expect that the results from these experiments 
will provide further opportunities for physical re-
finement and bring it closer to full scale applica-
tion of ambient interaction. 
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Abstract: Construction resources including materials, labors, and equipment are 
extremely cost extensive in all construction projects. The management of these re-
sources is a complex process, which significantly affects construction costs, quality 
and time. There are several factors that have been identified in the literature which 
contribute in enhancing the efficiency of resources management during the life cy-
cle of buildings and optimizing the utilization of these resources. These factors are 
referred to as the Critical Success Factors (C.S.Fs). Therefore, there are required 
processes and data that should be identified in order to appropriately address these 
factors which are commonly referred to as the necessary procedures for success. 
These procedures depend on the availability of specific processes and data that are 
essentially needed while assessing the efficiency of resources management in the 
design, construction, operation and maintenance of buildings during its life cycle. 
This paper aims at identifying these necessary procedures (in terms of required 
processes and corresponding data), associated with the C.S.Fs that help in improv-
ing the efficiency of resources management. The research methodology adopted in 
this paper includes both content analysis and comparative analysis to identify 
the required processes and their corresponding data. The results presented in this 
paper include a formulation matrix that presents the identified necessary proce-
dures of materials, labors, and equipment related to the C.S.Fs for assessing the 
efficiency of resources management during the life cycle of buildings.  The matrix 
articulates the nature and type of required processes and their corresponding data 
along with the specific stages of buildings life cycle to facilitate the assessment of 
resources management efficiency. This matrix introduces an important tool for 
the designers and managers of construction projects to be utilized while conduct-
ing the assessment of resources management efficiency.
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INTRODUCTION
Resources are essential tools for fulfilling the proc-
esses of construction projects. Resources consist 
of materials, labor and equipment [1].  Resources 
management is a complex operation, as it is af-
fected by several associated variables. Moreover, 
the versatility of tasks related to each operation 
unit, its performance, cost and spatial distribution 
of the resources in the site are also important fac-
tors that increase the complexity of the resources 
management. The waste in construction projects 
can be defined as the elements that are involved in 
construction tasks which increase cost indirectly 
without any value to the production [2]. The main 
outcome of resources management is to direct 
and coordinate the resources during project life 
cycle using modern management techniques to 
achieve quality, efficiency in cost and time, and to 
satisfy the needs of project participants. The ef-
ficiency is “doing the thing right” [3], and it is an 
assessment of the management criteria, and it 
converts the inputs (resources) to products within 
the limits of cost, time and quality, which are re-
ferred to as “the iron triangle of success” [4, 5, 
6]. The efficiency of resources management can 
be achieved by applying a number of procedures, 
which are related to a set of factors that ensure 
the operations efficiency of construction projects. 
Quantitative and qualitative information (which 
are required for each procedure to facilitate the 
efficiency of resources managements), represent 
the assessment criteria that should to be consid-
ered in planning resources management in order 
to enhance the efficiency of management, and to 
facilitate the achievement of resources manage-
ment. This research aims at identifying the neces-
sary procedures related to (Critical Success Fac-
tors), and the information which are needed for 
each procedure related to the C.S.Fs, to facilitate 
the assessment of resource management effi-
ciency through the building life cycle. These proce-
dures and information can be used via computer-
based systems and multiple methods of modeling 
to enhance the assessment and improve the ef-
ficiency of resources management by recording, 
storing and archiving the type of required data and 
information formats for all necessary procedures 
associated with the C.S.Fs. 

BACKGROUND
One of the main objectives of resources manage-
ment is to supply and support a project to achieve 
its requirements within a specific budget and time 
[7]. The main resources of construction operations 
are materials, labor and equipment [8].  Materials 
represent one of the most demanding elements in 
construction projects [9], which are supplied to the 
project site in large amounts. It represents about 
(30%-80%) of the total project cost [10]. So, there 
is a necessity for a unique management system 
to increase the efficiency of resources manage-
ment. The material management is the method for 
planning, coordinating and assessing purchas-
ing, transporting and storing materials to reduce 
wastage and to improve profitability by reducing 
cost [2]. The appropriate utilization of labor en-
sures the proper use of material [9]. It is important 
to integrate material control process from design 
phase to use of material phase [11]. The efficiency 
of labor management is a realistic indication of 
economic success. The productivity in construc-
tion projects depends on human performance and 
effort. The labor cost in construction projects rep-
resents (30%-50%) of the total project cost [12]. 
Therefore it is important to recruit skilled labor 
as well as unskilled labor, to reduce the costs [9]. 
The equipment is characterized by its potential to 
be used under any circumstances; then the labor 
capacity can be reduced significantly. The quantity 
and class of equipment can affect the project time 
and cost. The equipment is used to execute basic 
construction operations. The equipment repre-
sents (10%-30%) of total project cost according to 
project mechanization level [13]. The evaluation of 
equipment quantity required for a project depends 
mainly on the quality of equipment maintenance 
and management.

RESEARCH PROBLEM AND OBJECTIVES
Resources management in construction projects 
aims at achieving the maximum benefit from avail-
able resources within a specific time and budget 
and with a distinctive quality. Previous studies 
[9, 14, and 15] have addressed the Critical Suc-
cess Factors (C.S.Fs) for resources management. 
Each of the C.S.Fs is related to the necessary 
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procedures to achieve the efficiency of resources 
management. Also, each of these factors incorpo-
rates both qualitative and quantitative indicators 
to identify the required assessment of success. 
The recognition of potentials and constraints of 
construction project and taking decisions that can 
increase efficiency of operations will facilitate the 
assessment of resource management efficiency. 
This research aims at identifying the necessary 
procedures related to C.S.Fs to achieve resources 
management efficiency, and to identify the quali-
tative and quantitative indicators related to each 
necessary procedure regarding the C.S.Fs, to fa-
cilitate the assessment of resource management 
efficiency in construction projects.       

RESEARCH METHODOLOGy AND  
FINDINGS
There is a group of elements that influences, con-
tributes, and facilitates the success of construc-
tion projects. These elements are referred to as 
the Critical Success Factors (C.S.Fs), which are 
identified as the elements that lead to the success 
of the project management [5]. These elements 
are represented statistically as the independent 
variables that increase the success probability 
of the project. In other words, C.S.Fs can be used 
as criteria to assess the efficiency of the project 
performance, by identifying the necessary pro-
cedures related to every critical factor and their 
qualitative and quantitative indicators. 
In this paper, in order to identify the necessary 
procedures associated with the C.S.Fs, the main 
function of each set of resources (materials, la-
bor, and equipment) is analyzed using an ana-
lytical approach. This has been carried out by 
analyzing the content of each function, in order 
to identify the factors which fulfill the task re-
quirements in the construction project for each 
set of the resources.
For instance, there are various studies [10, 11, 
and 15] that demonstrate the importance of the 
planning as one of the critical factors that help in 
resources management in construction projects. 
The thoughtful planning has a great influence on 
increasing productivity, profitability and facilitat-
ing the fulfillment of the construction project in a 

timely manner. On the other hand, the objective 
of materials management is to ensure the avail-
ability of these materials. Accordingly materials 
management systems are designed to ensure that 
both quality and quantity of required materials 
have been appropriately selected, purchased, de-
livered and handled properly at the site in a timely 
manner and suitable cost [2]. In order to improve 
the efficiency of materials management process-
es, there is a group of factors that should be taken 
into account namely: planning, purchasing, stor-
ing, handling and controlling materials [2, 9, 10, 
15, and 16]. This paper conducted content analysis 
of diverse studies related to the assessment and 
achievement of efficient materials management 
to identify and classify the necessary procedures 
for materials through the buildings life cycle.
Labor management can be assessed by the 
amount of production and the capability of labor 
to accomplish and perform the required work. La-
bor productivity assesses the efficiency of the op-
eration system in utilizing labor to convert labor 
effort to a useful product. It is necessary to iden-
tify: required skills for the completion of various 
project activities; monitoring mechanisms to con-
trol labor performance and to ensure performing 
required tasks efficiently without repetition, and 
make sure for avoiding construction errors [12]. 
Labor planning through the scheme preparation 
includes scheduling of activities to utilize labors, 
development of productivity criteria to determine 
size of required labor force, specifications re-
quired for each activity and skills, and structure 
of functional groups, time of operation of various 
work teams. Such factors contribute to labor sav-
ing and affect project total cost, and enhance ef-
ficiency of activities management in construction 
projects [16, 17]. This paper conducted content 
analysis of diverse studies related to the assess-
ment and achievement of efficient labor manage-
ment to identify and classify the necessary proce-
dures for labor through the buildings life cycle.
Regarding construction equipment, the selec-
tion of appropriate type and size of each equip-
ment affects required time, effort needed and 
productivity level of work on site. Accordingly, 
it is important for site managers and planners 
of construction projects to be familiar with the 
characteristics of main types of most widely used 
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equipment in construction processes. The equip-
ment can be classified to a type remains on site 
and a type transporting materials to and from site 
[9]. The management of construction equipment 
includes two sets of responsibilities operational 
and strategic. Operational responsibilities ad-
dress daily management of equipment, including 
maintenance, repair, logistics and provision of 
fuel and cost of life cycle related tasks. Strategic 
responsibilities include selection of equipment, 
financial aspects, management and regulation of 
equipment use and disposal [13].  The planning 
aims at identifying tasks that will be performed 
by equipment. Determining, accessing, decision 
making and production rate to accomplish tasks 
will lead to identifying the appropriate quality and 
quantity of required equipment for the project 
according to schedules and budget [9]. However, 
there is a need to identify operation, maintenance, 
storing and monitoring requirements of required 
equipment according to technical specifications, 
site dimensions, facilities to be constructed on 
site, cost estimation, safety and security consid-
erations and environmental constraints [14]. This 
paper conducted content analysis of diverse stud-
ies related to the assessment and achievement of 
efficient equipment management to identify and 
classify the necessary procedures for equipment 
through the buildings life cycle. 
To facilitate the assessment of resources man-
agement efficiency, the content analysis has been 
conducted on related studies for: (a) identifying 
information and indicators associated with the 
necessary procedures; (b) classifying this infor-
mation into quantitative and qualitative types; 
and (c) determining its relation to the appropri-
ate stage of building life cycle. In order to obtain 
a formulation matrix that presents the identified 
necessary procedures of materials, labors, and 
equipment related to the C.S.Fs for assessing the 
efficiency of resources management during the 
life cycle of buildings, a comparative analysis has 
been conducted on the results of content analysis 
conducted in this research as mentioned above...  
This resulted in an integrated matrix as shown in 
Table 1 which articulates the nature and type of 
required processes and their corresponding data 
along with the specific stages of buildings life 
cycle to facilitate the assessment of resources 

management efficiency. This integrated matrix 
introduces an important tool for designers and 
managers of construction projects to be utilized 
while conducting the assessment of resources 
management efficiency.

CONCLUSION
This research paper developed and formulated 
an integrated matrix that identifies the necessary 
procedures to facilitate the assessment of re-
sources management efficiency for each Critical 
Success Factor used as a criterion in the assess-
ment along with required quantitative and qualita-
tive information for each procedure in association 
to the related the stages of buildings life cycle. In 
order to develop this integrated matrix, first the 
Critical Success Factors required to increase the 
tendency towards success in the operations of 
construction resources management have been 
identified. Second, the necessary procedures for 
the assessment of efficient resources (materi-
als, labor and equipment) management associ-
ated to the related stage of buildings life cycle has 
been extracted and classified.  Third, in order to 
facilitate the assessment of resources manage-
ment efficiency, the content analysis has been 
conducted on related studies to: (a) identifying 
the information and indicators associated with the 
necessary procedures; (b) classify this informa-
tion into quantitative and qualitative types; and (c) 
determining its relation to the appropriate stage 
of building life cycle. This was conducted for each 
of the concerned resources materials, labor and 
equipment. Finally, in order to obtain a formula-
tion of an integrated matrix that presents the iden-
tified necessary procedures of materials, labors, 
and equipment related to the C.S.Fs for assessing 
the efficiency of resources management during 
the life cycle of buildings, a comparative analysis 
has been conducted. The developed integrated 
matrix is part of an on-going research that aims 
at achieving the utilization of Building Information 
Model (BIM) for facilitating the assessment of re-
sources management efficiency during buildings 
life cycle. Accordingly, this matrix forms the base 
for investigating and achieving the anticipated 
utilization of BIM. BIM will be used as a vehicle 
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Critical 
Success 
Factor
(C.S.F)

Necessary procedures for the 
assessment of efficient resources 

management through buildings life cycle

Ty
pe
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R
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t s
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 in

bu
ild

in
gs

 li
fe

  y
cl

e

Required data for facilitating the assessment of 
resources management efficiency during buildings 

life cycle

Quantitative Qualitative 

Pl
an

ni
ng

Identify standards and specifications 
of each material and the available 
alternatives [11, 18].

M
at

er
ia

ls

D
es

ig
n 

st
ag

e

specify (various dimensions 
required for different 
materials) – ratio of 
materials mixture – time 
of various maintenance 
materials for buildings

Technical and formal 
specifications of materials 
- operation instructions 
- storage requirements 
- specific parts that are 
subject to maintenance

Identify prefabricated materials [11, 15]. Measurements of different 
pieces - part numbers -  
place of  installation -  time 
of installation

The desired properties of 
parts (technical - formal) 
- specifications and 
requirements of installation 
and maintenance.

Determine the required quantities of 
each type of materials depending on 
the sequence of construction activities 
(identifying the quantity and quality of 
materials) and time of use [15].

Quantitive survey of materials 
– estimation materials cost 
–time of materials operations

Types of used  materials 

Determine required qualities and skills 
-Identify required size of manpower [16].

La
bo

r

Required size of manpower to 
implement each activity

Required specifications, 
mechanisms, and skills to 
implement each activity

Determine scheduling types to be used 
in the project [11] (Critical Path Method 
[9] -Location-based Methodology [21] – 
e-Sharing [20]).

Project time - required 
production rates – and 
financial expenses for the 
completion project tasks  

Types of activities and tasks

Structure functional groups of work 
teams and prepare of plans of operations 
[16].

Starting and ending date of 
each activity and task 

Types of activities and tasks

Determine prediction indicators of labor 
requirements to conduct activities / 
tasks (associated with materials and 
equipments) according to required 
production standards [16].

Required production rate for 
particular activities according 
to the schedule – starting 
and ending date for each 
activity - duration of the 
implementation of activities 
- financial expenses of the 
project

Required technical skills 
for labor to complete the 
tasks – Required skills for 
labor (education - technical 
experiences - age) - 
techniques and equipment 
used for the implementation

Identify appropriate technologies realted 
to the nature of construction project 
taking into account environmental 
constraints on site [14].

Eq
ui

pm
en

ts

Quantities of equipment 
items - starting and 
ending dates of using each 
equipment for each activity 

Types of activities, tasks 
and equipment to be used 
- required specifications for 
implementation – site nature 
(spaces of the work – access 
to reach the work place 
on site)

Determine functions of equipment and 
identify required equipment [13].
Determine time of use and operation [13].

Required quantity  of work 
hours to complete – Brake 
down tiem - starting and 
ending time of using each 
equipment for each activity

Required specifications and 
standards for conducting the 
work - materials to be used 
in construction

Table 1:
An integrated matrix 

that link the identified 
necessary procedures of 

materials, labors, and 
equipment related to the 
C.S.Fs for assessing the 

efficiency of resources 
management during the 

life cycle of buildings.
(continued on next pages)
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Critical 
Success 
Factor
(C.S.F)

Necessary procedures for the 
assessment of efficient resources 

management through buildings life cycle

Ty
pe
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t s
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 li
fe

  y
cl

e

Required data for facilitating the assessment of 
resources management efficiency during buildings 

life cycle

Quantitative Qualitative 

Pu
rc

ha
si

ng

Determine the procedures for purchasing 
materials and evaluating the bids to 
determine the most convenient way to 
purchase and access resources [18].

M
at

er
ia

ls
 

Co
ns

tr
uc

tio
n 

St
ag

e 
– 

O
pe

ra
tio

n 
an

d 
M

ai
nt

en
an

ce
 S

ta
ge

Required amount of each 
resource  - quantity of 
required supply (supply 
time according to time 
of  using materials in the 
schedule - cost of obtaining 
materials - transportation, 
handling and storage on 
site)

Specifications and 
standards of types of 
required materials - site 
nature (available storage  
spaces - handling and 
monitoring  materials on 
site)

Scheduling and arranging materials 
according to operation timeand/
or installation on site to coordinate 
purchases [18].

Starting  and ending dates 
of activities - time of 
activities - required amount 
of  material to maintain  
required rate of work

Types of required 
materials for the 
completion of all  activities 

Estimate value of required equipment 
either through rent or purchasing 
andlifecycle cost of equipment 
(maintenance, transportation, storage) 
[13, 14].

Eq
ui

pm
en

ts

Cost of using the 
required equipment 
(rental or purchasing), 
including transportation, 
maintenance , e.g. cost of 
work unit performed by the 
equipment for the value of 
the construction item.

Required equipment for 
each activity - required 
techniques for each 
activity - nature of site - 
project size of the 

St
or

in
g 

an
d 

H
an

dl
in

g

Control handling and storing operations 
to ensure accuracy and to avoid damages 
and waste of materials during handling 
and identify the mechanism of inventory 
control [11, 15, 18, 19].

M
at

er
ia

ls

Co
ns

tr
uc

tio
n 

St
ag

e 
– 

O
pe

ra
tio

n 
an

d 
M

ai
nt

en
an

ce
 S

ta
ge

Storage spaces - number 
of stores - number 
of entrances on site 
- quantities of stored  
materials 

Storage spaces and places 
of entrances on site and 
list of items to stored on 
site

Scheduling the handling and storing 
operations [11, 15, 18, 19].

Starting times of activities 
- duration of each activity 
- amount of material to be 
used in each activity

List of materials to be 
uased in each activity 
–place of  using materials 
- storage location on site

Reviewing and inventorying materials to 
ensure the operation of older materials is 
cinducted befire the newer materials and 
providing appropriate warehouses [18].

Amounts of existing 
materials - date of 
recieving and storing 
materials - validity date of 
materials usage

Types of existing materials 
- required specifications 
for storage

Predicting the optimal material 
movement [11].

Time of receiving materials 
– process time of materials 
required for each activity 
- required quantities of 
materials

Locations of purchasing, 
storage and operation of 
materials on site 
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Critical 
Success 
Factor
(C.S.F)

Necessary procedures for the 
assessment of efficient resources 

management through buildings life cycle

Ty
pe

 o
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R
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t s
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ge
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in
gs

 li
fe

  y
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e

Required data for facilitating the assessment of 
resources management efficiency during buildings 

life cycle

Quantitative Qualitative 

M
on

ito
ri

ng
 a

nd
 c

on
tr

ol
lin

g 
th

e 
op

er
at

io
ns

Distributing and tracking the movement of 
materials on site [18, 19].

M
at

er
ia

ls

Co
ns

tr
uc

tio
n 

St
ag

e 
– 

O
pe

ra
tio

n 
an

d 
M

ai
nt

en
an

ce
 S

ta
ge

Amount of available 
materials - dates of 
receving, storage and 
operation of  materials

Types of available 
materials 

Identify appropriate methods to ensure 
efficient waste managemnt and waste 
disposal [11].

Number of vailable places 
on site - number of 
labors required for each 
inspection activity

Inspection procedures to 
be followed on  site

Identify safety and security requirements 
[9].

La
bo

r 

Numbers and places of 
distribution of labor on site

Types methods to be used 
to achieve the required 
specifications safety - 
project type – site nature  -  
types of activities - means 
of insurance on site.

Identify health practices to maintain 
public safety [9].

The number of divisions 
and places on site - 
number of workers at each 
place

Types of construction 
activities - inspection 
procedures to be followed 
on site - means of 
insurance and protection 
on site –procedures 
of  risk prevention and 
emergency 

Determine control mechanisms of using 
equipment and identify safety and security 
requirements [14].

Eq
ui

pm
en

ts
Number and size of 
warehouse - number 
of entrances on site - 
quantities and sizes of 
equipment to be stored (as 
required) 

Location of warehouse and 
site entrances 

or mechanism to include the representation and 
documentation of the required information both 
quantitative and qualitative for each conducting 
the assessment of resources management effi-
ciency in construction projects during the various 
stages of buildings life cycle. The inclusion of such 
representations and documentation within a BIM 
software (such as Autodesk Revit for instance) 
will enable building designers and project man-
agers to observe and assess the efficiency level 
of managing the resources (materials, labor and 
equipment) required for the completion of a con-
struction project and extend the observation and 
assessment not only during construction but also 
during operation and maintenance to cover the 

entire life cycle of buildings. This will substantial-
ly extend the reach and benefits of BIM to effec-
tively address the important issue of resources 
management in construction projects.
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INTRODUCTION
“Architects think constructively; that is, the princi-
ples they apply are conceived in generative terms. 
The notion of design as computation captures this 
constructive attitude and indicates, at the same 
time, basic possibilities for utilizing the genera-
tive power of computers in design education” [5]. 
According to Ulrich Flemming, architectural de-
sign can be regarded as a form of computation, a 
generative process that transforms the initial idea 
into the final building through the application of 
successive operations. Following this approach, 
William Mitchel highlights the appropriateness 

of using Boolean operations (i.e. union, subtrac-
tion and intersection) in solid modelling since they 
provide the necessary path from the simplicity of 
a vocabulary of elementary solids to three-dimen-
sional complex forms [8]. Within the field of archi-
tecture, of particular interest is the subtraction 
operation, which has the potential to be employed 
to hollow out interior spaces from an initial solid 
mass. Based on this operation, a generative de-
sign method for architecture is here introduced, 
which makes use of the stereotomic approach to 
integrate spatial and structural parameters in the 
conceptual phase of the design process.

http://dx.doi.org/10.3311/CAADence.1628
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THE STEREOTOMIC APPROACH
On the one hand, as described by Robin Evans, 
stereotomy (or the science of cutting solids) was 
a Seventeenth Century French rubric under which 
were gathered several existing techniques in-
cluding stonecutting [4]. According to Evans, “The 
basis of stonecutting was the trait, a collection of 
layout drawings used to enable the precise cut-
ting of component masonry blocks for complex 
architectural forms, especially vaults”. From this 
perspective, recent researches can be found that 
explore the application of stereotomy to the analy-
sis or design of vaulted systems [10]. 
On the other hand, in the words of Francesco Cac-
ciatore, “the term stereotomic, from the Greek 
stereos (solid) and tomia (cut), introduces an idea 
of building, which is not conceived as the assem-
blage and juxtaposition of elements typical of the 
tectonic approach, but rather as the gradual re-
moval of matter from an initial shape”. Based on 
this point of view, the application of the stereot-
omic approach to architecture results in the gen-
eration of monolithic and compact forms, where 
the individual parts cannot be discerned from the 
whole and in which the removal of matter pro-
duces the intended architectural spaces [1]. From 
this perspective, if the tectonic approach puts the 
emphasis on the constructive and technical as-
pects of the building and on the expression of the 
detail, the stereotomic approach is grounded on 
the generation of the voids and on the definition of 
the boundaries of the building. In this way, the ac-
cumulation and distribution of matter produces at 
the same time both space and structure.  

