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.abstract.

.abstract.

This thesigs an exploration of digital technologies and their application in architectural design. It begins
with a history of digital media in architectiand investigateshe tools and techniques that are

currently available. Particular focus isen to evolutionary desigra method of design that uses the
neo-Darwinian model of evolution to solve complexddifined problems. Whilst solving many issues,
evolutionary design is still being developed for architectural problems and as a resulgsisasch

looks atvariousdifferent digital techniques including animation, scripting and the use of advanced
CAAD software.

A series of three experiments are conducted via a digital architectural design studio at the Faculty of
Architecture, Design anddhning, The University of Sydney. Each experiment hasg@efocus,
allowing for a broad investigation into the subject.

Experiments in Generative Desigmoks at methods of generating complexity through simplistic rules,
resulting in unique architearal spaces and facades.

Erosion and Cellular Automatexplores the system of cellular automata, and uses nature as a vehicle
for experimentation. The underlying rules and process behind the natural course of erosion are
deciphered and encoded via sciifgj in the software Digital Project. The result is the generation of
space that is similar to the sculptural forms seen in the slot canyons of Arizona.

Finally Erosive Fluidityexplores the technigue of animation awigitally controlled manufacturingpt

create a responsive system based in the city. A liquid form is given almdidifeehaviour, weaving
through the city, causing and responding to events. A featureless city is transformed into a vibrant
place, embedded with the life and energy remdaat of an event and the reactions that occurred at

some point in time. This final experiment shows the potential of using advanced machinery to construct
unconventional 3D form and space.



.abstract.

There is an opportunity for a new type of architect to emergeagshitect that embraces the digital
realm, fluent in the technique of programming, animation and advanced CAD /CAM sof@zanglex
problems can lead to complex solutions and these can be constructed using digitally controlled
machinery. Advancements ie¢hnology provide opportunity for efficiency, complexity and innovation
in architecture and it is up to therahitects of the future to thrive on thishance This work
demonstrates great potential in the use of emerging digital technologiefufore architects. The
experiments offer inspiration, innovation and a basis for further research into the architectural
applications these systems offer.
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.introduction.

This research is an enquiry into the tools and techniques available to the digitaitect.
It is divided intahree major parts.

Part ane consists of the introduction and background to the research. Chapter one gives an
overview of the thesisdentifyingthe format and key topics that will be explored. Chapter two
delves intathe history of digital media in the discipline of architecture, highlighting the relevance
and importance of using the computer to assisthitects in design. It briefly looks at core
movements and technologies, proiigd relevantcase studieshat shed light on the currertiody

of knowledge

Part two revolves around the student work completed in Architectural Design StudigiGg

the Bachelor of Architecture #élhe Faculty of Arckécture, Design and Planning, THaiversity

of Sydng, 2007.There are threehapters, each exploring separate ideasder the broad family
of digital designThese chapters provide a more detailed lookatticular techniques and ideas;
most specificaly complexity, cellular automata, animation and manufacturing. Each chapter
begins with asummaryof relevant research in the area, followed by a description of the
experimentation conducted throughout the digital design studio.

Part three summarses theresearch through a discussion on the use of digital technology for the

architectural profession and draws some conclusions on the importance of this research area
This part concludes with recommendatidias further work.

PART ONE 5
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.review of related work

2.0

The review briefly provides an overview of the relationship between architecture and compided
architectural design (CAAD). The first section deals @ithputers andDesign outlining key problems

in architectural design and the attempts to resolvenméroughout history. This is further expanded in
the second section; where the emerging fieldesblutionary Design a possible solution to some of the
issues addressed in section one, is explored in depth. This section provides several case studies of
research that uses the techniques of evolutionary design for architectural prefddving. The third

part looks towardshe Future, andspeculates on the new skills and technologies that might be an
SaasSyidAalf LINI 2F GKS I NOKAGSOGQa G222t 1Al
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2.1

2.1 Computers and Design

Design is a description of something that does not exist, a seargloésible solutions that achieve

certain desired goals whilst minigrig undesired outcomes. But how do we determine what these
desired goals might be, and what dictatesdasirable outcomes? Once a solution has been proposed,
what are the processes for measuring the success or failure of the design? Architectural problems are
often il-defined, complex and have multiple criteria to satiSubsequently, tw does one initite a

search for design solutions to complexddifined problems?Kalay, 2004pp 56)

The historianswerto these questions, offered by the Roman architect VitruiiusisTenBooksof

Architectur& gl & G2 LINRPDARS Wo Sa gualaitde SuticksSf@ @esigne f dzi A2y a GKIF G g2dz R
Afterwards the printing press allowed desigto be published, initiating a netum for theories to be

distributed The introduction of the scaled drawing by Leon Battista Alberti gave Architects a means to

document buildinggsawhole before construction began. This major breakthrough separated the

conception of a building from the construction, giving birth to the profession of architectimes,

methods, tools and design process conttv be taught and documentedn openforum to discussion,

analysis and improvementiKalay, 2004pp 69)

/ 2YLJzi SNE 6 SNBE Ay i NP R dzofasRistiigyin thie ikn&hodotbgy ofdesigng A § K GA aA 2y a

Architects would have access to a multitude of previous solutionsttearé was hope thathe

computer couldaidin the generation, analysand even creatiof new solutions. Earfechnology

successful in solving complex mathematical problems, became of interest to architects searching for

methods ofresolvingdesign problems. Thisinterés ¢+ & Sy O2 dzN} 3SR @ketShpadL O y { dzi KSNI | yRQ&
program was released in 1963, an interactive graphical design tool, allowing designers to use computers

for drafting and modelling.

¢tKS MpTnQa ¢AlGySaasSR y2 BdoNdnKcSibldowbeRidubBihévevery G KAaX SYSNHAY3
the computer could not measure how successful a design was, and they could certainly not assist in

generating new design solutions. This called for research and development of computational methods

and tools that could assistehitects in searching for successful solutions. This search was influenced by

the growing interest in artificial intelligence; methods of problem solving that would seem intelligent if

done by humangKalay, 2004pp ixxii).

