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Resumo

A arquitetura tem continuamente explorado os avancos tecnoldgicos para mell
representacdo e producéo de solucdes arquitetonicas. Ultimamente, as abordagens
Algoritmico (DA) tém tido um papel importante na pratica da arquitetura, permi
ultrapassar varias das limitacbes encontradas na resolucdo de problemas mais co
Contudo, o DA néo é trivial de usar pois requer experiéncia em programacao. No se|
facilitar a resolucédo de problemas arquitetonicos complexos e ndo conves)cestaitest
propde uma metodologia e umameworkpara sistematizar o uso de DA, avaliando a
aplicacao no desenvolvimento de solugdes de fachada.

Para tal, sdo identificados os problemas e estratégias recorrentes que sao relevant
na metodolgia, 0os quais sdo posteriormente categorizados numa estrutura moc
formalizados numa perspetiva matematica. O objetivo € tornar a aplicagcdo da metod
mais universal possivel, sendo assim capaz de responder a diversas praticas e prot
proeto e ao mesmo tempo adapser & variabilidade e singularidade dos proce:
arquiteténicos.

Para avaliar a validade e rigor da proposta, a metodologia € implementadaneaork
algoritmico DrAFT 2.0 e usada para reproduzir um conjunto de solucoristenees. De
modo a provar a sua aplicabilidade e maiba para a pratica arquitetonicaframeworké
usado num conjunto de casos de estudo reais respondendo a diversas intencdes ¢
problemas projetuais.

A andlise dos resultados e do feedbamitido nestas experiéncias permite responde
guestdes de investigacao, provando a capacidade da proposta em simplificar o uso ¢
resolucao de problemas complexos e ao mesmo tempo aumentar a flexibilidade e a e

dos processos de projeto.aélise anterior também revela a capacidade da propost



potenciar o pensamento criativo e critico dos arquitetos, aumentando nao s6 as possi

de projeto consideradas, mas também a probabilidade de se ofellemessolucdes.

Palavras-chaves Projeto Algoritmico;Processo Criativo; Andlise e Otimizacdo de Projetos;
Fabricagéo DigitalProjeto de Fachadas



Title DrAFT 2.0: An Algorithmic Framework for the Design, Optimization, and Fabrication of

Facades

Abstract
Architecture has always explored the latest technological advances in terms of
representation and production. Nowadays, Algorithmic Design (AD) approaches |
critical role in the conception and production of architectural solutions, overconaing of
the practiceds | imitations in solving
design. Nevertheless, AD is a complex design approach that requires programming sl
deviates from the visual nature of architecture. This researatessds this problem b
focusing on the field of facade design, proposing a methodology and framework that r
the complexity of AD in solving complex facade design problems.
To that end, the thesis examines recurrent problems and strategies in desigle
identifying the existing design patterns, formulatitigeir underlying principles, ant
organizing them in a categorical way. To generdhizeproposahnd facilitate its applicatiol
in different design practices and briefs, the thesis adopts hematical approach ar
organizes the formulated principles in a modular way. Since the aim is to supporttdes
fabrication AD workflows, it is important to ensure the adaptability of the proposal t
contextspecificity and variability of architectal practice, as well as thevarious method:
and toolsused
To assess t he proposal 6s val i dity a
implemented in the algorithmic framework DrAFT 2.0 and is used to reproduce an €.
set of building facadesl h e n to evaluate the propo
architectural practice, the framework is applied in a seapgfiicationstudies involving
architects with different AD skills and responding to various design intents and prol
After reflecting on the research findings, the thesis concludes that the proposal sin
AD, increasing the flexibility and efficiency of facade design processes and thus the
space considered. It also demonstrates how the proposal enhances creatviicah:

thinking processes, increasing the likelihood of achieving better solutions.

Keywords: Algorithmic Design; Creative Process; Design Analysis and Optimization; Digital

Fabrication Facade Design.
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1. INTRODUCTION

Although being designed as a wholearchitecture hasalways been the result of a composition of different
el ements of wvarying shapes, functions, and materiald.
latest technological advances both in terms of architectural representation and fabricatiba, process of
designing and constructing grew in complexitiNot only is the use of more specific and specialized design
approaches required, but the need to independently address thealifferent parts that constitute the
architectural wholealso increased

This investigation focuses on one of these parts, thilding envelope due to its relevance in
materializing conceptual and creative intents and in improving the quality of the built producideed, as
thresholdelemensbetween indoorand outdoor, facadeshave a critical role irmediating theb u i | dhdoorg s 6
and outdoor environmens. More specifically, his thesisproposes a mathematicalrameworkto support the
geometric exploration, evaluation, optimization, andonstruction of building facades implemented as the
DrAFT 2.0 algorithmic libraryThis chapter first presens the motivation behind this investigatiorand the
researchassumptionsand questions that guide itlt then elaborates onthe research goalsas well as orthe
challenges and outcomes of thnvestigation Finallyjt describesthe researchmethodsadopted in this thesis

together withits structureorganization

1.1. RESEARCHPROBLEM

Architecture has alwaysused the latest technological advances in terms of desigrepresentation,
development andconstruction The emergence of Computational Design (CD) approaches in the last decades
facilitated the process of searching for design solutions that best meet the existing requiremeautsl the
production of non-convenional shapedy allowing the use of computatiorin the design processAlgorithmic
Design (AD) is one such approadhat describesdesigns throughalgorithms AD brings several advantages

to architectural practicesuch asautomating different design procedures and analysis and manufacturing tasks,
increasingdesign freedom, and facilitating design changeproviding the required flexibility to coordinate
multiple conceptual, performance, and constructions requirements. AmgpA D @atential applications, the

design of building facades stands outecause of itsaesthetic, structural, and environmental relevandeD 8 s



greaterdesign efficiency and flexibility allowettie design of increasingly complelauilding facades,being the
resulting solutions often characterized kiyeir unconventional shapes and intricate geometric patterns.

Despite its multiple advantages, there are still barrigosthe widespread adoption of ADthe most
evident ones beingdts technical complexity antligh level of abstraction. In addition to requiring programming
skills, which most architectdo not usuallyacquire AD has an algorithmic nature that greatly deviates from
the visualand tactile nature of architectural designwhich isheavily based oriterative feedback loopsvhere
architectsevolve their designsNeverthelessAD has the potential to solve many of the limitations @lurrent
architectural design practigeparticularlyin responding tothe complexitythat resultsfrom its (1) variability and
unpredictability, (2)multiple and context specific constrainty(3) evershorter deadlines, and (4fhe need to
respond to contemporarysocial and environmental concerns. Given the amount of time and effa@tuired
to develop and evduate new design solutionsising traditional design approaches, only a restrictetkesign
spacei.e., the set of possible design solutioniss of t en consi dered, not only
potential, but also compromising the quality ohe resulting solutions. These limitations are especially evident
in facade design due to the complexity of this architectural element in terms of design conception and
production.

So far, most of the solutions proposed to facilitate the use of AD in arebture resort to visual
programming, which describes algorithms through interconnected graphical elements containing data,
forming dataflow graphs Visualprogramming is more popular among designers because @ graphical
nature and higher interactivty and intuitivenessvhen compared to textual programmingModern Integrated
Development Environments (IDEBupporting visual programmingfor ComputerAided Design (CAD) and
Building Information Modeling (BIM) have increasd the adoption of AD by allowingarchitectsto take
advantage of it without having almosany programming experience

However, the features that make visual programming so appealingamely its simplicity and
intuitivenessare also the ones that hindetsapplication in largerscale designs. In these casessual programs
become very complex anddifficult to understand and manipulateTo deal with higher levels of design
complexity programming languages need to provide abstractiomechanismsput these are usuallyonly
availablefor textual programming Since this thesis addresses complex design problems requiring higher levels

of abstrection, it willfocuson the use of textbased AD strategies.

1.2. RESEARCHASSUMPTIONS

This researchassumesthat AD is a powerfuldesign approach, opening new opportunities to architectural
practice by improving the flexibility efficiency and accuracy of desgn processes.Nevertheless,it also

recognizesthat using AD isnot trivial, especially ira field soheavily basedon visualand physicalelements,

resi



such as sketches, plansnock-ups, among others as architecture However, as evidenced inthe study
presentd in Part || of this thesisthe use of AD has been growing irrecent years mostly because of the new
social, cultural, and environmental needs to whidrchitectue must respond. According to this study,
architectsar e becomi ng mo paential o addeess thé growiDgcamplexty of architectural
design problemsfacilitaing performance evaluatiorand optimizationof buildingsas well aghe coordination

of structural and manufacturing constraint¥hegrowing integration of AD in several architectural studios and
university curriculums worldwideeflects this As such, this research assumes that the area demands for
methodologies and tools spporting AD will visibly increase in the next few decades and thus it proposes to
address this need in the field of facade desigBased on the previous assumptions, this thesis formulates

research questions andoals, which arepresented in the folleving sections

1.3. RESEARCHQUESTIONS

To make AD more accessible to architects, we need to answer the following research question:
How can wereduce thecomplexity of AQlo addressntricate design problems?

Consideringthat the effort of developing algorithms has been addressed in other fields, such as computer
science,through the creaton of frameworksfacilitating specific applicationsthis thesisproposes a similar
solution for architectureGiven that these frameworks derive from the systematization of a particular domain
of application, it is possible toreformulate theprevious question while narrowing its scopdo the field of

facade design

How canwe systematizéAD to addressintricatedesign problemsparticularly

those of facade design processes?

Given the scope and diversity afhe concepts covered the previous questionis decomposed into sub-

guestions focusing on specific aspects.

Howto structure AD according to the specificitiéfiseach facade design stage, while

smoothing the transition between them?

Howto convert conceptual design criteria into algorithmic strateghesd respond to

different creative intents and desidmiefs

How can the provision od frameworkreduce the tine and effort spent inAD tasks while

handling several design criterisince early design stages?



These questionguide the investigation, not only helping to identifthe challenges othe use ofAD in different
design stages, but also making it easier to understaitdi mpl i cati ons in the archit e
particularly when addressing facade design problems. They were also useful to assess the validity and relevancy

of the thesis contfutions.

1.4. RESEARCHSOALS

As an architect with an AD backgrounthe author isconducting this research to support architects that intend
to use AD in their design practices, particularlysolve large scaleor unconventionalfacade design problems
To that end, this thesis proposesn algorithmicbased methodology addressingthe geometric exploration,
analysis, optimization, and fabrication of building facades. eneralizeits application the thesis adoptsa
mathematical approachAdditionally,to faciitate the me t h o d ouseoapdit®centinuous extensionit is
organized in a modular, categoricalstructure. This allows the methodology to be independent of specific
design methods and tools, as well as capable of responding to the contsgecificity and variability of
architectural problems.

Through the implementation of the proposal in an algorithmicamework this work expectsto reduce
the technical complexityof AD and facilitae its use inthe solution of large-scalefacade design problems

allowingarchitects to:

Goal 1. Enhance their creativand critical thinkingorocesses

Goal 2. Articulatedifferent designconstraints tools,and taskssince early stages
Goal 3. Improve design space exploratioand the charce of finding better solutions
Goal 4. Materialize thér solutionsthrough different manufacturing strategies

Thenext section elaboratson the challengesf this investigation, as well as on its potential contributions.

1.5. CHALLENGES ANICONTRIBUTIONS

AD is based on algorithms, which are abstract means of representation. This poses several challenges
architectural practicethe first being that AD approaches will alwa be less intuitivethan traditional design
ones.No matter how much experience an architect has in programming, using AD will always be less intuitive
and technically more complex.

The second challenge results from the fatitat architectural practicenas a strongvisual andtactile
nature, therefore making the integration ofAD far from trivial. ADrequiresarchitects to think in a way that

largely deviates from the visual nature of the practice.



The third challenge is the need texpresstangible building elements and abstract creative intenss
algorithmic descriptions. Given the complexity of tlisnversion it is often the case that architects spend more
time in algorithmicrelated tasks tharnn design exploration.

Although the number of professionals usind\D within the architecturalcommunity is increasingthe
challenges of integrating AD in architectural practice as8ll substantiallt is therefore critical taaddress these

challenges ad provide relevant contributions to the architectural theory and practice, such as:

Smplifying the development of design solutions.
Increasingthe flexibility andexpressivenesef design processes.
Facilitatingthe coordination of creativantents with performance criteria since early stages.

Promoting wider and simultaneously more informed design space explorations.

=A =4 = =4 =4

Automating the transitionfrom designto manufacturing.

1.6. RESEARCHVMETHOLIS

To achieve theenumeratedresearchgoals, this thesigproposesa mathematicaimethodology andframework
to support AD processes within the scope of facadiesign To that end, it adops the researchapproach
shown in Figure 1.1which articulatesthe research questio(s) goals, andsteps accordirng to the Design
Inclusive Researd®IR)methodology [1] integrating designas a mears of knowledge collection and synthesis
[2]. As such, the selection of theeseach methodsin each step consider&nowledge from multiple domains
and ainms to generate design knowhow and problem solving strategies that fit the context of the problem
addressed while responding to its need4]

How to systematize AD to 9
address complex prablems

@ Enhance creative and critical thinking

How to structure AD-based
oW to structure ase @ Coordinate different constraints and tasks

facade design processes * Research -~ Research
How to convert abstract design uestions Goals ‘ :
criteria into algurithr?]s ') Q @ Improve design space exploration
\ 7
How the provision of a framework y 4 . ) )
supports multi-criteria AD workflows ? Research @ Facilitate design manufacturing
Steps

Collection e o Discussion

Analysis Evaluation
Proposal

Figure 1.1Conceptualrepresentation of the researchpproach



METHODOLOGICAAPPROACH

To successfully respond to the research questions agdals this investigation adop the five-stage

methodology of Figure 1.2, which encompassthe following reseach steps

1. Data Collection d Thisstepinvolvesthe literature reviewof several research topics within the scope
of building facades, computational design methodologies and technologies, performance
evaluation and optimization, and fabrication. It alssncompasse the collection of a large corpus
of contemporary building facades named the design corpup with different geometries and
materialities.The aimis to understand the existinghallenges, as well as to collect relevatesign
knowledge particularly in the fields of AD and facade design.

2. Data Analysisd Thisstepentaikthe analysis of thelesign corpusand the identification of recurrent
design problems, common design constrais, and applied design strategieBased on the patterns
found, it then organizesthe collected design knowledge by type and role in facade design
processesand studieshow such patternscan be mathematically expressed hegoal of this stepis
to establsh the strategyadopted bythe proposal, as well as to definigoth its structureand content.

3. Proposal 8 With the goal of simplifying AD in handling largescale facade design problemshis
step focuses first, on the conversion of the collecteddesign knowledge into mathematical
formalisms targetingfacade designprocesses second, onthe modular organiation of the
proposed principlesinto six main categoriesand, finally, in the algorithmicimplementation of the
resultingfacade oriented theoretical framework

4. Evaluation 0 To assess theexpressiveness anépplicability of the framework in architectural
practice, particularly in the design of building facades, thstep imparts, first, thetesting of the
proposed mathematicalprinciplesin reproducing examplesfrom the design corpussecond their
applicatian in a set ofnovel architecturalexamplesdeveloped in practicebased design scenarios;
and, finally, the analysis of the results in terms of implementation accuraay well asthe
f r a me wiexibiktyd and ability to generate a corpus of novel facadeedigrs in realworld
scenarios

5. Discussiond The laststepencompassethe criticalreflectiononthep r o p oabilayltod(1gsimplify
the useof AD within the scope of facade design, (2) reduce tliene and effortspert in AD tasks,
(3) increase the design freedom and efficiency of facade design processes (4) respond to
different designproblems and workflows whether ABbased or not. The aimis to identify the
merits and limitations othe proposal as well apotential improvementsand extensionsthat may

be relevantto consider in the future



The first two steps fit into the prestudy phaseof the DIR methodology[1] which consists of the collection and
critical analys of knowledge within the research context and the definition of possible strategies to respond
to the research probl em. The third step frames
formulation of the research proposal. Finally, the last twteps match the poststudy phase of DIR1] which
addresses the assessment of the research proposal as well as the generalization of its findings.
Additionally, given the practicatreflective nature of most of the research methods adopted in these
phases,the thesisalso adopts Practicebased Design Researcfil] which involvesthe use of theoretical
principlesin practiceto learnfrom it whileinforming and improwung it: for example,the information gathered
in the firstresearchstep is both theoretical and practical and encompassesesific design processes and
contexts the strategy definition in the second step is mostigflectiveand directed towards the abstraction
and generalization of practical knowledgeand the assessment of research is mostly based on practical tests

and desgn applications

Steps Methods

Literature Review

Identify challenges

Data Collection Collect knowledge

Design Corpus Selection

Define structure
and content

________

Data Analysis
|dentification of Patterns

Principles Formulation
Proposal Modular Organization

Algorithmic Implementation

Testing Algorithms
Assess applicability

Evaluation and expressiveness

Application Studies === """""""

Results Assessment

Critical Reflection Identify merits and

Discussion limitations

Conclusions

Figure 1.2Methodological approach the five main steps of this investigationrf the left) together with the research
methods adopted (n the middle) and the reasons for their adoptiorng the right).

wi t h



The next sectiongurther elaborate on the researclsteps andmethods adopted inthis thesistogether with

the reasons for their adoption.