THE POCHé IN ARCHITECTURAL DESIGN
Subtractive design methods in architecture and 
the stereotomic approach in particular, result in 
the generation of a poché, both in its meaning of 
rendering technique and a compositional device 
[5]. Poché is a term introduced by the École des 
Beaux-Arts of Paris to define the hatched texture 
used to differentiate the massive elements and 
the residual spaces drawn in architectural plans. 
According to Jacques Lucan, “with construction 
by masonry of piers and load-bearing walls, the 
poché helped to bond rooms of varied geometry 

by a sort of spatial stereotomy” [7]. A modern ap-
proach to the use of the poché as a tool for the for-
mal analysis of architecture emerges in the theo-
retical work of Robert Venturi [12] and Colin Rowe 
[11]; this was then further developed by Peter Ei-
senman. Within his research on the formal basis 
of modern architecture, Peter Eisenman defines 
poché as an interstitial entity, an articulated solid 
mass between two void conditions, either between 
an interior and an exterior space or between two 
interior spaces. “Such a condition of space might 
require a process which could begin from a proc-
ess defined as spacing rather than a forming. … 
The interstitial, then, is the result of a process of 
extraction which produces a figural as opposed 
to a formal trope, and it exists as a condition of 
spacing as opposed to forming” [2]. In the design 
approach supported by Eisenman, all those ele-
ments (such as the program and the site) that are 
not directly related to a formal process have no 
real relevance from an architectural point of view. 
According to Eisenman, among these negligible 
elements is also the structure, which consists in 
those solid elements such as beams and columns 
that are confined inside the interstitial spaces. 
Another remarkable use of the poché in contempo-
rary architecture can be found in a series of proj-
ects developed by Rem Koolhaas in the early ‘90s; 
here the Venturian poché is applied to represent 
the idea of spatial voids hollowed out from a solid. 
Actually, in some of these projects physical mod-
els are built as sculptural and three-dimensional 
versions of the poché [6]. On the one end, like in 
the case of Eisenman, the structural elements are 
confined within the interstitial spaces and materi-
alized in the form of beams, columns and trusses. 
On the other hand, as opposed to Eisenman, in the 
design approach promoted by Koolhaas the pro-
gram represents the driving force of the process. 
In fact, Koolhaas compares the work of the ar-
chitect to the one of the screenwriter, since “both 
processes are based on editing, on the art of cre-
ating programmatic, cinematographic or spatial 
sequences” [7].
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FORMALIZATION OF THE DESIGN METHOD
In light of the design approaches introduced by 
Eisenman and Koolhaas, the aim of the present 
research is to define a design method for archi-
tecture that is grounded on the stereotomic ap-
proach. The proposed design method consists in 
the production of a three-dimensional poché at 
the scale of architecture through the iterative ap-
plication of simple geometrical operations, spe-
cifically Boolean subtraction, on an initial solid 
mass. This eventually leads to the generation 
of a stereotomic model, where spatial voids are 
contained within an interstitial solid mass. In this 
way, the solid mass becomes an active element of 
the architectural design process, with the poten-
tial to be activated by incorporating both spatial 
and structural parameters from the early stages 
of the process. In its current state, the method is 
material independent and it is fully developed in 
three-dimensions. Furthermore, it takes advan-
tage of the potential offered by contemporary dig-
ital tools for solid modelling to generate, trans-
form and proliferate multiple design solutions. 
The design method is grounded on three main 
steps (generation of the stereotomic model, eval-
uation of the static stability and hierarchical itera-
tion), which are not intended to be implemented in 
a linear sequence; in fact, after the first iteration, 
it is possible to re-execute them following a non-
sequential order.

Step 1: Generation of the Stereotomic 
Model
The main aim of the proposed design method is 
the generation of interior spaces and the control of 
their spatial qualities (such as proportion, lighting 
condition or visual appearance). Therefore, based 
on a specific architectural program, the first step 
of the process is undertook to define, formalize 

and adjust the interior spaces in the form of spatial 
voids. The spatial voids are then subtracted from a 
solid mass to generate a stereotomic model.

Generation of the Spatial Voids 
In line with the design approach conceived by Kool-
haas, the proposed method requires the definition 
of specific programmatic requirements, such as 
a set of activities to be accommodated within the 
building, to initialize the design process. After-
wards, spatial concepts associated to the activi-
ties defined in the program are developed. These 
spatial concepts are then translated into volumes, 
here defined as spatial voids (SpV), which are the 
interior spaces where the various activities de-
fined in the program take place (Fig. 1). With the 
help of a solid modelling software, the volumes 
representing the spatial voids are independently 
generated in three-dimensions according to the 
specific design requirements. The relevance giv-
en by the proposed method to the spatial voids fol-
lows from Eisenman’s design approach; according 
to him “volume is the dynamic condition of space” 
and, consequently, “the generating property of all 
architectural forms is volume, since architecture 
alone among the plastic mean of expression de-
mands comprehension both internally and exter-
nally” [3]. 
Furthermore, to each spatial void is associated an 
implicit negative weight. The latter is represented 
by a force Ri (Fig. 1), whose length is proportional 
to the volume of the spatial void, whose points of 
application is the volume centroid and whose di-
rection is opposite to gravity. The introduction of a 
negative weight can be explained considering that 
each spatial void will be subsequently subtracted 
from the initial solid mass; that is, the weight of 
the solid mass will be reduced by an amount pro-
portional to the sum of the volumes of the spatial 
voids.

Figure 1: 
Generation of the Spatial 

Voids (SpV)
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Generation of the Solid Mass 
After the spatial voids have been defined, the ini-
tial solid mass (M) has to be modelled (Fig. 2A). 
This solid mass represents the bounding volume 
within which the interior spaces can be allocated. 
The geometry of the solid mass can be modelled 
freely following a particular formal exploration or 
in relation to specific boundary conditions of the 
site; its volume could coincide, for example, with 
the maximum buildable volume regulated by the 
urban code of the site. 
The weight of the solid mass is described by a force 
RM, whose length is proportional to the volume of 
the solid, whose point of application is the volume 
centroid of the solid itself and whose direction is 
the same as gravity.

Articulation and adaptation of the Spatial Voids 
The next sub-step of the process is related to the 
articulation and adaptation of the spatial voids 
within the solid mass (Fig. 2B). This consists in 
the definition of a topology that enables to create 
relationships between the individual spatial voids, 
such as their mutual interaction and their connec-
tivity through the internal circulation of the build-
ing. This sub-step is grounded on the application 
of two specific operations, namely composition 
and organization. Composition is defined as “the 
establishment of formal relationships between 

the elements of architecture”, whereas organiza-
tion, a complementary concept, is the “formation 
of relationships between the functional, circula-
tory and spatial elements of architecture” [9]. In 
line with the design approach of Koolhaas, the 
here generated topology is the result of a process 
of “creating programmatic, cinematographic or 
spatial sequences” [7]. According to the defined 
topology, the spatial voids are distributed into the 
solid mass and their geometry is then adapted to 
respond to the constraints given by the solid mass 
itself. Taking advantage of the use of parametric 
tools, several different articulations of the spatial 
voids can be explored according to diverse com-
positional and organizational criteria.

Boolean Subtraction and Production of the Ster-
eotomic Model 
Through the Boolean subtraction of the spatial 
voids from the initial solid mass (Fig. 2C) the ste-
reotomic model (SM) is obtained (Fig. 2D) in the 
form of a three-dimensional poché. This is, in 
fact, the first formalization of the architectural 
concept, what Eisenman calls the generic form, 
which is defined by properties such as volume, 
mass and movement [3]. Furthermore, this ge-
neric form also complies with the initial specific 
programmatic requirements and responds to the 
requested spatial qualities.

Figure 2: 
Generation of the Ste-
reotomic Model (SM)
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Step 2: Evaluation of the Static Stability
Given the positive weight RM related to the initial 
solid mass and the negative weights Ri of the spa-
tial voids, the weight of the stereotomic model 
resulting from the Boolean subtraction is repre-
sented by the resultant force RSM obtained by the 
vectorial addition of RM and the Ri (Fig. 2C). 
As the organization of the spatial voids results in a 
specific distribution of matter within the stereot-
omic model, the force RSM depends directly on the 
particular articulation of the spatial voids. That is, 
different distributions of the spatial voids within 
the solid mass produce changes in the point of 
application of the force RSM. Therefore, the glo-
bal equilibrium of the stereotomic model has to 
be evaluated in relation to its support conditions 
after every reorganization of the spatial voids. 
Given the points Si representing the location of the 
supports of the stereotomic model, in order to ful-
fill the global static stability, the line of action of 
the force RSM must intersect the footprint A of the 
stereotomic model, defined by the convex hull of 
the points Si. In fact, in case this condition is not 
met and assuming that the supports can just take 
compression forces, the stereotomic model would 
be subjected to static overturn. To avoid this, the 
spatial voids have to be re-arranged until the line 
of action of the force RSM intersect the footprint A. 
As a result, due to the mutual dependency between 
the distribution of the spatial voids within the solid 
mass and the static stability of the stereotomic 
model, a dialog between spatial and structural 
parameters is established starting from the early 
stages of the design process.    

Step 3:  Hierarchical Iteration
The stereotomic model previously generated in-
troduces a radical dichotomy between solid and 
void, producing a three-dimensional poché. In the 
proposed method, this poché is not regarded as a 
passive instance in the design process but as the 
basis for further design iterations to explore new 
spatial and structural configurations. Hence, ad-
ditional secondary spatial voids hierarchically de-
pending from the ones previously generated, such 
as the servant spaces defined by Louis I. Kahn [1] 
(spaces containing for example circulation ele-
ments and installations) can be incorporated in 
the poché. This results, in turn, in the introduction 
of hierarchical porosity in the stereotomic model. 
The production of these hierarchies of spatial 
voids within the stereotomic model increases the 
complexity of the spatial configuration, eventually 
generating a lighter and more porous structure.
In this step of hierarchical iteration, the stereot-
omic model defined in the previous steps is taken 
as the new solid mass (Fig. 3A). Additional sec-
ondary spatial voids are introduced that activate 
spatially and structurally the new solid mass (Fig. 
3B). After the Boolean subtraction operation is 
applied (Fig. 3C), a new stereotomic model is gen-
erated (Fig. 3D) characterized by different spatial 
qualities in comparison to the previous one. At the 
same time, the incorporation of new spatial voids 
within the solid mass changes the magnitude and 
the point of application of the force RSM and the 
static stability of the stereotomic model has to be 
re-evaluated (Fig. 3C). 
Although the given example is generated in only 
two iterations, the design operations can be iter-
ated multiple times, as long as the sought spatial 
qualities and the structural stability of the ste-
reotomic model are still fulfilled.

Figure 3: 
Hierarchical Iteration
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CONCLUSION
The method for the generation of stereotomic 
models in architecture introduced in this paper 
constitutes an attempt in the search for contem-
porary design approaches that integrate spatial 
and structural parameters from the early stages 
of the design process. Furthermore, it facilitates 
the exploration of design variations working in a 
full three-dimensional design environment. Al-
though based on an algorithmic approach, the 
design method requires the continuous involve-
ment of the architect to overlook the interaction 
between spatial and structural parameters and 
take conscious design decisions.
The design method has been tested by architec-
ture students within the framework of the Master 
Course “Experimental Explorations on Space and 
Structure” at ETH Zurich (Fig. 4).
The application of the design method in this aca-
demic context has shown the potentials of using 
the stereotomic approach in the conceptual phase 
of the architectural design process. Neverthe-
less, this experience has also raised some open 
questions that will be addressed in further devel-
opments of the research. Specifically, due to the 
repeated iteration of the design operations and 
the increment in number of spatial voids, occa-

sionally the generated model might reach a level 
of complexity that cannot be easily handled by the 
designer; in this regard, a more robust way to con-
trol the model has to be defined. Furthermore, in 
its current state the proposed method addresses 
the conceptual phase of the design only. That is, 
the method still does not take into account aspects 
related to construction and fabrication, which are 
associated to a more advanced phase of the de-
sign process; in relation to this, the influence on 
the design process of material properties and 
construction constraints have to be addressed in 
more details.  
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Abstract: With generative design strategies, the act of design, the problem-solv-
ing process, and the interaction, understanding and representation of design ar-
tefacts have changed. As such strategies entail a large number of possible design 
solutions, they also expand the design search space immensely. In addition, due to 
the automated design generation process, the interaction of the designer through 
the design process has decreased. This research problematizes two major points 
as (1) the broad design spaces of generative design systems that are populated by 
many design instances and (2) the elimination of designerly decisions and evalu-
ation from the design artefact due to automated generation processes. As a solu-
tion to these problems, a visual structuring strategy is proposed. This strategy 
aims to act as a mediator between the designer and the design artefact during the 
generative process and manage the complexity resulting from the multiplicity of 
solutions. For visual structuring, three methods are proposed and classified as (1) 
perception-based visual structuring, (2) retrieval-based structuring, and (3) opti-
mality-based structuring within the scope of this research. 
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INTRODUCTION AND THE BASIC  
CONCEPTS 
This paper discusses strategies developed to 
manage the complexity of large solution spaces of 
generative design systems (GDS) through visual 
structuring. In computational design synthesis, 
the understanding of a design process differs 
from the conventional design thinking. The act of 
design, the designer’s role in the design, as well 
as the notion of a design problem and the design 

artefact have altered. Before anything else, in 
computational design, design problems –that are 
inherently ill-structured- have to be reformulated 
into clearly defined problems. The design act is 
transformed into a continuous process of genera-
tion, transformation, and evaluation led by algo-
rithms. In non-computational design exploration 
processes, the design solution space is formed 
manually by the designer. This limits the number 
of design alternatives, which narrows the design 
search spaces compared to the design search 

http://dx.doi.org/10.3311/CAADence.1630
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spaces of GDS [1]. Here, the designer may need to 
explore and evaluate several design alternatives, 
which may prevent too-early design decisions. At 
this stage, to overcome such premature design 
decisions, GDS broadens the design search space 
by generating multiple design solutions at once. 
However, the high number of generated design 
solutions may challenge the management and or-
ganization in design search spaces. 
With these changes, the designer’s interaction 
with the ‘artefact(s)’ has also changed. The de-
signer’s contribution, evaluation and visual con-
tact with the design process are weakened due to 
the expansion in design search space as a result 
of the automated design generation. 
Accordingly, this paper problematizes (1) the 
broad design search spaces of GDS that are popu-
lated by many design instances and (2) the elimi-
nation of designerly decisions from the generation 
phase due to automated generation, particularly 
of genetic algorithms (GA). We support that the 
design activity in generative design processes 
must be amplified to address subjective design 
exploration and visual evaluation. For this, there 
is a need for methods that facilitate the naviga-
tion of the designer through the solution space 
expanded by generative algorithms. As a solution, 
design representations such as visual structures 
are proposed as a mediator between the designer 
and design artefacts. Such representations have 
the potential to support the designerly evaluation 
of design instances and increase the designer’s 
involvement through the generation process. 
Three structuring strategies (perception-based, 
retrieval-based, and optimality-based) are dis-
cussed and compared. 

Generative Design Systems
Generative design systems are synthesis methods 
that facilitate design exploration, and entail diver-
gence in the design search space by generating 
multiple design alternatives [2,3,4]. They simulate 
nature’s generation logic and foster the novel and 
efficient design exploration processes that extend 
the capabilities of designers and end up with un-
repeatable design alternatives [5,6]. Within the 
scope of this paper, evolutionary systems, partic-

ularly GA, are investigated. Evolutionary systems 
simulate the processes of evolution in nature. In 
particular, GA are stochastic search mechanisms 
[7] that seek the fittest solution determined by the 
fitness function designating the fitness degree of 
the solution [8]. GA follows three operations; (1) 
representation (the cognitive modelling of a de-
sign problem, inputs), (2) generation (algorithms, 
operators, outputs), (3) evaluation and the guid-
ance (the objective evaluation of generated de-
sign solutions, and the feedback) [4,9,10]. Through 
these steps, the designer becomes solely involved 
from the beginning of the representation phase 
by initializing the synthesis process; by defining a 
design problem, design constraints, design pro-
cedures and the boundary conditions [10]. This 
problem will be addressed by the strategies pro-
posed in this paper in the following sections. 

Emergence
GDS demonstrate emergence as a consequence of 
complexity, one of non-linearity and self-organi-
zation [11,12]. Emergence is a change and recon-
figuration of parts as a result of the underlying 
internal dynamics of a system that demonstrates 
itself through changes with recognizable and it-
erative patterns [11,13,14,15]. In complex systems, 
simple procedures determine the local interac-
tions between the parts, resulting in emergent 
behaviour [15]. Those procedures are referred 
to as schema by Gell-Mann while Holland termed 
those procedures as internal model [29]. Within 
the scope of this paper, these procedures will be 
termed as schema. The schema is inherent to all 
design instances that are generated for a single 
design problem. As schema determine the inter-
nal structure of a system, the internal structure 
demonstrates itself with recognizable patterns as 
an emergent behaviour. In GA, within the frame-
work of emergence, (1) genotype as the genetic 
composition of an organism associates with the 
idea of schema by designation of the generation 
logic while (2) phenotype, as the environmentally 
and genetically determined traits of an organism, 
associates with the emergent behaviour as an 
outcome of the process [16,17,18]. 
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Visual Resemblance
In this paper, visual resemblance is accounted 
by the common features of design instances that 
are generated from the same schema, and the 
common features are named as generic charac-
teristics. The generic characteristics and resem-
blance associate with Arnheim’s ‘structural pat-
tern’ in visual reasoning and shape perception and 
also with Holland’s emergence with ‘recognizable 
iterative patterns’ in GDS. 
Arnheim (1969) asserts that “[t]he perception of 
the shape is the grasping of structural features 
found in, or imposed upon, the stimulus material.” 
The perception of the shape is based on the gen-
eral features that are perceived by the observer. 
Accordingly, there are two points to highlight: (1) 
perception is based on the main features that are 
captured and identified by the observer, and (2) 
such perception is observer-dependent, there-
fore, is subjective. Resemblance associates with 
the subjective recognition of a set of design in-
stances. Hence, the design families are formed 
according to the designer’s evaluation and per-
ception of generic characteristics through the 
population.  
Resemblance, in relation to GDS, is a result of 
the schema that determines the main body of the 
population [11]. Each design instance is unique but 
resembles other design instances by sharing the 
same schema. In GA, as generic characteristics 
are determined using the genotype, new design 
variations emerge as the design variables change. 
Here, each instance is a variation of the schema; 
they are of the same type but are not identical. At 
this stage, this paper argues that design instances 
generated from the same schema may form a de-
sign family due to their similar phenotypic char-
acteristics. Particularly in GA, the population is 
generated as an evolutionary lineage as they are 
of the same type [19]. 

STRUCTURING THE DESIGN SEARCH 
SPACE
For the main arguments, three structuring meth-
ods are discussed that may have the potential in 
(1) mediating between design generation and the 
subjectivity of the creative design by the ampli-
fication of the designer’s involvement in design 
synthesis via providing visual guidance and (2) 
to manage the complexity of large design search 
spaces. 
Visual structuring is meant to give structure to 
the design search space that guides the interre-
lations between the design instances based on 
visual resemblance as a structuring criterion. 
Visual structures require the determination of 
the generic characteristics through a set of de-
sign instances. As forming categories is one of 
the major abilities of human cognition [20], the 
generic characteristics give way to the formation 
of resemblance groups, consequently, the clas-
sification of the design instances based on visual 
commonness. Visual structures can support de-
sign search and designer’s navigation through the 
space of possible solutions; this is particularly the 
case in GA, as the designer is in dialogue with the 
design artefact using symbolic representation, 
rather than visual. Visual structuring takes place 
after the generation process, which may assist 
the amplification of the designer’s interaction and 
the dialogue with design instances and the design 
search space. (Fig.1). Here, visual structuring has 
the potential to establish a visual dialogue be-
tween the designer and the process. 
Different methods can support and improve the 
build-up of visual structures. Within the scope 
of this paper (1) perception-based, (2) retrieval-
based, and (3) optimality-based structuring strat-
egies are proposed and discussed.