Hence, the emergent fieldf@volutionary design was found, elevating design methods to a new level

PART ONE 8



.review of related work

2.2

2.2 Evolutionary Design

Evolutionary design systems unite the ABarwinian model of evolution with computer technology in
order to solve complex ilefined problems. Frazer (199&nd Bentley (1999a; 1999b) provide an
introduction to the subject, summarising 30 years of research, outlining the exciting potential for these
systems. Today, the field of evolutionary design is becoming increasingly popular with applications in
biology, computer science, engineering, art and architectung(Bentley, 1999a; Bentley, 2002).

These systems are based on the principles of natural evolution. Populations of individuals are
generated, and undergo processes that manipulate and transform tligeadually allowing the fittest
to survive. Generally, each individual is represented by a genotype and phenotype. The genotype
contains encoded information that is used to describe the design, whilst the phenotype astinal
design representation

The primary role of the evolutionary system is to search for possible solutions to a pradlem (
Evolutionary algorithms, inspired by nature, differ to the typical computer science algorithms by
considering populations of solutions at on& (Bentley, 199a, p5).

The four main types are:
Genetic AlgorithmgHolland, 1975),
Evolutionary ProgrammingFogel, 1963),
Evolution StrategiegRechenberg, 1973),
Genetic ProgrammingKoza, 1992).

Whilst these vary in the individual rules and representati@msyunderlyingarchitecture can be
identified.

Reproductiongenerates new individuals from their parents througjbning, crossover or mutaticio
allow inheritance and variations.

Evaluationdetermines the fithess of individuals via criteria with aueon guiding evolution towards
better solutions.

Selectiondetermines which solutions will survive based on their scores in the evaluation process.

PART ONE
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Figure 1Evolutionary design has its roots in
computer science, design and evolutionaiglogy
(Source: Bentley, 1999b, p 35)

Figure2.Searching for a solution in an example
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.review of related work

Evolutionary design is generatliassified under two categories;

Parametric Evolutionary Desigiakes a predefined design and searches for optimal solutions to
smaller parts which have beem@mmeterised. Examples incluasheed, 1998; Rasheed and
Davison, 1999; Dasgupta and Michailezy 1997; Caldas, 2001, 2002.

Generative Evolutionary Desigs useflifor approaching more complex-dkfined tasks. This

system uses evolutionary algorithms to design solutions for problems that may involve multiple
or differing criteria, which may produce unpredictable results. Examples include Frazer and
Connor, 1979Graham et al., 1993; Frazer, 1995; Bentley, 1996; Rosenman, 1996a, 1996b; Shea,
1997; Coates et al., 1999; Funes and PolB@89; Sun, 2001; Janssen, 2004.

. L Figure4.Evolution of Tuscan columns by genetic algorithm
The paradox that evolves from the two types of systems is referred to as the variabilitgmrobl John Frazer with Peter Graham, research assistant, 199

(Janssen, 2004). As the criteria are relaxed, designs evolve that are unpredictable and &Gehtive ( (Source: Frazer, 1995, p 64)
often unintelligible or difficult to evaluate. The parametric approach is useful for optimizing solutions;
however it will not provide any radicalternate solutions 4).

Applications of this technology in the domain of Architectural design have great potential. Parametric
design has been quite successfully used to oggrstructure (exemplified in the Beijing Aquatic Centre
designed by PTW and BR), and smaller aspects of design. The more exciting ideas are linked into
using generative design to produce solutions that would allow whole buildings to be evolved.

Various experimental projects have been developed using a range of techniques Sicpas

Grammars, 1Systems and Cellular Automata. The design projects range from the generation of spatial
forms using tSystems (Coates et al., 1999; Jackson, 2002) to the evolution of structural trusses (von
Buelow, 2002). These techniques provide a digaolkit for architects to explore design and space, as
illustrated in the following examples;

Figure5.Emergent forms under solar influence :
Guy Westbrook, 993
(Source: Frazer, 1995, p 64)

PART ONE 10
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2.2

Funes and Pollack (1999) have successfully developed an evolutionary system to generate buildable
designs such as bridges, scaffolds, cranes an8 @bl dzaA A y3 YA Y A I (i dz€BThrodigh a G A O
the use of tree structures borrowed from genetic programming techniques, they were able to

primitively reuse successful parts. This however became a limiting factor in the complexity of the
designs, andt was hypothesed that the use of modular recombination tools (Angeline and Pollack,

1994) would allow more complex composite patterns, i.e. various bricklayer patterns, which may be
structurally more efficient.

Rosenman and Gero (1999) present tweialate solutions for generating architectural floor plans. The

initial solution adopts a learning strategy that evolves simple genes into complex structures, whilst the o g

other uses a hierarchical growth approach, dividing the floor plan into zones andrddnis s I
experiment demonstrates the benefits of shortening the genotype representation, hence improving the e

search efficiency, by using complex gene structures. The limitations of this scheme lie in the evaluation Figure6.Structure of Lego bricks generated by our
criteria. Important aspects of floor platesign must take into account environmental factors such as evolutionary process.

. . . N . . . N Source: Funes and Pollack, 1999, p 394
solar access, orientation and site constraints. Whilst this provides a method for spgmbom ( P354)

relationships and area ratios, it does not address the fundamental criterion for designinglfiosr p

Bentley (1999c¢) has used the program GADES to demonstrate the possibilities of creating original
designs from scratch. The research described has established the success of the computer to evolve
consistently acceptable designs for sixteen différ@esign tasks ranging from coffee tables to the
department layout for a real hospital building)( The complexity of hospital floor planning was
overcome through the use of layering and grid systems.