IDENTIFYINADESIGNPROBLEMS

To gain a better insightinto current architectural design practice and identifghe existing gaps, his
investigationstarts with the literature reviewof the f i elhstd®@sades, placing particular emphasis on the
emerging computatiortbased desigrapproachesand fabrication technologiesind the current environmental
and social challenges. As the scope tie thesisis building facades, the background of this architecal
elementisalsostudiedto understand its historical evolution in terms of function, symbolism, and architectural
expression and a wide range of contemporary building facades analyzedto identify recurrent design

problems and collectrelevantdesgn knowledge.

SELECTING THEESIGNCORPUS

The aim of this thesis is tdarvest organize and build uponprior designknowledge regarding facade design
processesto facilitate the generaton of new design knowledge through an AD approach Therefore,
establishingt h e f r a iesiev struckui@ sequire collecting and analyzing a large corpus of building
facades (thedesign corpu$ to identify (1)recurrent design problemsand constraints (2) common design
solutionsand strategies,and (3) the differentdesign scenariognd practicesthat currently exist. The collected
data isimportant to enumerate the principles to include in thirameworkas design knowledgeas well as to
guide their future applicationthereforegeneratingnew designknowledge.The premise is that, although the
proposed framework is based on priadesignknowledge ¢he design corpus, it allows reusing such knowledge
in numerousways, naturally leading to noveksults[385]. Moreover, the collected datais alsoimportant to
guide the frameworld sverall structure andthe organization of its principles resultingin a multidimensional
spacewhere both the collected design knowledge and principlesare classifiedaccording to theirtype and

role in facade design processes.

PROPOSING AARAMEWORK

AD is a powerful but complex design approachthat is unlikely to achieve thesame ease of use and
understanding oftraditional design approachesOne possible solution to snplify AD is through the use of
frameworks,which isalready common practice in otherresearchfields such as computer sciencgg]. By
providing a conceptual structuresupporting and guidingspecificapplications not only is the time and effort
spent in algorithmierelated tasksreduced, but the quality of the results isalso improved Moreover, the
provision of frameworksalso promotes code reus, avoiding repeatedreinvention and leading to better

structured and optimizedresults Given the possibilityo create frameworkssystematizingspecifictasksfrom
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various domains,this thesisproposesthe use of frameworksin architecturaldesign practice to facilitate

algorithmic-basedfacade design processes.

DEFINING THEMATHEMATICALAPPROACH

Architectural design is highly dependent on the specific circumstances of the design brief, as well as on the

way architects approachit. Therefore, it is unlikely that the exact same approach can be used in different

projects, whether in an AD or notAD context. As this investigation addresses the former context, it considers

the variability and unpredictability of architectural desigmocesses in a computatiotbased perspective. Thus,

it adopts the formalism and modusoperandi of computational tools, which follow a set of instructions

expressed through programming languages. Considering that the most used programming languages are
increasingly approximating the language of mathematics, this reseakdnsiderst he | att er ds f or m
defining the facade desigrprinciplesand establishingthef r a me wo r k dUsingsthismatatidn is crigical

to make its application universacrossdifferent design briefs andpractices allowing its principlego be (1)

understood andusable bythe widest possible audiencg2) independent of thedesign methods and tools

used, and (3) adaptable to the contextspecifigty and variabilityof architectural design processes.

ORGANIZING THEMODULARSTRUCTURE

Architectumal design depends on multipleglobal and context specifiadesign constraints which makesits
practice a complex and uniqueprocess This thesis focusesn the limitations found during this process,
particularlyin solving more intricateand larger-scalefacade design problemsusing AD Given theendless
variety of possible desigiscenariosit is only naturalthat the principlesprovided do not cover allpossibilities
and thusit is important to structure the framework so that it caibe continuouslyextended with additional
design knowledge andcategoriesof design principles as the need ariseSonsidering the ability of modular
programming, i.e., software design techniques thegeparate the programsd functions into independent,
interchangeable piecesto embrace a wide range of problems bgombining finite sets of solutions[7], this
thesisadopts a similar strategy organizing theproposed principlescategorically to facilitateheir selection
and combination As a resultalthough the designknowledge available is finitehe frameworkcan respond
not only to the most commondesign problems but alsoto more specificones while incorporating them in

its structurewhenever the need arisebecoming thereafter available for future cases.

IMPLEMENTING THERAMEWORK

Regarding theimplementation of the framework two main approachesare considered a grammarbased
implementation such as (1)shape grammarg[8], which constitutesets of shape rules whose stelpy-step

application originatessets of designsand (2) a purely algorithmiebased one such as ADwhich encodes
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shapesand both combination andtransformation rulesin a parametricway. While the former isoften more
intuitive to apply, it is also more difficult toimplement and control [9]. The latter, in turn, requires more
technicalexpertisebut is more flexible andexpressivg10] As the goal of the framework is to suppoffacade
design processeswhere architects have full control over the acse of the project and its expected results, this
thesis adopsthe latter approachThe importance ofsupportinga procedural and deterministic desigprocess
is to enable a conscious and informed design space exploration that allows critical thinkingl dhe
achievement of usefulesults Moreover,the algorithmic implementatiorapproachalso allowshe automation
of repetitive and timeconsuming design tasks, as well #ise integration of different analysis, optimization,
and fabricationroutines which are critical in facade design processes.

To assess the success of tladgorithmicimplementation andunderstand the usefulness of the collected
designknowledge in the context of ADthe frameworkis then used in the reproductionof part of the design

corpus proving its ability to reproduce already existing facade desigivsa procedural and structured way

DEVELOPINGAPPLICATIONSTUDIES

To assess thapplicability of theproposed frameworkin real design scenar®and thus understandkts benefits
and limitations for architecturatiesign practice its principlesare applied in a set of architecturahpplication
studies.Applying the proposedmathematicalprinciples in realworld design scenario$elps buildthe bridge
between the generality and universality of thibeoretical frameworkand the contextspecificity of architectural
design practiceGiven the practical purpose of thtamework thismethod seensto be the most appropriate
to (1)identify the strengths and weaknessexf the framework (2) acquire and comparéractice baseddesign
knowledge, and (3) identifynew design knowledge and requirements that are relevant to include ithe
mathematical methodology

To ensure the heterogeneity of the evaated sample, theapplicationstudiespresentvaryinglevels of
design complexityand respond todifferentdesign intents and constraints. Moreover, while some of there
entirely developed by architects with AD skills, othens the result of collaboréions between architects with
different levels of AD experiencén the end, he application ofa practice based evaluationmethod makesit

possibleto assess the ability of thtamework ta

1. Use the collecteddesign knowledge to generate novefacade designsresponding to different
design briefs

2. Smplify the associated AD tasKsy guiding the reuse and combination of algorithmic strategies

3. Integrate different desigrnpractices involvinglifferent creativeprocesses and tools

4. Extend the freedom and efficiency of facade design processes, increasing the design spaces

explored whilesmoothing the transition between design stages
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ASSESSING THRESEARCH

This thesis assessd¢be validity and feasibility of its outcome using aqualitative approach [11]because it
providesthe flexibility needed to adapt to thevariable,non-measurable and innovative natureof the research
problem [11] while allowingcapturing realworld processes and information thamnay be relevantto solve it

[1, 11]Therefore, the assessment of the research involves two main stages: the first evaluating the accuracy
and the viability of the research methds and the second assessing the merits and limitations of their
outcomes.

The first stage comprisethe testing ofthe proposedstrategiesin small proceduralexamplesto check
if they (1)entail the expected resultand (2) are ableto reproduce some of the design corpusexamples The
result isa circularprocess wherdghe researchmethodsare being iteratively appied, evaluated and improved
according totheir results[1]

The second stagenvolvescritical reflectionon the feedback receivedfrom the application studies
which contributesto the f r a me winrcrerkedtal refinementin terms of content and structure either
integrating newmethodsor adjusting the existing oneto meet new designneeds,andto identify the research
merits and limitationsThe aim is to assess if throposed generalization ofdesignknowledge cansuccessfully
(Lrepresent realworld designprocesses andnformation, (2)solvepractice based design problems(3)adapt
to different design contexts and problems, and finally (4) improtee flexibility and efficiency ofdesign

proceses.

1.7. THESISSTRUCTURE

This thesis is structured into five main parts.

Part I (Introduction) presents the research motivatigmjuestions,and goals as well asghe methods
adopted to address them(chapter 1).

Part Il Literature reviews the existing literature on the topic, organizing it into five maihapters:
ArchitecturalFacade (chapter 2), Architecture Mets Computation(chapter 3), Sketching Through Algorithms
(chapter 4), Facing New Design Challengéshapter 5), and Making Digital Realchapter 6).

Part Ill Researchpresentsthe proposed mathematicalprinciplestogether with their organizationand
applicationin the frameworkfor facade design(chapter 7).

Part IV Evaluation describes the application of thalgorithmic frameworkin five application studies
responding to different designbriefs (chapter 8). Basel on the results, it then discusses the merits and
limitations of the research, whileanswering the research questior(shapter 9).

Part V Conclusior) elaborates on the previouganalysisdrawing some final consideratiorend outlining

relevant future research directionghapter 10).
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1.8. TERMINOLOGY

Computer application specialized in the visualization of 3D objects.
Theremoval offeaturesto keep only the relevanbnes
Sequence of design steps and tasks adopted @&m AD approach.

The mapping of an affine space onto itself, while preserving the spatial relat
between its points, straight lines, planes, and sets of parallel lines, and the Il

ratios of parallel segments.
The use of AD to perform design analysis routines.

The use of algorithms to generate designs where there is a correlation betw

the parts of the algorithm and those of the generatedesign

Evaluationprocedure of a designor a design processccording to awelldefined

performance criterion.
Digital mo d e | containing the proje
information.

Geometric entity (e.g., poinbr curve) influencing one or morgoroperties of its

surrounding entities.

The use of computation to develop designs.

Creative response to a design briethat integratesthe design intent andthe

reason/directions to the end product.

The set of ideasgoals,concepts, andcriteria to consider inthe design process

Strategies and solutionsesulting fromprior design experience.

Generic description of a solution to a recurrent design problem.

The set of possible design solutics.

The process of finding one or more design solutions that best meet the exis

requirements.

Cognitive and practical processehat generatedesign concepts.
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Tool used to develop architectural design solutions.

The use of digital tools in architectural design processes.

Manufacturing processes controlled byomputers.

Converting a continuous function, sample, or domain into a discrete one.

A function with an empty set aglomain.

Ability to describean ideaor to convey visual and sensorial experiences

Software application including aendering engine for 2D anébr 3D graphics witl
reaktime graphical capabilitieshat is typically useds a framework for compute

games

The use of algorithms to generate designs.

A function that returns its argument.

The set of conditions inside a buildinge.g., thermal, lighting, and ergonomics)

An AD tool tailored for architectural design.

The creation ofprograms that crea¢ or manipulate other programs.

Software application that can represent and manipulate 3D shapes.

Software design techniques where he pr o gr a md sepdratedictd

independent interchangeable pieces

Finding the value(s) in a domain that yield the best result(s) for a given objer

function.

Describing designs through parameters.

General solution to a recurring problem or a repeated arrangementsifapes.

The use of performance criteria to guide design processes.

The apparent lack of predictability in a sequence of events.

Geometric simplification of a design for manufacturing purposes.

Rule or procedure defined in terms of itself.

The relationship between parts of the program and those of the model



1.9. ACRONYMS

Algorithmic Design

Annual Sun Exposure

Building Information Modeling

Computer-aided Design

Computer-aided Manufacturing

Computational Design

Computer Numerical Control

Digital Design

Digital Fabrication

Descriptive Geometric Language

Daylight Glare Probability

Design Inclusive Research

Design Pattern

Generative Design

Geometric Description Language

Graphical User Interface

Higher-order Function

Integrated DevelopmentEnvironment

Matrix of Functions

Matrix of Points

Matrix of Integers

Parametric Design

SpatialDaylight Autonomy

Spatial Useful Daylight lllumination

Textual Input

Textual Programming Language

Visual Input

Visual Input Mechanism

Visual Programming Language
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Architecture has always explored the latest technological advances both in terntesfgn methods
and representation anduilding technology and fabrication. Nowadays, new digital tools andore
importantly, newcomputational design approaches play a elant role in the conception, analysis,
and production of architecture These include Algorithmic Design (AD), a design approach that
creates designs through algorithms and whose flexibility brings several advantagesr¢hitectural
design practice, suctas (1) automatingtime-consuming andrepetitive design tasks(2) facilitating
design changes; (3providing higher levels oflesignfreedom; (4) increasingthe chances of finding
better performing solutions and (5) facilitating the manufacturing of nonstandard solutions
Nevertheless, and despite its advantages, AD is not yet widespread, mainly due to its complexity and
required specialized knowledgesuch ashaving programming experienceThe challenge, then, is to
make AD more accssible to architectsparticularly in solvingmore complex or unconventional
design problems

This thesis addresses this challenge by investigating the application of AD strategies in the
design and manufacturingof building facades.The focus onthis architectural elementis due to its
relevancein terms of building aesthetic, performanceand urban role, and the complexity and
exigency of its design, whichoften requires responding to multiple and contextspecific,design
constraints such ascreative intentsJocal climate, building regulations, performanagquirements,
among others. ltis also motivated bythe growing interest in explaing the tectonic potential of
unconventional building facades and achieung solutions with high-quality insde spacesand low
environmental impact.

This Part Il presentsthe stateof-the-art of the main research topicsaddressed in this
investigation, which are organized ithe following chapters:

Architectural Facade which studiesthe historical evolution of building facades in terms of
role and expression

Architecture Meets Computation, which presents the technological and scientific
backgroundbehind computational design approaches and their impact on architecture

Sketching Through Algorithms, which describeghe evolution of AD strategies and tooland

their application in architectural practice
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Facing New Design Challengeswhichelaborates oncontemporaryenvironmental and soial
concerns and their impact on architectural practic
Making Digital Real, which analyzes the emerging digital fabrication technologies and

strategies and their increasing application in buildirfigcades.
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2. ARCHITECTURAEACADE

Thea chitectur al facade i s [1]ph.227 d@ng its bdsignds ufiquefer ao f
particular project and contex{13] This building element is often defined as the outer layer of a
building that separates thdnside from the outside, providing protection from the weather, while
maximizing theindoor environmental qualityf1315] Architectural facaes play an important role in

the design of buildings, having several functions:

1 Environmental performancg1319] mediating the indoor and outdoor by acting as
environmental filters and shaph g t h e  bendrgy garforrgadice and indoor
environmental quality{20].

91 Structural[13, 14, 18, 19, 2djten integrating structural elements anthus contributing
tot he b uphysitdl stadity.d

1 Safety[14, 15, 22]providing both protectionagainst external elementand privacy tothe
users.

1 Aesthetic[14, 15, 19, 22¢ontributingtot h e b u visuad éxpragssod and identity.

1 Cultural[14, 15, 2&85]: expressingboth cultural and social valueand thus documenting
the architecturaland technologicalevolution.

1 Urbanrole[15, 17, 22, 2Z28]: causingfeelings andtransmittingvalues tourban dwellers

while engaging and being part oftheir surroundngs.

The way these functions have been addressed throughout time depends on several factors, such as
cultural and social context, local weather, and available resourf&. Therefore, cltural changes

and technological developmentsare among the main contributorsto the evervarying expression

and concepton of building facadesover time [15] Recentlythe use of computationaldesigntools

and methods, such as Algorithmic Design (AD), has largely influenasghitectural practiceaffecting
notonlythebui | di ngsd v cubutalafunctienyand urbas sommumicaion, but alsothe

way designersengage andshape theirenvironmental and structurafunctions Using these methods,

a wide variety of design approaches has emergguking the design ofbuilding facadesone of their

main applications While someapproachesare more performance oriented, ahers place particular

emphasisont h e b u visbatexpregsisn@nd otherson theirintegration and communication with
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the surroundings[15] In either case, the resuls an increase in the design diversity and oplexity

of building facades.

2.1. A BRIEFHISTORYOF BUILDINGFACADES

When mankind became sedentary, the need to build permanent shelters ar¢@2]. Handmade
shelters were maddrom local materialsand had as main function weather protectioWith time, the
exterior wallsthat separatedthe insidefrom the outside of buildingsbecame @mmonly known as
facades. Despite their initial goal being protectiont wasnot long until this building elementgained
other functions, such asstructural, acting as wall, environmental performance, improving the
b ui I dndoorgrvibonmental qualityandaesthetic and visual communicatigi4, 15]being either
sculped, painted, or covered with wood, mud, straw, or other materiaBy acquiring a more
expressive and visual rolehis element became responsiblefor conveying the main governing
semantics of buildingsc o mmuni cating oOohierarchi e $28 p.6g, whiel ues and
representing theirculture and history The word facadeitself reflects the visual importance of this
architectural element: adopted from the FrencHacade or facade derives from the Italian word
0facciataodo t[2ht Imedmstf add works as the buildingto
surrounding environment, while ceering the inside spatial structure.

From many centuries, the expression of building facades was highly linketthédocal culture
and availableresourcestherefore presening quite differentmaterial and geometric characteristics
With the European Maritime Expansion die 18" century and theresultingintercultural relationships
that occurred more and more since then, the diverse geographically separated cultures ended up
gradually influencing each otherGu t e n birventiod sf the prirting press around 144Qlso
facilitatedthis interchangeallowing the dissemination of several architectural treatises written at the
time [30832], promoting a wider sharing of knowledge and ideaf33] and, consequently, the
widespreadof architectural thought.