Figure 1:  
The Proposed Model of 

Interaction 
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Perception-Based Structuring 
Perception-based structuring is an intuitive, case-
based, observer-dependent and subjective act. It 
is based on the designer’s perception and identi-
fication of common features/visual resemblance 
between the design instances. Each structure is 
unique and personal. It requires manual build-
up and is applicable for refined, manageable and 
small design search spaces. The designer iden-
tifies the hierarchical resemblance relationships 
between the design instances and groups them 
according to their visual similarity. Such groups 
are termed as resemblance clusters. All design 
instances can be represented in these visual 
structures, or filtration can be used to decrease 
the number of design instances for the formation 
of resemblance clusters. However, manual build-
up may take a long time and require too much ef-
fort for a designer. Each parameter can lead to a 
separate cluster. In the case of multi-parameters, 
the act of classification is multi-phase; one clus-
ter follows another, forming sub-clusters. Visu-
ally distinguishing the first parameter structures 
the whole classification, and this influences the 
whole taxonomy. As each designer has different 
visual perception, visually distinguishing parame-
ters demonstrates differences for each designer. 
Therefore, each designer demonstrates different 
clustering behaviour and each time clustering be-
haviour changes according to the perception of a 
designer. (Fig.2).   
To illustrate the formation of resemblance clus-
ters, a small-scale case study was conducted. 
This case study exemplifies the classification 
behaviour/strategy of a designer rather than an 
implemented system. An existing design search 
space based on 110 unique chair designs, as ex-
perimented by Soddu, is used in which the de-
sign instances are generated by the evolutionary 
generative mechanism IDEA [5]. The solution set 

is given to three designers to form resemblance 
clusters and a brief statement for their grouping 
criteria. The designers used image-editing soft-
ware to illustrate their clusters. Designer A se-
lected the chair legs as a visually distinguishing 
feature of the design space, a criterion for the for-
mation of resemblance clusters. Accordingly, she 
identifies eleven types of chair legs and the design 
search space is divided into eleven clusters. Ac-
cording to designer B, there are five resemblance 
clusters based on the form and number of chair 
legs. Cluster A is formed according to the straight 
angle chair legs; cluster B according to the circu-
lar base of chair legs; cluster C according to the 
widening angle of chair legs; cluster D according 
to the box-form of chair legs, and cluster E ac-
cording to the rounded form of the chair legs. In 
each cluster, there are five sub-clusters based on 
the form of the backrests; (1) singular, (2) dual, (3) 
triple, (4) elongated and (5) semi-circular. Accord-
ing to designer C, there are two criteria for the 
formation of resemblance clusters; (1) backrests, 
and (2) chair legs. Primarily, Designer C formed 15 
resemblance clusters according to the backrests 
of the chairs and within these resemblance clus-
ters Designer C formed sub-clusters based on 
chair legs. (Fig.3). The resemblance relations are 
structured on the common/repeating elements. 
For instance, similar chair-legs form a resem-
blance cluster for Designer A and chair-leg forms 
and number for Designer B. For Designer C, back-
rests form a resemblance cluster. (Fig.4). The 
visually distinguishing criteria that form resem-
blance clusters are different, but the identifica-
tion of common features that causes resemblance 
is the same tendency to form a resemblance clus-
ter. Therefore, as expected, the formation of re-
semblance clusters, accordingly the build-up of 
visual structures, actualized in a subjective and 
designer-dependent manner.

Figure 2:  
Perception-Based  
Structuring
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Figure 3:  
Perception-Based 

Structurings of  Designer 
A-B-C

Figure 4:  
The Repetition  

of Similar Textures
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Retrieval-Based Structuring 
Retrieval-based structuring is based on the ex-
ploitation of 3D object retrieval methods for large 
design search spaces. It is an objective filtration 
process and has the potential to identify similari-
ties between design instances after the genera-
tion process. It requires the automated build-up 
of visual structures. 
3D object retrieval methods are geometry-based 
search algorithms that are used for the evaluation 
of similarity and the classification of 3D objects 
based on benchmarking [22]. 3D object search re-
quires the shape descriptor which defines and rep-
resents the features and information of an object, 
and a 3D object repository that provides a bench-
marking scheme [22]. In the 3D object retrieval 
research, benchmarking schemes are used for 
the evaluation of the retrieval algorithms [26]. The 
evaluation is based on testing and comparison of 
the search algorithms and provides  feedback for 

3D objects retrieval methods. In general terms, 
similarity evaluation is conducted by matching the 
geometries and geometric features of compared 
objects in a benchmark scheme.  
3D object retrieval is based on four phases: (1) 
query formation, (2) feature extraction, (3) dis-
similarity computation and (4) retrieval [23]. Que-
ry formation is the selection of the 3D object to be 
compared; feature extraction is the determination 
of the features of the selected object; dissimilar-
ity computation is based on the comparison of the 
object in a 3D object repository; and the retrieval 
phase is based on the detection of the objects that 
have the lowest dissimilarity value obtained in the 
third phase [24].
Within the context of visual structures, the 3D 
benchmarking process may be used at the end of 
the design synthesis process; the design search 
space can be considered as a 3D model reposi-
tory, a benchmarking scheme. The designer 
identifies the reference object that is used for 

Figure 5:   
The Proposed Model of 
Retrieval-Based  
Structuring
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benchmarking. The methods to generate/iden-
tify the reference object can be a subject of an-
other research. It is assumed that there is a ref-
erence object that is identified/generated by the 
designer. The reference object can be used to 
query the visually similar design instances. Also, 
in correspondence with type/instance discussion, 
the reference object is the type that defines the 
group of similar design instances. Furthermore, 
the identification of the reference object becomes 
the filtration criteria through the benchmarking 
process. After the identification of the reference 
object, the retrieval process carries out the com-
parative evaluation between design instances in 
a design search space. With such evaluation, the 
3D retrieval algorithm identifies similar design in-
stances. (Fig.5). Therefore, resemblance clusters 
are formed accordingly in an automated fashion. 
The retrieval-based visual structuring process is 
automated, and the generation of resemblance 
clusters is not as subjective as perception-based 
visual structuring. From this point, such struc-
tures challenge the designer’s evaluation and 
subjectivity throughout the formation of resem-
blance clusters. However, retrieval-based visual 
structuring facilitates designer’ interaction with 
complex design search spaces by structuring the 
design search space. Furthermore, there are de-
veloping 3D object retrieval methods that simu-
late the designerly actions of classifications and 
detection of similarity.

Optimality-Based Structuring 
Optimality-based structuring is an objective fil-
tration strategy that is based on the optimality 
for large design search spaces. The visualization/
analogue representation and clustering of design 
instances, which are located on fitness peaks in 
a fitness landscape are centric for such a struc-
turing strategy. In comparison with the other two 
strategies, the relationships between the design 
instances are not structured in optimality-based 
visual structuring. Here, such structures result in 
a group of non-structured design instances and 
inform designers about formal properties and 
fitness states of the design instances. The most 
common method for visualization of GA is based 

on fitness evaluation of genomes illustrated by 
fitness-time graphs [25]. Sewall Wright suggests 
fitness landscapes as a visual metaphor to de-
pict gene combination space and the evolution of 
a population [26]. Fitness landscapes illustrate 
the fitness status for a generated population ac-
cording to the fitness criteria [27]. Wright depicts 
fitness landscapes with hills and valleys that 
generated populations move through [26]. Here, 
the optimization process associates with the hill-
climbing metaphor that signifies the movement 
of a population through regions of low fitness to 
high fitness; a random walk through a surface in 
a three-dimensional space. Fitness landscapes 
can visualize high-dimensional search spaces by 
low-dimensional representations, with fitness 
landscape visualization limited to maximum two 
dimensions [28]. Therefore, more than two de-
grees challenge the visualization of search spac-
es. However, with the developments in current 
data visualization technologies, new methods for 
complex search space visualization models based 
on dimension reduction are being developed.
One of these developing methods is proposed by 
McCandlish and is based on the segregation of the 
genomes located at different fitness peaks [28]. 
By segregating the genomes to different peaks, 
the major features of the peak can be displayed 
graphically [28]. Here, McCandlish (2011) propos-
es a symbolic representation of design instances 
at the same peak. For optimality-based visual 
structuring, McCandlish’s method can be used 
as long as the design instances visualized with 
analogue representation. The segregation of de-
sign instances that are located on different peaks 
automatically structures design search space ac-
cording to the fitness scores of design instances. 
The identification and visualization of these design 
instances may inform the designer about formal 
features of design instances that belong to the 
same peak. This facilitates the visual interaction 
and guidance of a designer through the design 
search space. Furthermore, due to convergence 
in the optimization processes, design instances 
at the same peak are visually similar. Such simi-
larities have the potential to form resemblance 
clusters after the generation phase. The determi-
nation of major features of fitness regions corre-
sponds with the type.



| CAADence in Architecture <Back to command> |  Section C2 - Generative Design - 1192 

As optimality-based visual structuring strategy 
demonstrates objective filtration based on fit-
ness scores, such structuring may pose a chal-
lenge for the subjectivity of designerly evaluation. 
However, these structures reduce the complexity 
in a design search space by limiting the number 
of design instances with the number of the design 
instances that are located at the peaks. This re-
duction facilitates the designerly interaction with 
refined and smaller design search spaces. 

FINDINGS AND RESULTS 
There are several remarks that have to be high-
lighted and concluded. Primarily, the perception 
of a similar feature in a design set is defined as 
resemblance. Resemblance in a design space can 
be used as an operational method to build visual 
structures. 
Secondly, according to the case study, each de-
signer built a different structure using the same 
design instances according to different resem-
blance criteria for grouping. This study highlights 
the subjectivity of the designer and designerly 
evaluation. 
Thirdly, there is a need to compare and contrast the 
visual structuring methods in brief. In perception-
based, the designer is directly in dialogue with a 
complete set of design instances. In comparison 
with perception-based structuring strategy, the 
designer is in dialogue with filtered and struc-
tured design search spaces. Here, in perception-
based, the designer is involved through the whole 
process of visual structuring; therefore, the visual 
structuring process includes a subjective compo-
nent. However, in retrieval-based and optimality 
based structuring, the designer does become in-
volved through the automated visual structuring. 
Therefore, subjectivity may decrease and is not 
centric in these strategies. Despite the subjectiv-
ity states of such strategies, both of them propose 
refined and structured design search spaces with 
which the designer can easily interact. Accord-
ingly, these structuring methods provide visual 
guidance to the designer and facilitate the design-
erly interaction and evaluation after the design 
synthesis.

IMPLICATIONS FOR THE FURTHER  
RESEARCH AND CONCLUSION
For further research, all structuring strategies 
hold the potential for different software prototype 
implementations as a proof of concept within the 
scope of information modelling. 
For perception-based structuring, although it 
requires a manual build-up, a filtration software 
that reduces the number of design instances can 
be implemented. Furthermore, a platform, a soft-
ware with a visually rich and supportive interface 
that contains a whole set of visual representa-
tions of design instances, may enable designers 
to structure their resemblance clusters literally 
as a tree-structures as they are mapped above.
For retrieval-based structuring, a software that 
integrates 3D benchmarking algorithms in digital 
design synthesis has the potential to be prototyped 
and implemented for the further improvements.
For optimality-based structuring, regarding the 
current developments in data visualization tech-
nologies, a software is required that can be imple-
mented as a continuation of the fitness peak iden-
tification within the framework of McCandlish’s 
method, one that visualizes the design instances 
as analogue representations, and has the poten-
tial for facilitated integration of the designer with-
in the fitness landscape, without even interacting 
with the symbolic representations of the peaks.
If the potential software prototypes are to be im-
plemented, there should be another research 
conducted to analyse the integration of the de-
signer through the design synthesis process via 
those prototypes.
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Abstract: Planning requirements in terms of energy efficiency and daylighting 
strongly contribute to shaping the layout of cities. Direct solar access is the main 
requirement of the right to light in Estonia. Direct sunlight hours on building fa-
cades can be calculated by using environmental simulation software that also 
allows right-to-light analysis through the generation of the Solar Envelope. It is 
a method for calculating the maximum buildable volume that allows neighbors 
to receive the required amount of direct sunlight in a specific period of the year. 
The Solar Envelope can be determined on paper or more easily using simulations. 
The methods used by actual environmental software have significant limitations 
if used in complex urban environments. This paper discusses the potentialities 
of multi-objective optimization tools to generate Solar Envelopes for multiple 
facades with different orientations and specific amount of direct solar access re-
quirements. The results show the superiority of the developed method that inte-
grates parametric design, environmental simulations and multi-objective opti-
mization, compared to existing methods.
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INTRODUCTION
Natural light is one of the main factors affecting 
the physiological and psychological well-being of 
inhabitants of living environments. Natural light 
enters buildings in different ways: as direct so-
lar radiation, diffused by the sky and the clouds, 
reflected by the surroundings. Direct solar radia-
tion is considered to be the most valuable source 
of natural light in residential premises for its 
quantity, quality and distribution potentialities. 
The quantity is the necessary illumination need-
ed to perform specific tasks with ease and com-

fort. The quality is the property characteristic of 
natural light to illuminate the interiors with the 
full spectrum of the visible portion of the electro-
magnetic radiation [1]. The distribution uniformity 
is guaranteed by a sufficient quantity of natural 
light and by proper interiors and windows layout 
that diffuse it first where it is more necessary [2]. 
Planning requirements, different from country to 
country, are set to guarantee sufficient natural 
lighting in residential premises. 
The present work is based on the necessity to 
tackle specific problems encountered during a re-
search conducted using computational and envi-

http://dx.doi.org/10.3311/CAADence.1657
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ronmental tools to analyze the potentialities of in-
fill of existing residential area located in the soviet 
era quarter of  Mustamäe in Tallinn (Lat. 59°26’N 
Lon. 24°45’E), Estonia. Direct solar access is regu-
lated in Estonia by the standard “Daylight in dwell-
ings and offices” [3]. The requirements state that 
new constructions cannot deprive the direct solar 
access of existing surroundings of more than 50% 
on a daily basis. The requirements concern the 
period from 22nd of April to 22nd of August.
When designing the masses of new building that 
has to guarantee a required direct solar access on 
existing neighboring facades, the Solar Envelope 
method is an intuitive approach for the definition 
of the maximum volumes [4]. Differently than oth-
er regulations that use the setbacks method, the 
Solar Envelope is based on the characteristics of 
size, orientation and location of the building that 
will not cast shadows on the surroundings for a 
given timeframe and period of the year [5]. 
The calculations for the determination of the So-
lar Envelope can be done on paper using the data 
of the solar azimuth and elevation at the desired 
hours of the day and cut-off dates [6]. However, 
the calculation on paper is a long process and very 
imprecise for urban environments. Nowadays 
many CAD and parametric software that integrate 
environmental simulation tools include the pos-
sibility to calculate Solar Envelopes automatically 
[7, 8]. It is an easy procedure that requires few in-
puts, among which the main are: latitude of the 

area; boundaries of the neighboring buildings or 
baselines of the facades not to be shaded; bound-
ary of the Solar Envelope; cut-off dates of the year 
and the desired start and end time of direct solar 
access that has to be guaranteed every day on the 
facades of the surrounding buildings. The result 
is a complex shape envelope that can be used as 
a volumetric limit to design one or more buildings 
with the desired layout, the mass of which does 
not have to exceed the Solar Envelope.  
A significant limitation of the above mentioned 
method to generate Solar Envelopes used by 
state-of-the-art simulation software is repre-
sented by the daily start and end time of the cut-off 
period to determine the required number of direct 
solar access hours. Although it works for a sin-
gle façade without surroundings, it is not efficient 
if used in articulated urban environments where 
different facades need specific amounts of direct 
solar access. To guarantee the same right-to-light 
for different orientations’ facades it is necessary 
to consider different start and end time durations, 
one per façade, of the same cut-off period, or a 
method to generate the Solar Envelope based on 
the different actual quantities of direct solar ac-
cess hours.  Due to the complexity of the urban 
environment subject of the studies and the big dif-
ference of actual direct solar access hours on the 
different buildings’ facades (Figure 1), an alterna-
tive and more efficient method is developed.
The author proposes a method to generate So-

Figure 1: 
Direct solar access hours 
simulation (min. values) 
for the main facades of 
the buildings in the whole 
area of study.  
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lar Envelopes that take into account multi-di-
rectional direct solar access requirements for 
complex urban environments. This method has 
been developed for the project of assessment of 
the potentialities of in-between construction in 
existing residential areas in Tallinn, integrating 
direct solar access hours calculations through 
computational environmental simulations, Solar 
Envelopes generation using parametric design 
and multi-objective optimization plug-in. The 
algorithm is designed using the visual program-
ming tool Grasshopper for Rhinoceros 3D mod-
eling software. The environmental simulations 
tool used for the calculation of the direct sun 
light hours in Grasshopper is Ladybug [9], based 
on the sun-path scripting function of Radiance, a 
validated lighting simulation tool [10]. The multi-
objective optimization plug-in used is Octopus [11] 
that permits to apply evolutionary design princi-
ples in Grasshopper.

METHOD
The method described is applied to one group of 
four housing buildings of the whole study location. 
The four buildings of five floors of three meters 
each form an open boundary with an area in-
between on which the Solar Envelope has to be 
calculated. The facades are oriented South, East, 
West and North-East. The area is 8 meters away 
from the buildings for fire security regulations. 
The buildings facades are divided in modules of 

3x3 meters, each one with a window that in the 
simulation model is a node, i.e. a sensor for the 
computation of the direct sun light hours.

Actual Situation
First, the total direct solar access hours in the 
actual situation for the given period from 22nd 
April to 22nd August on the facades surrounding 
the area are determined through simulation of the 
sun-path and relative sun vectors. Second, after 
splitting the direct solar access hours for each of 
the 123 days of the analyzed period, the minimum, 
the maximum and the averages values are cal-
culated for each façade/node/day. The minimum 
values are used in the development of the method 
because these are required by the standard (Fig-
ure 2). Since the Solar Envelope uses the baselines 
of the surrounding facades as the right-to-light 
start point and in a complex urban environment 
the lowest floors receive the least light, the mini-
mum direct solar access hours values of the first 
floors nodes are used as the target. This guaran-
tees that the least exposed portion of the façade 
also gets the necessary quantity of 50% of direct 
sunlight hours compared to the actual situation. 
Having determined the minimum quantity of di-
rect solar access hours on the first floor of each 
facade’s module in the actual situation, the values 
are reduced by 50%, which is the minimum re-
quired by the Estonian standard.

Figure 2: 
Direct solar access hours 

simulation (min. values) 
for the four facades  

surrounding  
the in-between area.  
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Existing Method
For comparison and evaluation of the proposed 
optimization method a Solar Envelope is gener-
ated with the existing method using two proce-
dures. The required minimum number of hours 
previously calculated, is used to determine the 
different start and end time per façade in the cut-
off period. Since the existing method requires only 
one time range, the time ranges of each facade 
are merged into one period. The baseline for cal-
culation is one single contour for all the facades. 
The base of the Solar Envelope is the border of the 
area. The resulting Solar Envelope is a surface, 
defined by a three dimensional grid of points, used 
to build the underlying volume of 18.115 m³ (Figure 
3 left). This allows much more than the required 
50% of minimum direct sun light hours on the sur-
rounding facades, as exemplified by the deviation 
between the simulation with the Solar Envelope 
and the existing situation, done on the sample 
nodes on the first floor facades (Table 1).
The second procedure is an advanced use of the 
existing method. It splits the generation of one 
single Solar Envelope into as many as the number 
of the surrounding facades and merges them in 
one resultant volume. For each façade its own 
time frame is used. The facades’ baselines are one 
line for each façade. The outputs are four three-
dimensional grids of points, one for each Solar 
Envelope. Consequently the four grids are merged 
into one, selecting the corresponding points of the 
grid with the lowest Z coordinate through a selec-
tion algorithm. The lowest Z values guarantee that 
each facade node receives the minimum direct so-
lar access required. The resultant grid of points is 
used to generate the top surface of the Solar Enve-
lope with a volume of 45.995 m³ (Figure 3 right).

The resultant Solar Envelope is much larger than 
the one generated with the basic existing meth-
od. Nonetheless, the direct solar access hours 
on the surrounding facades are still significantly 
more than the target of 50%, as exemplified by 
the deviation of minimum direct sun light hours 
(Table 1). Therefore both the existing methods un-
derestimate the buildable volume represented by 
the Solar Envelope.

Multi-objective Optimization Method
Due to the inadequacy of the existing method to 
generate Solar Envelope for complex urban en-
vironments and for different time ranges, a new 
method is developed that uses the actual amount 
of direct solar access hours on the facades and 
multi-objective optimization through the Octopus 
plug-in for Grasshopper. The evolutionary soft-
ware looks for the best trade-offs between mul-
tiple fitness values (objectives), breeding multi-
ple genes during a process of evolution through 
generations. It uses the Pareto principle that al-
locates optimal distribution of resources, in which 
one characteristic can be improved if another is 
degraded. This way, optimized solutions are gen-
erated. These present a range of trade-offs of the 
resources among which one can select the most 
efficient for the design task.
The developed method uses three objectives. The 
first derives from the Estonian standard described 
[3]. It is the deviation between the sun light hours 
obtained by simulation with each Solar Envelope 
and those required, which are 50% of the exist-
ing situation. The same cut-off period from 22nd 
of April to 22nd of August is used, but a start and 
end time per façade are not required. The objec-

Figure 3: 
Existing method Solar 
Envelope (left). Existing 
advanced method Solar 
Envelope (right). 
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tive (Zopt) is to minimize the sum of the absolute 
values of the deviations between the number of 
direct sun light hours for each node (X1; X2;… Xn) 
and the targets (T1; T2;… Tn) that are the minimum 
direct sunlight hours required on the correspond-
ing nodes (ends of all the facades and centers of 
the long ones) at each iteration of the evolutionary 
solver (Equation 1).

The second objective is to maximize the volume 
of the Solar Envelope. The third objective is to 
maximize the sum of the minimum direct sunlight 
hours per facade/node/day calculated over the en-
tire period on all the first floors nodes. These ob-
jectives have been selected because the scope is 
to find the biggest possible Solar Envelope shape 
that allows for the required minimum direct sun-
light hours on the surrounding facades.
The Solar Envelope that the algorithm evaluates 
at each iteration of the multi-objective optimiza-
tion solver is a Mesh built using the parameters 
of position and height of 9 points. These points are 
the four corners of the area, four points that can 
move along the edges and one point that can move 
in the two X and Y directions inside the area. The 
positions and heights of the points are the genes 
used by the evolutionary software.
The result of the evolution process after a number 
of generations is a three- dimensional grid of the 
optimized trade-off solutions, the fittest non-
dominated Pareto-front, the elite ones and the 
last in the evolution history.  The three axes of the 
grid represent each objective of the optimization: 
X the direct sunlight hours’ deviation, Y the vol-
ume of the Solar Envelope and Z the sum of the 

minimum direct sunlight hours. The fittest so-
lutions are those closer to the origin of the grid 
and to each axis for every specific objective. For 
the evaluation of the method, three solutions are 
selected among the Pareto-front (A, B and C), 
with different objectives’ trade-off optimizations  
(Figure 4). 
Solution A presents a direct sunlight hours’ devia-
tion of 4, a maximum volume of 139.100 m³ and a 
total amount of minimum direct sunlight hours of 
427. The corresponding values of solutions B and 
C are 6, 169.298 m³, 325 and 8, 202.725 m³, 267 re-
spectively (Table 1). From the three-dimensional 
grid solutions’ items, the Solar Envelopes are re-
instated in the 3D modeling software (Figure 5).
All three Solar Envelopes selected present larger 
volumes compared to those generated with the 
existing methods (Table 1). 
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Figure 4: The three 
dimensional grid of the 
multi-objective optimi-
zation method with the 

different objectives on the 
three axes: X the direct 

sunlight hours deviation, 
Y the volume of the Solar 

Envelope and Z the sum of 
the minimum direct sun-

light hours. The items are 
the optimized solutions. A, 

B and C are the Pareto-
front solution selected for 

the method evaluation.