Janssen (2004) provides a methodology and demotistrdor generating families of thredimensional
buildings 9), which are complex, intelligible and unpredictable, based on codified guiding principles. An
important development is in the use of pressure values to generate spaces. Whilsatjepeesigs

that are recogniable as buildingsg], this project did not perform any evaluation, and hence was not . i |
used to evolve designs. Due to the complexity of the designs, professional builders and architects would FIRST FLOOR * SECOND FLOOR THIRD FLOOR
need to be involved, and since there is no sideration of environmental constraints and context, the
systemis limitedat this stage as a tool for design.

(Source: Bentley, 1999c, p 421)

Evolutionary design providdmpe to many of the questiongehitects have been seeking; however it is
not perfect at this stage. | believe tii@gndamental breakthrough in this new method of design is the
inclusion of time. We progress into the future with the ability to now use time as our ally.

PART ONE 11

Figure 7A hospital floofplan design evolved by GADES.



.review of related work

2.3 The Future

The interesting underlying process behind these evolutionary systems is the mgoéssne. Designs

now have the ability to evolve in time, and respond to events. They have taken on the characteristics of
living organisms, andn increasing number of curreatchitects are relying on animation techniques as
generativeand explanatorylesign toos, (Burry,2001;Tschumi 2001;Rahim,2001).Whilst these

projects are half a decade old, they represent the technique and tools that will most likedynlee

standardin the nearfuture. This method of thinking alsoheightenedby the increamg awareness of

digital technologies in education institutions, with many Universities worldwide starting to offer post
graduate opportunities in the area of Digital Architecture.

| postulate that he architect of the future will require new skills tagir role becomes more complex.

This researchs an enquiry into this clainshowingthat there is a strong potential for architects to be

fluent in programming, anirtaén and advanced CAD software. | wéimonstrate that theuseof Fig”'es-g”e m?g‘bef of a;%’ggy OggeSigns-
various software andigitaltechniquescan be beneficial to architects, providing insight into the (Source: Jansser. P 59)
potential ofthe digitalrealmin architecture. We are at a stage whehe design and creation of almost

anyconceivableobjectis achievablgandl believeit is up to the arhitects of the future to thrive on this

opportunity. @ @ @
2

Figure9.A set ofgenerated (but not evolved) designs.
(Source: Janssen, 2006, p 60)
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Part two documents the experimentation and exploration of new technologies in a digital design studio

(See Appendix Ap-ordinated by Dr Marc Aurel Schnabel at thaculty of Architecture, Dag and

Planning, Th&niversity of Sydney. The first half of the semester involved individual experimentation

which is documented in chapters three (experiments in generative design) and four (erosion and

cellular automata). The fifth chapter (erosiveidlity) was completed by a group of four students

(BerjaminCoorey, HenryBe8 8 T2 NRX bAO2f | ¢y FyR W2a8K ¢K2YLA2Yy0 | yR SEKAOGAGSR Ay
{ LI OS&aQ SEKAOAGAZ2Y |G G KSsthdung20q(scknibelBBovillér,2008) FNRY wHniK al &

Expeiments in Generative Desigmakes use oGehry Technologid3igital Projecsoftwareto
explore methods of generating complex form through the use of simplistic rules. It deals with
parameterization of geometry and manipulation of data through the uddiofosoft Ecel
spreadsheets.

Erosion and Cellular Automatexplores the concepts of cellular automata and time to generate
forms inspired by the naturally sculpturéorms ofslot canyons. This experiment deals with
scripting and the idea of an indivisgantelligent cell that can respond to its neighbours and be
eroded over time.

Erosive Fluidityllustrates the use of animation to demonstrate the effect of a system
progressing through a city. This system causes and responds to events, affectingdhading
context as it passes through. The project also contains a manufacturing component, where
complex 3D fornis visualized, mode#id and produced using CAD / CAddhniques.
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3.0

This chapter explores the notiorf complexity and the idea that complex form can be generated via the
use of simplistic rules. The chapter is divided fiotar sections.Complexity and Desigaxplains briefly

the concept of complexity and places the following experiments in contextn@ktesection

Technology takes a brief look at thprogression of technology over timeoncluding with a general
description of third generation CAAD systeth® apparatus used to conduct tleibsequent

experiments The next twosections ComplexParametric Form and Interactive Form, are descriptions

of experimentation into complexity using simple geometry that has been parameterized. Once
parameterised, the geometry is manipulated aceto produce comple8Dform. These experiments
were conducted inthe Digital Design StudiC(See Appendix At the Faculty of Architecture, Design

and Planning, Theniversity of Sydnein 2007.
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3.1 Complexity in Design

Chaos theory dehsinto the processeand originsof complex behavioutUncertainties in thanitial

conditions d a system can lead to unprettble behaviour over time. It is this behaviour and

randomness that has intrigued the minds of scholars throughout history. This chaotic behaviour can be

observed ircountless systems in nature from glomadather patterns to the complexity of living

2NHFYyA&aYas +ty SESYLX I NI oSAy3a GKS KdzYty oN}AY 6KAOK aAa | NBdzZ ofé GKS
2y 0 KA &(llachinskR081ip B £D.

Whilst this behaviour can be observed in nature, scholars have dgempting to decode and use this
to solve and understand complex problenMichael Batty attempts to decode the complexity of cities
using cellular automata, agent based models and fractalscluding that highly orgarmd spatial
patterns emerge fromimple rules and processeStephen Wolfranalso demonstrates this by applying
simple rules to simple computer progranggnerating random complex patterrid/olfram extends his
theoriesto state thata universality exists in the complex behaviour that oscimdependent of their
underlying rules(Wolfram2002,p 298)

Althoughthis experimentation does not deal with complexity at the level of these scholars, they do
provide inspiration and technique for generating complexity in architectural form. Simplaagey is
created and parameterized. The data from sleesystems are exported intm &celspreadsheet where
they can be manipulated via a series of formula. Slight variations to the formulecamnate unique,
unpredictable complex forms

There are twaexperiments documented in this chapt®ee3.3 Complex Parametric Forand 3.4
Interactive Forn). The first deals with a single simple geometry that is manipulated to form complex
spatialform. The secondisestwo geometries that are based on the saméiai conditions, generating

a unique interactive architectural form that has resemblance to building facades.