Throughout this andthe following centuries, several socjalltural and technologicathanges
occurred worldwide, having an impact onarchitectural practice and, consequentlpn the visual
expression of building facade®©ne example is he influence ofthe Renaissance humanisheories
on the architectureof the 13" and 18" centuries,which inspiredseveralarchitectural treatisessuch
asA | b eDeteiAddfficatorig30], S eRebole geherali d'architettui®@4], and PQuatttodi 09 s
i bri d e |[32Ppwehite shaping the atchitectural productiomnd thus the waythe design of
building facades was addressedAnother example is the Catholic churéhs eact i on t o Lut he

Reformation movement in thel8" and early17" centurieswhich gave rise tdBaroque artand in turn
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to highly ornamentaland visually complexbuilding facades.The last example ishe importance of
the scientific and technological developments of the Age of Enlightenménthe Industrial Revolution
of the 18" and 19" centuries causingone of the mostpronouncedturning pointsin architectue and
thus considerablyaffecting the visualexpression of building facades. It brought nemanufacturing
methods andmaterials such as glass and irorthat allowed for new design opportunitiegl4] such
asthe dematerialization of building facades into visually lighteegular elements that could be free
of any structural rolg14]

The first half of the 28' century witnessed several architectural movements that addressed
ornament in different waysoriginating building facades with different geometric configurations and
visual expressionthat took advantage of new materials, such as concrete and st&&hike some of
these movements adopted new forms of ornamentation thatxpressed the cultural and social
contexs lived, such as Art Nouveatiand Art Decd, others began to gradually avoid the use of
ornamenttowards a purely functional architecturdevoid of any decoration or historical association
such as Rationalism and International Stylée resultwasnon-ornamented austere facade§35, 36]
that broke withthe classical compositions of theast andexisting traditiors [14]

Reactions to tle simplicity,uniformity, and repetition of buildings facadesccurred from the
mid-sixties onwardsgausingdrastic and quite distinct changes to the buildings vi sual Asexpr essi o
an example, whilePosmodern architecture gives prominence to the building facadeadopting
historical design referencesand nonconventional materialg the search fora highly communicative
and iconic architectural expressiorHigh-tech architecture pursues highly technological building
facades with no connectiorto the past,visually exposing h e b u undetlying gtrsidiure and
function while extensivelyusing new hiilding materials and technologiesAnother example isthe
apparently fragmentedand discontinuots facades ofthe Deconstructivismarchitectural movement
whose unconventional shapes ancbmpositional unpredictability creates visual chadsevertheless,
they all shared the same goal of recovering the identity of the architectural factié]

More recently, the need to express the prevailing information age anespond to current
cultural and sociatontexts has led to the adoption ofew designstrategiesand technologies such
as computational desigh and performancedriven design exploratich strategies, which in turn

affected,once again the expression obuilding facades. Some xamples includethe digitaimedia

1 An architectural style reacting against the eclecticism and historicism of tHecEhtury that used modern materialand
was often inspired by natural elements.

2 An architectural style reacting against Art Nouvedlat explored thecompositionalpotentialities of usingsimple geometric
ornaments, such as squares and triangles

3 Design approaches based on the use of computation to develop designs.

4 Computation-based design strategies where the design exploration procesmisstly guided by performancerelated
principles
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facades[27] made of lights, images, and textg87, 38]that catchthe urban dweller§attention and
trigger differentvisual expeences and the parametric[39], responsivd40], and kinetic facade$41]
made of either freeform surfaces, complexgeometric patterns, intelligent materials or even

responsive deviceseactingto human interactions or environmental stimuli

2.2. THEROLE OF THEEACADE

Already in Ancient Rome, Vitruvius mentioned thressentialqualitiesof Architecture[42]: firmitas
(strength), which ensures tht buildings stand up; utilitas (utility), which targets the effective use of
space; andvenustas(beauty) which provides buildings aesthetic qualities. Throughout time, the
relationship between architectural theory and the first two characteristics has been quite peaceful,
but the samedid not happen with the third, which has been more controversial. This might be
explained by the close relation obeauty and the concept of ornamentation a quite unstable
problematic in architecturg43] that ranged over time from beingwidely accepted[44847] to totally
rejected[35]. As a result, the role obeautyin architectural design has also oscillated, as also did the
bui |l di algespessioni Newertheless, the recognition bkauty as an essential quality in
architecture demonstrates the importance of the architectural facade in termsoilding aesthetics
and its impacton both human experience and urban imag@48a850]. This perspective has been
supported by several authors, who have recognized the importance of this architectural element in
t he bui mpbsitiongdsedto itspootective aestheticand cultural functiong14] Pedersen for
instance, acknowledged the role of the facade in accommodating the builditegits surroundings
[51] Le Corbusierin turn, addressedhe design of thefacadein one of hisfive points of architecture
[36]. Venturidefended the return to the emphasis on the facade, statingat it allows urbanity and
the revaluation of the streef27], and Koolhaasegarded the facade as one of théfteen keyelements

of architecture[52].

Despite the important role facades have played in &itecture throughout time, the modern
movement between the two world wars progressively changed the way this architectural element
was addressed, minimizing the use of ornamental elements, which had previously defined its identity.
Functionalismdefended an architecture based only on thepurpose and function of buildings
Together with the massification of constructiotinat came after World War,IFunctionalismgave rise
to geometricallyregularand cleanarchitecturalf acades t hr ough wnbtionsweret he bui | d
exhibited. The resultinggeometric rigidity and monotony of building facadeswas later criticized by
some architects andtheorists,such as Frank Lloyd Wrigh63], Gordon[54], and Venturi[55], who
pointed out t h aentiyuandcahiextuglizationind aftén resufting lackof ability to
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convey emotions andcreate architectural memory as well ago relate with both local cultureand
environment[55, 56]

In the last quarter of the 28 century, the compositional, visual, and symbolic aspects of
building facades were again valueth a perspective that expresskethe cultural and social needs of
contemporary socieies More recently,architects have beemddressingthese aspectdy increasingly
resortingto the emergingdigital meansand computational design approachesvhich allowthem to
explore newfacadedesign possibilities thafit the needs of thenew information ageby playing with

various textures, patternsnaterials, and shapes in a highly graphical and expressive &Y.

2.3. THEROLE OFORNAMENT

The relationship between mamentand architecture goes back a oy way, with the former being
mainlyas soci at ed woeauthqualith. €his beatipndiscus@sshe historical evolution of
ornament To that end, itfirst presens the definition of ornamentwithin the scope of this research

The word itself derives from the Latin wordrnare, which means to adorn. In the literature,
the term is often regarded as a synonym afecoration[58], but it should not be confused with it.
Pattern is another term that is frequently associated to ornament, although often expressing a
different meaning that is closer to geometry59]. For McNicholasdecorationis the temporary
distribution of objects or adorns for embellishment purposes, whereasamentis inherent to objects
and provides themwith beauty [59]. Similarly, Moussavi and Kubo describenamentas something
necessary and inseparable from the object thahintentonally transmits affects and meaning7].
According to Ghadaprnamentis a detail, which can ba geometry, color, or even texture, that grabs
the attention of the observe[60]. For Mitrache[61]and Miller[62], it is the composition of elements
intentionally added to an object to improve its aesthetic attributes and highlight its symbolism.

In this thesis, we regar@rnamentas a part of buildings thathasan aesthetic and sensorial
function, causing different visual and tactile experiences, as well ssraantic and symbolic function,
connecting buildings to theircultural and temporal contextdDecoration in turn, shares the same aim
but achievest through the addition of temporary elements.

Ornament has long existed in architecture as a means of expression and differentiation of
buildings. It resulted from the perception and interaction die human being with its environment
[63] and the search for visugbleasure[60]. Sincethe beginning ofits existencemankindinstinctively
added qualitative features to its creations to communicate values or traditig63], as well as to

enhancetheir aesthetic characteristic0, 61] Similarly, we added ornaments tour constructions
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to provide themwith individuality andmeaning, unconsciously creating lirdkbetween themand the
surroundingsociety and culturg25].

According to Moussavi and Kubo, with cultural evolution comes architectural progress, which
often results in new materialiéss and aesthetic compositions. For the auths, architecture needs to
be connected with both its culture and society in order to have meaning ame successfully
integrated with its surroundings[47]. As thisconnectionis historicallylinked to thebuilding®d v i s u al
expressionit has given ornament the ability taconveythe historical and cultural values over time,
while expressinghe symbolic and aesthetic meaningf, for instance,some constructive elements
[43, 60]

As communication is one of the main roles of ornameij#7], its application hassince ancient
times primarily targeted the most visually exposed building elements. The architectural facade is one
of such elements, which explains its tight relationship with ornament. As mentioned in the previous
section, this relationship has, howeverhanged throughout time, mostly influenced by the way
ornament was used in architecture at that time.

Ornament in architecture has evolved from simple carving or painting decorations to the
differentiation of buildings according to their function or cultal context or even to an expression of
power [63]. This evolution is therefore reflecteii thee x pr essi on of buil di ngsd
which ranges from simple reliefs, to colored tilesr elaborated frescos. As an example, amcient
Egyptianarchitecture ornament wasmostly used to expresseligious, political, and social principles
[15] whereas inGreco Romanarchitectureit pursued beauty and harmony throuly the use ofboth
geometric proportion and plantbased elements.Islamicarchitectureused geometric, calligraphic,
and plantbased elements in the pursudf symmetryand visual complexitywhile conveying meaning
andhi ding the buil damlgmdslb] rrinady, whilethen Intermatonal Style
minimized the use ofornament in the search for transparent, smooth surfaces that clearly reflected
the buil dingsd sHighilecharchitectumisudlly éxposed thieo b s gtrlictirialn g s 6
and technologicalsystemsmaking themcompositional elements ofacades[15]

The role of ornamen has long caused debate in architectural theory and practi§é2].
Literature on this topic is vast and goes back to th& dentury BC. In the Roman period, Vitruvius was
one of the firstauthorsto address ornament in his writings, although in an indirect wdypr him,
ornament dms at pursuing visual pleasure and beautye., to achieve thezenustasquality, making
it an integral element of architecturéhat cannotbe separated from if42, 59] Much later, in the 14"

century, Leon Battista Alberti theorized the concept of ornament in a similar way, i.e., as an element

28



that enhancesbeauty’, which for the author was one of the most important requirements in
architecture[30]. A century later, WendeDietterlin stated that ornament is more than an element
attached to a surface; it is an architectural element itself that has evolved from the classical fgaks

In the 17" century, Christofer Wren defended that the relationship between architecture and
ornament had a social and psychological context in which buildings should be regarded as inagid
ornaments[63]. Already in the 18 century, James Gibbs argued tharchitecturalbeauty depends
on proportion and not on the richness of its materials and detaidsd thus,it can be reached through
plain, unornamented surfacef63, 65]

The following two centuries were marked by controversial theories on the relationship between
ornament and architecture, from which two main and opposite perspectvestood out: one
defending that ornament is part of architectural expression and the other stating it is superfluous and
thus should be avoided43].

In the 19" century we find authors like Alexander Heideloff who claimed that ornament is
inseparable from architectureut it must pursue harmony and proportiorand it mustnot be applied
randomly [63]; Augustus Pugirand Geoge Aitchisonwho defended an unornamented architecture
because, according to themarchitectural beauty lies on a purely functional design where ornament
plays a secondary roleGottfired Semper, whatatedthat ornament is an integral part of architectal
practice coordinating both functional and structural requirements of a buildin25, 66} and John
Ruskin and Owen Jones, who regarded ornament as the essence of architeetudethe reflection of
its beauty and spiritual values. Similarly, Louis Sullivan believed ornament played an important role
in providing buildings with liveliness and identif$3, 67] growing from the material§organization
and organicity and thusbeing inseparable frombuildings[47].

Intheearly26lcent ury we have, on the one hand, Hans Poe
an architecture that was not controlled by nor hidden beneath ornament, and, on the other hand,
Frank Lloyd Wrightoés ideas, which wmsrgcaure[l®3 4 or nament
more radical point of view was adopted by Adolf Loos,he pursued an architecture without
ornament[35]. This idea of transparency as representativeapace, structure, andunction greatly
influenced well known architects of the first half of the century, such as Naum Gabo, Antonie Pevsner,
Mies van der Rohe, and Le Corbusier, who adopted the aothament movement[25, 63]

The second half of the 20 century was marked byhe return to ornament[63]. From this era,

the contrasting perspective of Robert Ventugtands out which radically replaced the Modernism

5 According tothe author [30], beauty is he perfect balance between all partsvhere nothing can be added, removed, or
changedwithout making it worse.
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austeritywith ornament in a highly expressive form of communicating architecture that separated

the building6s f un c t[4l,09] Mdrerrecentlyiorhasnent lmpbeen sheonzeda t i o n
as a building element that can have multiple roles, namely functionaksthetic tectonic,
environmentalperformance or even performative i.e.,dynamically interacting with urban dwellers

by either moving or changing its physical characterist[é2].

Nowadays,architects are addressing ornament in new ways that express phevailingsocial
and cultural context [57], which is dominated by technology, infonation, and realtime
communication [60], while benefiting from the latest technological developmentsn the design
manufacturing and assembly of new forms of ornamentatiof57]. In an era where visual
communication is the governing factof60], these new technologies haviaciltated the development
of novel surfacetextures, geometries, and patternthat catch the urban dwelle@attention [57], as
well asthe inclusion of digital or computatiornrbased ornamental elements, such as digital screens
or dynamic devices, that interact with externstimuli[43]. While h some casesthe main concernof
ornamentis to expressthe buildingfunctions, in others it is to integrate theirban spacein a more
scenographic perspectivieoriginating building facadeswith an autonomous function

In sum ornamentremainsa controverse topic in arctiectural practice and theoryparticularly
in terms ofrole, semantics,and aesthetic standarddt is neverthelessexpected thatit continues to
evolwe in new directions reflecting the social and cultural needsf future societies andntegrating

the new technological developmentemerging fromthem [63].

2.4. CONTEMPORARWBUILDINGFACADEDESIGN

With the technological evolutiorof the last decadesthe increasen design constraints, such as tight
deadlines, environmental concerns, and economic restraifé8], along witht he ar chi tectsd e\
present ambitionto go beyond conventional shapes, the process of designing building facades grew
in complexity [69]. Not only does it haveto deal with multipleand often context specificdesign
requirements and different information sources simultaneouslguch as structural information,
manufacturing guidelines, andlients preferencedyut it also has tomeetthe growing needfor better
solutionsin terms of environmental performanc§r0, 71] Combined with thevariability and diversity
of architecturaldesign problems [13] the resultis a laborious time-consuming, and errofprone
design procesq68] that requiresarchitects touse multiple design toolghat often do not directly
interoperate wih each other[72].

With the aim of minimizing the complexity o€ontemporaryfacade design processes, some

authors focused on structuring the intricacy of building facades, classifying them according to
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different criteria. Moussavi & Kubf47], for instance, categorize building facadesaccording totheir
material expressiorfor ornament)and how this expression relates to cultuttgy creaing sensory and
emotional experienceswhich the authors name asirchitecturalaffects Three main classifications
were suggested the first one being Depth, which categorizes buildings according tadhe way
ornament is integrated inthem in four subcategories, nameliform, Structure Screenand Surface
the secondMaterial whichaddresses the waynaterial forces influence the structuring of ornament;
and the third oneAffect whichis the result of the interaction of the previous two

Another example is the classification proposed Wytani & Kishimoto[73] for fluctuating
facades, i.e. facadesvhose elements, such as windows, panels and ornamentiiffer from
conventionalonesin terms of size, shape, andrequency of useAfter identifying the most frequently
changed facade elements and grouping them by similar types, the authors prombseclassification
composedof 33 categories such aswindow shape and size, panel shape, size, and both vertical and
horizontal repetition, etc.