Figure 5: 
The three Solar Envelopes 
selected among the solu-

tions generated by the 
multi-objective optimiza-

tion method.
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With the increasing volume size, the minimum 
direct sunlight hours’ deviation also increases 
(absolute values) and the sum of minimum direct 
sunlight hours decreases. The outcomes show 
that the Solar Envelope A is the most efficient. It 
presents the smallest deviation and is 7.6 and 3 
times bigger than those generated with the exist-
ing methods (Table 1).

CONCLUSIONS
The simulation tools for generating Solar Enve-
lopes available in the actual environmental design 
software have significant limitations when used in 
complex urban environments and for specific re-
quirements of direct sunlight hours. The limita-
tions result from the use of a start and end time 
for the days of the cut-off period. The Solar En-
velope generated to evaluate the maximum build-
able volume on a designated area is smaller than 
what is allowed. This way, its mass allows more 
than the required minimum number of hours of 
direct solar access on the neighboring facades 
but the possible buildable floor area in the plot is 
underestimated.
The method developed by the author using algo-
rithmic parametric design and multi-objective 
optimization software has proven to be superior 
when compared with actual simulation tools. The 
advantage of this method is the possibility to use 
the actual amount of direct solar access hours 
for each façade of a complex urban environment. 
The improvement lies in not being bound to the 
start and end time used in the exiting methods 
that is a user input and not obtained by simula-
tion. This way, the Solar Envelope is optimized for 
the shape, orientation, obstructions and specific 
direct sunlight hours requirements of each neigh-
boring façade. 

The utilization of the required amount of direct 
sunlight hours and the Solar Envelope volume as 
the multi-objective optimization software consti-
tutes the big potentiality of the developed method. 
The three Solar Envelopes are more efficient be-
cause they permit a much larger buildable volume 
with small deviations of the values of the minimum 
direct sunlight hours required. Future work for 
the improvement of the method is the optimiza-
tion of the objectives related to the direct sunlight 
requirements and the Solar Envelope volume, 
and to increase the number of control points of 
the Solar Envelope to generate a more accurate 
shape. This will eliminate the small discrepancy 
in the required direct sunlight hours, while still 
maintaining the possibility to generate maximized 
volume Solar Envelopes. 

Table 1:
Data comparison between 
the analyzed types of 
Solar Envelopes.

Solar Envelope type
Existing 
method

Existing dvanced 
method 

Multi-objective 
optimization A

Multi-objective 
optimization B

Multi-objective 
optimization C

Direct sunlight hours’ 
deviation 21 18 4 6 8

Volume of the Solar 
Envelope (m³) 18.115 45.995 139.100 169.298 202.725

Sum minimum direct 
sunlight hours 648 607 427 325 267
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Abstract: Presently, digitalisation has moved beyond a desktop paradigm to one 
of ubiquitous computing; by introducing new possibilities and dynamic materials 
to various design fields, e.g. product design and architecture, it allows future spac-
es to be envisioned. Prior to being incorporated in the housing of the future, howev-
er, the hybrid character of computational materials raises questions with regard 
to the development of the appropriate design methods to allow them to be used in 
the production of space. Thus, merging physical and digital attributes in the ma-
terial design process and expression not only enables a better understanding of 
materials through design, but also requires a cross-disciplinary methodology to 
be articulated in order to allow different perspectives on e.g. material, interaction, 
and architecture to interweave in the design process. Based on a practice-based 
research methodology, this paper proposes a cross-disciplinary framework where 
the notion of temporal scalability – enabled by the character of computation as a 
design material – is discussed in relation to form and material in architecture. The 
framework is illustrated by two different design examples, Repetition and Tactile 
Glow, and the methods behind their creation – merging time, material, and sur-
face aesthetics – are discussed.
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ExPRESSING ARCHITECTURE THROUGH 
MATERIALS
An understanding of architectural design as a ma-
terial practice emphasises the essential role that 
materials play in the process of designing [1, 2], 
since material knowledge and experience inform 
the architect’s choices from the initial phases 
onwards when constructing artefacts and, at the 
same time, they enable the formation of a lan-
guage for expression. Hence, the appearance of 

and direct experience with materials were taught 
at Bauhaus as part of an introductory courses in 
basic design; the study of textures was conducted 
using experimental methods which enabled stu-
dents to understand the diverse character of ma-
terials through a complex exploration of the visual 
and tactile properties [3]. Accordingly, materials’ 
physical properties and expression have influ-
enced the advancement of construction methods 
in architectural design, adding form expressive-
ness through material exploration and so facili-

http://dx.doi.org/10.3311/CAADence.1665
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tating the emergence of formal vocabularies in 
architecture [4]. 
More recently, rapid material development, driven 
by technological innovation and the increased dig-
italisation of fabrication processes, has led to the 
exploration of new methods of designing [5,6] and 
so, at present, the digital has extensively entered 
into the material world, creating new relations 
between the material and the virtual and suggest-
ing new hybrid materials and ways to represent 
artefacts. Subsequently, Manovich’s concept of 
“augmented space” discusses the idea of non-
physical information being superimposed on top 
of physical space, distorting the perception of the 
real substance of the built environment. However, 
he advocates for a change in perspective in archi-
tecture, towards the possibilities afforded by the 
digital, which suggest a new direction for design 
by, for example, embedding digital information 
in a built space from an aesthetic perspective – 
and so enhancing the expression of the substance 
as a medium with which to expose the digital [7]. 
Consequently, the digital is opened up as a hybrid 
space for further explorations that can re-define 
the character of materials as raw, time-based 
substances for building and design. 

THE POETICS OF AUGMENTED SUR-
FACE: RELATING THE PHySICAL AND 
THE DIGITAL IN THE SURFACE DESIGN 
PROCESS
The increased digitalisation of fabrication proc-
esses, along with developments in material chem-
istry, have redefined the world of raw materials 
– wood, stones, metal, glass; new materials open 
up for hybrid processes that combine not only 
natural and artificial components but also digital 
and physical characters. Thus, the complexity of 
the material compositions, methods of fabrica-
tion, and design of the present do not simply of-
fer new perspectives for designers with regard to 
expressing artefacts, but require new methods of 
understanding them in order to be used in a com-
prehensible way. In addition, the authenticity of 
the relationships between material composition, 
surface expression, and function needs to be re-
evaluated in order to enable a qualitative use in 

design [8, 9]. Hence, Menges considers the role of 
computational design to be that of a facilitator for 
both complex exploration and understanding of 
material properties and design possibilities; his 
argument is based on the extended landscapes of 
design opened up for by the digital, which give ac-
cess to the various layers of information that are 
embedded in the material, from the level of the 
substance and rising up to structure and surface 
definition [10]. 
The dichotomy between the physical and the dig-
ital introduces considerations relating to how the 
meeting point between the two design spaces is 
addressed by the design at the micro perspective 
to the macro level of space. Thus, describing the 
material context of the present, DeLanda reflects 
on its complexity with regard to its introducing a 
new perspective with which to examine the design 
possibilities and potentials of materials. By mak-
ing the distinction between properties and capaci-
ties, he relates the two notions by connecting the 
actual – the physical – to the context of use and 
the possible actions which the material affords. 
Consequently, DeLanda questions the established 
perspective on the material, which sees it as a 
unity; instead, the material becomes a system 
which incorporates multiple systems of possi-
bilities, each of which is open to different actions/
relations that are to be further explored[11]. Ac-
cordingly, the dual nature introduced by the digital 
allows materials multiple states of transforma-
tion, as defined by their inherent properties and 
design, which challenge the designer to question 
the states of transformation, criteria for selection, 
and their relations as time-based expressions. 

THE TIME-BASED MATTER OF, AND FOR, 
DESIGN
Time, as part of material and buildings’ expres-
sion, brings with it various perspectives. Until 
recently, the passing of time in architectural de-
sign has been organically expressed in the de-
cay of materials – the time frame of change for 
a building that is naturally affected by daily use 
and environmental conditions. Yet, the traditional 
Western architectural aesthetic has been guided 
by the ideals of permanence. Thus, the criteria 
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of permanence have been reflected in the selec-
tion of materials and their usage, and influenced 
the development of new materials with regard to 
durable properties. As a result, the industrialisa-
tion of manufacturing processes and further ma-
terial developments encouraged the architecture 
of permanence, with a focus on developing high-
performance materials by refining the properties 
of raw materials and principles of construction. 
Thus, the passing of time, as evidenced by mate-
rial decay and corrosion, was commonly reversed 
to emphasise the timelessness of the building’s 
envelope. 
There were opposing views, however, which val-
ued the temporal imprint of buildings – that which 
signified the passing of time – and interpreted it as 
part of the building’s aesthetics, in that it framed 
a past time or slowed or accelerated its passage. 
Consider, for example, Ruskin’s perspective on 
time, where memory greatly valued the expres-
sion of ruins and the building’s patina, which was 
formed over an extended period of time [12]. Cor-
respondingly, the passing of time as part of the 
surface aesthetics was highly valued and accen-
tuated by the choice of materials and nature’s or-
ganic growth on the façade in, for example, Alto’s 
Vila Muratsaalo, or Dixton or Jones’s pre-patinat-
ed copper covering the Saïd Business School in 
Oxford [c.f. 13].
However, the present emergence of smart mate-
rials has imposed a major shift in design thinking, 
as ‘smartness’ describes a category of materials 
in which computational capability and physical 
matter meet [14, 15], adding a new perspective on 
the temporality of the buildings. In addition, the 
complexity of the material world today is empha-
sised by Kennedy, who relates surface tempo-
rality to adaptability of use; the ability to change 
and embed multiple functions in the building en-
velope is a central element of design, offering a 
new perspective on design spaces and form [16]. 
Furthermore, as technology and digitalisation be-
come increasingly present in our daily lives [17, 
18], their temporal material expressions need 
proper design considerations. Thus, Hallnäs and 
Redström introduce and reflect on the notion of 
‘slow technology’, which exists in opposition to the 
conventional perspective on the digital as an ex-
pression of fast change, proposing a speculative 

design approach which merges technology in a 
subtle way as a natural aspect of spatial aesthet-
ics, suggesting calmness and reflection [19].
Consequently, the intersection of digital and phys-
ical matter implies two radical challenges to the 
design thinking of architectural practice: the ad-
dressing of a novel perspective on temporality of 
the material during the design process, i.e. guided 
by the character of the digital, and the ability to 
design with the physical changeability of the ma-
terial behaviour and expression in mind, challeng-
ing not only the relationship between material and 
form but also the notion of spatial temporality. 
Thus, the two criteria cause a transition in the de-
sign thinking, in that the material/space becomes 
a dynamic, rather than static, gestalt [20]. Hence, 
in this new context, the changeability of material 
expression is dependent not only on the inherent 
character of the physical material, but on the pro-
grammed behaviour by which its design exhibits 
the change between different states – projecting 
the material’s expression into both the past and 
the future, and alternating these states through 
intricate expressions [21, 22]. As a programmed 
material, variations in the artefact’s spatial ex-
pression depend on both real and designed time, 
linking time to material as two fundamental re-
lated variables for design. 

Time and matter: novel variables for the 
design
As compared to traditional raw materials such as 
wood or stone, which are static in their behaviour 
and have an expression which can be affected over 
a long period of time, new materials for design are 
developed based on the idea that they will change 
over a short period of time, and so present alter-
nate methods to our conventional ways of design-
ing with time – making changes in surface expres-
sion directly perceivable through the use of digital 
computation. So, the temporality of a material’s 
expression can be expressed in multiple ways: by 
the inherent transformational properties of the 
raw material, as well as the ways these changes 
are programmed to occur [23], either independ-
ently or in response to human and/or environmen-
tal factors.
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i. the temporality of the raw material
Depending on the inherent properties of raw ma-
terials, the changes exhibited by them can take 
the form of one or multiple states of transfor-
mation – from a primary State A to a State B, or 
from State A to B and all the way through to Z [24]. 
An illustrative example of a material that offers 
such complexity and design possibilities is leuco 
dye-based thermochromic ink, which responds 
to changes in temperature. These inks can be 
printed on different surfaces or mixed into ma-
terial solutions to form plastics, and allow for 
changes in visual expression in terms of colour. 
When activated at a certain temperature, a Colour 
A becomes transparent or changes to Colour B; 
or, when mixed with static colour pigments, one 
pigment can exhibit multiple Colour states, from 
A to Z [25] Figure 1.

As compared to other materials that change in 
response to heat, for example heat-fusible yarns 
or memory alloys, leuco dye-based thermochro-
mic inks change relatively quickly, depending on 
the amount of heat applied and the medium used 
for printing. However, the choice of the basic me-
dium for printing, such as textile or plastic, and 
the methods used for mixing the plastic solution 
and surface application, influence the speed of the 

change in colour. When printed on a light wool, the 
colour change takes two seconds following the 
application of heat to the opposing side of the ma-
terial; by changing the medium for printing from 
a porous textile to a plastic but maintaining the 
same parameters otherwise, the colour change 
takes around 10 seconds Figure 2. Thus, small 
differences in the way in which the material is 
designed, for example the medium used for print-
ing or the method for applying the colour, have a 
great impact on the speed of the change in surface 
expression, and thus influence the temporal na-
ture of the material and the way the design of the 
surface is further developed through the process 
of programming facilitates pattern change and 
recurrence.
Another important consideration when working 
with time in relation to surface expression is con-
nected to the properties of the raw material, and 
its returning to its original state. The way in which 
the temporality of the pattern is manifested in the 
material can be reversible – A-B-A – or perma-
nent – A1-A2-A3…An. Light fibres or motors are 
able to return to their initial expression but, for 
heat–fusible or thermo-formable yarns, the grad-
ual changes in expression caused by shrinkage or 
melting finalise the end expression in a perma-
nent way Figure 3.

Figure 1: 
Thermochromic print 
colour A changes to B, 
colour A changes B, C…Z 

Figure 2: 
Thermochromic print on 
textiles and on plastic 

Figure 3: 
Reversible programmed 
textile structures using 
motors and permanent 
heat changeable textiles
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ii. temporality through sensing and actuation
The transformations in a material’s expression 
can be programmed to manifest the changes of 
a surface independently. Without stimuli from 
humans or the environment, a program controls 
when to initiate the change in the pattern, how 
long the change should last, which areas of the 
surface are to be activated, and how to design the 
recurrence of the changes so as to create a pat-
tern. The installation designed by Orth exempli-
fies this way of working with temporality in the 
surface design, as the textile re-forms the tex-
tural pattern of the surface through changes in 
colour at specific times – allowing the viewer to 
follow a succession of events and so the passing 
of time [26]. On a similar example, the temporal 
design of a surface can be combined with sens-
ing capabilities so as to facilitate surface design 
that incorporates a relational aspect. Thus, self-
actuating behaviour can also be activated by hu-
man presence or environmental stimuli, leading 
to greater complexity with regard to the temporal 
expression of the surface. Vivisection is dependent 
on the user’s presence in space; the movement of 
the surface is planned so as to have two temporal 
sequences, with one determined by the timing of 
the changes which re-form the surface and the 
other dependent on the sensing of presences in 
space [27]. One of the most complex examples of 
combined temporal sequences in surface expres-
sion is the Aegis Hypersurface, which depends on 
both human and environmental stimuli. The visual 
and physical changes exhibited by the surface 
relate to three time periods; one which controls 
the surface change, one which is activated by the 
viewer, and one which is activated by changes in 
the environment. The ways in which these three 
time periods are related influence the dynamic 
behaviour of the surface and, consequently, the 
temporal design [28].

The time-based material as method
Today, materials are positioned at the intersection 
of multiple design disciplines, and so require an 
interdisciplinary approach to their development. 
Thus, revisiting the synergy between material 
properties and capacities, and additionally con-
sidering the notion of temporality so as to expand 

this relation, this paper proposes a method for 
designing. This method is the result of observa-
tions attained using practice-based research, as 
well as a thorough analysis of related examples of 
research projects. 

The matrix of material-time relations aims to cap-
ture the richness and diversity of the variables 
that interact in and influence the material design 
process Figure 4. To better understand the design 
possibilities of time-based materials and develop 
proper ways of articulating these conditions in 
the design process, the proposed matrix starts 
from the premise that a conventional architec-
tural design process – one which begins with form 
generation and then selects materials that are 
suitable to achieving this – is reversed. Here, the 
time-based material and the field of possibilities 
opened up for by the material’s temporal inherent 
character and designed expression are the start-
ing point for this journey.

SPECULATIVE SCENARIOS
Example 1: Repetition
A knitted wall is placed in front of a concrete one. 
A dancer is asked to execute movements which 
involve moving away from and back towards the 
textile wall [29] Figure 5. 

Figure 4: 
Matrix for time-based 

material relations
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Material: The white textile background has a fine 
striped pattern repeated every 10 centimetres, 
consisting of interlaced threads of conductive 
yarn. The knitted arrangement of the conductive 
yarns generates heat so as to influence changes 
in the dancer’s dress. The dress is designed to 
allow certain movements, made of heavy wool, 
and printed on the right side with thermochromic 
paste Figure 6. The heavy wool acts as an insula-
tor for the dancer’s body heat but activates when 
placed on the warm wall; the dark green becomes 
cyan(from A to B and back to A), reacting to tem-
peratures of above 37 degrees Celsius.

Temporality: By the time the dancer has moved 
close to the wall, the heat pattern has already 
been activated as it is self-dependent. It then takes 
5 seconds for each line of knit to begin to emit heat 
and, after 5 more seconds, the lines slowly reach 
their maximum temperature. The lines are acti-
vated in succession, growing one after another, 
at intervals of 5 seconds. When all of the lines 

have been activated, the heat output ceases for 
20 seconds. When activated, the garment exhibits 
a change in colour in the foreground; the expres-
sion of the translated pattern appears as a visual 
imprint on the dress, and fades slowly over the 
course of 30 seconds. There are two heat-gener-
ating areas, placed in the mid-upper part of the 
textile surface due to the fact that it is most prob-
able that these areas will come into contact with 
the body of the dancer when she moves close to 
the textile. The dancer executes fast movements 
when at a distance from the wall and slows down 
when close to it in a retrograde movement; she 
stays there for a while for the pattern of heat to 
be properly transferred from one side of the gar-
ment to the other. Having activated the pattern on 
her dress, the dancer moves away from the wall. 
When activated, the heat pattern is a clear stripe 
which slowly fades, allowing the form of the in-
terlaced conductive threads to emerge mirroring 
the pattern of the wall. An interval of at least 30 
seconds is necessary for the garment to retro-
grade to its initial colour. The programming of the 
textile wall and the real-time interactions of the 
dancer combine to form the relational pattern; the 
two time periods together form a loop, connect-
ing slow and fast movements and mirrored by the 
changes in the materials’ expressions–wall and 
garments.

Example 2: Tactile glow
A sculptural form is placed in a space. By touching 
the surface light patterns start to emerge, which 
overlap with the geometry of its surface [30] Fig-
ure 7.
Material: The surface consists of hard textile mod-
ules which form crease patterns, which in turn 
form tessellations. The textile’s porous character 
becomes visible when near to the surface Figure 8.
The modules’ geometry is designed using a flat 
knitting machine capable of three-dimensional 
shaping, performed after each module is heat-
set. Alternating mountain and valley folds form 
each module. The lines to be folded are decided 
during the knitting process, and so the textile is 
more transparent in these areas so as to guide 
the forming of the surface and the placement of 

Figure 5: 
Matrix for time-based 
material relations for 
Repetition

Figure 6: 
frames from the Repeti-
tion performance
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light. Linear sources of light, such as electrolumi-
nescent wires, are embedded in the on the folds; 
they change from one to multiple states (from A to 
Z). Touch sensors are embedded in the mountain 
folds so that the textile can act as both a sensor 
and an actuator Figure 9, Figure 10.
Temporality: Based on the shape of the textile 
modules, three types of light pattern are formed: 
a triangle, a square, and a hexagon. Each of the 
patterns has two possibilities for activation: 
as foreground, appearing as the outer primary 
shape, and as background, appearing as the full 
field of each primary shape. The visual transfor-
mation of the surface depends on the bending of 
the mountain folds – amplifying the near-field in-
teraction. The transformation of the surface tex-
ture is random, and dependent on the real-time 
activation of the surface: a short bending action 
directly actuates in a fast pace the foreground 
outer layer of a pattern, which remains visible 
for 60 seconds. A longer bending action gradually 
triggers the slow activation of background pat-
terns, starting from the area of interaction and 

Figure 7: 
Matrix for time-based 
material relations for 

Tactile Glow

Figure 8: 
The textile modules and 

three basic geometries of 
light patterns

Figure 9: 
Close-up of the textile 

modules and near-field 
tactile interaction
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Figure 10: 
Combination of far-field 
light patterns resulted 
from the near-field inter-
actions with the surface

gradually filling the field of the primary shapes 
over the course of approximately 80 seconds in 
a fragmented time frame. Once completed, the 
shape of the background pattern lasts 20 seconds 
longer than the outer shape of the foreground 
pattern. The background patterns of each of the 
primary shapes have different times for activation 
and fading due to the different number of modules 
that form them; it takes 2 seconds for each mod-
ule to be activated.