It is important to understand the significance of these experiments in relatidingdistory of
computeraided design. We are at a point ime where there is a breakthrough of technology, and
there is opportunity and potential to push this to the limits, hopefully achieving an architecture that
may not have been conceived in the past. The following section will explore briefly the journey of
thoughts and work that have led to the technology eerently haveavailable
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3.2 Technology

¢tKS FTANRG O2YLIzi SNI F ARSR | NOKAGSOGdzNI £ RSaAdaly o6/!' 150 aeadtsSyvya G2
developed in academic circléBhe software being developditanched in two directions: the first was
geared towards the needs of engineering industries for automotive and aerospace design, whilst the
second supported the needs of the construction industry. The engineering strand was directed by
leading industry ach as General Motors, requiring a need for complex curves and geometry, and the
ability to manufacture these in a factory. The software for the construction industry was taken on by
universitybased research groups in the US and Britain. This technaloggdd on developing a system

for describing buildings and planning spaces that would support all buildiatgd operations in one
package. Results from this included the softwBrélding Description Syste@raphical Language for
Interactive Design, C5¥ &ind Harnessall with a focus on developing programs that will assist building
design These programs failed, as they were based on a intuitive, architectural framework, rather than a
formal computer science understandin{Kalay, 2004, pp 668)

This led to the secondeneration of CAD systems, developed by external disciplines, focusing on the
primary task of drafting. These programs were designed for the personal computer, and although they
were intuitive and easy to learn, they were quite lindte their ability to assist designers. As

technology improved, new companies such as AutoDesk, VersaCad and Microstation began to write
packages that specifically supported the drafting requirements of architectural firms. This technology
ironically tooka step backwards from the first generation of CAAD software, the unique attributes
associated with building design were removed, turning the software into simply a more efficient
method of hand drafting. This generation had lost the ability to handlalimgiispecific objects such as
doors, windows, columns and slabs, making it very difficultierpret and evaluate the buildings
performance. Architects were thus given a comptassisted drafting package with rendering
capabilities, yet they lost the @jnostic components which were the fundamental motive for the
introduction of technology into the professio(Kalay, 2004, pp 680)
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3.2

Whilst architectural CAAD systems were becoming less functional, other disciplines such as the
electronics industries we advancing. They designed their software to handle more intelligence,
allowing it to recognize objects from simple geometric shapes; a rectangle was treated as a resistor,
capacitor or transistor. Furthermore their systems could offer analysis, aléhttngngineers where
excessive heat might build up. This technology allowed improvement in the productivity of electrical
engineers and more importantly, the capability of the integrated circuit. It has now reached a stage
where it is impossible to desigm antegrated circuit without the use of computaided circuit design
software.(Kalay, 2004, pp 7¥2)

Efforts to develop similar systems in the building industry constitute the third generation of CAAD
systems. Recent advances in objedented progranming, artificial intelligence and database
management have led to the drive fbetter systems in the building industry. At this point in time,
companies such as AutoDesk, Bentley, Graphisoft and Gehry Technologies are working to develop
commercially viale software packages with the same ambition as the first generation systems.
Software such aRevit Generative ComponentdrchiCARndDigital Projectallow designers to assign
information and meaning to their digital models. Finally, the computer caageize solid shapes as
walls, slabs, roofs, windows and doors. These intelligent objects store information otihépwhould

be manipulated;parameters allow the end user to easily adjust door sizes without distorting the
geometry. Norgraphical informaibn can be stored in databases, providing cost summaries, schedules
and reports at ease. Floor plans, elevations, sections and details are generated from a single model,
improving consistency, efficiency and workflow.

A major benefit of these systemstie increased time for design. @uodination and 2D drawing
generation have been bundled into an automated process allowing designers increased flexibility in
design decisions. Changes that would normally require too much work can be completed faster with
more reliable and consistent results. The advancementsadohiningis also allowing designers freedom
to create more complicated geometry. Research into complexity now has the possibilities of being
realized into physical fornThis exciting new potentidlas prompted the following experiments;
attempts in generating a geometry that can be parameterised and maniputatptbduce complex,
variable 3Cform.
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3.3 Complex Parametric Form

The following experiment looks at creating complex spatialiiealby manipulating simple forms.

A parametric modelleigital Projectjs used to conduct this experiment. Parametric design often
requires the designer to contemplate the result before beginning their work. Every piece of geometry
that is construotd contains a historygnd can be manipulated after it has been created. This means the
designer must be careful to construct the geometry in the correct way, so that it can be manipulated
correctly in the future.

There are two stages to this experimemhe first deals with creating the geometry, whilst the second is
manipulating the form. To create the geometryl 2point deformable closed spline ¢®nstructed(10). Figure10.

This is done by generating 12 lines that radiate out from the centre at equal anglesitAs placed on A 12Point deformable closed spline.
each of these lines so that tltstance of each point from the centre of the circle is parameterized.
spline is drawn over the points to create a closed geomdtinys results in 12ariabledata points for
each spline.