Pell[45] categorized facadesaccording to (1)their means of production andtype of surface
distribution, dividing theminto four main groups namelyApplied when thefacade is treated as a
neutral plane on which different material compositions are applid@erforated/Cuf when its surface
is submitted to scoring, cutting, or perforation processelsayered when it results from material
superpositions and Stacked/Tiled when it is the result of a composition of multiple indidual
elements creating a wholeand (2)how they articulate their material and content, organizing them
in terms ofintegration materialization contradiction and disinterest

Wassef& ElMowafy [74] organized responsive kinetic facades, i.e., facades composed by
elements that either move or change their physical characteristics to respond to environmental
stimuli, in two groups:Configuration which classifies facades according to the type géometric
transformaion creating the kineticmovementand the pattern shape surface form and material of
the facade and Function which categorizes facades into three main functions, namelgsthetic
energy generationand environmental control

The last example i¥elasco et ab 5] classification fodynamic facadesi.e., fa&ades whose
physical elements movehased on two main criteriaThe first one isVlovement which categorizes
dynamic actuators according to the type of movement allowedn (1) mechanismbased if the
movement isbased onrotation, translation or hybrid, and (2) material deformationif it results from
environmental stimuligelfchanging or artificially controlled forcesdjred external inpuj. The second
criteriumis Control, which can bdocal when the actuator is autonomousr central when it is linked

to a single control system.
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Still, despitehelping architects understand the current variety and complexity of building
facades, most of these works do not helip the modeling of new solutionsparticularly if they are
modeled algorithmically Inspired byworks confirming that sets of algorithms can be reused in the
exploration of new designg7, 76978], Caetano et al[79] presented a classificatioaddressingthe
algorithmic developmentof facade design patternsproviding sets of readyto-use dgorithms
organized according to different modeling needsand design configurations Nevertheless, the
proposalisrestricted to initial design stage$pcusing mostly on the geometric exploration of different
facade designsolutions,not consideringother relevantdesignstagessuch asanalysis optimization,

and fabrication
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3. ARCHITECTURM EETICOMPUTATION

Architecture has always embraced innovative ideas, materials, and techniques and contemporary
architecture is no exception. It has been exploring the latest technological advancements, namely the
new computational means of conception and production thatfefr new possibilities for architectural
design and manufacturing. The emerging computatiebased design approaches differ significantly
from the previousdesignapproachessince, instead of groundingrchitecturaldesign representation
in its geometric aspcts, they base it on its computational logic. These have been addressed by
several authors under the name of Computational Design (CD) and applied in several design studios
to increaseboth the creative exploratiorand feasibilityof their projects. CD igausing considerable
changes in both design theory and practice, but most architects are not yet aware of its potential.
This chapter traces the course of CD from its origin until today and clarifies some of its related
terms and design perspectives. Itassts by explaining the evolution of CD since the early 60s and then
discusses the advancements in CD tools, while presenting scientific events that addressed it. It
continues with a chronology of the literature on CD and, finally, a clarification of thesirelevant
CD-related terms. It concludes that, similarly to past architectural experience, technological
developments continue to shape both architectural theory and practice and are simultaneously

guided by their needs and aspirations.

3.1. THEEBEVOLUTIONOF COMPUTATIONALDESIGN

It was the combination of programmable computers, CD, and numerically controlled technology that
gave rise to the development of the weknown ComputerAided Design (CAD), Building Information
Modeling (BIM), and ComputeiAided Manufcturing (CAM) toolsamong others The use of these
tools hasbeen causing changes imrchitecturalpracticesince the 60glue to increasing the ability to
handle complex geometries with greater precisiaand efficiency{80].

Ivan Sutherland disseminated the concept of CAD in 1968h the creation of Sketchpad. This
innovative system was considered by many authof81684] as the first parametric tool for
architectural design, proving that engineers and designers could communicate with a computer and
use it as a medium for thinking and makin{85]. For Kalay[86], Sketchpad marked an important
turning point in architectural practice, allowing the replacement of haidsed design taskswith

digital-based ones Until then, architects designed by hand directly on paper and, in the event of a
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mistake, part(or the entirety)of the design had to be erasednd redone. Designingon a computer
made it easier for architects to erase and redraw parts of a design and obtain more precise results
more efficienty 1 n t he next dec Biweese furtiuexpiorerahdadopteddy | de as
other authors, such as EastmdB8], Leler[89], and Grosg90].
The biggest shift in the field, howevethappened in the early 80s with the commercialization
of CAD tools for architectural design, sucs AutoCAD and MicroStation. These tools massified the
conversion of the paperbased design process into one based on the computerhich brought
several advantages to architectural practice, such as greater design precision, easier correction of
design erors, and the ability to reuse parts of a desigm the late 90s, digital design tools were fully
integrated in architectural practice, resulting in

computational processes as a means of design exjaition [91]

3.2. COMPUTATIONALDESIGNTOOLS

In the 2% century, the use of digital technologies was already part of architectural practice. For Rocker
[91] CD processes have become a mearisr design exploration, extending thecapability of
traditional processes, while challenging and, therefore, changing the design conventions and praxis.
In this scenario, the development of digital tools for architectural design, namely CAD, BIM,
simulation and analysigools, played an important role.

Regarding CAD toolsin 1982AutodeskreleasedAutoCAD, a 2D digital drafting tool suitable
for architecture, project management, and engineering. In 1985, it was extended to integrate 3D
modeling. In the same yearBentleySystem$aunched MicroStation an application with a limited
interface supporting only basic 2D drawings; 3Bodeling was incorporated a decade later. Another
important development occurred in 1987, witAro/ENGINEERx tool developed by Samuel Geisberg
for mechanical engineering that llowed users to create 3D parametric components, reducing the
cost of designchanges,while overcoming the lack of flexibility of 3Bnodeling at the time [92]. In
1998,Robert McNeel & Associatelunched Rhinoceros 3Da commercial 3D CAD tool based on
NURBS&non-uniform rational basis splingp3] that targeted the generation of mathematically precise
representations of curves and freeform surfaceéis 2000,@Last Software developed the 3modeling
software &etchUp an easyto-use tool that gave architects more design freedom. In 200Boogle
acquired the company andextended the tool under the name ofoogle Sketchupln 2012 Trimble
Navigation (currently known asTrimble Inc.purchased the tool and contined its development.

Regarding BIM tools, in 198Graphisoftstarted developing ArchiCAD, making it available to

architects in 1987. This tool produced 3D models whose elements were parametrmatiyected and
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embedded with their corresponding constructio information. In the mid90s, Gehry Technologies
adapted the aeronautics design software CATIA, which they used for many years for architectural
design[94], originating Digital Project In 2000, Revit Technology Corporation released Revit, a tool
that supports thedesign and documentation of buildings by creating parametric models that contain
both geometry and construction information. In 2002, Autodesk purchased the company and
continued to develop the tool, extending it with Revit Structure in 2005, Revit MERO®6, and the
visual programming tool Dynamo in 2011. Further BIM tools used in architecture include
Bentl eySystemsd® AECOsim and Tekla Corporationds Tek
Alongside CAD and BIM tools, the use of analysis tools, to model behavior of buildings
and evaluate their performance, and optimization tools, to search for the best solutions, has also
been noticeable in architecture. Examples of commonly used tools include EnergyPlus and Green
Building (both for energy simulation), Robot (for structuiahalysis), Radiance (for lighting simulation),
ClimateStudio (for thermal, daylighting, and energy analysis), and Galapagos (for optimization).
Finally,Integrated Development Environments (IDE)e.,programming interfaceso help the
development and déugging of algorithmic programs to automate design tasks and extend the
t o onhodebing capabilities were also proposed early on. An early exampldisi t o d AusoklSPs
released in 1986. Later examples incluBee n t Gengrdtiee Componentdaunched in 2007, and
the visual programming toolGrasshopperadded to Rhinoceros 3Din 2008, which became very

popular among architects due to its ease of use and ability to create complex parametric models.

3.3. COMPUTATIONALDESIGNMETHODS

According to Aishand Bredella[95], CD evolution involves the progression from 2D drawing to 3D
BIM and, then, to design computationAfter severalyearsof effort developing digital designtools
targeting non-programmers, the design field increasingly felt the need to integrate programming
capabilitiesinto such tools to satisfyhe needfor design automation and parametrizationwhich was
only possble by allowingthe tools to support userprogrammablefeatures

Computational tools and methods evolved through different generations, which reflected their
capabilitiesand the way these were used by architectaccording to Dorst and Dijkhuig96], the first
generation started in the early 1960snd fosteredmore detailed descriptios of the design activity
whileregarding design as a rational problem solving process. The search for a design process based
on logic and mathematical principles resulted in CD meth®dnd tools with several shortcomings

for architectural practice, such as a deterministic and linear design approadd the lack of a
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Graphical User Interface (@) [97]. These drawbacks, along witthe steep learning curve and large
costof these methods and toolsdemotivated architets from usingthem.

With the spread of personal computers and the improvements in GUIs, CAD software became
accessible to a larger architectural community. The resulting association between computdtised
processes and design processes rapidly maturesl @ design medium and, for the first time, most
computer users were nosprogrammers[98]. According to Asanowic499], this scenario lead to a
semnd generation, which, for Reffa{97] was marked by the improvement of usecomputer
communication: the available software already allowed designers to draw directly on computer
screens without having programming knowledge. Some authors named this generation2Bs
Drafting Era[95], Electronic Drawing Board Erar even first generation in the architectural offices
[100] characterizing it aghe use of advanced technology to emulate traditional design processin
practice,architectsreplaced traditional drawing tools with more efficient and precise ones lthey
often did not take advamage of their computational powef101]resulting in a scenario where CAD
tools and the idea ofComputer Aided Draftingvere closely relted [99, 102] Nevertheless, Reff§97]
recognized that, even sothe use of computational approaches was advantageous for architectural
design, facilitating the exploration and documentation of more complex solutions.

The 2% century brought new advancements in 3Mnodeling design tools, improving the
a r c h icteaticeexpldration, visualizationand documentation processes. This evolution reached
two important periods first, the BIM era, in which architectyeated and extractedechnicaldrawings
and construction informationfrom 3D models but sill resorted to craftbased or mechanically
assistedconstruction processesand then, the algorithmic and generative design era, in which
architectsresorted to programming strategiesto overcomethe limitations of their desigrtools and
smooth the transition betweerdesign representationand construction[95]. According to Achten,
the use of computers has caused several changes in
the first round of i mitat i n[89 pbdldForsLeaptiGBjtheroleg tr adi t i
of the architect has egviolewedd tfor otnh et hceo nstirnopl Il ee ré fodr ng
i.e., processedased on a few a ruleshat can generate several unpredictablaesults,originating
design solutions that result from the combination of human creatipetentialwitht he comput er s &

generative capabilities.

3.4. COMPUTATIONALDESIGNTHEORY

The scientific events of the last decades stimulated important debates on theoretical and practical

issues, such as the architectural practice situation, the impact of new tools and methods, and the

36



practical application of scientific research, as well sgcial concerns, such as the increasing
environmental problems and emerging living needs. These, in turn, influenced the application of CD

in architecture in different ways, which is further elaborated in this section.

3.4.1. SCIENTIFICEVENTS

Considered thefiel s e mbr y o ni c Conferenteem Resign BMethodss keld in 1962 to
discuss topics like (1) designing better by understanding the design process, (2) externalizing the
design process to allow collaborative work from early to later stages, andu8ng the computer to
automate design task§104]

A decade later, in 1972, th&' International Congress on Performaniteéroduced a new design
perspective that resulted from the interest of computer sciettisn both systematic design methods
and design science and the use of such principles to evaluate building performance as a means to
scientifically justify design decisions.

The next decade witnessedlargeincrease in the number of international confenees, among
which stand out thenorth-AmericanAssociation for ComputeAided Design in Architectu(fdCADIA
annual conference, founded in 1981 by Mitchell, Eastrmeamd Yessios with the aim of discussing the
role of computation in architecture and encouraging innovation in the architectural design practice
[104] the annual conferenceEducation and Research in Computer Aidecthitectural Design in
Europe(eCAAD§, held for the first time in 1983, introducing education as a research topic; the
biannual ComputerAided Architectural Design FuturéSAADFuturesconference, founded in 1985
by Tom Maver, Rik Schijf, and Harry Wagteith the aim of fomenting CAD advancements that
envisioned the quality of the built environment; the biannual conferenéetificial Intelligence in
Design(Design Computing and Cognitiosince 2004), settled in 1985 to focus on the use of artificial
intelligence techniques in design; the biannuéiternational IBPSA Building Simulaticonference,
also established in 1985 with the aim of improving the design, construction, operation, and
maintenance of buildings; and, lastly, tHaternational ConferenceroComputational and Cognitive
Models of Creative Desigheldin1 989 t o expl ore the advancement of
computational and cognitive models of creative design.

The 90s brought conferences like thAssociation for ComputeAided Archiectural Design
Research in AsietCAADRIA)founded in 1996 to promote teaching and research in CAD in Asia, and
the Sociedad Iberoamericana de Grafica Dig{talGraDi), settled in 1997 with the aim of debating the
application and potentialities of the n& digital technologies.

Already in the 2% century, theArab Society for Computer Aided Architectural Degi§8CAAD)

conference was established in 2001 and, two years later,Singart Geometry Conferenctargeting
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the integration of CD in architecturg105] and the Performatie Architecture Symposiunstudying
the gap betweendesignand analysis and thénfluence of performance in architectural design, were
held. TheAdvances in Architectural Geomet(fAG) onferencewas organized for the first time in
2008 to study the emerging geometric developments in architectural design and engineering and,
in 2009, theDigital Architecture London Conferenees held to discuss the role of technology in
society. Lastly, th&ympaium on Simulation for Architecture and Urban Des{@mAUD was settled

in 2010 with the aim of establishing a collaborative simulation workflow supporting sustainability.

3.4.2. SCIENTIFICPRODUCTION

In addition to the scientific events, scientific journalsalcontributed to the dissemination of CD
approaches in architecture. Some of them already existeat started to embrace the subject of CD
in architecture, such a®esign Studie¢1979) andArchitectural DesigifAD), whereas others were
created specificdy to address it, namelhAutomation in Constructior{1992) Journal of Architectural
Engineering(1995),Nexus Network Journa(1999),Construction Innovation (2001)nternational
Journal of Architectural Computin@003),Journal of Building Performan&mulation(2008) Building
Simulation(2008), andFrontiers of Architectural Resear(2012). Finally, journals with a high impact
factor on building science and technology fields often incorporate articles exploring CD techniques,
especially those on btding simulation, e.g.,Solar Energy(1957),LEUKOS: The Journal of the
llluminating Engineering Society972) Building and Environmenf1976), ancEnergy and Buildings
(1977). These are temporally organizedRigure 3.ltogether with the internationakonferences.

The increasingnumber of scientific eventand journals on CD therefore reflects its growing
importance in the field of architecture. To evaluatts evolution from a tkeoreticd point of view, the
timeline in Figure 3.2 organizes the literature on CD into three generations of thought (colored in
different grey tones)and presens important technological and construction milestones, whieine

further discussed irchapters 4 and 5.
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Figure 31 Timeline of CBrelated scientific journals (left) and conferences (right).
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Figure 32. Timeline on CD literature (on the left) and innovative tools and iconic buildings (on the right).

The firstgeneration embracesliterature from the 60s to the early 90s. The early integration of
computation-based methods in achitecture has since long caused transformations in design theory.

According to Koutamanig106] the first steps happened in the 60s and were inspired not only by
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modernism thinking, but also bythe technological explorations at the time and by theories from
other scientific fields, namely artificial intelligence and mathematics. The resulting literature regarded
architectural design as thinking before actingctivity[107] that handled design problems in a rational
perspective. | mportant wor k s THeoryoand Design $n thed érstade i ncl
Machine Age[108] Al exander 8s wr i t i fl@d Neognr o @lenitagsdbas pr oces s e
Humanism Through Machine§11(, and Sutherlandds ideas on design
constraints, and parametric instancg$l1, 112]
The number of scientific publications and the popularity a(fome generative systems, such as
space allocation techniquegl13jand shape grammarg8], increased in the follwing decades. The
70s are marked by works lik€omputerAided Architectural Desigii14jand A Pattern Languagé4],
as well as by the fst Ph.D.theses on CO115, 11&nd by overviews on CD expectatis at the time
[114, 117, 118he 80s are characterized by works lilketroduction to Shape Grammarg], How
Designers Thinkl19] and Computational Compositiongl20] Finally, the early 90s, a period marked
by an increase in the popularity of computers due to the desigefficiency improvements they
provided, witnesses an explosion of conferences, journals, and theoretical works on CD, from which
the following stand out:The Electronic Design Studib21]Logic of Architectur§l22] Digital Design
Media[123] and Visions Unfolding124]
The second generation includes literature produced from 1993 to 2000. The wintd this
period are characterized by (1) a discursive integration of philosophy and mathematics, (2) an attemp
to define the emerging architectural production, and (3) a concern in stimulating the correct
application of CD methods irarchitectural practice 1t st ar t s FoldingInR@i8tecwret h Ly nnd
[125]and his proposal for a new design paradigm based asmooth transformationéthat aim at
replacing PostModernism and Deconstructivism in a visual and mathematical perspective. Several
wor ks on CD foll owed, a BwlatignanyArchicebturgsB], avlrichextends Fr azer &
the Anticipatory Architecturef Cedric Pricd127]and advocates for an architecture acting as a living
evolving systemL y n Animate Form[128] which proposes using animation software to enhance
foomgener ati on pr oc e arshédestyure imthedDigikabAgE20]evihich @xpleres the
impact of CD in boththe architecture andthe construction fields and presents some of its related
terms, includingperformance baseddesign and morphogenetic design.
The third generation embraces literature from the 21century and witnesses the most
accentuated paradigm shift of the three. Accordinto Terzidis, while the formulation of new design
theories in the past resulted from the understanding and reinterpretation of prior concepts, the
emerging design paradigms at the time had no precedefit30] The evolution of design tools and

the increasing concern with environmental and social problems are probably among the driving
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forces that motivated the persective of design as researdd31]In this perspective, design becomes

a medium for knowledge production that follows a more scientific, computatitmased direction
where human intuition ishie starting point of design exploration and CD is the provider of the means
to augment it, potentiating human creativity instead of replacing[#30] According to Oxman[132]
design processes are increasingly embracing techniques like scripting, optimization, and digital
fabrication, resulting in new related terms, such as PararnwebDesign[83], Generative Desigfl33]
Performative Desigifil34] Performancebased Desigri135] and Biomimetic Desigfil31] This variety

of terms reflects the growing ramification of CD literature during this period into multiple
perspectives, which are described in the following paragraphs.