DISCUSSION
Reversing the processes so that time-based ma-
terial capacities inform form, the matrix proposed 
in this paper illustrates a relational structure for 
design variables which emphasises methods and 
attributes that influence design decisions related 
to expressing time through materials – describ-
ing a pattern language [c.f. 31]. Consequently, two 
basic speculative scenarios: Repetition and Tac-
tile Glow, illustrate how the matrix can be used; 
these descriptions aim to introduce a vocabulary 
for temporal variables – for example to describe 
speed and type of change – and time-based ex-
pressions – for example to describe attributes: 
amplification, mirroring, fragmentation – as a ba-
sic framework with which to initiate cross-disci-
plinary discussions in the design process. 
Shifting the perspective, from the material/de-
sign object as a unity to one which is defined by 
a field of relations that are related by time [32, 
33, 34], the relationship between time and mate-

rial defined by the matrix can be used to integrate 
material properties and capacities during the 
initial stages of a design process – functioning as 
a relational element between the different prac-
tices, for example surface design, form genera-
tion, interaction, fabrication, functional analysis, 
and construction that informs a complex building 
process. Accordingly, the material from being a 
pre-defined entity becomes a relational method 
with which to inform ways of fabricating and ex-
pressing spaces, all while maintaining a degree 
of openness with regard to making aesthetic and 
functional decisions. 
Expanding the static view of architecture as ex-
pression of permanence, the novel expressions 
of space through time-based materials can thus 
be fragmented, amplified, progressive, slowed 
down, or frozen entirely in time; they depend on 
the length and relationships between the differ-
ent time frames of change embedded in the mate-
rial. Hence, the notion of timing the changes in the 
building envelope and relating them to aesthetic 
ways of designing spatial interactions is based on 
the openness and closeness of these time-based 
material relations, which affect the different 
scales of design that participate in the building 
process. Consequently, the notion of temporal 
scalability includes not only the real-time ex-
ploration of the design object with regard to ac-
cessing the details of the material structure, but 
also the fact that the process uses time as design 
variable to relate a near-field perspective to the 
far-field of architectural design opening for the 
generation of complex time-based spatial experi-
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ences. In addition, the relational and responsive 
behaviours of the new time-based materiality re-
quire a space for the development of complemen-
tary hybrid methods to relate the physical and the 
digital, and a space to educate future designers 
within this frame; this must be performed in order 
to enable the attaining of complex spatial experi-
ences, based on the exploration of intricate time-
based textural perceptions.

REFERENCES
[1] Allen, S., Practice: architecture, technique and 

representation, G+B Arts International, 2000.
[2] Doordan, D. P., On Materials, Design Issues, 19(4), 

2003, pp. 3-8.
[3] Itten, Design and Form, John Wiley and sons, 

1973.
[4] Frampton, K., Studies in Tectonic Culture: The 

Poetics of Construction in the Nineteenth and 
Twentieth Century Architecture, MIT Press, 1995.

[5] Menges, Material Computation: Higher integra-
tion in morphogenetic design. Architectural De-
sign, Volume 85, Issue 2, 2012, pp. 14-21

[6] Picon, A., Digital Culture in Architecture: an intro-
duction to design professions, Birkhèuser, 2010.

[7] Manovich, L., The poetics of augmented space, 
Visual Communications, 2006, pp.219-240.

[8] Manzini, E., The Material of Invention, MIT Press, 
1989.

[9] Kennedy, S., KVA: material misuse. Architectural 
Association, 2001.

[10] Manges, A., Fusing the computational and the 
physical: Towards a novel material culture, Spe-
cial Issue: Material Synthesis: Fusing the Physi-
cal and the Computational, Architectural Design, 
Volume 85, Issue 5, 2015, pp. 8-15.

[11] De Landa, The new materiality. Material Synthe-
sis: Fusing the Physical and the Computational, 
Architectural Design, Volume 85, Issue 5, 2015, 
pp.16-21.

[12] Ruskin, J., Selected Writings. Oxford University 
Press, 2009.

[13] Weston,R., Materials, form and architecture, 
Lawrence King publishing, 2008.

[14] Addington, M., Schodek, D., Smart Materials and 
Technologies, Elsevier, 2005.

[15] Ritter, A., Smart materials in architecture, inte-
rior architecture and design, Birkhèuser, 2007.

[16] Kennedy, S., ‘Responsive materials’, in Schröpfer, 
T.(eds), Material design: informing architecture 
by materiality, Birkhauser and Walter de Gruyter, 
2011.

[17] Borgmann, A., Technology and the Character of 
Contemporary Life: A Philosophical Inquiry. Chi-
cago: University of Chicago Press, 1984.

[18] Verbucken, M., 2003. Towards a new senso-
riality. In E. Aarts, S., Marzano, eds. The New 
Everyday:Views on Ambient Intelligence. Rotter-
dam: 010 Publishers, 2003.

[19] Hallnäs, L. and Redström, J., Slow technology–
designing for reflection, Personal and ubiquitous 
computing, 5(3), 2001, pp. 201-212.

[20] Löwgren, J. and Stolterman, E., Thoughtful Inter-
action Design. A Design Perspective on Informa-
tion Technology, M.I.T. Press, 2004.

[21] Lundgren, S., Teaching and learning Aesthetics of 
Interaction, PhD-thesis, Department of Comput-
er Science and Engineering, Chalmers University 
of Technology, Gothenburg, Sweden, 2010.

[22] Lundgren, S. and Hultberg, T., Time, temporal-
ity and interaction’, Interactions, July & August , 
2009, pp. 34-27.

[23] Hallnäs, L., Redström, J., Interaction design: 
foundations, experiments, The Interactive Insti-
tute and the Swedish School of Textiles, Univer-
sity College of Borås, 2006.

[24] Worbin, L., Designing Dynamic Textile Patterns. 
PhD-thesis, The Swedish School of Textiles, Uni-
versity of Borås, Department of Computer Sci-
ence and Engineering, Chalmers University of 
Technology, Gothenburg, Sweden, 2010.

[25] Dumitrescu, D., Kooroshnia, M., Landin, H., Ex-
ploring the relation between time-based textile 
patterns and digital environments. Proceedings 
of Ambience ´14. Helsinki, Finland, September 
2014.

[26] McQuaid, M., Extreme Textiles: Designing for 
High Performance. London: Thames & Hudson, 
2005.



| CAADence in Architecture <Back to command> |  Section D2 - Generative Design - 2212 

[27] Ramsgard Thomsen, M., Bech, K., Suggesting the 
Unstable. Textile: The Journal of Cloth and Cul-
ture, vol. 10, no. 3, pp.276-289, 2012.

[28] dECOi Architects, http://www.decoi-architects.
org/ethos/

[29] Dumitrescu, D., Lundstedt, L., Persson, A., Sato-
mi, M., Repetition: interactive expressions of pat-
tern translations. Proceedings of The Art of Re-
search, November, Helsinki, Finland, 2012.

[30] Dumitrescu, D., Relational Textile: surface ex-
pressions in space design, Doctoral Thesis, 
University of Borås, Studies in artistic research, 
2013.

[31] Alexander, C., Ishikawa, S., Silverstein, M., A Pat-
tern language: Towns, Buildings, Construction, 
Oxford University Press, 1997.

[32] Bourioud, Relational Aesthetics, Les presses du 
reel, 2002.

[33] Kwinter, S., The Architectures of Time: Toward 
a Theory of the Event in Modernist Architecture, 
MIT Press, 2003.

[34] Reiser, J. and Umemoto, N., Atlas of Novel Tec-
tonics, Princeton Architectural Press, 2006.



 Section D2 - Generative Design - 2 | CAADence in Architecture <Back to command> |213 

Performance-oriented Design Assisted by a Parametric 
Toolkit - Case study

Bálint Botzheim1, Kitti Gidófalvy1, Patricia Emy Kikunaga2, András Szollár2, 
András Reith1,2

1Mérték Architectural Studio Ltd., 2ABUD Engineering Ltd.
2e-mail: reith.andras@abud.hu

Abstract: Ongoing development of Budapest Zoo includes a Biodome building 
which is going to be the largest building of its kind in Europe. The Biodome was 
designed by Mérték Architectural Studio, supported by ABUD Engineering Ltd 
providing sustainability design. This paper describes a parametric method devel-
oped particularly for this project focusing on performance-oriented design. The 
parametric approach was used not only for describing and designing the complex 
geometry of the Biodome but helped structural engineering and sustainability 
design also. Several geometry variations were generated by the parametric sys-
tem and these were run through preliminary structural simulations by built-in 
plugins. Therefore, the structural form resulting from the preliminary analyses was 
already close to optimal and the structurally ideal version could be identified at a very 
early design phase. The parametric system could also inform the sustainability de-
sign process directly. To find the version of the building with the smallest ecological 
footprint, Life Cycle Assessment was carried out on different building material sce-
narios. Solar radiation and shading analyses were performed to optimise building 
energy consumption by using integrated simulation tools. As a result of the paramet-
ric definition and combining different design and engineering parameters into one 
parametric system we got an integrated tool for performance oriented design.

Keywords: Keywords: Parametric design, Free-form, Grid Shell, Shading De-
sign, Life Cycle Assessment, Sustainable Design, Environmental Analysis, Struc-
tural Optimization, Performance Oriented Design
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INTRODUCTION
The Budapest Zoo and Botanical Garden has been 
granted a new territory in 2014.  with the site of the 
former Budapest Amusement Park. New develop-
ments started on this site called Pannonpark and 
Tale Park.  The main feature of the Pannon Park 
will be a special building called Biodome, wich 
will function as a covered zoo. The interior will be 

inhabited with plants and animals in the artificial 
subtropical climate of the building. The building 
is divided into three parts: the Visitor Center, the 
Pannon Wilderness, and the Waterworld includ-
ing the Pannon Sea Aquarium.  
One of the attractive feature of the building will 
be the undulating, large span roof, planned to be 
made of steel and ETFE foil. It will incorporate four 

http://dx.doi.org/10.3311/CAADence.1666
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domes and covers the whole 17500 m2 floor area 
of the building. Freeform roofs are becoming not 
only a universal structural solution [1] for contem-
porary buildings, but often referred as a building 
skin [2] that integrates structure and facade into 
one architectural element. The Biodome’s double 
curved roof will act as an intelligent skin, which 
will be able to react to the weather with shading to 
ensure the interior visual and thermal comfort.
Responding to the need of the 21st century’s pro-
gressive design innovation, parametric design has 
an important role in the design process at Mérték 
Architectural Studio. New specialism referred 
as parametric design, includes the development, 
control and sharing geometry information within 
the design team, and explores multiple solutions 
related to an architectural design problem, with 
the use of parametric systems. [3] Rhino / Grass-
hopper is the most popular and widely used plat-
form for parametric design. The platform is in the 
focus of programmers thus a plenty of plugins 
have been under development to help architec-
tural designers. A parametric environment such 
as the Rhino / Grasshopper platform allows the 
design team to make their own parametric design 
tools. [4][5] This is made by algorithmic modelling 
and integrating simulation plugins into the para-
metric definition. The benefits of the parametric 

design approach are clearly demonstrated by the 
works of the Specialist Modelling Group at Foster 
and Partners. [6]

PARAMETRIC DEFINITION OF THE COM-
PLEx GEOMETRy
There was a need to squeeze as much space into 
the site as possible to achieve the 17,500 m2 floor 
area required. For this reason, the base contour 
of the Biodome follows the L-shaped site with the 
chain of curves tangent to each other. The base 
geometry of the Biodome roof structure is a free-
form surface which is generated from a network of 
curves. The contour curve on the xy plane is made 
of arcs tangent to each other. (Left on Figure 2) 
There is another base-curve referred as z-silhou-
ette curve which determines the silhouette of the 
final Biodome shape. Endpoints of the silhouette 
curve define the right and the left boundary of the 
shape. Additional 3 point curves are generated 
with starting points on the right boundary of the 
2D contour, midpoints on the z-silhouette con-
tour and endpoints on the left boundary of the 2D 
contour. This network of curves defines the base 
surface, which serves as an envelope for the grid 
points of the roof structure of the Biodome. (Right 
on Figure 2) 

Figure 1: 
Aerial render of the 
Biodome in the context of 
the Zoo
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Figure 2: 
Left: the base contour 
curve, the z-silhouette 

curve and the network of 
curves; Right: the enve-

lope surface

Figure 3: 
The basic and the final 

triangulation generated 
using Kangaroo 3D

ROOF GRID GENERATION
An integrated physics engine called Kangaroo 3D 
[7] was used to generate a triangular grid, con-
strained to the double curved envelope surface. 
(Figure 3) The goal of this process was to achieve 
an effective triangle grid, by its size and topol-
ogy.  The starting geometry of this process was 
an equally spaced triangle point grid. The physics 
engine distributed it on the envelope surface. For 
the physics engine, linear springs are assumed 
between the grid points, while each point is pulled 
to the surface with a force. [8] The physics engine 
finds the equilibrium state of this model with an it-
erative process. The resulting triangular grid was 
then simply cut along the boundary (Figure 4). The 
structural designers suggested to avoid short and 
steep line elements close to the boundary. On one 
hand, short line elements may get overstressed 
under temperature load, while too steep elements 
may not transfer any load. On the other hand, it is 

uneconomical to have too many joints. 
Thus the grid had to be refined. (Figure 5.)
Thus in a separate Kangaroo task, the boundary 
edges of the geometry were pulled to match its 
topology for the grid, by constraining the closest 
points of the naked edges to the 2D boundary con-
tour curve. Figure 6 shows the input and the result 
of this process with highlighted boundary points. 
Grey lines are deleted after the process, while the 
red lines are considered with 60% of the target 
edge size of the blue edges to avoid too short beam 
elements. This process was also useful to obtain 
the required mesh density: as the design process 
advanced, the triangle edge size needed to be in-
creased to reduce overall cost. This was achieved 
by modifying the input boundary points. Due to the 
mesh generation process explained above, the 
triangular point grid obtained is distributed on the 
envelope surface to a given domain distance from 
each other.

Figure 4: 
The base grid after the 

Kangaroo simulation. The 
black curve indicates the 

plane of cutting

Figure 5:The number of 
short and steep beams 

around the boundary 
needed to be reduced
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COLLABORATION WITH STRUCTURAL 
ENGINEERS AND CONCEPTUAL SIMULA-
TION
Due to the freeform shape of the Biodome struc-
ture, there is a close relationship between form 
and structural behaviour. Consequently, frequent 
collaboration was required with the structural 
engineers. A required centerline model was gen-
erated from the parametric model to speed up the 
communication between the design software and 
the engineering software. 
From the very beginning of the project, also con-
ceptual simulations were made, by an integrated 
Grasshopper plugin called Millipede. [9] This tool 

can visualize the deflection of the structure on 
gravitational loads, which helped to recognise the 
problematic zones of the structure. At the con-
ceptual phase, several structural versions were 
compared including catenary based and circular 
based forms of the Biodome. 
One of the most important decisions was to find 
a structurally ideal and aesthetic shape. [10] Cat-
enary curves (blue on Figure 7) and arc based 
curves (biarc: green, arc: orange on Figure 8) with 
varying maximal heights were defined as a basis 
for the network of curves. The final choice for the 
section curve was the catenary curve based on 
aesthetic and structural aspects.

Figure 6: 
The points of the trian-
gular grid close to the 
boundary edges pulled to 
these edges using Kanga-
roo simulation

Figure 7: 
Various section curves on 
the base contour

Figure 8: 
Various section curves 
(catenary: blue, biarc: 
orange, arc: green)
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Figure 9: 
Ladybug seasonal sums

Figure 10: 
Shading reactive to the 

radiation

REACTIVE SOLAR DESIGN
The whole roof area of the Biodome will be covered 
by ETFE foil. [11] Preliminary analysis was made to 
compare Biodomes in Europe by their inner target 
climate, vegetation and the climate of their loca-
tion. The Budapest Biodome will have the south-
ernmost location in Europe. Also, comparing the 
amount of vegetation, we can see that the Buda-
pest Biodome will embrace less vegetation than 
other Biodomes. Due to the low latitude, the solar 
radiation received by the building will be higher. At 

the same time, the cooling effect resulting from 
evapotranspiration will be smaller than on typical 
European Biodome sites. The main challenge for 
the engineering team was to find the optimal ra-
tio between the use of active and passive design 
measures to ensure the required indoor lighting 
and thermal comfort conditionsFor all inhabitants 
of the Biodome, such as plants and animals and 
also for users of the Biodome, such as visitors and 
zookeepers. The aim was to cut down the use of 
active tools, such as high energy consuming HVAC 
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Figure 11: 
The complete parametric 
definition of the Biodome: 
1, contour curve genera-
tion; 2, z-silhouette curve 
generation; 3, curve 
network and envelope 
surface generation; 4, 
mesh grid generation and 
optimisation; 5, prelimi-
nary structural simula-
tion; 6, environmental 
simulation; 7, shading 
generation

systems by the use of passive solutions. Flexible 
shading system will be applied to the whole struc-
ture to ensure sufficient shading in the summer 
period and maximum light in the winter period. 
In a collaboration with the engineering team, so-
lar radiation analyses were made with the use 
of an environmental plugin called Ladybug [12]. 
The plugin was integrated into the Grasshopper 
algorithm, thus the simulation could run on the 
original geometry, without the need of remodel-
ling. Solar radiation analysis was carried out on 
the outer surface on specific dates and times to 
find out the minimum and maximum amount of ra-
diation throughout the year. Additionally, seasonal 
sums were generated to identify the zones with 
the most and least amount of shading required. 
(Figure 9) Based on the results, the engineers 
could prescribe the operation of the shading sys-
tem in a seasonal manner. Moreover, daily pattern 
of the shading operation could also be prescribed 
based on weather changes. Thus the shading sys-
tem will be able to adapt to the seasonal needs but 
can also react to the rapid changes of the weather 
driven by real time data from sensors installed. 
(Figure 10) Figure 11 shows the complete Grass-
hopper 3D definition.

LIFE CyCLE ASSESSMENT
Throughout the design process, sustainability 
aspects have been of high priorities. Life Cycle 
Assessment was performed in a separate non-
parametric task to find the smallest ecological 
footprint version of the building. Material quanti-
ties for this study were generated directly from 
the parametric model. The first step for this type 
of assessment is the identification of key building 
materials which can be evaluated based on their 
ecological impacts. The second step and the most 
critical factor is the amount of these materials, 
which the building uses. Accordingly building ma-
terials were studied and sorted by their ecologi-
cal footprints. This included steel, concrete and 
timber as structure material, glass and ETFE as 
building enclosure materials, and different types 
of surface treatments (galvanisation, painting 
etc.) for the structure. Different types of topolo-
gies of the grid structure were also studied this 
way to understand their ecological footprints. 
The three topologies were a square grid, a basic 
triangular grid and a relaxed triangular grid re-
ferred as geodesic grid (this was the final option 
generated using Kangaroo). Then scenarios were 
created, using different materials in combina-
tions with the different structure grid topologies 
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with their proper quantity of use. Then scenarios 
were compared to find theversion with the lowest 
environmental impact.(Figure 13) Since the en-
vironmental impacts were directly related to the 
amount of materials, the more the total quantity 
of materials was, the higher the embodied impact 
of the building became. The conclusion of the as-
sessment was that the best option is the geodesic 
triangular grid with ETFE covering. 

CONCLUSION
Architecture in the 21st century is about formal in-
novation and environmental performance. Para-
metric tools stands all these demands from the 
early conceptual to the construction drawing 
phase of the project. Parametric tools can also 
handle the complexity of the geometry that can 
be generated only via an algorithmic process. The 
benefit of the algorithmic approach is that it can 
generate various versions of the design very quick-
ly. Besides this, the environmental and structural 
performance can also be successively monitored 
during the design phases with integrated plugins 

and in-house tools. To constrain the number of 
versions to be evaluated, the variables were de-
fined according to the key design performance 
indicators. The parametric model with this fea-
ture functioned as a design tool that enabled the 
development of key versions for discussion with 
the design team. As the project moved forward, 
design decisions were made along these conver-
sations between the parties.
Traditional CAD systems were made to be digital 
drafting tables to make plans follow the design 
as a static entity. Today parametric programming 
environments like Rhino/Grasshopper 3D give 
the possibility to generate versions of design ac-
cording to a design intent. Thus design is no more 
acting as an answer to a question but as field of 
possibilities related to a specified design prob-
lem. The way to the final plans resulted in series 
of decisions. In the parametric age, Architectural 
Practices are facing the challenge of developing 
their own design toolkit project by project. To ad-
dress this, parametric environments need to be 
improved to integrate engineering phases seam-
lessly 

Figure 12: 
LCA results comparing 
the total environmental 

impacts of all options
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INTRODUCTION
In order to understand and learn how to use para-
metric design to shape a building, is very useful to 
understand the forms and patterns which can be 
used. These parametric structures are generated 
by commands of the design program, which is 
very similar to a programming language. This re-
sults in the design of structures which are based 
on geometry and mathematics. Using a classifica-
tion system, which is based on the mathematical 
properties of these structures, it is easier to un-
derstand how they were made and easier to learn, 
how other similar structures can be designed and 
how many possibilities are available. The ques-
tion, whether the pattern of a structure is a tiling 
or a subdivision is one of the first questions when 
classifying a structure in this way.
In previous research [1], classification was based 
on shape and logical aspects, where mathemati-
cally similar structures made up a class. It was 
based on many different sources [2,3,4,5,6,7], and 

as a result of these, the geometric properties pro-
vided the most basic selection rules. This method 
is similar to the present classification system, but 
it requires further refinement. This paper shows 
how the refinement of the Surfaces group of the 
previous classification system is represented.
In the previous paper [1] two elementary catego-
ries of parametric design techniques were differ-
entiated: surfaces and formations. Surfaces were 
defined as structures which consist of a pattern on 
a planar or curved surface. Formations were de-
fined as structures that occupy a more extensive 
part of space. Since a clear borderline between 
the groups is absent, the deciding rule is that if 
the parametric structure has a structural role 
then it is a formation. Modifiers were mentioned 
as a third group, which modify the members of the 
previous two groups. This paper focuses solely on 
the surfaces as other parts of the group need fur-
ther clarification.

http://dx.doi.org/10.3311/CAADence.1661
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CLASSIFICATION OF SURFACES
The two properties of surfaces described in paper 
[1] are also used here, namely form and pattern. 
The classification of the form of surfaces has a 
full mathematical foundation and a surface can 
be parabolic, elliptic, hyperbolic and complex in 
form. However the definitions of the grouping of 
the types of patterns should be changed as fol-
lows.
• Patterns remaining on the surface:
 o tiling;
 o subdivision;
 o packing - the content of this group didn’t 

change, but it will be called lacunary pattern in 
future for the sake of clarity;

• Tridimensional patterns:
 o open;
 o closed.