The geomely is duplicated at a set spacifffl) and a surface is lofted between them to create space

(12). The geometry has now been setup to accept manipulation of the data points. The trick in this part
is to control it to achieve the results you desire. Alltesults are exported t&xcel (See Appendix, B)
allowing us to manipulate the data with ease. The examples following will showligifstraanipulation

of the initial data via simple formulas produces resulting surfaces that range from repetitive simple
forms to complex random surfaceBhe variations in spatial form are achieved by variations in the
formula structure used to control the spline data pointie imagesn the following pagshow the Figure11.

form growing in complesy as the variables are tweakethe first form(13) is controlled by varying the Geometry duplicated at a setaping.
radius of eaclideformable spline. The resultrigpetitive and simpleThe second forml4) undertakes

the sameprocesshowever each data point on the spline has a limited range of freedom. This starts to
produce slightly more complex form. The final two imads §how the result of giving total freedom

to all data points. The result is a much more complex spatial f8mte theyrocess includes random
numbers, an infinite amount afniquedesignsan be gnerated

Figurel2.
A surface is lofted between the geometry
creating space
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3.3

Figurel3. Figurel4.
Radius of closed splines changes reqularly Radius of closed splines changes regularly, however the points have
limited freedom to create more complex form.

Figurels.
Each point location can be placed at a random distance from the centre of the fo
Two variations showing complete randomness in the form.
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3.4 Interactive Forms

Thefollowing experimentalso exploreshe notion of complexity through the use of parametric design.
However, he previous example used a closed volume to create a space, whilst this experiment uses an
open profile. The research is extended by adding a secondary form that interacts with the first form.

Similarly to the previous example, seven points are constructed in 3D space. They are positioned via
coordinates that can be manipulated in a 2D plane §éneral shape is designed to represent
requirements for an architectural fagade. Two sets of geometry are constructed from the seven data
points; a rigid polyline connects the first, whilst a smooth spline curve connects the second. The

. . . . o Figurelé6.
geometry is duptiated at a set spacing, and a surface is lofted between to create the initial fagade Initial Facadenrface
surface(16). To generate varietgnd complexity, every data point is allowed a range of freedom in both
the x and y directionsl{). This makes use of random numbers liowva for an unlimited range of =

solutions. The same process is repeated using the curved spline geod&try (

Both surfaces are thickened to represent wall and glass, and the geometry is superimposed on each
other. The differences ihehaviourbetween rigd polylines and spline curves produce an inteiresgt

pattern of wall and glass. Depending on treuesof deformation applied, completely unpredictable
results emerge. Four examples have been shown below that could form quite interesting architectural
facades 19).

Figurel?.
Deformer Applied

Figurel8.
Process repeated using curved geometry
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Figurel9.
A series of unique solutions based on the same system demonstrating variation in an unpredictable fashion.
The differences occur due to variations in the random values used to deform the initial surfaces.
The form could be representat of architectural facades.

PART TWO 23



.experiments in generative design.

3.5

3.5 summary

This section lookd at complexity in design, and the history of computer systems that have evolved to
allow such exploration to occur. A series of experiments show that via the manipulation of data in Excel,
complexitycan be generated with architectural intent. Use of advanced CAAD packages such as Digital
Project allows the parameterisation of geometry, providing an easy method for generating complexity.

These experiments are an initial exploration of the idea bebomplexity, the creation of unique,
unpredictable forms via a series of simple rules. Whilst they have not been designed to perform any
function, the resultant forms become inspiration for architectural spaces and facades. Perhaps with
further experimentaion, the initial conditions can be tailored for a specific purpose, and the
manipulative algorithms can be customized for more specific functions.
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.erosion and cellular automata.

This chapter explores the techniques associated with cellulamaata (CA), using nature as a vehicle
for exploration.The chapter is divided into two sections. The first section provides a theoretical
background to the following experiment, whilst the second section deals with the erosion script
developed in the studi.

Cellular automata are setfrganising elements that can generate complex behaviour via a series of
simple rules. They are responsive elements that generate patterns quite often seen in the complexity of
nature. This chapter will explore the historiaa@lationship ofnature and architecture setting up a
framework for experimentation. The natural system chosen for this experiment is erosion, as it
produces amazing sculptural form in solid material. The following chaptés and geologgtart to
invesigate the properties of rocks, allowing a deeper understanding of the erosion process before
continuing to develop a CA system that emulates it. Fin@dylular Automatalooks briefly at the
characteristics of CA, and describes some recent architeappications.

The secongbart provides a detailed analysis of the erosion script creatddigital Project Erosion
Scriptprovides a narrativdike description of the programs function. This is further expandetinpt
Parametersand Script Analysisvhere a slightly more complex explanatiohthe program code is
offered.

The 1l Visual Basic programming coaled Excel dates located in Apperig C and D.
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4.1

4.1 Nature and Architecture

Architects are intrigued by nature and the possibilities fesf for Architectural design. History has

been riddled with environmentally responsive architecture; the Picturesque and its experimentation in
aesthetics without regulation; the Sublime with its exaggeration of scale and jagged compositions to
invoke asbnishment; Organic Architecture, the harmony of building and nature, designed to integrate
as one unified composition; to current climatic concerns resulting in debate about the preservation of
natural resources(Bergdoll 2000, pp @ 73)

What is of paticular interest is the relationship between natural objects and emotion, and the ability of
Architecture to drive or even recreate these feelings mentioned. This ability is gained by studying
nature, analyzing its form, structure and growth patternssdying this, to use a system, one must
understand how it works. The rules must be documented and tested, and once it is comprehended, it
can be manipulated and controlled for different intentions.

Documented rules can be translated into a language thepeder understands. Subsequently, the

power of the natural world and computer combine to emulate the rules and systems of nature.
Thousands of years of evolution can be simulated in a matter of minutes, and with this control, nature
can be manipulated witimnovative flair.

Thischapterdiscusses the system of erosion, and unlocks the secrets to the sculpture of rock,
phenomenon of fluid form in solid material. The characteristics of rock and the process of erosion will
be analysed, and a simplified systeritl be documented. As a result, the system will be programmed
into the computer as a set ahanipulativerules, allowing technology to recreate simplified
environments that are subject to weathering forces.

This weathering simulation can be applied iffatent scenarios, a building facade or an urban
environment with various constraints and limitations, generating original architectural form that is
based on the natural erosion phenomena.

The following section will look into the characteristics of akd geology, providing a framework to
develop the erosion script.