The firstperspectiveis theidea that intelligence can inform and guide the design process and,
for some authors, even replace theory as a guiding architectural princiil@6] According to Speaks,
even though in the past theory changedarchitectural practice currently it no longer has any
consequences fot he pr act i ce [186fp. 20%. Audthors entbrtaaing thié perspective
include, for instance, Oxmafil38] Picon[139] Carpo[140] and Oxmanand Oxman[141]

Another perspectiveis the use of performance to inform and guide desigexploration
proces®s. Despitethe fact thatthe notion of performancebased desigrhad alreadygained some
visibility inthe 40s and 50s with thg@erformative turnmovement[142] its popularityvisibly increased
in the early 2000s Authors like Kolarevid143] Tschumi[144] Kronenburg[145] Oxman [135]
Leatherbarrow[146] and Picon[l47]address the use of simulation, analysis, optimization, ferm
finding, and evolutionary methods in architégral practice to investigate how the environmental
context can inform the design process.

A third perspectiveis the idea ofnatural morphogenesiswhich involveshe use ofbiological
principles behind the development of organisms to guide design proces$112] This perspective
was inspired on the termmorphology introduced by Goethe[148] when studying formguiding
methods inspiredby natural processes, which distinguishefbrm from formation, an idea later
extended byThompson[149]when investigating the geometric rules behind organic structures and
transfarmations. Currently, this idea has inspired new design perspectivestikephogenetic design,
evolutionary designand biomimetics as well asseveral authors, includingligayrou [150] Hensel,
Menges and Weinstock[151] Menges[152] and Oxman and Oxmarj131]

The adoption of methods from the computer science field was proposed by Terzidis in his
Algorithmic Architecturd101] given the advantages the use of algithmic technigues brought to
architectural design in automating tedious tasks and exploring generative processes, among others.
This perspective was then adopted by several other authors, such as Bufr®] Woodbury[83], Jabi
[153] and Schumachef154, 155]
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The study of the relationship between architectural forms atettonicsi.e.,its structural and
material properties, also gained significance in the field. Examples of authors addressing this design
perspective include Picofil56] Scheuref157] Bechthold[158] Oxman[159] and Gramazio & Kohler
[160]

The use of CD methods to address the growing sophistication of fabrication technologies is
another design perspective recently explored by authors like lwam@i61] Willmann et al.[162]
Oxman[163, 164]and Oxman et al.[165] as well as by different design studios, such @ssign to
Production, Gehry Systemand Zaha Hadid Architects

The quest to create designs that interact with both users and the environment, either by using
responsive materials or parametrically controlled mechanisms, inspired design perspectives known
asresponsiveinteractive and dynamic designThis idea was already addressed in the past by Chareau
and Bijvoet Maison de Verre 1932); Fullerymaxion hougs 1930 and 1945Ar ¢ h i qitopgam6 s
projects (1964); Rogers and Piar@gntre Pompidouy 1977); Nouvellgstitute du Monde Arabe1988);
and Toyo Ito Tower of Wind 1991). Recent examples of authors include Beesley, Hirosue, and Ruxton
[166]and Oosterhuig167]

The last perspective defends the study of mathematics, geometry, and computer science to
create design knowledg¢168] The increasingly complex requirements afirrentarchitectural design
and constructionhave motivated the growing use of mathematical strategies, such as rationalization,
to adjust geometrically complex designs towards feasible solutighsn idea addressed by, for
instance, Andrade, Harada, and Shimadte69] Eigensatz et alf[170, 171Fl6ry and Pottmanr172]

Fu and Cohenror [173] and Son et al[174] and design patterns, to promote the reuse of known
design strategies or solutions in solving design probleiia§ 0 an idea explored by Woodbury, Aish,
and Kilian[76], Qian[7], Woodbury [83], Hudson[77], Larson[175] Chien, Su, and Huan{L76] Yu
and Gero[177] and Su and Chielj78], among others

The interdependency between CD and technology is expected to continue in the future. As
such, it is likely that current technological advances will cause new developments in architecture and,
at least, brce architects to adapt to new design techniques and processes, as it happened with the
introduction of CAD in the 809178] Robotics, for instance, deeply changed the automotive and
aerospace industries and the same will probably happénarchitecture whensimilartechnology
becomes more accessible and widespread in the fidltb0] Another emerging field is machine
learning, whose impact is increasing in different fields and activities and it is predictable that it will

also affect architectural practicl 79, 180]
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3.5. COMPUTATIONALDESIGNTERMINOLOGY

The dissemination of CD in architecture challenged traditional design processes, which were heavily
based on manual drafting tasksausing a turn in architectural desig®1] The increasing popularity

of CD in thelast decadesis mostly due to the improvements it brough tot he ar ddsignt ect s 6
practice allowing them to explore different design strategies and researgiaths This scenario
promoted the emergence of new design paradigms and, consequently, new related terms. Due to
their newness and scope overlap, some of these terms haeeeived ambiguous definitiors that

often embrace two or more conflicting ideas or overlap with other termsgatithmic Design (AD),
Generative Design (GD), and Parametric Design (PD) are popular examples of-stdfiilled terms

that are widely used throughout this investigation. To avoid misinterpretations of the terms, this thesis
adopts the taxonomy proposeddy Caetano et al[181] which results from the analysis of the use of
some relevant Cbrelated terms in the literaturenamelyPD, GD, andAD. The next sections briefly

describe the theoretical evolution aheseterms, as well as the adopted definitions.

3.5.1. COMPUTATIONALDESIGN

In the literature, CD is often regarded as an approach based on the use of digital tools to develop
design solutiong182184] which is similar to Digital Design (DD). However, for some authors, CD is
di fferent from DD because it r ecpmputatermlcapabiktesng advant
in the act of designing[101, 132, 18589] This thesis adopts the second perspective, @i
distinguishes the design processes that use computers only for drafting or other representational
purposes from those thause algorithmic or computationalbased procedures.
This thesis considers DD as the use of comatibnal tools in the design proces and CDas
the use of computation to develop designs. This perspective makes these two terms orthogonal,
which means that it is possible to useéD without taking advantage ofDD, e. g., Frei Ottods
surfaces experiments based on analogue computatigh90] use DD without following a CD
approach, e.g., using a CAD tool as a drafting device and not explicitly using computation, or using

both, e.g., M SaglkadaBamilifl9lp s wor k i n

3.5.2. PARAMETRIMDESIGN

According to the Oxford Dictionary, garameteris eitheroa numer i c al or other meas
forming one of a set that defines a system or sets
defines the scope of a par t pacamétrig,rin tyonr mearss deing or act i v

relatedto or expressed in terms of one or more parameters.
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The literature on PDgoes back several decades. In 1971, Mor§l82] defined parametric
architecture as the study and definition of relationships between the dimensions of a design based
on parameters. In the following decadeKalay [193] defined parametric modeling as the
computational representation of geometric relationships that are automatically updated upon
parameter change. Already in the 2kentury, Kolarevi¢129]described PD as a process capable of
instantiating several solutiain a consistent way by declaring the parameters of a particular design
and not its shape[129] This was followed by several similar definitions in the ensuing decd88s
80, 138, 152, 98 194199] as well as by some different ones that consider PD either a process
involving optimization to find a solution with an acceptable performance that satisfies the existing
constraint§200, or a oO0contemporary architectural style tha
the contemporary architectural avant) a r {1890p. 1. There are still other definitions of PD that
narrow its scope to the exclusive use of algorithmic proces§2@2, 203]

Despite the existing divergences, the literature shows a predilection for the definition of PD as
a design process based on algorithmic thinking that uses parameters and rules constraining those
parameters[80, 83, 129, 153, 177, 192, 196, 197, 1992@9% In most cases, its definition also
embraces the Bl M par a dosegaonnedtiore with aoncdpts ef adsaciativee r 6 s ¢ |
geometry and topological relationshipd7, 132, 189, 21Qhat establish dependencies between
different design elements. The definition adopted in this investigation considers PD a design

approach based on the use of parameters tgymbolcallydescribe a design.

3.5.3. GENERATIVIDESIGN

According to the Cambridge Dictionary, the word ge
create somethingd In the literature, some authors define GD as a design process that involves

evolutionary techniquesn both the creation and production processes of design solutioj2d $213]

whereas others do not restrict GD to evolutionary processes, considering it a design approach based

on algorithmic or ruledbased processes that generate multiple and, possibly, complex solut[ass,

138, 21d221] As such, for several authors, approaches like algorithmic generation, cellular automata,

evolutionary methods, generative and shape granars, l-systems, selbrganization, agentbased

models, and swarm systems, aexamples ofGD[133, 138, 215, 217, 2225].

Regarding these two perspectives, the first one excessively mars the definition of GD,
excluding other methodsbesideevolutionary onesthat also generate designs, whereas the second
one is often difficult to differentiate from other terms, namely PD. Therefore, this investigation adopts
a third perspective thatlefines GD as a design paradigm that employs algorithmic descriptions that

are more autonomous than PD. It involves methods that can generate complex outputs even from
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simple algorithmic descriptions but where it is often difficult to correlate the aldomit with the
generated output. It is, however, this lack of traceability between GD descriptions and the generated
designs that all ows GD methods to produce unexpect

mentioned by Chaszar and Joyd@24, p. 16§.

3.5.4. ALGORITHMICDESIGN
The CambridgeDictionary defines an algorithhres a o0set of mathematical i nst
[ €] wi || hel p cal cul aThes unversal applcabitity of algorithat® gny ob | em. 6
(computable) problem makes idifficult to distinguish AD from GD, whichxplains the tendency to
consider these terms as synonymo(t30, 188, 220, 227, 22d]his investigation places AD within the
boundaries of GD, however, it argues that it should have a stricter definition to distinguish it from
GD.
Regarding the literature, AD is the most recent term of the three, dating frahe beginning
of the 2F' century. In 2003, Terzidid 30, 228Hefines AD as an approach that involves the description
of computer programs that 0 g e ndasedtlagic isherant @ and f or
architectural programs, typologies, building code, and language itsg]226, p. 70]For the author,
AD all ows designers to incorporate the O0computati ol
[226, p.70 within the design workflow. For Bukhaf220], AD is a design approach that embraces
both GD and evolutionary design approaches. For Que
directly thr ough22% m @94, therefare reducingtheilimitatidns of the existing
modeling applications. Similarly, Humppi and Osterluri@19] described AD as the process of
controlling building form through usercreated textual or graphicaprograms Oxman[132]defined
AD as the oding of explicit instructions to generate digital forms.
Within the context of this thesis, AD is regarded as a subset of GD, since it uses algorithms to
generate modelsput whereit is possible to correlate the algorithm with the generated models (i.e.,
AD hastraceability). In this view, AD produces fewer surprising results but provides a finer degree of
control regarding the generated outcomehat facilitates both debugging and maintenance tasks.
In short, this thesis regards DD and CD as two orthogoterms, wherein the former is the use
of computational tools in the design process and the latter the use of computation to develop
designs. It considers that the other three terms GD, AD, and PD are within the scope ofFijure
3.3), defining GD as thexplicit use of an algorithm to generate designs; AD as a subtype of GD that
satisfies the traceability property; and PD as a design dependent on a set of paramefven that
typically, algorithms are parametric, it is not surprising to observe th&t éan also be usedo achieve

PD.
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Figure 33. Conceptual representation ofcope ofthe terms AD, CD, GD, and PD.
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4. SKETCHINGTHROUGHALGORITHMS

In the last two decades, Algorithmic Design (AD) has gained prominence in both architectheary
and practice [130, 132, 188, 194, 202, 220, @20B]. A new generation of architects has been
increasingly adopting thentegrated Development Environments (IDB) their design took due to
the flexibility automationand accuracy it provides that, accordin
beyond the mouse, transcending the factotg et | i mi t ati ons Ji29 pc208.r ent 3D s
However, despite overcoming traditional design possibilities, AD requires architects to leew skills,
such as programming, which is far from being trivial.
Currently, there are two main paradigms for ABextual and visualwith the main difference
between them being the way algorithmic descriptions are represent@elgure4.1) in the first one,
using textual programsrescribing the operations the computer needs to execut@hereas in the
second through an arrangementof interconnected iconic elements, forming dataflow graphs. The
development of intuitive and easyo-use visuaprogramming IDEs made the latter paradigm more
popular within the architectural community but current practices have evidenced several limitations
that make it inappropriate for the development of large AD progranj202, 230, 231]This explains
why most software applications in existence, whether for architecture or not, were developed using

textual programming [232].

sub_surf(f::Function, u@::Real, ul::Real, ve::Real, vl::Real)=
surf(f, ue, ul, ve, vl)

surf_pts(f::Function, u@::Real, ul::Real,
ve::Real, vi::Real, n::Int, m::Int) =
map_division(f, u@, ul, n, ve, vi, m)

stripe_2D_pts2(pts, amp, bending_pattern, nvs_stripe) =
[let p1l = ptl + nv*up_or_down*amp,
p2 = pt2 + nv*next_up_or_down*amp

[pl, intermediate loc(pl, p2, ©.5)] m\_m —
end : — AT ;
for (pt1, pt2, nv, up_or_down, next_up_or_down) = = ]
in zip(pts, m\ S ; . ;
[pts[2:end]...,pts[end]] g X ==
fvs_stripe, = = =

cycle(bending_pattern),
cycle([bending_pattern[2:end]...,

Figure 41 Text and visualbased IDEs: Atom (on the left) and Dynamo (on the rigf2B3].

This chapter elaborates on the emergence of AD in architecture and the r@asbehind its increasing
use. It presents the strengths and limitations of tlearrently existing AD paradigms and tools, while

identifying the main barriers that still hinder their widespread use.
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4.1. THEBIRTH OFALGORITHMICDESIGN

Algorithms are everywhereand they are a fundamental part of current technology. Most of the
design tools released since the late 70s support AD approaches, integrating their own IDESs to satisfy
t he user sod need t o automate design t asks and dea
Unfortunately, the development of algorithms is an abstract ammfriendly task and, thus, some of
the first design tooldried to hide the algorithms from their target users, providing them with mostly
GraphicalUserInterfaces (GUIs) containing readp-use menus of operations and supporting point
and-cl i ck interactions wi t[234lislore proninertéampleitaioeedf ace. Ske
users to visualize and manipulate geometry on a computer by creating digital representations of
points, lines, and shapes in a manual and intuitivayv Sketchpad was followed by many other tools
with increasingly sophisticated GUIs that replicated, in the digital medium, the typical modus operandi
of architecture professionals.
Interestingly, it soon became evident that, independently of the sophistion of the GUI, the
interaction process itself was relatively slow and, instead of moving a mouse to select an item in a
menu, it was faster to just press a few memorized keys for, e.g., copying and pasting. Similarly, instead
of searching in a myriad ofmenu items and subitems for an intended action, it was much more
practical to just write the name of the action. This fact prompted vendors to support textual
commands, including the ability to provide command arguments and then sequences of commands,
in what became known as macro commands. Despite being relatively simple, these macros allowed
users to automate design tasks by describing the sequence of commandsWedneeded to perform
each ofthetasks Having this possibility, the designersd t
complex tasks started to grow, not only requiring more advancedntrol features, like conditional
structures and loop/while iterations, but alsstressing the limits of thee commandline interfaces.
Toaddrest he wsmridd on, the tool sd de vaedilablpaatonsmtioh ocused ol
mechanisms to make them more programmable and customizable. As a result, most tools started to
provide their own programming lang ag e s , two i mportant examples being
Description Language (GDL) and Aut oCADd®s AutolLl SP,
most cases, an IDE was also added to facilitate the programming task, incorporating features that
increased its intuitiveness and reduced its abstractness, such as syntax highlighting. CAA (1998) for
CATIA and VisudllSP 199) for AutoCAD are two examples. This scenario opened the opportunity
for AD approaches to emerge, as designers could now automatesdgn tasks and explore a wide

range of design solutions by resorting to algorithms.

49



Unfortunately, the programming languages that were being proposed suffered from several
problems, the most serious one being the fact thétey were tootspecifi¢ thus loking-in users to
that tool: for instance, AutoLISP could only be used with AutoCAD, GDL with ArchiCAD, and
RhinoScript wi t h Rhinoceros 3D. This was an advan
disadvantage for the designers, as they could not reubeir AD programson a different design tool.

A second problem was the obsolescence of the proposed programming languages. For
example, GDL was based on BASIC, a programming langu#ugt was already considered very
limited at the end of the80s butcontinuesto be the main useraccessible programming language
of ArchiCAD more than thirty years later. In the same vein, when AutoLISP was presented, advanced
Lisp dialects, such as Scheme and Common Lisp, had already solved some of the problems affecting
their predecessors; howeverAutoLISPdid not benefit from the lessons learnednd, to avoid
breaking the numerous usedeveloped programs already in existencthe language did not evolve
and is nowadays an obsolete programming language

To address these problemawhile facilitating the learning process of architects, several tools
started to support modern, easyto-use programming languages, with which architects quickly
became familiar. Python is one such example, which is currently available in several desitgn $uch
as 3D Studio Max (2013), Revit (2009), Rhinoceros (2011), ArcGIS (2004), and City Engine (2010).
Another strategy adopted was the integration of visual programming environments targeting both
experienced and norexperienced users in AD, such &enerative Components (2003), Grasshopper
(2007), and Dynamo (2011). Nevertheless, it is ironic that what was initially meant to reduce the
architectsd6 initial i nvest ment when adopting AD apr
sooner became moe complex and abstract due to their tendency to innovate and go beyond the

boundaries already explored.