The classification remained unchanged from the 
aspect that tridimensional patterns are consid-
ered as a three dimensional extension of patterns 
remaining on the surface. The significant changes 
concern tiling, subdivision and lacunary patterns. 
Two pattern types, tiling and subdivision, will be 
the principal topologies while, in the future, the 
lacunary pattern will be a modification of these 
two.
The main difference between tiling and subdivision 
is that tiling focuses on making identical or ana-
logue tiles, while subdivision means dividing the 
surface at random tiles by applying some rules. 
In other words the purpose of the first one is the 
creation of tiles, while the second is the division 
of the surface, as is indicated by the name. To ac-
curately define the difference mathematically, we 
need to interpret these patterns as graphs. Using 
graphs to construe difficult models and patterns 
of the real world is a good working method, which 
can be seen in a wide range of scientific research. 
[8,9,10,11,12]
Another modification was made; the mesh, which 
will be mentioned as the foundation of making the 
pattern instead of a type of subdivision as in pa-
per [1], because the pattern is created by a mesh 
in every instance. This is a transition between the 
physical appearance of the pattern and the full 
theoretical graph-like interpretation.

TOPOLOGy OF PATTERNS
The patterns are interpreted as undirected sim-
ple planar graphs. This means that edges have 
no orientation, both multiple edges and loops are 
disallowed and vertices and edges can be drawn 
in a plane as long as no edge intersects with any 
other edge.
This means that subdivision is a pattern, for which 
- interpreted as a graph - one of the following is 
true:
• the number of neighbours of inside vertices 

varies;
or
• the number of vertices and edges of inner cy-

cles varies;
where a cycle is a continuous series of vertices 
and edges, where each member participates only 
once and the point of origin is identical to the point 
of arrival.
Tiling is a pattern, for which - interpreted as a 
graph – the following conditions are both true:
• the number of neighbours of inside vertices are 

equal;
and
• the number of vertices and edges of inner cy-

cles are equal.
The side vertices and edges of the graphs do not 
obey this law.
A pattern is called a lacunary pattern, when the 
interpretation of the graph can be tiling or sub-
division; however the surface contains uncovered 
areas.
Two examples are presented for this thesis which 
provide a better contrast between the groups.

ExAMPLE 1
Subdivision
The main idea of the Voronoi-diagram is that the 
surface is divided into cells based on a predefined 
set of points, where every point of the surface be-
longs to the cell of that predefined point to which 
it is closest. In this example the set of points is 
taken at random, therefore the cells will be ir-
regular. It is possible for a vertex to have more 
than three edges, for example when the points of 
the set, which were the base points of the Voro-
noi-diagram, are the points of a square mesh, the 
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Voronoi-diagram is also a square mesh, and each 
of its vertices have four edges. However when the 
set of points are truly random, three edges in a 
vertex are guaranteed, as is demonstrated in Fig. 
1c. Though some vertices can be seen, as it has 
four edges at first glance, there are actually two 
points connected by a tiny edge, which cannot 
be seen at this magnification. However the cells, 
which create the cycles in the graph, are differ-
ent polygons, which consist of a variable amount of 
vertices and edges. So the Voronoi-diagram - when 
it is made of random points - can be considered as 
a subdivision.
An interesting phenomenon is that when the points 
of the set, which were the base points of the Voro-
noi-diagram, are connected with their neighbours 
then it forms a triangle mesh. Those points are 
considered neighbour points when Voronoi-cells 
have a common edge. On a graph of this mesh the 
cycles always contain three vertices, however the 
number of neighbouring vertices of a vertex is 
variable. This is the dual of the Voronoi subdivi-
sion and it is called the Delaunay triangulation, as 
is shown in Fig. 1b.

Tiling
In the case of hexagonal tiling the Voronoi division 
is also applied although the initial points of the 
cells are set to provide regular hexagonal tiling. If 
a plane is to be divided into regular hexagons with 
Voronoi division, then the vertices have to be taken 
of a regular triangular mesh as the initial points of 
cells. The cells created in this way are all regular 
hexagons, so in the case of the graph interpreta-
tion of the pattern, the inside vertices belong to 
the same amount of edges and the inside cycles 
consist of the same number of edges and vertices, 
as shown in Fig. 2. Therefore this method is con-
sidered as tiling.
In the case when a similar pattern is applied on 
a hyperbolic - or any non-planar - surface, then 
the hexagons are projected to the surface, but the 
topology remains unchanged. As shown in Fig. 2d, 
the hexagons are not perfectly equal, but it still 
remains as tiling.

Figure 1: 
a) Voronoi-diagram;  

b) Voronoi-diagram with 
the mesh made from its 

initial points; 
c) Number of neighbours 
of vertices and number of 

vertices of cycles in the 
Voronoi-diagram and in 

the mesh 

Figure 2:  
a) Hexagonal tiling;  

b) Hexagonal tiling with 
the regular triangular 

mesh made from its initial 
points; 

c) Number of neighbours 
of vertices and number of 

vertices of cycles in the 
hexagonal tiling; 

d) Hexagonal tiling on 
hyperbolic surface
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Lacunary pattern 
The third example is circle packing. This is cre-
ated by taking the triangular mesh used at the Vo-
ronoi division, then this mesh is optimized so that 
tangent circles can be created [13]. This optimiza-
tion does not concern the topology of the mesh; 
it merely changes the position of points and the 
length of the edges. So far the mesh, which helped 
create the circles, makes the statement that the 
inside cycles have the same number of edges and 
vertices (three) true. But not the same number of 
edges belong to the inside vertices, as it is shown 
in Fig. 3e. So this lacunary pattern is derived from 
subdivision.
The original name ‘packing’ comes from ‘circle 
packing’ [13], which means that most circles try to 
squeeze (pack) into a rectangle ‘box’. That is why the 
‘packing’ term is a good match with reality in this 
case, but as the second example shows it is not suit-

able in every instance. The term ‘packing’ in general 
is used for geometric problems, when a rectangle 
or a box is be to filled in the densest way with certain 
planar shapes or bodies. That is why we changed the 
name of the group to a lacunary pattern.
In every case the base of these patterns was the Vo-
ronoi-diagram or its initial points. Patterns are cre-
ated by dividing rectangles in the second example.

ExAMPLE 2
Subdivision
In this case the starting point is five identical rec-
tangles which are divided into two with a vertical 
line. The position of these lines is random, there-
fore the five rectangles are divided at different 
positions. The resulting ten different rectangles 
are divided into two again, horizontally this time 
and again at random. Then those from the new-

Figure 3: 
a) Circle packing; 
b) Circle packing with the 
mesh made from its initial 
points; 
c) Mesh of the original 
Voronoi-diagram; 
d) Optimized mesh used 
to circle packing;
e) Number of neighbours 
of vertices in the mesh of 
the circle packing;
f) Number of vertices 
of cycles in the mesh of 
circle packing
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est rectangles whose area exceeds a certain size 
are divided again vertically, similarly to the pre-
vious divisions. The result is a surface consisting 
of rectangles of different areas and ratios, which 
appears as a surface covered with totally random 
rectangles. It can be seen from the transition of 
the pattern to a graph that every inner vertex has 
three neighbours, but a cycle can consist of four, 
five, six, even eight vertices. This subdivision is 
shown in Fig. 4. Theoretically it is possible for the 
vertices to have four neighbours, in common with 
the Voronoi division, if the neighbouring rectan-
gles are divided at the same place.

Tiling
If the base rectangles are divided with the pre-
vious set of rules, but always at the half of the 
edges, the result will be a pattern consisting of 
identical rectangles, where every vertex has four 
neighbours and every cycle has four vertices, as is 
shown in Fig. 5a and 5b. If this pattern is applied 
on a non-planar surface, the rectangles may not 
be identical but the topology will not change, as in 
the case of the hexagonal tiling.

Figure 4: 
a) Subdivision of rect-

angles; 
b) Numeration of vertices 

of rectangles; 
c) Tiling converted to 

a graph with the same 
numeration; 

d) Number of neighbours 
of vertices in the graph; 
e) Number of vertices of 

cycles in the graph

Figure 5: 
a) Rectangle tiling; 

b) Number of neighbours 
of vertices and number of 

vertices of cycles of the 
tiling; 

c) Lacunary pattern made 
from rectangle tiling; 

d) Number of neighbours 
of vertices and number of 

vertices of cycles of the 
lacunary pattern
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LACUNARy PATTERN 
In the case of a lacunary pattern the tiling is modi-
fied by pulling certain vertices apart, which result 
in rhombuses. In this case it can be seen in Fig. 5c 
and 5d, that every cycle consists of four vertices 
but one vertex has three or six neighbours. How-
ever it is a tiling as well if there are different types 
of vertices and cycles, but this difference comes 
from the decision of the designer and is not due 
to randomness. Because these types of vertices 
are predefined it is also tiling made up of two tiles. 
When one type of tile is not used, it results in a la-
cunary pattern. Most historical architectural pat-
terns are tilings, which consist of more than one 
type of tile. [14,15]

CONCLUSION
By representing the patterns as graphs, it helps 
us to construct a clear and simply usable topolog-
ical classification for patterns of parametric de-
sign techniques. Because the surface modifying 
patterns are derived from the patterns remain-
ing on the surfaces their topology is identical. A 
final question that may come up is whether this 
classification could be extended to formations as 
well. This question is subject to further research 
because while some formations have a clear, easy 
to see topology, others require further reflection.
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INTRODUCTION
The introduction of digital technologies for de-
sign, analysis and construction of architectural 
projects has been proposed from the outset to 
offer architects greater control of their own work 
and of the other processes comprising the project. 
In many respects this has been realised, through 
enhanced capabilities for the production of repre-
sentations (e.g. drawings, models, videos), data 
processing (simulations, quantity take-offs) and 
manufacturing and assembly (CNC cutting and 
milling, robotics, etc.) as well as communications 
and access to information [1]. Yet there remains 
room to question whether architects do now in 

fact have more control and greater command of 
their projects as a result. Also open to question 
are: who else might be gaining control and com-
mand, and whether such shifts in capabilities, re-
sponsibilities and power are helpful or harmful. 
This article suggests ways to address these three 
questions and related ones by examining issues 
of control and command arising in various areas 
of architectural research, especially ones con-
cerned with utilising or creating digital technolo-
gies for various aspects of the design and con-
struction process. While the examination is made 
with reference mainly to the author’s recent and 
current research projects, its observations and 
conclusions can be interpreted more broadly and 

http://dx.doi.org/10.3311/CAADence.1675
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are also largely applicable to practice in AEC(O). 
The aim of this examination is, in part, to highlight 
areas where -- perhaps contrary to expectations 
-- control is not clearly maintained, in order to at 
least augment present awareness and diminish 
later disillusionment when the degree of com-
mand is not equal to expectations. 
The present work considers the issues of con-
trol and command via reflections on research 
projects concerning digital design in architecture 
and urbanism. The projects’ topics cover a range 
of scales and approaches, from the planning and 
design of urban ensembles to the detailing of pan-
els for constructing free-form building envelopes. 
Additional topics on this spectrum include meth-
ods to support open-ended design explorations, 
goal-driven optimisations, participatory design 
and the internet-of-things. For examples of dif-
fering approaches: the research on urban plan-
ning and design utilises parametric modelling and 
embedded analyses to evaluate the anticipated 
performance impacts of alternative urban layouts 
and provisions of public space. The research on 
Custom Digital Workflows emphasises the need to 
allow for ad hoc linking of various software pack-
ages to enable flexible interoperability in multi-
disciplinary design explorations, while the works 
on data visualisation tackle the challenges arising 
when making sense of results from large quan-
tities of such explorations and optimisations. In 
each of these topics of research the possibilities 
and methods for controlling the design process 
and also the resulting artifacts (especially urban 
spaces, buildings and building components) are 
expressed in different ways, consequently influ-
encing the roles of architects in different ways. 
The areas of research to be examined include 
ones in which the approaches and techniques ap-
plied result in situations where control is retained 
and/or augmented, where control is shared or 
delegated, and where control is lost or difficult to 
maintain. The three groups encompass (though 
not exhaustively) the following main topics:
1) design representation, analysis/simulation, 

optimisation, data visualisation, fabrication;
2) design space exploration, search and classifi-

cation, urban prototyping, participatory design;
3) adaptive architecture, internet-of-things, 

’smart cities’.

The demarcations are rarely firm, however, so the 
topics are intricately interrelated, and the degrees 
of control exhibited tend to form a gradated spec-
trum, as will become apparent. From the analysis 
following we can conclude that in general the dig-
ital design processes’ levels of controllability by 
architects are inversely proportional to their level 
of complexity, and that the complexity can have 
various sources, as detailed further in the Discus-
sion section.

CONTROL RETAINED OR AUGMENTED
We can begin the exposition of our topics with that 
of design representation, where application of 
digital technologies was arguably first aimed [2] 
and has so far had greatest success. As a specific 
example, the long gestation and now maturing of 
BIM brings to architecture a system of represen-
tation which is standardised -- thus controlled, 
perhaps overly -- though this implies some loss, 
or delegation, of control, as discussed below [3]. 
Precision of representation is augmented, and 
arguably variety as well -- although this may be 
more a shifting of domain rather than actual ex-
pansion, as the varieties of analog representation 
are also enormous -- offering designers great 
control of how to express and develop their ideas, 
if they gain sufficient command of the media. Shar-
ing and communication potentials are increased, 
giving control through wider and perhaps longer 
propagation of ideas through transmission and 
re-use [1,4]. Still, potential reductions in control 
stem from issues of system reliability, viruses, 
etc. (vs. physical damage to analog representa-
tions) and from questions about the applicability 
of approaches adopted from manufacturing when 
applied to more open design processes -- al-
though these can be mitigated to some extent by 
recourse to more open design space exploration 
tools, ’custom digital workflows’, and approaches 
to interoperability [5,6,7,8] as discussed further 
below. Given these points, design representation 
with digital means on the whole seems to come 
out on the side of greater control, in balance.
The analysis and simulation (including virtual 
prototyping) of designs has also been an area 
where control is quite successfully established, 
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with greater power and precision commonly of-
fering greater confidence in the future perform-
ance of projected designs [1,4,9], as designs can 
be tested in greater numbers and greater depth. 
These tools can be used in the conventional mode 
of confirmatory analysis, but also provide useful 
input during earlier conceptual phases of design 
if handled properly, when relative merits rather 
than great precision are needed for decisions [10]. 
Tools for carrying these out are not always geared 
to non-experts, however, so their use may entail 
significant collaborative efforts [1,4,7] (see below) 
or else risk recourse to shaky assumptions giv-
ing results which can distort design decisions. 
Another associated risk is information overload, 
„losing sight of the forest for the trees”: a possible 
excess of choices and consequent disorientation 
in balancing conflicting requirements. These may 
be offset to an extent with good data querying and 
visualisation (see below)[5,8,9,10].
Optimisation builds upon analysis and simulation 
above, with additional power and control exer-
cised through multiple iterations of goal-directed 
design revisions, greatly increasing the number 
of design variations examinable. Work on ‘cus-
tom digital workflows’ seeks to enable linking 
of possibly disparate software packages, giving 
more control over choice of software (for example 
those with which the design team is more famil-
iar and confident) and over how design data are 
processed [6,7]. Yet not all aspects of optimisa-
tion remain firmly under the architects’ control: 
for example the choices of optimisation algorithm 
types and their parameters, which often enough 
need expert input rather than acceptance of de-
faults. Large-scale optimisation also greatly in-
creases the potential excess of data/information 
and choices (as in analysis and simulation above) 
unless brought under control, such as via good 
data interrogation capabilities [9].
Visualisation of data [9,11], coupled with sophis-
ticated querying [5,6], offers potential to help re-
duce information overload and make the data from 
automated optimisation routines more digestible. 
The key is in enabling designers to find patterns in 
the data which after sufficient testing can be used 
as firm bases for design decision making [11]. 
Preferably the data visualisation tools also sup-
port interactivity, to let users control which data 

are examined and how, rather than providing only 
predefined views (though again, their use needs 
some expertise.)
Digital fabrication technologies have also been 
strongly heralded and then lauded for enabling 
greater freedom, complexity and precision of 
manufacturing for architectural projects (includ-
ing physical models / maquettes) as well as reduc-
ing time, cost and waste. Such technologies may 
in cases allow experimentation through physical 
prototyping and consequent extension of previous 
boundaries to ‘non-standard’ designs and con-
struction methods, testing limits of complexity 
[12]. Control of fabrication by designers can also 
help overcome difficulties of finding willing and able 
builders. There is, though, some danger of overex-
tension beyond known performance limits without 
adequate prototyping (especially of factors not well 
handled by virtual prototyping), with consequent 
in-service failures at higher rates than with more 
well-established, reliable materials, manufactur-
ing and assembly methods. If by excluding special-
ists there occurs a loss of deep, expert knowledge, 
the risk increases of producing ‘expensive piles of 
junk’, especially when realising projects in prac-
tice. Thus again, collaboration and the sharing or 
delegation of control may be needed.

CONTROL SHARED OR DELEGATED 
Design space exploration, as a paradigm related 
to but more general than optmisation, has also 
been aided in some respects by the introduc-
tion of digital methods for design generation and 
evaluation, through procedural modelling (such 
as parametric-associative geometric models) and 
computational analyses (such as performance 
simulations of structural, energy, lighting, ther-
mal and other aspects). One of its most important 
distinctions from optimisation is that in explora-
tion designers are not concerned only with finding 
the ’best solutions’ to well-defined ’problems’, but 
instead with producing and examining many, per-
haps very widely differing, designs in a process 
where the questions to be answered and criteria 
to be fulfilled are still open [4,9,13]. This typically 
requires a less constrained and more interactive 
approach than optimisation, with potentially more 
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collaboration, consequently more negotiation 
(therefore less command), and more interest in 
comprehending all of the (design) data produced 
in order to gain a better appreciation of the design 
situation and potentials.
Research on ’custom digital workflows’ [7,8] and 
’multivariate interactive visualisation’ [9] address 
some of these issues by on the one hand enabling 
the construction of more open interative loops for 
design generation and evaluation, and on the other 
hand more effective comprehension of the copious 
data resulting from such processes. Designers 
can thus gain more control over the choice of soft-
ware to use in design and analysis, and also more 
control in the face of information overload (noted 
above also as a potential problem with automated 
optimisation). The widespread use of digital mod-
els for design, analysis and other tasks, produced 
by different people using various software raises 
issues of data sharing such as the organisation 
and retrieval of data, as well as the transfer and 
translation of data [7]. While standardisation has 
often been proposed as the basis of the answer 
to all of these needs, practice has shown that 
standards are often observed only partially or not 
at all (as they do not sufficiently suit the localised 
needs of particular users and tasks), and stand-
ardisation is in any case not strongly supportive 
of creativity and innovation, which are often req-
uisites in design. The ’custom digital workflows’ 
approach addresses this partially, as already 
noted, by aiding designers in assembling chains of 
software suited to their needs. However, further 
assistance is needed when creating the linkages, 
both in finding relevant data and in mapping those 
data to translate between packages. Control is 
thus potentially increased with data search and 
classification methods [5,6] helping users to cus-
tomise retrieval and translation without recourse 
to standards, though at some cost of effort. But 
where standards are adopted for greater conven-
ience, control is lost (or delegated), as ’universal’ 
conceptual schema for organising design infor-
mation assert dominance and begin to condition 
how designers speak and think about their work, 
as well as how they must structure their design 
representations to make them shareable [3]. An-
other interesting approach to this issue of interop-
erability relies on algorithmic agents to negotiate 

ad hoc exchange protocols; in such a case the de-
signer’s control is not lost to a universal standard 
but shared with or ceded to the agent(s) and those 
who programmed them.
’Urban prototyping’ applies digital design technol-
ogies at a scale of entire cities or districts, com-
monly using procedural systems (typically para-
metric-associative or other rule-based ones) to 
generate city models, and simulations and other 
analyses to subsequently evaluate and refine the 
designs produced. It shares with digital design and 
optimisation (see above) a potentially high level of 
control over the designs produced (barring much 
reliance on random or stochastic processes),  and 
also potentially a higher degree of confidence in 
the eventual ’performance’ of the resulting urban 
fabric than would be expected from ’traditional’ 
(pre-digital) urban planning and design methods. 
Nonetheless, questions of control and command 
arise in at least two respects: first, the risks of 
overconfidence in analyses/simulations of very 
complex phenomena for which they are not really 
valid, and second, the  nearly inevitable necessity 
of allowing urban plans and designs to mutate in 
the course of their gradual implementations, as 
more stakeholders are engaged, and as earlier 
requirements evolve or otherwise shift (such as 
with economic cycles, changes in governance, 
etc.). Thus, the appearance of control manifested 
so strongly during the analysis and design stages 
rarely translates through to the built city, even if 
some strong visual characteristics are retained. 
Digital technologies are of course also being 
strongly promoted for the operation (and adapta-
tion, see below) of urban environments, as with 
’smart cities’. The degree of command thereby is 
possibly very high, but it will likely be command by 
others, not designers. Nevertheless, digital tech-
nologies can contribute control to the processes 
of urban design representation, as noted above, 
and of sufficiently focused analyses, which need 
not be confined to purely technical performance 
but can also address matters of perception, such 
as assessment of 3D open urban spatial character 
via ’convex and solid voids’ analysis [14,15]. Partic-
ipatory design (collaborative and multi- or trans-
disciplinary) is becoming increasingly prevalent in 
addressing urban issues, and while not in itself a 
digital technology, much digital technology is be-
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ing put to service in realising it, to better marry 
design, analysis, communication and negotiation. 
Here the architect truly becomes one actor among 
many, though possibly with some prominence; 
command is out of the question, and control is ex-
ercised indirectly, if at all.