Figure20.
Various Slot Canyons.
Photos : Anand Muralidharan

(Source : http://www.imprintsoflight.com)
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4.2

4.2 Rocks and Geology

Layers of rock, deposited over time, harden and form the unique strata that tell the history of the Earth.
Each layer consists of continuous rock of the sameatheristics and is generally layered in parallel.
These bands can be classified by their mineral composition and the processes that form them.

Key Rock Characteristics
Hardness, Colour, Texture, Dengi§)

Origin of Rocks

Aqueous Rocks
These rocks arthe result of deposits of mud, sand and gravel, delivered by the mechanical force
of moving water.

Igneous Rocks
These rocks are formed by fire, distributed in molten form by volcanoes. As a result, they run
along cracks and are formed in no particuleder.

Metamorphic Rocks

Rocks in this category were originally aqueous or igneous, however they have undergone
physical changes that alter their structure.

The most significant aspect of rock formation relevant to this research is the geologicahseaf
rocks. It is important to note that rocks occur in discrete masses, ordered in a definite series.

The order does not vary, however it may be incomplete. Comparison of the different rock layers can
shed light on the history of the rock, and thestairy of the Earth at a given location.

The fact that there are discrete layers of rock with different characteristics is the key to the process of
erosion. A combination of air exposure, water exposure and rock strength will determine the rocks that
will be eroded(22, 23), and this becomes the fundamental process that will be emulated in the erosion
script. To recreate this process, | have used techniques borrowed from the system of Cellular Automata.
The following page will briefly explain this systend @rovide some examples of its use in an

architectural context.

PART TWO

Figure21
Various rocks with different characteristics

Figure22
Sandstone Canyon

Figure23
Stratified Rock
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4.3

4.3 Cellular Automata
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G/ SEtdzt NI Fdzi2aYFdE o/!'0 FNB I Ofhaa 2F &L
g2t dziA2y dé

systems characterized by local interaction and an inherently pafat ¥ 2 N 2
2001, p5)

Introduced in the 1950s by von Neumann, the study of this system has gained interest in many
disciplines (mathematics, computer science, physics, geology, chemistry, architecture and more) due to
the ability d generating complex behaviour from relatively simple rules. Whilst there is much variety in
CA models, most possess the following five generic charactedsickinski 2001)

Discrete Lattice of Celtsone, two or three dimensional _ _ ~ Figure24, _
High Density architecture for Aomori / Japan by Cero9

. (Source: Herr C. & Kvan M., 2005, p 254)
Homogeneity: Al cells are the same

Discrete States Each cell can exist in one of a finite number of discrete states
Local Interactions Each cell interacts with its neighbouring cells

Discrete Dynamics At each discrete unit in time, each cell updates its curstsite according
transitional rules taking into account the state of its neighbouring cells.

¢tKSaS OKIFNIOGSNR&aGAOA NB Y2aid Ot SFINIe& RSY2yaidNT
using & infinite grid of square celleach individuatell existing in either one of two states; alive or

dead. Three rules (birth, death and survival) are applied repeatedly in discrete time steps; the rule

applied depends on the status of the surrounding neighbadesice, the initial state of the cells Wil ;
determine the future generations of the syste@imilar applications have been applied architecturally; . A LR
Batty (2001) uses CA as a tmlunderstandngthe complexity of citiesgxtending his research to [ | %ﬁ ! |‘¥

explore the notion of mobile agents and fractaterr and Kvan (2005) explore the use of CA to
generate variety and complexity in high density buildif®f for Asian cities, where mass production of
repetitive building form results in contextisensitive designs.

/|2y 6l
|

Figure25.
Alternative cellular automatgenerated
JSNARAAZ2Yya 2F / SNR pQa

Thesubsequenexperimentation is amitial exploration of responsive cells and rules using simple (Source: Herr C. & Kvan M., 2005, p 256)
scripting in Digital Project, setting the foundation for future investigations.
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4.4 Erosion Script

This script uses techniques common to Cellular Automata to simulate the natural préegesion

A theoretical section is cut through an arbitrary piece of r@éj.(A grid is placed over this section

(27), and each subdivision is considered an indivisible rock entity. Each rock entity in this grid is
assigned attributes that will gowe its behaviour(28). The key characteristic is the rock hardness, which
is assigned to each individual umia an Excekpreadsheet33) (See Appendix Dpimilarly in nature,

this is assigned in layers, each row consistirgjroflarrock hardnessThescript then scanall the

points, and sortghem into a variety of lists depending on their situatioFhis takes into account if the

rock is in contact with water or air, and how many neighbours it has protecting it. Figure26.
Diagramnatical section cut
Once the initial scan is completan Annual Erosion process will take place. This will erode the rock through arbitrary rock.

according to the list each data point is in. Rock in contact with water will erode fasiemater
contact is divided into two typesertical andhorizontal. As the water channels,dov\ithe vertical ]
SNRaA2y NI US Aa YdzOK FFauSNI OKFYy O0KS K2NAI 2y al

Elements that are not in contact with water will still be eroded at a slower rate. This is representative of

A 2 4 A x

the background wind erosion. ThewindegbsT NI} 6S A& | FFSOGSR o0& GKS |
rock has. The more exposed, the faster the rate of erosion. :

Depending on the rock hardness, certain points will erode faster than others. The annual erosion

; Figure27. Figure28.
process progressively _reduces the hardnealue of the rock. \_Nhen the hardness valge reaches 0 the Superimposed Grid over rock. Rock hardness aftribute
rock is then eroded anid removed The rocks surrounding this void are now placed in contact with assigned to each unit.
water, and their neighbour parameter is reduced by 1.

The range of water contact starts frote uppermost row down to the deepest eroded row. As the
canyon erodes and channels are created, the water will rush into these areas. To provide a simulation
of the water progressing down through the valleys over time, a special procedure will be apm@igd e

3 years. This will drop the range of the water contact down the canyon.