4.2. ALGORITHMIADESIGNPARADIGMS

Despite the cuttingedge aura that surrounds it, AD emerged as the natural consequence of a design
process that fully automated modeling tasks. In AD, instead of manually modeling the design in a
design tool, the designer develops algorithms whose execution creates the intendedehfil81] This

has several advantages over traditional digital modeling processincluding precision, repeatability,
and ease of change. A more relevant advantage comes from the almost unavoidable parametrization
of algorithms, which makes designs intrinsically parametritpweing the architect to explore their

implicit design spaces.e., the set of possible solutionBy simply changing their parameters.
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Initially, only the textual paradigm was allowed in most AD tools. The technology available at
the time was not powerflienough to support a more graphically demanding approach like visual
programming. With the technological evolution, new features were incorporated in the already
existing textbased AD environments and, later, new vistlagdsed AD tools emerged. While irhe
textual paradigm efforts were made to improve the development and debugging of texased AD
programs, the focus in the visual paradigm was to bring programming as close as possible to the
visual nature of design thinking and thus make it less abstractl more intuitive for nonexperienced
programmers. Among the two, the latter paradigm became more popular in architecture due to (1)
the greater intuitiveness and usefriendlier graphicalbased appearance of its related tools, (2) the
ease with which uses can obtain resultafter learning just a small set oforogramming techniques
[202, 231] and (3) the available features that facilitate the development and manipulation of AD
programs, such as traceability.e., the relationship between parts of the program and those of the
generated mode| to improve program comprehension, matenance, and debugging[218] reat
time feedback, to immediately display the impact gfrogram changes; and useinteraction
mechanisms (e.g., sliderspggles, and button dev c e s ) , to represent and
parameters in reatime.

Unfortunately, the features that makeisualprogramming languages YPL$ more attractive
thantextual programming languagesI(PL3for the development of simple programs becomserious
shortcomingsfor the development of large programsthe first one being their lack of scalability,
which isessential to deal with more complex design problenfd30, 235] Another limitation regards
the intelligibility of the resulting AD programs, whose large number of nodes and even larger number
of connections make their understanding and manipulation diffic{#2, 231, 236, 237]The lack of
userprogrammable features of most VPLs is another common limitation, often confining users to
the predefined functionalities available in each VPL and thus hindering the development of solutions
that need more advancedfeatures [202]. Another shortcoming is theiraccentuated drop in
performance when executing large AD programs, often making the tools loose interactivity or even
crash[218, 238, 239]Lastly, the lack of version control mechanisme.,mechanisms responsible for
managing and tracking program changesf most VPLs is anotheimportant limitation, making it
difficult to support the division of labor typical of collaborative design procesg@86, 240] As a
result, despite their attractiveness, VPLs prove to be only advantageous to solve simple design
problems in the remaining cases TPlase preferable[238, 241, 242]The inability of VPLs for long
term use[243] motivatesthe transition from the visual to the textual paradigfi241] Nevertheless,
this process is not triviaparticularlywhen the userisa ¢ ¢ u s t 0 me thteraction riveBhiargstns

whichrarely exist in TPLsnd tends to lack the consolidation of important theoretical basesichas
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variable declaration and flow control structurea drawback that gets even worse when addressing
more complex design problems.

Given the limitations olVPLs it is not surprising to verify that they wereventually extended
to also support textual programming and, thus, benefit from its expressivenesd acalability. The
need to learn textual programming has therefore become increasingly evident in the field but,
unfortunately, it still takes time to achieve the level of proficiency needed to deal attge scale
desigrs.

Based on the idea thalearning a VPL first can facilitate learning a TIRter [243], some hybrid
programming approaches were proposed, combining both textual and visual programming features
in a single programming language. DesignScri244] and KhepriGH [245] are two relevant
examples. Another solution proposed to smooth TPLSsH:
of the most desired VPLs features in the textual paradig;mmmake TPLs more intuitive and more
suitable for teaching purpose§?46]. Lastly, the provision of readyo-use algorithmic libraries and
strategies addressing different design problems and scenarios was also proposed with the aim of
facilitating and acceleramg the development of AD solutions of varying complexiti¢s, 5, 7, 7@78,

83, 176, 177, 24,74llowing users to choose and combine predefined AD program fragments in a

guided way.

4.3. ALGORITHMIADESIGNTOOLS

Since long designtools have incorporated their own AD environments, initially mostly tédsed, to
extend their modeling capabilities and allow the development of AD solutions. Design Augmented
by Computers (DAEL), developed by General Motors and IBM and released in 1%64s one of the
first CAD tools to include a custom programming language intended for users, the Descriptive
Geometric Language (DGL), to allow them to create new modules that could be called from within
the interactive environmenf248].

Regarding the field of architecture, in 1983, ArchiCAD started to incorporate at@aged IDE
to allow users to create their own architectural objects using the GDL programming languag®].
Despite beng easy to use, the latter lacked good abstraction mechanisfi2s0], making it very
difficult to create large programs. Moreover, the IDE was a simple text editor that did not provide
sufficient support to reduce thalifficulty of the programming task.

Three years later, in 1986, AutoCAD started to incorporate its own TPL, AutoLISP, to allow
users to algorithmically manipul ate Aut oCAD®s enti

writing AD programs was a difficult task that was only facilithie@ 199 with the integration of the
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text-based IDE Visual Lisp in AutoCARdease 1% which considerably improved their readability
through syntax highlighting (Figure 4.2A) and their debugging by identifying and locating existing

errors.

it

def loadfunctiondata(): Nothing L. iterate(node::CommonMark.Node) CommonMark
2 try: iterate(node: :CommonMark.Node, ::Any)
3 file = open("MeshSettings_XY.txt", "r")
4 items = file.readlines() iterate(cmd: :Cnd)
5 flle.close() . 5 iterate(cmd::Cnd, i)
6 function = str(items([0])
7 domain = (float(items(1]), float(items(2]), iterate(m::Base.MethodList, s...)
8 float(items[3]), float(items[4])) iterate(c: :CompositeException, state...)
9 resolution = int(items[5])
10 except: iterate(s: :DataStructures.IntSet)
11 function = "math.cos(math.sqgrt(x**2+y**2))" iterate(s::Datastructures.IntSet, i::Int64)
12 domain = (-10.0, 10.0, -10.0, 10.0)
13 Sepsiutics & 50 iterate(s::DataStructures.IntSet, i::Int64, invert)
14 return function, domain, resolution iterate(hash::Base.EnvDict, block::Tuple{Ptr{UInt16},Ptr{UInt16}})

1

: C
3 repeat([1,2], [1]) | ERROR: MethodError: no method matching repeat(::Array{Int64,1}, ::Array{Int64,1})

¢ << Bl 150 B X

5

6 ERROR: MethodError: no method matching repeat(::Array{Int64,1}, ::Array{Int64,1})

7 Closest candidates are:

8 repeat(::AbstractArray{T,1} where T, !Matched::Integer) at abstractarraymath.jl:289

9 repeat(::Union{AbstractArray{T,2}, AbstractArray{T,1}} where T, !Matched::Integer) at abstractarraymath.jl:275
10 repeat(::Union{AbstractArray{T,2}, AbstractArray{T,1}} where T, !Matched::Integer, !Matched::Integer) at

11 abstractarraymath.jl:275

12

13 Stacktrace:

14

15 1. top-level scope atUntitled-1:3

16 2. include_string(::Function, ::Module, ::String, ::String) at \loading.;jl:1091

17

Figure 42. Examples of texbased IDE features: A. syntax highlighting (Rhino.Pytf2il] B. code
autocompletion (Atom); C. Error highlighting and debugging support (Visual Studio Code).
In 1997, 3D Studio Max was also extended watnIDEfor a new TPL, MAXscript, an objeatriented
programming language with a simple syntax suitable for nggnogrammers. In addition to providing
advanced programming mechanisms, such agherorder functiond and automatic broadcasting,
MAXscript allowed users to easily develop GUIs for their own AD programs.
In the ensuing two decades, several design todslowed this trend, integrating similar text
based | DEs. Rhinoceros 3D06s Rhino.Python and Rhino!
to the previous features, already supportecbde autecompletiort’, albeit in a limited way. Another
exampleisBent | ey6s GCScript, which pr esen-tomgetion, more adv
displaying suggestions of variables and functions in the active scope, together with their description,

e.g., the parameter list and type of input receiveigure 4.2B).

SFirst, as a paid adddn but then included in AutoCAD 2000.

" The useof different colors or fonts to display the different program elements.

8 A function that either receives one or more functions as argument or returns a function as outcome.
9 The mapping of a function over an array or a matrix by element

10The ability to display possible completiorfer the word the user is typing in
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Despite all the progress made, most textased AD tools currently available only provide
limited support for the programming task, especially when compared to oth@ofessionalDEs, such
as Atom, Eclipse, and Visual Studio Code. In additionbiing free of charge these IDEs include
important features such as (1jtelliSenseode completion, displaying smart completions based on
the variables type and function definitionsFigure 4.2B); (2) advanced debugging support,
suggesting possible solutions teolve the identified errorgFigure 4.2C);(3) refactoring mechanisms
i.e.,mechanisms to improve the algorithmic structuref a program while preservingits semantics
increasing the programs readability and maintainability; and (4) versioontrol, facilitating the
detection and correction of program errors and the adoption of collaborative work practices. It is
therefore not surprising that some tools have opted to use these independent IDEs instead of
developing their own, such as ArchGIBnity, and Unreal. In almost all cases, however, the available
AD tools lack reatime feedback and traceability, two important features to make the manipulation
oftextbased AD programs more intuitive anedugnoser to t
the programming experience needed for their use.

Regarding visuatbased AD tools,Generative Componentss a pioneer examplea tool
released in 2003 to extend the modeling functionalitiesicroStation. To facilitate the programming
task, this ool provides users with several interface viewd498] allowing them to interactively
manipulate design variables through number sliders and automatically see the results. Isalgports
(Dreaktime feedback, immediately displaying the results when connecting nodes or changing input
values,(2) bidirectionaltraceability between the program and the model, highlighting the generated
part of the model when selecting a componenhithe AD program (Figure 8-A) and the other way
round, and (3) the automatic generation ofisuatbasedcode from manually created geometry.

Another example isGrasshoppera tool released in 200That had theadvantage ofbeing free
of charge and being constantlyfurther extendedwith an increasing numberof plugins Besides
supporting visual input mechanismsge.,mechanisms that allow using manually created geometry in
the modeling tool asinput to the AD program, this tool also provides debugging features
automatically changinghe color of the AD progran® graphicalcomponentsaccording to their status
and providing information about the existing problenfFigure 43-B).

Dynamo is another popular examplewhich was released in 2011 to extend the modeling
capabilities of Revit. Besides having features similar to those of the ptesvtools, Dynamo has the
novelty of supporting the development of AD programs in the same environment where the resulting
geometry is displayed.

Examples of other, lesasedvisuatbasedAD t ool s include Vector Wor ksd |

Blueprint, and CA1 A6s xGenerative Component. The first t we
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functionality highlighting coloring the availablecomponentsaccording to theirfunction (Figure 43-

C). The latter, in turn,supports two ways of developing AD programsby either dragging and
dropping the graphical elements in the canvas and connecting thejast like it is done in other
competing tools, such as Grasshopper and Dynamar, manually modeling the geometry in the
modeling environment, with the AD program describing it being automatically updated accordingly.

Further examples of AD tools are chronologicaltyesented in Figure 4.

LD~ o) Attributes obj(

Figure 43. Examples of visuabased IDEs features: A. ondirection traceability (Grasshqger); B. debugging
support (Grasshopper); C. functionality highlighting (©2018 Vectorworks, Inc).

Given the limitations of VPLs for largecale architectural problems, most visubhsed AD tools were
extended with further functionalities aiming at solvingart of the existing problems, one of them
being the poor intelligibility of the AD programs. Differentmodularizatiort! techniques were
integrated to improve both the structure organization and readability of AD programs, allowing users
to either group graphical elements by task or create new ones hiding other arrangements of graphical
el ement s. Ccolustessa h d p D¢ mc@adenlboGksare two examples. These techniques,
however, are rarely used by architects, the resulting AD programs therefore remaining difficult to

understand in most cases.

s ftware design techniques that separate the programsd function
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Figure 44. Timeline on textbased (left) and visuabased (right) AD tools.
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To sole the lack of scalability of most VPLs, textual programming extensions were made available
for wvVBLOenefit from TPLs® basic prograsoursiveg mec han
functions, and higherorder functions, which are critical for moreomplex designs problem$230,
235]. Unfortunately, even with these textual components, it is often difficult to develop lasgale
AD programs in these tools: Grasshopper, for instance, pd®d components for textual
programming using the languages VB.net, C#, and Python, but these are intended for small AD
programs as it hardly supports largecale development, namely, division of programs in multiple
files.
Lastly, to address the poor inteperability between most visuabased AD tools andhe design
tools commonly used in architecture some of them were extended with further functionalities
embracing different analysis, optimization, and fabrication strategies. Relevant examples include
Gras s h o p pluginstfas structural analysis and form finding, such Ksngarod? Karamba3D®
Millipede®, and Peregriné’ for lighting and thermal analysis, which include LadyBfigHoneybeé’,
DIVA® and ClimateStudit? for design optimization, namelyGalapago$’, Goaf?, Octopus?, and
Opossum [252]; to export models into BIM tools, such adummingbirc?®, Lyrebird*, GHRev®,
Rhino GrasshopperArchiCAD®, and RhinoBIM’; and for manufacturing and assembly, which
include HAI?8, FabTool®®, BowerBird®, OpenNest! and Kuka|PRE&. Other examples include
Dynamods structur al and ener gy anal ysis packages
thermodynamic analysis (e.g., Honeybee), optimization (e.g., Optimo), and fabrication (e.g.,

DynaFabrication, Fabrication API, 3BMLabs.DigiFabd @&arametricMonkey). However, despite
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solving part of the existing interoperability issues, they continue to suffer from most of the limitations
typical of VPLs, often failing to respond to the complexity afirrent design processes.

Regardingthe focus ofthis thesisbuilding envelopes there are already some tools available
to facilitate the algorithmic development of facade design solutions. One example is ParaCloud
Gent (Figure 4.5A), a 3D pattern modeler that contains features to (1) map 3D elemenitsa mesh,
(2) subdivide and edit surfaces, (3) integrate performative requirements, and (4) allow the rapid
prototyping of the solutions through 3D printing.
surfacepaneling (2) mapping elements on a surfacand (3) pattern creation and manipulation, such
as Quads from Rectangular Grid (Figure 48), Ampersand, Clockwork, LunchBox, MapToSurface,
Pattern Toolkit, and LynnPkg. Further examples include several extensions for Grasshopper, namely
PanelingTool¥, which includes surfacganeling functionalities and rationalization techniques for
analysis and fabricationLunchBoX®, which has functionalities to explore mathematical shapes,
surfacepaneling and wire structures; Weaverbit§] which contains mesh sadivision procedures and
mechanisms to help prepare meshes for fabrication; ParakéeFigure 4.5C), which provides
functionalities to develop algorithmic patterns resulting from tiling, geometric shapes and grids
subdivisions, edge deformation, etc.; drSkinDesignet (Figure 4.5D), whichincludes mechanisms
to produce facadedesignsolutionsmade of repeating elements

In addition to beingeasy to useand intuitive, thesetools facilitae typical modeling procedures
of facade design processes, such as the generation of pegnids on a surface, mapping elements in
different ways, applyingttractors® to control elements size, rotatioramong others.However their
use is mostly manual, requiring the user to interactdiect |l y wi th the tool ds envir
using algorithmsthusfavoringiterative userdriven processes that can be tiresonand error-prone.
Moreover,they are mostlybased on VPLs and thus suffer from their limitatiof231, 241]particularly
scalability Lastly most of the abovementioned tools are limited by the available predefined

operators, whichcan hardlybe configured by the user to respond to more specific problenfi202].
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Figure 45. Paracloud GEM (©paracloud.d.e.s.i.g.n.e.r via blogspot); Quads from Rectangular Grid package
[233], Parakeet plugin (©Esmaeil Mottaghi); SkinDesigner (©sgaray).

4.4, ALGORITHMICDESIGNPATTERNS

AD has been usedn architecturefor various purposes, one of them being the design dfuilding
envelopes According to Kolarevic and Malkayi43] AD is advantageous for their design exploration
and optimization due to automating and thus, accelerating the generation of several design
variations,while allowing their iterative evaluation regarding multiple criteria, which are typical of
facade design processes. Moreover, AD has also proved to be ukd&br material exploration
strategies, as evidenced by Meng¢253], and fabrication processes, as explored by lwamdfi61)
Dent & Sherr[254], and Gramazio &Kohler[160] To benefit from it, howeverarchitects have to
learn new skills, such as programming, and know how to control th¢h61] To smooth part of the
existing limitations, some AD strategies were proposed in the literature, such as the use of
modularizationand DesignPattern (DP)techniques.

According tothe literature[7, 255257], patternis a generalsolution to arecurring problem,
often described with a high level of abstractigmhat can be repeatedly reused and redefined in
different contexts.In the same veinDP is often described asthe abstraction ofknown design
strategies or solutiongo real (and often recurren) design problems that allow architects to take

advantage of previouly useddesign knowledge [385], while avoiding repeated reinventiorin the
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resolution of new onesin this thesis we consider DP adrequently appliedproblem-solving design
strategy that is generalized in an algorithmic perspective.