CONTROL DIFFICULT OR LOST
The areas of ’adaptive’ or ’responsive’ architec-
ture, while attracting increasing attention from ar-
chitects, present significant challenges in control 
of design and analysis as well as operation. Taking 
as a premise that such architecture must dynami-
cally reflect changes in its immediate physical en-
vironment, users’ presence and wishes, and pos-
sibly also other factors, it commonly relies upon 
incorporation of control systems as part of the 
realisation (although some approaches instead 
achieve dynamic behaviour via material respons-
es at cellular/molecular/atomic scales -- where 
the ’control system’ is integral -- rather than 
through electromechanical means) [16]. Unless 
the desired responses and adaptations are trivi-
ally simple, maintaining command of the designed 
artifacts’ behaviour(s) demands much greater 
effort from the designers, as well as knowledge 
which usually falls outside the domain of archi-
tecture (fitting more closely to electrical and me-
chanical engineering, among others). Of course, 
the designers may decide to let events take their 
course -- perhaps citing an interest in  ’emer-
gent behaviours’ -- but this may be seen as tan-
tamount to abdicating control. (See also Internet 
of Things, below.) In addition to the uncertainties 
of operation, design and analysis are also more 
challenging than with conventional (relatively) 
static architecture. This is partly due to effects of 
the necessary collaboration (see previous topics) 
and also because the number of possible states 
of the design is somewhat or even vastly greater. 
Having more states also means more evaluations 
are needed, if confidence in performance is to be 
maintained (and with so many evaluations needed, 
considering their computational costs, physical 
rather than virtual/digital prototyping again be-
comes attractive). Thus, even a single artifact with 
one or a few defined behaviours is difficult to re-
ally control from design through operation -- and 

as in software design „if you can’t fix it, feature 
it” may become the motto. This is compounded, of 
course, when more objects, users and behaviours 
are in play, such as in urban assemblages and the 
’internet-of-things’.
Whereas adaptive and responsive architecture 
typically deal with a single artifact or a collection 
of its similar components, the Internet-of-Things 
is about a much larger ecosystem of devices, in 
which architectural artifacts can also be included. 
Thus, the challenges of control noted above are 
greatly compounded by the greater number of 
devices, users, behaviours and interactions pos-
sible. Within such a milieu, the architect can at 
best hope to define an ’envelope’ of possible out-
comes, based on what can only be approximate 
assumptions about the possible inputs. Failure to 
take into account what the artifact may encoun-
ter and what its responses might be can of course 
lead to failure of the artifact, or in better cases 
a kind of graceful degradation of performance 
(perhaps simply non-response, keeping to the 
previous state, or reverting to a ’neutral’ state), or 
maybe in the luckiest circumstances a new kind 
of behaviour which was unanticipated. Here again 
claims of control are tenuous, unless live, on-the-
fly reprogramming (in effect remote control) can 
be implemented.
The move toward Smart Cities represents a sort 
of apotheosis of the intersection between archi-
tecture and the Internet of Things, although with 
many buildings remaining relatively static arti-
facts, having their responsiveness confined to the 
already well-known realm of building control sys-
tems for lighting, HVAC, security and so on. The 
sensor and actuation networks being designed 
and put in place to collect data on these systems 
as well as a host of infrastructural and other non-
architectural artifacts, and to control their be-
haviour -- in ways aiming, it is said, to optimise 
their performance and efficiency -- could in prin-
ciple accommodate more ambitiously responsive 
and adaptive architecture as well. But smart city 
systems are not being designed or implemented 
with much or any input from architects, so it re-
mains to be seen whether and how much control 
or command they could exert through them. The 
complexity even of comprehensively sensed cities 
remains.
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DISCUSSION / CONCLUSIONS
The preceding reflections on recent and currently 
ongoing research have provided an instrument 
for examining how control is gained, shared or 
lost by architects in the course of applying dig-
ital technologies. Roughly speaking the degree 
of control correlates to the complexity present, 
as shown schematically in Figure 1. Situations 
or processes with one or few actors and simple 
cause-effect chains are those in which control is 
most easily maintained, where command can ef-
fectively be exercised. Contrastingly, those with 
multiple (even multitudes of) actors and complex 
processes -- whether through feedback loops or 
other inherent sources of complexity -- are those 
least controllable, where the idea of command is 
illusory. 
Another source of potential loss of control is the 
transmission and fungibility of skills/knowledge 

and the resulting interchangeability of roles. With 
digital technologies for architectural application, 
it is clear that not only architects can utilise them, 
and the domain knowledge encapsulated in them 
may actually give a leg up to non-experts. Compe-
tition (from non-architects) is now consequently 
greater than before. Other effects include cli-
ents’ expecting that design changes can be more 
numerous and frequent, due to perceptions that 
digital tools make changes easier. Thus, control 
of project schedules, workloads and profitabil-
ity comes under pressure. This is not to say that 
these must be avoided. Often sharing or abdica-
tion of control is desirable or necessary (e.g. par-
ticipatory design), and this recognition is growing 
in some circles of design and beyond -- although 
also shrinking in others. The choice of how much 
control or command to attempt to exert is partly a 
matter of pragmatics, partly of ideals; ultimately 
it is political.

Figure 1: 
schematic summarising 
relation of complexity to 
control.
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This work has aimed to examine more closely 
whether and how digital technologies augment or 
reduce architects’ control, and we can conclude 
from observing the variety of results in various 
areas of such technologies’ use that care should 
be exercised in selecting which technologies to 
use, and in forming expectations about the result-
ing degree of control and command. The surest 
way to maintain command may seem to be to re-
strict architects’ activities to well-understood and 
relatively tightly constrained tasks, though com-
petition from others (non-architects) with com-
parable or greater skills can still displace them. 
For those choosing more dynamic definitions of 
architects’ roles and possibilities the challenges 
are formidable but may be successfully attempted 
with „eyes wide open”. It is hoped the analysis pre-
sented here contributes to such opening; the syn-
thesis into action remains with the readers.
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Abstract: Current paper discusses spatial, survey data (i.e. terrestrial laser 
scanning, structured light scanning, aerial photogrammetry) processing methods 
and its various use cases from an architect’s point of view. Besides the surveying 
and data processing, the paper provides details on the topic of collaboration be-
tween engineering branches and the power of visualization in communication.  
Because of the complexity of architectural planning, multiple surveying tech-
niques can be applied to achieve easier and faster project development. 3D sur-
veying technology aids architectural documentation and creates a new way of 
thinking in handling multidisciplinary communication. Data from different work 
projects have been selected to demonstrate the flexibility of previously mentioned 
surveying technologies. The result product can be further used to derive data for 
architectural purposes, e.g. views, sections or numerical values. The high density 
point cloud supports virtual/augmented reality applications; both experts and 
laymen can take a virtual walk, the practical solutions and future options are also 
presented in the paper.
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INTRODUCTION
The HUMANsoft Ltd., a member of 4iG Plc., was 
founded in 1989, and it is a prominent player of the 
Hungarian IT market. From its high level services 
and high quality solutions, the company’s income 
was 60 million USD (2015), and 300 employees are 
working for the company.
The HUMANsoft Ltd. founded the Mensor3D Ltd. 
in 2014. Our main profiles are technical testing 

and analysis in architecture and mechanical engi-
neering based on 3D scanning.
In Hungary, which is incredibly rich in cultural and 
architectural heritage, the preservation and dig-
ital documentation of the monuments is of com-
mon interest. The Mensor3D employs the most 
advanced 3D technologies for cultural heritage 
preservation, architectural survey and documen-
tation along with visualization. We make every 
effort to make products, which are not only for 

http://dx.doi.org/10.3311/CAADence.1679
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architects but also for engineering branches, mu-
seum, tourist and educational purposes. 
There are several scientific projects worldwide 
with similar goals in the field of cultural heritage, 
architecture, and mechanical engineering. In 2015 
Mensor3D Ltd. had the opportunity to scan and dig-
itize Visegrád Palace, one of the 500 sites, which 
was selected into the CyArk program. CyArk is an 
international nonprofit organization dedicated to 
digitally preserve and share many of the world’s 
most important cultural heritage sites.

SURVEyING TECHNOLOGIES
Nowadays there are several modern, computer 
supported surveying technologies, which can be 
used to survey different building elements, whole 
buildings, sites or streets, city quarters. [1] The 
following technologies are the most commonly 
used in architectural survey.

Terrestrial laser scanning
Terrestrial laser scanner (TLS) is a ground based 
equipment, which measures the position and di-

mensions of objects with laser light. The laser 
scanning as an active remote sensing technology 
is capable of surveying in dark environment, and 
is not sensitive to shadows. [2]
TLS has become popular for building surveying, 
because it provides direct, reliable and dense 
surface measurements in different situations. 
The terrestrial laser scanner can be used to doc-
ument one room or even a huge industrial field 
within centimeter accuracy in 3D.
The result of this technology is an enormous 
quantity of points in space. Each point of this point 
cloud has an X, Y, Z coordinate and a laser reflect-
ance value, and it can also contain RGB color in-
formation, if panoramic images were taken during 
the survey (Figure 1).

Structured light scanning
Structured light scanner (SLS) is a 3D scanning 
device for measuring the 3D shape of an object 
with projected light patterns and camera sets. [3] 
SLS is mostly used to document medium or small 
sized 3D objects or building parts, like entrances, 
capital of a column and ornaments in high resolu-

Figure 1:  
Gray scale intensity col-
ored point cloud (left), 
intensity colored point 
cloud (middle), RGB col-
ored point cloud (right)



 Section D1: Visualization and communication | CAADence in Architecture <Back to command> |237 

tion and accuracy. The result of structured light 
scanning is a polygonal model, a surface mesh, 
which contains the object’s original color and tex-
ture (Figure 2). This mesh is suitable for 3D print-
ing or can be the basis of a 1:1 scale CAD model.

Aerial photogrammetry
Aerial photogrammetry is a 3D documentation 
technology – in this case the unmanned aerial ve-
hicle (UAV) system – using digital cameras to sur-
vey the position and dimensions of objects.
One major advantage of the UAV is the small 
size of the equipment and the decreased on-site 
measuring time, although it cannot be used in-
door. The accuracy and resolution is sufficient for 
multiple purposes, these are dependent on light 
and weather conditions. [2]
The result of this technology is hundreds of aer-
ial images, which can be transformed to a point 
cloud. In this case each point has an X, Y, Z coordi-
nate and RGB color information (Figure 3).

Combined surveying system
Based on the object’s properties, requirements 
and experience, the surveying method must be 
chosen after careful selection. Since these tech-
nologies have limitations, in order to achieve re-
sults faster, with high efficiency and accuracy the 
combination of different devices and technologies 
are required. [4]
In the following chapters of the paper, different 
work projects are discussed to demonstrate this 
combined surveying systems, its final products 
and the way how it can help with the visualization 
and communication.

WORK PROJECTS
Workflow
The laser scanner was used in every work project, 
the survey with this equipment required the same 
phases, pre-processing, scanning and post-
processing. 

Figure 2: 
Object in situ (left) – raw 

mesh model (middle) 
– textured mesh model 

(right)

Figure 3: 
Aerial image positions
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During pre-processing the available data were 
collected from the buildings and sites, the scan 
positions were planned based on this informa-
tion. In the beginning of the survey, physical con-
trol points were placed to support the scanning, 
which was carried out from various positions. 
Where it was required, panoramic images were 
also taken. During post-processing, the individual 
point clouds were registered – with control points 
or cloud-to-cloud method – and colored with the 
panoramic images. Subsequently the irrelevant 
data were removed and the whole point cloud was 
decimated. This data set is the basis for final prod-
ucts, like architectural drawings, visualization.

Ferenc Puskás Stadium
One of the most remarkable projects in the field of 
digital documentation was the architectural sur-
vey of the multi-purpose Ferenc Puskás Stadium 
in 2014.
The scanned data set provided vital information 
for the partial demolishing and transformation of 
the building, and documented the Stadium in its 
current state for posterity. This 3D digitization is 
the last memory of the original Ferenc Puskás 
Stadium, because the reconstruction started in 
March 2016.
The whole building (72 000 m2) had been surveyed 
from 1300 scan positions for 4 months. In com-
bination with the terrestrial laser scanner (TLS), 

an unmanned aerial vehicle (UAV) was also used 
for the documentation. The two individual data 
sets were combined using physical control points, 
which were surveyed by total station. [5].
Based on the processed and registered point 
cloud, the stadium’s architectural survey plan 
was created, 232 architectural drawings (140 floor 
plans, 33 sections, 59 facades) altogether. Or-
thogonal point cloud images were used as a layer 
under the vector drawings that provided valuable 
additional thematic information 
(Figure 4). 
With TLS and UAV based digital documentation, 
the whole scanned building or area is available 
in a virtual environment, new drawings or images 
can be easily made without further survey. 
One year after the survey, the structural engi-
neers of the stadium faced an unusual situation. 
In the basement of the main building the pillars 
were smaller than in the ground floor. Based on 
the virtual dataset of the stadium, we could make 
a cross section from the point cloud, which proved 
that there are differences in the size of the pillars 
without further survey (Figure 5). 
The technology made available to the whole de-
sign team (architects, structural engineer, etc.) 
the usage of the same survey data set, the point 
cloud, which helped the communication between 
the members.

Figure 4: 
Cross section of the tower 
with orthogonal point 
cloud image
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Figure 5: 
Monitoring the wall’s 

width in point 
cloud section 

Figure 6: 
Orthogonal section of 

point cloud 

Prónay castle
The 3D digital documentation of the baroque Pró-
nay castle in Alsópetény, located in the northern 
part of Hungary was created in 2014. The more 
than 200 years old castle was renovated and now 
serves as a hotel and event venue.
The whole building (cellar, ground floor, attic, fa-
cades) was documented with TLS, UAV was used 
to complement the TLS datasets and to survey 
the adjacent castle park. [6] With this technique 
a very dense point cloud was acquired from the 
whole site in 2 days.  Tie points were used to join 

the point clouds acquired from different scan po-
sitions during the TLS measurements. The two 
data sets were merged with cloud-to-cloud reg-
istration. [5]
After the data processing phase, orthogonal point 
cloud images (Figure 6), 2D architectural draw-
ings (floor plan, sections and facades) and a 3D 
model (LOD 400) was created (Figure 7). These 
surveyed elements contain exact geometry and 
position. [7]
The section of point cloud shows the real undis-
torted section of the house and gives measurable 
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Figure 7: 
LOD 400 3D model 

Figure 8: 
3D surface model of the 
ornamented entrance 
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geometric and additional information without vec-
tor drawings. The 3D model and the orthogonal 
images are made for architectural visualization 
and to demonstrate the possible utilization of the 
many abandoned mansions in the country.

Porta Speciosa
Engineers of Mensor3D have digitalized and ar-
chived with a terrestrial laser scanner and struc-
tured light scanner the Porta Speciosa in Pannon-
halma, Hungary. It is the more than thousand-year 
old Benedictine Abbey of Pannonhalma’s orna-
mented entrance, which is a part of the UNESCO 
world heritage site since 1996 and the first mas-
terpiece of the Hungarian classic Gothic style.
TLS was used to capture the cloister, while SLS 
was applied to survey the fine details, like orna-
mental leaves. The TLS and SLS did not get in di-
rect contact with the artifact, the condition of the 
entrance was not damaged with the survey. The 
scanning and the collection of the data was fol-
lowed by post-processing work and the derived 
3D surface model can be used for reconstruction 
and interactive presentation as well (Figure 8). 
3D models and the resulting reconstructions that 
present certain architectural periods help to build 
and verify hypotheses.

Szombathely
The 3D digital documentation of the complex sys-
tem of the weaving factory’s halls took place in 
2015.
The factory’s more than 17 000 m2 floor area was 
documented in 3 days. The inside and the facades 
of the building was scanned with terrestrial laser 
scanner, the non-passable flat roof was docu-
mented with unmanned aerial vehicle. 
The processed and registered point cloud was 
cut into separate parts and was exported in .e57 
format. With this procedure an ArchiCAD compat-
ible point cloud dataset was created, which was 
used by the architect one day after the survey. 
The ArchiCAD imports the point cloud and con-
verts it into objects, which can be partly modified 
(display range, scale) and serves as a basis for 
the architectural planning and visualization. The 

point cloud and the 3D ArchiCAD model was used 
to visualize the possibilities of the factory’s recon-
struction to the decision-makers one week after 
the survey.

CONCLUSION
These work projects are presented here to show 
how the advanced 3D technologies based survey 
system can produce more complex, valuable 3D 
dataset for architects and engineers. The com-
bination of these technologies (TLS, SLS, UAV) 
provides better geometric data, realistic colored 
texture information and the places with lack of 
data can be minimalized. The number of the de-
rived final products (architectural and engineer-
ing documentation, archaeological support, BIM 
model, visualization, etc.) are multiplying without 
increasing the on-site measuring time.
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Abstract: “Architectural quality” is a property of the built environment that, 
even though often quoted, is hard to define in rigorous terms. In our work, we take 
a step into that direction, based on recent results in cognitive sciences: We have 
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of five qualities (monumental; progressive; structured; conservative; puristic) in 
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ing the marked occurrences of multiple participants gives a density distribution 
on facades for every term. We may then correlate and compare the so-found quali-
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INTRODUCTION
There is no clear notion of architectural quality. 
Some researchers define it as an impression of 
space, as experienced by an outstanding observer, 
others say that it is measurable – and have done 
so using algorithmic methods. However the qual-
ity of these statements is yet unclear; there has 
been little work on architectural space as experi-
enced by real people, leading to a definition in rig-
orous terms that can define what “quality” really 
is. This paper seeks to bridge this gap by conduct-
ing a graphical survey along these lines, across 
a wide range of features available in a mixed use 
urban complex (both in Vienna and Shanghai), 
which is unprecedented to the best of the authors’ 
knowledge. If architectural quality can be defined 
by “evidence based methods” instead of specula-
tion or “common sense knowledge”, we might be 
able to approach the subject in a more fact-based 
way, leading to a broader discussion. 
Our work (also see [1]) is based on “Bodily maps 
of emotions” [2], a paper given by neurobiologists 

to survey the respective locations where emotions 
are felt in the human body (see Background and 
Related Work). From this, we deducted a method 
for architecture, in which we survey observed 
“qualities” (see Method). In the actual survey, par-
ticipants of the study entered their respective per-
ceptions according to the five terms “monumen-
tal”, “progressive”, “structured”, “conservative” 
and “puristic” in a graphical manner, by drawing 
over photographs (see Survey). The choice of the 
qualities was arbitrary, and we made no effort to 
establish a “complete” or otherwise “meaningful” 
listing of these. What we wanted was to showcase 
how any choice of qualities can be compared and 
contrasted during a future study, in order to get to 
a such a “complete” catalogue (see Analysis).
We contribute an objectified view of architectural 
qualities by real people (not necessarily archi-
tects) which can be applied e.g. during the prepa-
ration or evaluation of competitions and for the 
verification of the hypothesized role of architec-
tural features in buildings.

http://dx.doi.org/10.3311/CAADence.1684
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BACKGROUND AND RELATED WORK
The general idea for introducing a measurement 
method for subjectively experienced emotions 
was inspired by a study of neurobiologists of the 
Department of Neuroscience and Biomedical En-
gineering School of Science at Aalto University, 
Finland. In their paper ‘Bodily maps of emotions’ 
they conducted a study using a graphical ap-
proach, in which participants marked where they 
feel certain emotions (e.g. anger, fear, happiness, 
sadness) on a map of the human body [2]. The ag-
gregation of all “bodily maps” then gives an over-
all impression on where each terminus is felt. The 
authors furthermore do a hierarchical cluster-
ing of emotions, leading to the discovery of which 
emotions are contained in one another, and which 
are closely related. The method we are proposing 
substitutes “emotions” with “qualities” and “bod-
ily maps” with photographs of buildings taken se-
quentially in a common urban context. 
Other rigorous investigations of architectural 
quality are mostly based upon spatial analysis 
within the digital floor-plan. For example, Franz 
et al. [3] predict different spatial qualities (spa-
ciousness, openness, complexity and order) us-
ing isovist analysis. Key et al. [4] use a grid-based 
analysis approach in which they sample “enclo-
sure”, “viewfield” and “continuity” as by their own 
definition. 
Subjective investigation of spatial qualities has for 
example been conducted by Franz [3], who looks 
e.g. into emotional response concerning color and 
space, in categories of “pleasingness”, “beauty”, 
“excitement”, “interestingness” and so forth. The 
author concludes that color saturation and open-
ness were the main determinants for emotional 
response. The question of whether participants 
with a professional background give a different 
assessment than non-professional ones has been 
researched by Llinares et al. [5] in the context of 
urban qualities. The authors conclude that there 
is no difference, which is also reflected by our own 
results (see Analysis). We also include a discus-
sion of our results, which furthermore points to 
future work (see Discussion) before summarizing 
(see Conclusion).

METHOD
Our method proceeds in the following steps (also 
refer to Figure 1): 

(1.) We let users mark qualities on photos, using 
a web-based surveying tool provided by the au-
thors. In more detail, users are taken through a 
series of photos and asked to highlight features 
that they think belongs to a specific quality. Each 
quality is asked for separately, i.e. the same photo 
is presented multiple times before moving on to 
the next one. More technically, we use an over-
lay bitmap to capture the marks drawn over the 
original picture as transparent bitmap (fully black 
where the user has marked, transparent other-
wise). In order to exclude non-architectonical fea-
tures, we also apply a manually produced mask 
(made beforehand for each picture. 
(2.) The captured bitmaps are called “occurrence 
map”; as said, we have exactly one for every qual-
ity in every photo in the case of a single survey 
participant. Aggregating all the occurrence maps 
of the same quality and photo for all participants 
gives a density distribution, which can tell us 
where a high number of participants agree that 
they see the quality in question on the photo. 
(3.) For each photo, we may now compare the 
qualities based on some difference measure. In 
our case, we took the absolute sum of pixel dif-
ferences among the two aggregated bitmaps. In 
that way, we could technically determine a “dis-
similarity” between the two qualities for a single 

Figure 1: 
Overview of all data entry 
and processing steps 
involved 
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photo. We were also able to get to a global dis-
similarity measure by taking the average dissimi-
larity of all photos.