After a certain amount of years, the void is plotted into Digital Prq@@t Multiple section$30, 34)
are taken side by side, and lofted togeth{@s, 36) to form a compute generated slot canyo(87, 38).

Figure29. Figure30.
Eroded Section. Various eroded sections.
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4.5 Xript Parameters

These are the parameters associated with the geometryarray of 400 points is createdDngital
Project(31). Each one of these is assigned object parameters.

Thereare three main types gfarameters. Global parameters affect the whole system; erosion rates
and logical information which the system uses to process the points. Each individual point then has a
set of parameters associated with(82). These parameters let the system know hoany neighbours

each point has and the hardness of the rock. The status parameter reveals the situation each point is in;

whether or not it is in contact with water, and if it has been eroded.

Global Parameters
Water Erosion Rate
Annual Rainfall
Wind Erosion Rate
Number of Years
Deepest Row
Upper Row

Status Parameter
Not Exposed
Exposure Level 1
Exposure Level 2
Exposure Level 3
Eroded
Water Contactl
Water Contact2
Inactive

Point Parameters
Neighbours
Water Contact
Rock Hardness
Row

4.5

Linked to Annual RainfalHorizontal is ¥ Vertical

From Weather Charts

Fraction of Water Erosion Rate. Factor of Number of Neighbours
Time of Simulation

Deepest eroded point in array

Highest row that istill affected by Water

(4 Neighbours)
(3 Neighbours)
(2 Neighbours)
(1 Neighbour)

Vertical Water Contact
Horizontal Water Contact
Do not perform any function on these elements

Range: 04

List: Horizontal, Vertical, None
Range: 6 1000

Point Row

PART TWO
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Figure31.
Array of Points.

Neighbours=3
*Water Contact’ =None

Figure32.
Point Attributes.
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4.6 Script Analysis

This is a breakdown of the script imere detailed format. It takethe structure of a flowchart e 2 ' L
describing the three major tasks required to erode the geometry. This format and method of thinking is Bowi 11O 1Xm 9
required to translate the simplified description in the previous section into programmide. tids a P o ey
much more logical and basic language, anticipating the methodology required for the computer to 5 iz imo s 5 oo o
interpret instructions. o sm»  am ism s om0
. R
The three major taskare the initial scan which scanshe array of points and processéisem into a E 1033 Jﬂi :% Rm"":mwg -
series of lists. Thiwill allow the computer to understand the status of each individual point. After this, 4l lew am 1om L —
anannual erosion proceswaill take place which affects the characteristics / status of each point T  —
depending on their situation. This procedure will also remove aoksthat have been eroded. Finally 1818 12000 1600  —
the special procedurés described which will be used to emulate water flowing down the canyon. Row? ZE ‘mé '% '% ﬁ ;
El 0 1000 2000 12

The complete programming code, coded in Visui® is available in appendixIBcontains specific

: . . . . Figure33.
commands associatasfith Dlgltal Project. Rock Hardness assigned via Excel Spreadshe

See Appendix D for full spreadsheet.

1. Initial Scan
a. Scan through the array of points 1 by 1
i. Assign Random Rock Hardness (To Start)
e Range from 100 to 1009Step 100
ii. Count Neighbours
e Assign No Neighbours to Point (Neighbour Parameter)
iii. Fortop Layer in Array
e Switch Water Gntact to Vertical
[ ]
b. Distribute into lists
i. Scan through the array of points 1 by 1
e If Water Contact = Vertical
A Place into Water Contact 1 List
e If Water Contact = Horizontal
A Place into Water Contact 2 List
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e If Water Contact = None
A Check No. of Neighbours dplace in appropriate Exposure List
- Not Exposed (4 Exposure13) X 9 ELIR2 &dzNB T 6 MO
A Check Rock Hardness
- If <= ORock is Erode¢Sub Process)

2. Annual Erosion Process

a. Erode Water Contact 1 List at Water Erosion Rate
Figure34.

Multiple Eroded Sections.
b. Erode Water Contact 2 List at Redud¥dter Erosion Rate

c. Erode Exposure Lists by (Wind Erosion Rate x Exposure Level)
d. Not Exposed List is left the same

e. Add another year to Global Years Parameter

f.  Scan through the array of points 1 by 1 (Check for Erosion)
i. Check Rock Hardness Figure3s.
e If<=0,Rock is Eroded Guide Lines added for fluidity.

A Place point into Eroded List
A Point directly below
- Change Water Contact to Vertical
- Move into Water Contact 1
- Neighbours = Neighboursl
A Points on left and right
- Change Water Contact to Horizontal
- Move into Water Contact 2 (Horizontal)
- Neighbours = Neighbours1
A Set Deepest Row to Row Number

Figure36.
Lofted Form.
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4.6

3. Special Procedure

a. Progression

(This represents the water passing down through any channels formed)

i. Run process every 3 years
ii. If Upper Row > Deepest Row

Turn the Upper Row points Water ContactNone
Place these points into respective Exposure Level
Upper Row = Upper Rogvl

PART TWO
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4.6

Figure37.
Computergenerated Slot Canyon.
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4.6

Figure38.
Computer generated Slot Canyon.
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4.7

4.7 Summary

This chapter has briefly explored the use of cellular automata, parameters and scripting to create a
system with purpose. Unlike the previoegperiment, this system has specific rules that aim to emulate
a process of nature, namely erosion. The final computer generated re3u|t89 have a strikingly

similar resemblance to the initial inspiration, the slot canyons of Arizadg (

As an iitial look into cellular automata, this experiment highlights the fact that complex systems can be
generated by simple rules. The key to creating a system is to understand the process before
implementation on the computer. Once this research has been cctiedy it becomes easier to

document the process as a series of rules. There is potential for such systems to be used architecturally,
creating buildings that have variety and complexity via their response to their local environment.