The idea of DP has been closely related with the computssience field for a long time,
becoming part of several welknown computatiorrbased theories and methoddn architecture this
idea wasintroduced in the early 60s by Christopher Alexand¢?58], who developeda language
based ona network of patternsrepresentingrepeatedly occurringproblemsand their solutiors [4].
For the author, the resolution of suchroblemscould originategeneric solutions thatould be used
multiple times and in anrifinite variety of design scenariosn his workA Pattern Languagé4], the
author presents 253 patterns to be used as generic guiding principles &chitectural design.
Curiously, although his academic background
in computer sci@ce [259], inspiring several design methodologies the time, namely the design of
programming languages, modular programming, and objecairiented programming, as well as
different authors, including Peter Nay260] and Richard Gabrig261]

With the emergence of computational design approaches, such as AD, B gained
visibility in the field, which is reflected irthe literature of the last decades Several authors have
recognized the advantages of DPs w@ssist architectwith their computational thinking ando reduce
the complexity and abstractness oAD approaches[3, 258] Woodbury et al. [76], for instance,

evaluated the capability of DPs to help architects with the idenéfion of suitable solutions for certain

design problems, concluding that these strategies are suitable to anticipate unexpected design

changes during the design process. Similarly, Q[@hdemonstrated the ability of DPs in augmenting

and supporting architecturbdesign practices based on AD. According thwaja & Alshayelp262],

using DPs reduces the development time of AD solutions, while facilitating the communication

between team elements working on the same project. Lastly, YG&ro[177]investigated the trends

in using DPs at early design stages, concluditigat these are more often used in Parametric Design

(PD) environments based on AD.

Regarding their practical application, Huds¢n7]developed a reusable parametric tool based

on the capture of weldefined design methods and practical experiences from a group of designers,

concluding that seeral procedures in design offices could be converted into reusable tools for

design. Woodbury[83] and Chien et al.[176] developed pattern management toolsontaining

collections of predefined algorithmic DPs, with the aim of formulating knowledge for PD users.

Similarly, Lin[247] proposed an algorithmic framework to help architects in the exploration and

development of algorithmic descriptions to solve their design problems. Sousa and Ha&s]

wa s

elaborated a taxonomy relating and classifying patterns for small public spaces that responds to the

demands of current didgial design processes. Finally, in the field of facade design, Su & C[&h
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proposed a set of algorithmic patterns to support the development of architectural facades at initial
design stages.

Nevertheless, most of the previous studies focus on the modularization of AD solutions based
on VPLs and, thus, are restricted to theitherent shortcomings. Moreover, they attempt to support
AD processes only at initial design stages, not integrating other types of processes and algorithms,
such as analysis and optimization, neither connecting them to the multiple design tools that are
nowadays becoming ubiquitous. Finally, to the best of our knowledge, only Su & CHié8|
addressed the application of algorithmic patterns to explore buildiegvelopes concluding that the
same pattern can appear in different design workflows as well as in different design stages, and that
multiple patterns can be used togéier. The research, however, only applies generic algorithmic
patterns proposed by other authors, not proposing others more specific facadedesign problems.
Moreover, it only targets thevisual programming paradigm, therefore being circumscribed to its

limitations.
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5. FACINGNEWDESIGNCHALLENGES

Duri ng ttheenee® @orespond to the constantly changing social and technological
backgrounds, together with the growing environmental concerns and greater awareness on the
buil dingsé6 ecological footprint, motivat ed
structural,and functional leveld143] According to Fasoulakj215] architects started to realize that
the buil dingsd Ielevarn mputdrr desgo explodatiob process, aontributing to
more informed and conscientious design practiseFor Anton & Tlnase [264], integrating analysis
information in the design workflow potentially leads to better performing solutions that
simultaneouslymeet the original design intent. This ideads been evolving in the literaturé~igure
5.1)under the name of performancebased, performancedriven, performanceoriented, or even
performative design125, 126, 134, 136, 142, 265]

This chapteris organized in three main sectionghe first addressingcurrent environmental
concerns and the role of design analysisdnrrentarchitectural practicethe secondpresenting some
of the existing design optimization strategies and their application in facade design processes; and
the last one illustrating the integration of building performance neal case scenariggvidencingthe
need for architects to collaborat with differently skilled professionaland benefit from diverse

Computational Design (CD) strategies.
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Figure 51 The use of performanceaelated terms as a keyword from 1992 to 2021 in three scientific sources:
CuminCAD, Science Direct, and Scopus.

5.1. THEROLE OFDESIGNANALYSIS

The notion that buildings are one of the main C{Qemitters and spenders of energy resourc¢266]

has been motivating design practicethat aim at reversing the situation. Thegeracticeshave been
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supported by the latest technologicadevelopments includingthe increasein computationalpower,
which have been enabling architects to explore design solutidhat better addressenvironmental
requirements. As stated by Tibbits, ocomputational

beyond what they coul d265,pmn43ei ve i ndependentl yd

5.1.1. GROWINGENVIRONMENTAL AWARENESS
We are currently witnessing a dramatic environmental problem and the Architecture, Engineering
and Construction (AEC) semt is one ofits main contributors. According to the literature, buildings
in the European Unionare responsible for 8% of the total energy consumption and36% of
greenhouse gas emissiong68], which are one of the main contributors for climate change and
global warming[269]. Most of these emissions result from theuildingsboperational costs, such as
heating, cooling, lighting, and ventilationas well asfrom their construction, renovation, and
demolition [268]. In 2012, for instance, buil dings consume
consumption, and almost 70% of it was for space heatifp].
The statistics therefore show that it is critical to minimize the ecological footprint of buildings
[70, 71] and, to that end, several regulations and incentives weestablished[270] aiming at
contradicting the growing trend of global C@emissiong70]. The Building Research Establishment
Environmental Assessment Method (BREEAM), first published in 1990, is the oldest method for
asessing, rating, and certifying the buildingsd6 sus
issues. Then, in 1997, the Kyoto proto¢d¥ 1]was signed, constituting one of the first initiatives that
aimed at limitingCQe mi ssi ons. Ot her examples include the Eurc
of Buildings Directive (@02/91/EC, 2010/31/EU and COM/2016/0765) targeting the improvement of
buil dingséo ener gy performance; t he green buil di ng
Environmental Design (LEED) developed by the nmprofit U.S. Green Building Council; and the
Japanese green building management system Comprehensive Assessment System for Built
Environment Efficiency (CASBEE).
The existing legislation, however, requires architects to evaluate the performance of their
designs regarding different criteri§272]to ensure the proposed metrics are mg68]. This in turn,
made building design a more demanding task as it has now to respond to the ewsisting design
requirements, such as aesthetics, structural, comfamd economic,as well asto an increasing
number of performance regulations and metrics. To assess this multiplicity of requirements, several
analysis tools were released in the last @deles, allowing architects to evaluate the performance of
their designs regarding different criterifg1l] Neverthdess, obtaining accurate analysis results is not

a straightforward task due to the wide variety of external (e.g., climate, geographic location, site
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conditions, etc.) and internal (e.g., occupants behavior, operating schedule, type of activities, etc.)

fact or s that typically [7fAlff fect buil dingsd performance

5.1.2. ASSESSINGUILDINGPERFORMANCE

In the last decades, seval analysis tools for architectural design were released, popular examples
being EnergyPIu® and TRNSYY$ two wholebuilding energy simulators;Radiance[273] for
(day)lighting simulatias; DAYSIM?, for climatebased daylight simulations; and Robd274] for
structural analysis. In general, these tools allow architects to siteutihe behavior of their designs
and thus become more aware of the impact of design changes on their performarfi¢&] However,
despite their usefulness for architectural design, these tools are still far from being widely used in the
field. On the one hand, therare stillfew practitionerswho useanalysidoolsin theirdesign processes.
On the other hand, those wh use rarely benefit fronthem at early design stages to support design
decisionmaking processes, but rather at later design stages only to validate the performance of
already weldefined solutiong68, 72, 269]

According to the literature, the need for specialized knowledge, the high cost of most analysis
tools, and the idea that they r esttheifactorsthataee ar chi t ec
still hindering their widespread adoptiof68, 272] Moreover, the fact that most analysis tools target
final design stages andhave interoperability issuewith the design tools architects typically use is
another common barrier to their use, often resulting in a laborious process prone to information loss
and to the accumulation of errorg68]. Another critical hindering factor ishte fact that most analysis
tools are single domainwhile architectural problems are mukdomain, making it necessary tase
multiple analysis tools to evaluate ffierent criteria This,in turn, is further amplified by the specific
requirements of each analysis toolvhich often require the productiorof different versions of the
architecturaldesign model, i.e., adigital model containingt he pr oj ect ds geometric ar
construction informationcontainingthe information needed for the type of analysis performdd@2];
also known as analytal modelsLastly the long computation times ofmany analysis toolss another
common barrier to their usg71, 272]often being incompatible with theprojectdeadlines.

These limitations become even more pronounced with the need of architectural design
processes to iteratively redesign and reanalyze design solusjooften resulting inthe repeated
production of several analytical models and the consecutive execution of multiple performance

evaluations. Given the time and effort required for each independent task, evaluating an acceptable
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sample of possible solutions is, in most casen,impracticable scenari¢272] To address the need

for a faster and more reliable datdlow process suiting the iterative nature of architectural design,
some design tools started to integrate their own analysis stratedi@8], partially solving the effort
associated with the use of multiple analysis tools. Nevertheless, most of them still present a limited
(1) modeling flexibility, mainin representing nonstandard solutions; (2) accuracy, mostly in analyzing
less conventional geometries and construction schemes; and (3) information support, often making
no suggestions about which design direction to follow and how to translate analysisultesinto

design changes.

5.2. THEROLE OFDESIGNOPTIMIZATION

The use of optimization in architecture was motivated by the need to explore the design space faster
and more efficiently in the search for better performing solutiori272]. In general, optimization
comprises the study of optima and the methods to find thef275] Mathenmatically, this process aims

at identifying the best element in a set of alternatives according to a criter[@@6]. Such a problem
can be described as0 "Q¢ "QEC@ MR o while subjected to"Ow o B o WM Y,
wherein "Ois avector of objective functiors and "Oa vector of functionalconstraints and @ is a
variablebelonging to the domain™Y.

Similarly, architectural optimization searches for the best solution according to a fitness
function within a design space of possible solutions; a process that typically entails the iterative
remodeling ofa design and its subsequent analysis to check if the performance goals are [2é9].

This search can consider either one or more objectiydee former being classified as singlebjective
optimization and the latter as multiobjective optimization In mathematical terms, the main
difference between them is the numbeof objective functions to optimize[270] In most cases,
however, real design problems require handling multiple objectives that are often conflicting in
different degrees[277]

Optimizing architectural designs requires simplifying a rembrld complex problem, often
dealing with multiple conflicting requirements, into a mathematical one. Given that multiple
conflicting goals ofen result in a set of possible solutions that are not optimal for all objective
functions[277], architectural optimization thereforesearclesfor those solutionsthat make thebest
compromises betweengoals [272] In this thesis, we name thset of solutions with the best trade
offs for a certain scenario athe optimized design space

During this process, the higher the number of potential solutions analyzé#ue greater isthe

probability of finding or getting close tahe optimized design spacé270] Obviously choosing from
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all possible solutions would be the ideal scenario but this is not yet possible due to the insufficient
computational power ofexistentcomputers. In any case, these processes are important to remind
architects of possible design solutions that might otherwise not occur to thE86]. Moreover, even

if the optimized design spacaés not reached during the optimization, the probability of obtaining a

solution with a better performance is much higher thamt doing any optimization at all[272, 278]

5.2.1. ARCHITECTURADESIGNOPTIMIZATION

In the last decades, the number of works on building optimization has noticeably increased in the
literature[71, 270, 278281] For Nguyen et al[278], this was stimulated by the stricter environmental
requirements of the AEC industry, as well as the recent depeents in computer science, such as

the emergence ofAlgorithmic Design AD) approaches, which, according to Oxm&di35] have been
facilitating the automatic incorporation of design changes and their subsequent performance
analysis. Regarding architectural practice, the scenario is different because, even though designers
and engineers already s simulation tools to analyze their projects, these are often employed
without affecting the buildingsd form,[26BhleAs al one g1
in most cases the design space is manually explored, i.e., the solutions are adapted by hand to
incorporate the analysis resultfl35] only a fewdesign alternatives are evaluateahus resuling in

small design changes due to time constraints and associated eff6&]. Moreover, since only a few
design requirements are@isuallyconsidered in such procgsesthe resultstend to be eitherunrealistic

or non-effective[269].

Fortunately, the emerging CD approaches, such AB, are changing this scenario, enabling
the automation of optimization routines and thus facilitating and accelerating the evaluationvafer
design space$277] Nevertheless, the search for neaptimal solutions is not a straightforwarthsk
in architecture because, firstnost buildings are unique and their design has to respond to multiple
conflicting requirementg270], second, it requires exploring large design spad@70], which typically
results in high computation times; third, most of the available tools ditfle intuitive and require
specialized knowledge; and lastly, it requires architects to mathematidalimulate the optimization
problem [276], which is farfrom trivial due to depending on several contextspecific factorg72].

According to Machairas et aJ.the formulation of optimization problems is one of the main
steps of any optimization procesf272] for which there are several strategies available and whose
selection has a direct impact in both the duration and success of the process. In sinbective
problems, for instancethisis a straightforwardtask[270] as it focuses on minimizing/maxirning a
single objective function. This simplicity therefore malsdsgle objective optimizationthe least time

consumingstrategybut also the least informative and accurate as wgl2]. Regarding multiobjective
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problems,there are two man strategies[270]. convertingthe problem into a singleobjective one by
combining the multiple objectives into a single function, for instance, through weightsans orby
adding penalty functions,or adopting a Pareto-basedoptimizatiorf®. From the two, the former is
often easier toimplement, less computationally demandingnd less time consumingince it must
solve a single combined objective functiofi72, 282] Nevertheless, it is also less informative, often
returning a single solution and requing prior knowledge on how the different objectives interfere
with each other[282]. The latter, in turnprovides a set of solutions with differertade-offs between
the multiple objectives but requires higher computation times. Irither case, however, there is no
information aboutthe relationship between design variables and goasd their impact onother
design criteria like aesthetic Moreoer, both strategiesare very sensible to the way the optimization
problem is modeled,especially the formerand, in the case of the latter, it becomes difficult to
graphicallyrepresentoptimization problems dealing wittmore than three objectiveswhich hinders
the comprehensionof the results[72, 282, 283]

According to Machairas et al[272], the selection of the optimization tool is another critical
step that depends, among otherfactors on the type of problem addressed, its mathematical
formulation, and the search methodavailable Among the existingdesign optimization toolsthere
are less useifriendlyexamples thatequire both specialized knowledge and programming skilsuch
as GenOpt [284], modeFrontief*, ParaGen[285], and MultiOpt [286], but there arealso easiekto-
useoptions, providing visualization and interaction mechanisms that interoperate with eittieg CAD
or BIM took architects typically us&sr asshopper s mul tiple plugins for ¢
Galapago$®, Goatf®, Silvereyg287], Octopus’, Wallacef®, and Opossum[252] are some examples,
asisthe optimization tool Optimo [288] from Dynamo Studi4® and the Optimization Modulefrom
DesignBuildet’. However, these examples are all based on the visual programming paradigm and
thus share the samescalabilityissues[231, 241, 289]Moreover, not all of them address mult
objective problems(e.g., Galapagos, Goat, and Silvereye are singlgective) and most present a
limited range of opimization strategies, usually evolutionary ones (e.g., Octopus uses SPBEAd
Hy p E; Wal | acei , DesignBuil derds Optimization Modul
NSGAII), thus reducing the probability of suiting the problem at hand290, 291] Lastly,very few

43 A strategy that returnsthe set of solutions that best balanctae multiple objectives
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support userinteraction while running the optimization process (e.g., Octopus) or traceability
betweenthe analysigesults and the generated solutiong.g., Opossum and Octopud) 2], which
are criticalto addressthe design constraints not covered by the optimizatigorocess (e.g.aesthetic
and functionality).
A last important step in most optimization processes involves the selection of the optimization
algorithm, which, according tVMlachairas et al[272], should consider the type of problem addressed
and the algorithmds performance. Currently there ar
are often classified according to the extent of their search (local or global), the determinism of their
results (deterministic or stochastic), and the type of information used (derivatiaeed or derivative
free) [72]. Given their different characteristics, it is only natural that, depending on the problem
addressed, some optimization algoriths perform better than others[278] However, this raises
guestions regarding the different algorithmsdé suita
difficult task for which providing a generic rule is often infeasible due to the complexity and diversity
of realworld optimization problems. In the literature, there are already some works aiming at
systematizing the current variety of optimization algorithnié8, 71, 72, 270, 272, 280, 28295];
however none present a general solutiomtguide their selectionpnly identifyingthe existing trends
in terms of (1) most used search strategies, namely genetic algorithms; (2) most addressed type of
problems and performance goals, namely singtebjective problems and energy reduction,

respectvely; and (3) most optimized building elementamelybuilding facades.