SURVEy
The actual survey was conducted both in Austria 
and in China, using newly developed mixed use 
urban complexes (‘Viertel Zwei’, Vienna; ‘KIC 
Jiangwan’, Shanghai; see Figure 2) as a context. 
In Vienna, we had 16 and in Shanghai 13 partici-
pants. Thus, our results are necessarily explora-
tive, i.e. not significant but rather hint at possible 
outcomes of a full-blown study to be conducted in 
the future.
Participants. Our participants were almost 
equally distributed in gender, yet the age class 
was mainly young people (Vienna: between20 - 
40 years ~84%; Shanghai: between 20 - 29 years 

~72%). Most did not have any relation to archi-
tecture or urban design (Vienna: 79%; Shanghai: 
79%). Generally there was a low percentage of 
‘not provided’ information and most people did 
complete the survey fully.
Captured qualities. We captured five qualities, 
namely “monumental”, “progressive”, “struc-
tured”, “conservative” and “puristic”. Most par-
ticipants were able to associate these terms with 
the facades of the buildings shown, even though 
we had just asked them to highlight where they 
see a certain quality on a photo (i.e. not especially 
mentioning buildings at all).
Comparability Vienna to Shanghai. It is question-
able at first whether we can actually compare the 
Shanghai case to the Vienna one. First, both are 
successful urban development areas. Second, we 
have conducted an additional on-site survey with 
30 participant (18 in Vienna and 12 in Shanghai) 
which captured “atmospheric data” concerning 

Figure 2: 
(rows 1-2) Viertel Zwei in 

Vienna 
(rows 3-4) KIC Jiangwan 

in Shanghai
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the emotional, architectural and urban percep-
tion, with quite similar results. Both areas were 
seen as ‘calm’, ‘inspiring’, ‘open’, ‘orderly’ and 
‘simple’.

ANALySIS
For every photo, we did a comparative analysis 
that shows the difference between the perceived 
qualities (Figure 3 gives an example for the case 
of Vienna).
In the Viennese case, the choices of marked areas 
(intensity) were more diverse, yet the areas which 
were marked, have been very specific (density) - 
assumption: a lot of quality distributed in the area, 
sure where it is;
In the Shanghai case, the choices of marked areas 
(intensity) were less and very specific, yet the ar-
eas which were marked have been more diverse 
(density) - assumption: less quality in the area, 
not sure where it is.
We also aggregated all results (all qualities in all 
photos) and got an overall outcome along the fol-
lowing lines: (1.) The quality ‘conservative’: is the 
most controversial term since it was marked very 
specifically, yet the contestants distributed their 

marking very diversely - disagree about the loca-
tion. (2.) The quality ‘structured’: is distributed 
all around the areas and marked very diversely, 
in the meaning of everything in the area can be 
structured.
For now, the conclusion which we would draw 
from conducting these surveys is that the quali-

Figure 3:
Example of comparative 
analysis between the five 
captured qualities for the 
Vienna case.

Figure 4: 
Example of markings of 
architectural qualities 
conducted by our users
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ties sought for are distinguishable in most cases, 
and the place on the facade where people see a 
certain quality is non-arbitrary.

DISCUSSION
The method for marking occurrences of quali-
ties in images is certainly improvable (also refer 
to Figure 4): Some people would encircle parts of 
the image rather than marking in a hatched way, 
which we had assumed. As a result, more work 
needs to be done on interpreting the results, 
which is what we need to do in future work.
Furthermore, we thought it beneficial to integrate 
all occurrence maps into a 3D model, by reverse-
projecting the pixel images of all participants onto 
an urban model. In more detail (refer to Figure 5), 
the process (1.) needs to project each pixel image 
from the original viewpoint the camera had onto 
the facade, which (2.) is subdivided into a regular 
grid of which we take, for every ray intersection, 
the nearest point and add one to its color intensity. 
Since we do this for every bitmap and every van-
tage point, intensities accumulate, leading (3.) to a 
intensity distribution as is also shown in the lower 
part of Figure 5.

CONCLUSION
We have presented an approach that measures 
architectural qualities by use of a survey meth-
od deemed as ‘occurrence maps’: Users mark 
features which they perceive as belonging to a 
certain architectural quality in photographs, al-
lowing us to study areas within the facade where 
such qualities occur. By contrasting different per-

ceived qualities using the same photographs, we 
can furthermore get an impression about corre-
lations or differences between the architectural 
terms used. Our studies were performed both in 
Vienna and in Shanghai, accounting for different 
perceptions and/or urban contexts. In effect, our 
method can be used for objectively quantifying ur-
ban space, e.g. for competitions, evaluation of the 
built environment and, in further work, also for 
the establishment of a catalogue of architectural 
terminology that is based on evidence rather than 
‘common-sense knowledge’.

Figure 5: 
(upper part) Process of 

reverse projection 
(lower part) outcome for 

the term “progressive” in 
the Vienna case



| CAADence in Architecture <Back to command> |  Section D1: Visualization and communication248 

ACKNOWLEDGEMENTS
We would like to acknowledge the valuable input 
of Lauri Nummenmaa, Enrico Glereana, Riitta 
Hari, and Jari K. Hietanend, who sent us the fol-
lowing statement: “Your approach surely seems 
novel and it will be interesting to see how people 
rate buildings in this type of task. [...] People often 
pay attention to the features they find interesting 
etc., thus this would give you a natural and unob-
trusive way to see how people evaluate architec-
tural features.”

REFERENCES
[1] Heinrich, B., perceptibility - towards understand-

ing of perceived spatial qualities, Master Thesis, 
TU Wien, 2015.

[2] Nummenmaa, L., Glerean, E., Hari, R. and Hi-
etanen, J.K. Bodily maps of emotions, Proceed-
ings of the National Academy of Sciences of the 
United States of America, vol. 111 issue 2, 2013, 
p. 646–651.

[3] Franz, G., von der Heyde, M. and Bülthoff, H., Pre-
dicting experiential qualities of architecture by its 
spatial properties, Proceedings of the 18th Inter-
national Association for People-Environment 
Studies Conference, 2005, p. 04:1-04:10

[4] Key, S., Gross, M.D. and Do, E.Y.-L., Computing 
Spatial Qualities For Architecture, Proceedings of 
ACADIA 2008, 2008, p. 472-477.

[5] Llinares, C., Montañana, A. and Navarro, E., Dif-
ferences in Architects and Nonarchitects’ Per-
ception of Urban Design: An Application of Kansei 
Engineering Techniques, Urban Studies Research 
2011, 2011, p. 736307:1-736307:13.



 Section D1: Visualization and communication | CAADence in Architecture <Back to command> |249 

Complexity across scales in the work of Le Corbusier 
Using box-counting as a method for analysing facades

Wolfgang E. Lorenz1

1Institute of Architectural Sciences | Digital Architecture and Planning 
Vienna University of Technology, Austria
e-mail: wolfgang.lorenz@tuwien.ac.at
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for describing irregular forms. In 1996 Carl Bovill applied box-counting, a fractal 
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fractal analysis to provide another view on Le Corbusier’s architectural compo-
sition. Altogether 17 house designs are considered, 14 of them have been built be-
tween 1916 (Schwob Villa) and 1928 (Savoye House). Throughout this paper an 
implementation of the box-counting method written by the author is used. Besides 
discussing the results, the implementation itself with its advantages and disad-
vantages is explored.
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BACKGROUND
This paper discusses a selection of 17 house de-
signs by Le Corbusier from the viewpoint of ‘visual 
complexity in the early phase of classical modern 
architecture’. The author uses a fractal analysis 
method to answer the following questions: First, 
does the visual complexity in Le Corbusier’s oeu-
vre change? Second, regarding a single facade, 
does the degree of visual complexity change over 
multiple scales?
Box-counting, a fractal analysis method, deter-
mines the fractal dimension of an image and pro-
vides the possibility for quantifying characteristic 
visual complexity [1]. Since Carl Bovill [2] applied 
box-counting for the first time to architecture in 
1996, the method has been used in multiple stud-
ies (e.g. to measure and compare the fractal di-

mension of architectural order [3], the work of 
Frank Lloyd Wright and Le Corbusier [4], indig-
enous architecture [5] and Hindu temples [6]). 
Box-counting turned out to show promising re-
sults (especially when applied to facades) [2, 7, 8]. 
The author has written an implementation of the 
algorithm in AutoCAD, which is used throughout 
this paper.
Le Corbusier was an influential architect of the 
modern movement. From the 1920ies onward his 
designs are characterised by a balance between 
smooth closed parts, different sized openings in 
dependence of the function of the belonging room 
and the use of proportion across different scales. 
The latter suggests that the whole and its parts 
are held together. If the assumption that all parts 
follow the same underlying rules is true, this may 
be reflected in the results of box-counting. In gen-

http://dx.doi.org/10.3311/CAADence.1685
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eral, the author believes in a clear difference of 
visual complexity between the early modern ar-
chitecture and later examples of investors driven 
smooth perforated façades. Such a difference 
may as well be reflected by the results of box-
counting dimension, its corresponding range of 
scale and various statistical values. The present 
paper represents a puzzle piece to confirm these 
assumptions.

THE METHOD
Lewis Frey Richardson [9] realised the difficulty of 
length measurement while examining geographi-
cal curves (including borderlines). In his study, 
data was received by way of polygons with equal 
sides and their corners located on the curve [10]. 
It is hence obvious that the total length of the poly-
gon was determined by the scale of the measuring 
device (‘side length’) and by the scale of the used 
map (‘resolution’). With irregular curves, such as 
borderlines or fractals (e.g. Koch curve, figure 1a) 
and in contrast to a straight line, the total length 
generally increases as the side length decreases 
– at least for a certain range of scales. Richardson 
[9] was able to establish a relationship between 
the total length and the side length. This relation 
was given by a power law:

where M and D (a characteristic of the curve) are 
constants, LG is the total length and G is the side 
length.
Later, Benoît Mandelbrot [11], the ’father‘ of frac-
tals, related the exponent to what he called fractal 

dimension [10], a characteristic value for fractals. 
While one-dimensional curves (in terms of topo-
logical dimension DT) can be replaced by polygons 
of different side lengths to determine the fractal 
dimension, two dimensional images ask for an-
other method. With box-counting, grids of differ-
ent sizes are placed over a two-dimensional black 
and white image. This time for each grid size the 
smallest amount of boxes that contain a part of 
the image is counted (figure 2a-c). The character-
istic value is given by the relationship between the 
number of covering boxes and the grid size. The 
box-counting dimension, as an index of the ratio of 
irregularity, is defined by:

For many different grid sizes, DB equals the slope 
of the regression line in a double logarithmic 
graph with log N (the number of covering boxes) 
versus log ϵ (the grid size) (figure 2d). Of particular 
interest is the range of scales for which a constant 
relationship between both values exists. Such a 
relationship is reflected by a straight line of data 
points. However, data points are seldom exactly 
positioned on the regression line but, at best, 
close to it (figure 2d). The coefficient of determi-
nation (r2) defines accuracy, with a value close to 
one reflecting a clear dependence between N and 
ϵ. In the case of elevations from a certain scale 
onwards the one-dimensional lines of the compo-
sition comes into focus. In the double logarithmic 
graph this is reflected by a straight line with a 
slope of 45 degree. In this special case the box-
counting dimension (DB=1) equals the topological 
dimension (DT=1).

Figure 1: 
Differences in length in-
crease (right) of the Koch 
curve, a fractal, (a & b) 
and a straight line (c & d).
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SIGNIFICANT VALUES
Various parameters of the box-counting method 
itself have a deep impact on the result [12, 1, 13]. 
Since it analyses a two dimensional black and 
white representation of the original facade (eleva-
tion), the ‘correct’ selection of architectural ele-
ments is of particular importance [7]. In order to 
guarantee accuracy of selection and consistent 
preparation all examples of this study are taken 
from the same source [14]. Real facades are per-
ceived in perspective using a constrained field of 
vision [7]. The used elevations, on the other hand, 
have none of these two properties; however, they 
do allow an insight into design intent. 
Several measurements using different settings 
are considered for each single facade. This in-
cludes
- changing the white space around the image, 
- using different smallest grid sizes and 
- altering the starting positions of a grid.

The box-counting software written by the author 
is an VBA implementation in AutoCAD and offers 
maximum flexibility to adjust the parameters 
mentioned above. A major advantage of using Au-
toCAD is the use of vector graphics, which mini-
mizes influences caused by line width. The soft-
ware has successfully been tested on classical 
mathematical fractals, including the Koch curve 
(figure 1a) with a calculated difference between 
the self similar dimension ds and DB of -0.65% [12]. 
The self similar dimension is defined by:

where N is the number of pieces, each of which is 
an exact copy of the whole scaled by the reduc-

tion factor ϵ (figure 1b). To ensure comparability 
of analysis results all examples in this paper use 
similar adjustments. The final statistical evalu-
ation in a spreadsheet software is automatically 
carried out using another script by the author. Im-
portant statistical values are:
- the median of the box-counting dimensions of 

the set of measurements,
- the interquartile range of the set of measure-

ments that defines accuracy,
- the smallest and the average coefficient of de-

termination that mirrors deviation and
- the range of scale that displays the range of co-

herence.
Accuracy is expressed by a small coefficient of 
correlation for each single measurement (at least 
0.998) and a small interquartile range of the box 
plot for each set of measurements.

RESULTS
From a fractal perspective modern architecture 
(facades) is often called ‘smooth’ and expresses 
an affinity to ‘scalebound’ objects [11, 12]. The 
first means that a facade reveals, at best, only lit-
tle more elements when the scale of observation 
becomes smaller and smaller. Regarding the sec-
ond aspect, a ‘scalebound’ object offers a limited 
number of characteristic elements of scale that 
are clearly distinct in their size. Such behaviour is 
reflected by small box-counting dimensions and a 
limited range of scales (which reflects no or less 
elements at smaller scales). Earlier measure-
ments of Le Corbusier’s work by the author [12] 
indicate that in contrast to results by Bovill [2] 
higher visual complexity exists for a broad range 
of scales [12]. However, in line with Bovill, from a 

Figure 2:  
Box-counting grids of 

different sizes are placed 
over an image (a to c). 

Double logarithmic graph 
with log N, the number of 

covering boxes, versus  
log ϵ, the grid size (d).
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certain scale onwards the visual complexity de-
creases immediately. Such behaviour suggests 
the lack of (levels of) detail on smaller scales.  
The study described here analyses 64 elevations 
of 19 house designs by Le Corbusier and compris-
es 64 sets of measurements, 576 single measure-
ments and 14.400 single data sets.. For all ex-
amples new vectorised drawings (figure 3) were 
prepared based on the same source [14]. The first 
14 house designs were built between 1916 (Sch-
wob Villa) and 1928 (Savoye House). Schwob Villa 
was deliberately chosen as start point because, 
although its appearance is still of a conventional 
classical taste, it already offers some of those 
characteristic known as the five points of archi-
tecture formulated by Le Corbusier in the 1920ies 
[15].
On closer examination, some elevations display 
a ‘sharp bend’ in the data curve of single meas-
urements. This ‘sharp bend’ clearly separates 
two ranges of data points with different regres-
sion lines and slopes (figure 4a-c). Elevations with 
such behaviour are of greater visual complexity 

at larger scales, expressed by a steeper slope at 
the beginning of the data curve. In most cases this 
first range shows a relatively high dispersion, both 
in a single measurement (smaller r2) and in the set 
of measurements (larger interquartile range of 
the box plot) (figure 4a & c left). However, from a 
certain scale onwards visual complexity (and dis-
persion) changes immediately, and the elevation 
tends to be smoother (figure 4b & c right). Such 
behaviour could already be observed at previous 
analysis of ‘modern architecture’ by the author 
(e.g. Savoye house by Le Corbusier [12]; Villa Tu-
gendhat by Mies van der Rohe [16]; Steiner House, 
Scheu House and Mandl House by A. Loos [17]).
This category of elevations is called ‘sharp bend 
in the data curve’.
Other results of the study behave differently. They 
show a large range of similar visual complexity. 
In the double logarithmic graph this becomes evi-
dent by data points that follow a straight line for 
many different grid sizes. This category of eleva-
tion is called ‘continuous data curve’ (figure 4d & 
e).

Figure 3: 
Vector drawings: South-
East view of Schwob Villa, 
1916 (a), South view of 
Besnus House, 1922 (b), 
South view of Roche-
Jeanneret House, 1923 
(c), East view of Stein 
Villa, 1927 (d), North view 
of Savoye House, 1928 (e), 
South view of Maison de 
l’Homme, 1963 (f).

Figure 4: 
‘Sharp bend in the data 
curve’ in the North view of 
Savoye House, 1928; one 
single measurement with 
two ranges (a-b) and box-
plot diagram of the set of 
measurements for range 
1 and 2 (c). ‘Continuous 
data curve’ in the East 
view of Stein Villa, 1927; 
one single measurement 
with only one range (d) 
and box-plot diagram of 
the set of measurements 
(e).
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DISCUSSION
It can be concluded that all investigated elevations 
show a middle (and some even a high) level of visu-
al complexity for at least a certain range of scales. 
This confirms, first of all, the assumption that the 
rejection of ornaments, a central topic to modern-
ist architects, does not per se lead to ‘smooth’ 
facades – which has already been demonstrated 
with buildings by A. Loos [17]. The majority of the 
here discussed elevations have a box-counting di-
mension (median) between 1.3 and 1.5 (if the cate-
gory ‘continuous data curve’ and the second range 
of ‘sharp bend’ are considered). This value, how-
ever, is below most previously examined buildings 
by A. Loos and F.L. Wright. In future work we plan 
to explore the reasons for this phenomenon.
The initial question whether the visual complexity 
in Le Corbusier’s oeuvre changes can be answered 
with the aid of statistical analysis. Measurements 
so far demonstrate that no relation between the 
year of design and the degree of visual complexity 
exists. There is no clear tendency from the earli-
est to the later examples. That means that earlier 
examples do not differ from later ones in a clear 
defined way. The only exception concerns Schwob 
Villa (1916), which shows higher values with box-
counting dimensions between 1.67 and 1.74. This 
is due to the fact that the appearance is still of a 
conventional classical taste.
Looking at the results of single measurements 
helps to answer the second question whether the 
degree of visual complexity changes over mul-
tiple scales. The majority of facades examined 
belong to the category ‘sharp bend in the data 
curve’. This suggests that most of Le Corbusier’s 
designs change visual complexity while smaller 
scales are examined. The turnaround occurs im-

mediately (‘sharp bend in the data curve’). In other 
words from a certain grid size (scale) onwards 
the building seems to be ‘smoother’. Dependency 
on certain architectural components, orientation 
and environmental influences will be examined in 
future work to establish possible reasons for the 
‘sharp bend’.
Apart from a separate analysis of each facade, 
this study examined all views of one and the same 
building. Two different outcomes are possible: 
Either all elevations show ‘similar’ results (fig-
ure 5a) or (partly) ‘differ’ (figure 5b-c). The latter 
means that visual complexity change from one 
elevation to another. This likely reflects the influ-
ence of orientation (North, East, South and West), 
and/or privacy relation (garden view and street 
view) [18].
The measurement results can essentially be 
classified into four categories: first, continuous 
single measurements and similar (+/- 5%) visual 
complexity for all elevations (figure 5a), second, 
continuous single measurements and divergent 
visual complexity, third, ‘sharp bend’ in the sin-
gle measurements and similar visual complexity 
(figure 5b) and fourth, ‘sharp bend’ in the single 
measurements and divergent visual complexity 
(figure 5c). However, there are some exceptions: 
the characteristics of the data curve (continuous 
versus ‘sharp bend’) may change within a single 
building (figure 5c). Most of the here analysed 
examples belong to the fourth category. This un-
derlines the assumption that, apart from design 
conceptions, elevations depend on various ‘outer’ 
influence factors such as orientation and environ-
ment (context). Moreover, results depend on the 
selection of elements. Maison aux Mathes (1935), 
for example, has characteristic values between 
1.78 and 1.89 if the material of the stone wall is 

Figure 5: 
Category 1;’ continuous’ 

single measurements and 
similar visual complexity 

for all elevations; Besnus 
House, 1922 (a).  

Category 3; ‘sharp bend’ 
in the single measure-

ments and similar visual 
complexity; Maison de 

l’Homme, 1963 (b).  
Category 4; ‘sharp bend’ in 
the single measurements 
and divergent visual com-
plexity; Roche-Jeanneret 

House, 1923 (c).
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taken into account. Thus, all elevations are of 
similar visual complexity. However, results vary 
widely if single stones are excluded; in this case 
characteristic values are between 1.22 and 1.66.

CONCLUSION AND OUTLOOK
The results presented in this paper confirm the 
suitability of the box-counting method for com-
paring different elevations with regard to visual 
complexity. 
If we have assumed that buildings by Le Corbusier 
are – in a fractal sense – ‘smooth’, this is objected 
by the results. On the contrary, Le Corbusier’s 
oeuvre is rather diversified, even though the ma-
jority of the analysed buildings follow largely the 
same basic rules, his five points of architecture, 
developed throughout the 1920s. Differences are 
reflected by either similar or divergent results 
for all elevations of one and the same building. In 
turn, results of a single elevation differ in regard 
to the curve characteristic, which is either contin-
uous or displays a ‘sharp bend’. Future work will 
analyse the dependency of the results on certain 
architectural components, orientation and other 
external influences. 
The study has shown so far that visual complexity 
of Le Corbusier’s designs is tending to be small-
er than those of other pioneer modernists F. L. 
Wright and A. Loos. The box-counting dimensions 
of the analysed elevations are mostly between 1.3 
and 1.5 and seldom exceed 1.5 (the latter reflects 
high visual complexity at least for a certain range 
of scales). The results of this study show that for 
certain values no clear period in Le Corbusier’s 
oevre can be allocated. That means, it could be 
demonstrated that no relation between the year of 
design and the degree of visual complexity exists 
(figure 6).

From a methodical standpoint, it is important to 
note that the same settings have to be used in or-
der to be able to reproduce the results. Further-
more, the box-counting method cannot be used to 
derive statements about quality. It is a method to 
quantify the characteristic visual complexity of fa-
cades and a tool for comparison by means of sta-
tistical analysis.
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