An attempt to take tlis erosion script into 3D proved difficult and timensumingThe amount of cells
rose from 400 to 8000 units, increasing the processing time far too muchreBhited from alackof
efficiency inprogramming, and possibly inappropriate choice affware. For a more detailed system, it
may be better to use software such as Mathematica, which is tailored for more complex calculations.
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5.0

Thischapterdescribes the work submitted for Architectural Design StudiS€e Appeniat A)at the
Faculty of Architecture, Design and Planning, Whiversity of Sydnef007. It was completed by a
group of four undergraduate Bachelor of Architecture students under therdmation of Dr. Marc

Aurel Schnabel. The work was exhibited inW8 A & LJ- NI f £ St
Galleries from 24 May ¢ 16" June 200{Schnabel & Bowller, 2007)

{ LI 0S4aQ SEKAOAGAZY KStR G GKS

The project consisted of a digital animation and Styrofoam sculpture suspended in the gallery space.

The chapter begins with the deription of the digital animation. The first sectigmimation and
Architecture, looks at the relevance of animatiamthe field of architecture, providing background to
the main benefits animation offers to design. The following sections descrilkenih®ation created in

I dzil 2 5 Baydsditdare. The storyis a description of the effect this system tasthe city in
narrative form, whilsfThe Systemdescribes the components and the decisions made in creating the
animation. The final section of thibapter Manufacturing ComplexForm deals with the physical
model and the procedsehind designing and creating 3&m using digitally controlled machinery.
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5.1

5.1 Animation and Architecture

GC2NJ I RAAOdzaaA2Yy 2y | NOKWHS OANY If § QI 108 ¥ FIRY Al
WEyYAYFGA2yQ Fa GKS O2yRAGAZ2Y 2F 0SAy3 FyAYLd$

There are two key aspects that animation offers for architecture. The first relates to the definition of
animation, and its ability to take statform and create the illusion ofiotion. The second deals with

the aspect of time, and the ability for architecture to now respond and cause events. This has
implications for an architecture that is not static, rather a reactive system that can evohia wit
context. Both aspects are related, a reactive system evolving within space and tirstillcan
demonstrate animate qualitiefyoweverit is important to understand that these elements can be dealt
with individually.

Animationhas the ability to givéife, and when we refer to an animated architecture, one thinks of
architecturewith soul (Dahmerngenhoven 2004, p 122)Valt Disney established twelve principles of
animation that reveal how expression can be created by very simple means. Throuamis f

example of the half filled sack of flour, he demonstrates that small variations in the graphic contours of
an image are enough to represent expressi@®).(Taking this principle into architecture, a building can
also show signs of life, through mpualation of form and expression; this is portrayed in the office
0dzA ft RAy 3 ¥2bI\MSLJFEFGS\IIHPbyIIf{]S7\yKyI)\f)f t N} 3dzS RS&A3IYSR o8&
to sway back and forth personifying the motion of dand@)

The ability to animate ims that we have certaincontrol over time, allowing architects to now deal
with systems that cause and respond to everiisirrent software allows us to work with natural forces
such as gravity, wind and turbulence. Fluid dynamics can be easily simuaatibjects can be

assigned jointand kinematics to create realistic or distorted motion. Cameras can be placed anywhere
in space, and time can be slowed down. This gives architects potential to work with dynamic systems,
hopefully opening the door to more responsive, reactive architecture.

It is these principlesthat inspired theerosive fluidity projectlescribed in the next section.
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Figure39.
Emotions of a haffilled flour sack
(Source : Dahmemgenhoven 2004, p 125)
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Figure40.
NationatNiederlanden in Prague
(Source : Dahmemgenhoven 2004, p 128)
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5.2 The Sory
A shortanimation created in dzii 2 5 8a3d(iG% t & (KS &aG2NE 2ghoutthyeci.o 2S

The object takes the form of a liquid entity drifting dynamically down the main street of a featureless
city. The energy embodied in this character causes it to pulsate and rush past buildieg®lume of
this form expands and contractdepending ofits movement and intentior{52).

Theembeddedpower associated with the entity affects the buildings it approaches. A sense of gravity Liquid ForﬂgA”fr;‘l#n 4 a Building
pulls and deforms the buildind49) as they are embraced with this liquid form. Buildings that have causing discolouration and deformity.

been affected begin to discolour, slowly altering to a dark green q@ite Asthe buildings change
state, disease breaks out and a series of bumps start to form, growing in depth ove@@mne

The liquid form is aggressive, and at times collides wighcity. This event causes an explosion;
particles spray off and freeze in time preserving the memory of the incid@n€0). Buildingsn the
range of the explosion also become exposed and react through discolouration and texd@)ing

The climax oftte animationshows the liquid form in a forceful collision with a high rise building. The
resultant building is stricken by diseasentinuous venonseeps from the building fabr{@3, 46). The
main character is affected, and loses velocity. It weavesthm fabric of the city, feeling vulnerable
and requiring shelter. It makes a final leap, revealisghysical form in deta{44, 51), at last seekg
refuge in the depths of the citiéb).

Figure42.
Explosive Collision.

What remain ardragments of a featureless city, now embeddeith life and energy reminiscent of an
event and the reactions that have occurriedsome point of timeThe importance this animation has

for the discipline of architecture lies in the inherent underlying process. Contrary to traditional design
methods,this animation provides insight into an inverse process of design, where the buildings respond Figure43.
and change according to events occurring within the city. Diseased Building.

Figure44.
Physical Form Revealed.
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Figure45. Seeking refuge in the depths of the city
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Figure46. Venan seeping out of building fabric.
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Figure47. Deformation in buildings.
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Figure48. Collateral damage to neighbouring buildings.
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Figure49. Discolouration and texturing to building fabric.
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Figure50. Explosion preserved in time.
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Figure51. Inside the liquid form.
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5.2

Figure52. Volume of the liquid entity expands and contracts.
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