5.2.2. EARLYDESIGNSTAGESOPTIMIZATION
Reducing the buildingsd environment al i mpact requi
strategies from early design stages, where major perfance improvements can be achieved@96],
that consider the multiplicity of requirements affecting their performan{269], such as occupants
behavior[297], building shape and orientatiorfi298], envelope transmittanc§299], and window type
and area[300]. Nevertheless, only a few requirements are often considered at initial design stages,
such as aesthetic and functional ones, the others being typically postponed to later stages, where the
design idea is already wekstablished269, 301, 302]JHowever, at later design stages, most design
changes tend to bedifficult, or even impossibleto implement due to the lack of flexibility of most
architectural design models [302]. The result is often a hardworking process based on iterative
manual remodeling taskg264] that limit both the efficacy ofthe optimization stratey and its
successful integration in the design process, the@mmpromisingthe quality of its resultg302].

In the literature, there are studies that focus on anticipating the improvement of design

solutions to early design stages to avoithe tiresome and timeconsuming remodeling tasks.

69



Schlueter & ThesselinfB03], for instance proposed a prototypical tool for theBIM context toallow
instantaneousenergy and exergy calculationand graphical visualizations of their results sinearly
design stages. Petersen & Svends¢B04] presented a methodand a tool (iDbuild)to support
informed early stage design decisiortsased on energy and indoor environment performancéittia
et al. [305] presented an energyoriented tool to support early-stage design decisions based on
thermal comfort and energy performancelLin & Gerber[306] developedthe Evolutionary Energy
Performance Feedback for Desigiframework to support earlystage design decisions, which
combines geometric exploration and mutbbjective optimization processes in the searclorf
improved solutions in terms oénergy consumption, @st, and functionalityKonis et al[307]applied

a novel framework (Passive Performance Optimization Feavork) to improve daylighting, solar
control, and natural ventilation performances at early design staggsa t o n & [264}discassesl
the integration of both parametric modeling andenergy analysis strategiest early design stages.
Lin et al.[308] developed a multiobjective optimization engine (MOOSAS) for early design stages
that supports the automatic conversion o8D digital models inb analytical onesreal timefeedback
on energy and daylighting performance analyse®sults and interactive building performance
optimizations based on user preferencedrinally, Ampanavos & Malkaw309] introduced a
performance-driven design method to assist eadgtage form finding optimization processes.

The proposed solutions, however, still present some limitatioi$ie first one is that, most
proposak, only interact withone or even none of the design tools architects typically uger
example, while[264, 307]are basedon Grasshopper[304, 308]only interoperate with Sketchup
[305] with EnergyPlusand [303, 306]with Revil. Another one is the fact that some solutionsare
based onthe visual programmingparadigm (e.g.,[264, 307] and thus suffer from itscalability and
performanceissues Other limitations are thatmost solutionseither hardly addressmore than two
performance requirementge.g.,[303] only calculates energy consumptigfi305] encompasses only
thermal comfort and energy performance, and308] only addressesenergy and daylighting
performance, support a single or evenno optimization strategy for example,[306, 307]only use
Genetic Algorithms and303, 304]do not provide any specific optimization strategyor have a
narrow scope of application(e.g.,[304] only supports rectangularooms with asinglefenestration,

[305] targets onlythe Egyptian contextand [309] only supports a limited range of design variables

5.2.3. IMPROVINGBUILDINGFACADES

Based on the literature68, 71, 270, 272, 280, 28395], building facades are one of the most
optimized elements in architecture; a trend that is also visible in several contemporary buildings

whose facadedesign either considered or was guided by its performance. For some authjdfs 310,
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311]this trend is explained by itk e | e impontande sn the design of buildings, providing them
with anarchitectural identitywhile shapingtheir environmentalperformance indoor environmental
quality, and structuralstability[71]

Within the scope of facade design, Bouchlaghef812] proposed an integrated computer
based model to design building facades based on their thermal performance; Wang et[31.3]
developed a multiobjective optimization model to assist designers in the design of green 8ings;
Ochoa and Capelutd311Heveloped the modelNewFacadeto help designers materialize theideas
based onenergyand visual comfort strategies; Gagne and Anders@14, 315proposed a tool based
on genetic algorithms to guide the design exploration diuilding facades based on their illuminance
and glare levels; Ko et aJ316]developed amethodology to refine faeted building facade shapes
according to their direct solar heat gain&asinak et al [317]proposed amulti-objective optimizdion
method based on genetic algorithm$or quantifying the impact that seasonal facade adaptation has
on the building$performance; Jin and Overen{B18]developed a multiobjective optimizationtool
prototype to search foroptimal facade design solutions by considering functional, financial, and
environmental constraints Gamas et al.[319] studied the use ofevolutionary multiobjective
algorithms to optimize a building envelope in terms of its thermal and daylight performance;
Elghandour et al.[203] proposed a performanceoriented approach to improvethe daylight
performance of building facades Konis et al[307] proposed aframework to improvedaylighting,
thermal, and natural ventilatiorperformance of buildings since early design stageby optimizing
their shape orientation, fenestration configuration, andfacade shading elements Pantazis and
Gerber[320, 321pevelopedan agentbasedframeworkto optimize facadepaneling by considering
both lighting performancemetrics and usedaylight preferencessince early design stageand finally,
Bertagna et al.[322] proposed a framework to support holisticfacade design approachesat
conceptual design stages combining shape exploration with structural, daylight, and -asfined
criteria.

Despite the extensive literaturemost proposals do not directly address facade design
geometric exploration processeddr example, in[203, 312, 318818, 320, 321]t is the user who
producesthe facade desigrmodel a prioriin eitherthe modeling or simulation tool andin [315313]
the one who sets thep r o j ieputtdétss e.g., windowto-wall ratio, building orientation, etc) and
those that dohave a limited modeling fleibility, only consideringthe generation of eitherbuilding
shapes, fenestrations, and shading devicgsegularsizesand geometries[307, 314, 315]r different
structuraltopologies for building facade§322]. Some also have dimited scope of application(for
example,while the proposals[311, 320, 3214rget the optimization of office building facades [318]

focuseson the optimization of commercialbuildings with glazed facadesand [316]on the massing
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process of faceted building facadgsor address a singlgerformancerequirement such aghermal
[312] lighting [203, 314, 315, 320, 324r direct solar heat gaind316] Moreover, the range of
optimization stratedes allowed is often limited(for examples,[312] only provides Drect Search
algorithmsand [307, 318318]Genetic Algorithm¥, not only narrowing the scope of application of
the proposals but also requiring architects tonaster an extensive range of tools to address different
design problemsand to know in advance whichstrategy best suitseach one Lastly some of the
proposals do not present araphical User Interface (GUWlisplaying theresulting solutiond3186313,
317, 318]making their useinsufficientlyintuitive and insufficientlyuserfriendly, or do not directly
communicate with the design tools architects u$818313, 318]The existingexceptions[203, 307,
314, 316, 3AB22], however,are mostlybased on the visual programming paradigm, thus sharing its

limitations, particulas scalability[241]

5.3. THEROLE OFCOLLABMRATION

Nowadays environmental and social concerns play an important role in the design of buildings,
requiring the integration of analysis and optimization processes from early design stages to ensure
the different design requirements are met. This has turn, motivated the increasing adoption of CD
approaches in the field which, together with the growing complexity of architectural design problems,
have been causing several changes in design studios.

The adoption of collaborative design environments nging differently skilled professionals is
one such examplg323]. It allows design studios to benefit from diverse specialized knowledge in
their design practice and thus more successfully respond to the growing design requirem{324].
Perkins+Will, WhitéArchitects, Foster+Partners, Woods Bagot, UNStudio, and SlkdmPwelt known
examples of collaborative design practices. In this section, we present a set of collaboratively
developed architectural projects that stand out dioth representationaland techndogical leves,
benefiting from the latest CD methods and manufacturing strategies.

Thefirst, andearliest example is theSydney Opera Hous€Figure 52 left) designedby Jarn
Utzon. It was one of the first projects to challenge the means of architectiupaoduction of its time,
explaining the long period between its design (1959) and its construction (1973). At the time, this
project involved several experts to realize thimconventionalroof shape, being a pioneer in resorting
to computers to structurdly analyzeits different roof shellsand guide the assembly of their arches.

Already in the 1990s, thénternational Terminal WaterlodFigure 52 middle) designed by
Nicholas Grimshaw and Partners and completed in 1993, is one of the first projects to technically

apply Parametric Design (PD). The arches that originally composed its roof structure had 36 different
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possible dimensions but similar geometric princip)eslowingthe team to create a parametric model
based on thea r ¢ hurderlging geometric rule§129]instead ofmodeling them separatelyln this
project, the use of PD enabled the team to save both time and effort in the desigrocess proving
its applicability in a real context, whilkevidencing its advantages for architectural design.

Project ZEDdesigned byFuture Systems in 1995 is another example that stands out due to
being one of the first projects to use computational fluid dynarsito guide the facade design process
and makethe building self sufficient in terms of energy consumptiofii29] The result was a high
performance facade design incorporating photovoltaic cells and optimized in terms of curvature to
maxi mize the channeling of wind towards the bui

Another iconic example from this decade iSuggenheim Museum BilbadFigure 52 right),
designed by Frank Gehry and constructed between 1993 and 1997; one of the most innovative
projects of its time in terms of design exploration and materialization. Gitea inability of the existing
design tools to model its complexXacade shape and fabricatdts double curved panels, the team
used instead an aerospacenodeling software, namely CATIA. Using this tool, the team could not
only overcome the design limitatins found, but also make th@ r o j @wrstrudtien viable, proving
that the adoption of both knowledgeand toolsfrom other fields can bring advantages to architectural

practice.

Figure 52. From left to right: Sydney Opera House (©author); the Intermatal Terminal Waterloo
(©Grimshaw and Partners); Guggenheim Museum Bilbao (©Tony Hisgett).

Already in the 2000s, th&outhern Cross Railway StatigRigure 53 left) designedby Grimshaw and
Partners in association with Jackson Architecture and constructed between 2002 and 2006, is another
relevant example resulting from a collaborative design process involving architects, structural
engineers, and steel detailers. In this projecomputer-generated analgesof both the wind and the
natural extraction of stalairwere used to guide the design of its roof structure, originating an organic

undulating shape that was visually interestiagd acted as a sun shading element that sintatheously
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extracted stale air from the diesel trains. For its structural design, the team once again used CD, this
time to perform iterative analysis evaluations applying different loads, structural elements, and roof
configurations, among others, as wealk optimize the size and connection complexity of the resulting

structure[325].

Figure 53. From left to right: Southern Qrss Railway Station (©2021 GRIMSHAW); Louvre Abu Dhabi
(Eauthor); the domeadtsor)cl addi ng structure (

Another relevant example is théouvre Abu Dhabi(Figure 53 middle), designed by Ateliers Jean
Nouvel in association with HW Architecture and constted between 2009 and 2017. This project is
characterized by its environmentally informed dome structure, whose design complexity made the
team of architects collaborate with other teams of experts, such as Buro Happold, TransSolar, and
Gehry Technologiesin a procesgelying on a web-based central model that allowed the different
stakeholders to add their own design constraints and rules and share information in-tiead. This
collaboration was critical to converge toward a design solution that successfully integrated aigjdes
requirements[326], such as aesthetic, creating a visually pleasing covering structure made of different
layers of differently scaled and rotated stahaped elements(Figure 53 right); thermal comfort,
shading and cooling down the inside spaces; natural lightingggulating the perforation levels
according to the functional area below; and structural, supporting the 165 meter long roof structure
[327] To make ts construction viable, the team applied CD strategies to reduce the diversity of
structural elements from 2497 to 44326], an almost one year long process requiring the use of 23
analysis modef¥; as well as to massustomize its cladding elements, namely to collataively detail
them in a parametric model, automatically convert them into construction elemef@27], and
automatically catalogue and engrave assergbinformation on them, which was critical for their

subsequent installation.

51 BuroHappold,Buro Happold shortlisted for two Istructi@ards(2018) https://www.burohappold.com/news/burohappole
shortlistedtwo-istructe- awards/ (Retrieved on <dnuary27" 2022>).
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The next example is thdorpheus Hotel(Figure 54 left), designedby Zaha Hadid Architects
and constructed between 2013 and 2018. The geometric complexity of this project, especially its highly
irregular facade, made the use of traditional methods not viable in terms of time, effort, and efficiency,
thus motivating thedesign studio to collaborate with other teams of specialists, e.g., Buro Happold,
andto adopt an entirely CD approach combiningD and structural optimization. During this process,
the team developed several algorithmic descriptions to connect the AD t@kasshopper with other
tools, such as MIDAS, Robot, and Excel, automgtthe structural analysis and optimization of the
facade design and maikg its construction feasibleln this project using AD was advantageougo
both design exploration and construction processef328] due to (1) savindoth time and effort; (2)
minimizing fabrication errors; (3) reducing manufacturing costhile considering thedesign intent
and (5) automatically generating accurate technical documentation (e.g., 2D drawings and 3D
models) for the ensuing manufacturing and construction stages.

The last example is th&uwait International Airportdesigned by Fosterfartners (Figure 8.
right) and still under constructiof?, which is characterized by its continuous fréerm roof structure
(with around 320000r) performing both structural and ad$etic functions.Given he large scale
and geometric complexity of this projectits design involved differently skilled teaned experts as
well asvarious specialized design methods, software platforms, and fabrication technolodies.
ensure the efficiency and flexibility needed to overcome the lack of interoperability between most of
the specialized tools usedthe design studio adopéd an integrated AD workflow combining
geometric, performance, and engineerindatain a single inpu source The result was a central data
model developed in Rhinoceros 3D that allowed the team twot only share information more
efficiently and accurately, but alstollaboratively perfornseveralparametric variations andtructural
analyseswithin the short time available for itlt also allowed the team t@utomate several processes
from design to fabrication, such as the detailing of construction elements and the extraction of
technical documentation, as well as control the fabrication process by proag, in the end, the
building elements in temporary factories near the construction site, which was critical to reach the
high-level of precision and fabrication speed needd829]. Even thoughthe resulting workflowis
not yet fully automated,since it still useshandmade drawings occasionally, it nevertheless proves
the potential of collaborative CD approaches to deal with unconventionadesign outcomesand

higher levels of information complexity fromonceptual design exploration to fabricatiof277]

52 Estimated @mpletion date h 2024.
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Figure 54. Left: Morpheus Hotel (©lvan Dupont); right: Kuwait Airport Terminal@Foster+Partners).

In sum, the selected projects prove, on the one hand, the need to adopt (1) collaborative design
environmentsto better respond to the growing complexity of architectural design and (2) CD
approaches tosuccessfully coordinatés multiple constraintsand strategiesin a singleworkflow. In
most examplesusing CDallowedthe differently skilled participants to dynamically contribute to the
design process, making it easier ttandle the complexity of the existinppformation schemesas well

as realize the resultingunconventional solutionswhich challengedthe design and mandacturing
technologies available at the time.

On the other hand the projects demonstratehe still existing limitations in collaborative design
practices, especially the lack of interoperability betweedesign tools. In some projects this was
surpassed ly converting the design model int@an algorithmic equivalent, integrating both geometric
and construction data. In others, this was partially solved through the creation of algorithmic
extensions uniformizing the data produced by the different tools, impting the sharing of
information between them. However, in current practices the adoption of such scenarios is often not
trivial, the first barrier being the lack of programming experience of most architects, which hinders
their collaboration in the desigrprocessas well agheir understanding of the shared data. Another
common barrier is the high level of abstraction typical of AD approaches, which makes both the
understanding and sharing of design information between the team elements difficult.

Considemg the current scenario, the need to increasingly adopt CD approaches and
collaborative designteams involving differently skilled professionals is thus eviderbwever, it
requires architects t@cquire,at least a basicunderstandingof AD to successfullgommunicate with

AD specialistsvhileintervering in the design processin casethey wantto participate more actively
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in AD-related tasks, architects have fearn new skills, such as programminghich still takes time
and effort
Tosmooth AD6s | earning curve and r erdguirecto ltamet i ni ti al

architectsshould be provided with architecturaloriented methodologies and toolssupporting the

algorithmic development, analysis, optimizatignand fabricationof their solutions. Although this

might not be enough to completely reduce thecomplexityand effort associatedwvith AD, it should

nevertheless make AD more accessiblettoose architects whowant to benefit from its advantages

in their design practices.By reducing A D @lsstraction barrier whileincreasng its understandability

it is expectedit will reduce thetime and effortthose architects with some AD experienapend in

design developmentnot only facilitating theintegration of multiple types of dataand technologies

but alsosmoothingthe transition between design exploration and fabricatiatages
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6. MAKINGDIGITALREAL

There are two main concerns that drive architectural practice: the design and the construction of
buildings [84]. Originally, the profession of architecture involved both tasks and, thus design
decisions were highly dependent on the construction viability of the solutidi380]. It was he
architect who made the relationship between design, structure, and materialigs it isvisible in
ancient iconic buildings such as Egyptian pyramids, Greek temples, and Gothic cathd@gdl§ The
separation of architecture and construction occurred during the Renaissance period ndrehitects
started to differentiate themselves from master budcs and craftsmer{330] by focusing more on
the ideation and design development proces®s rather than on solving construction issudg832].
Neverthelessthe feasibility of the solutions never ceased to be a concern for architects, who
continued to consider the available materials and construction techniquelsen conceiving their
designs[141]

The desire forunconventionalgeometries that defied the laws of nature has always been
present in architecture. Architects have always ambitioned to design and construct innovative shapes
and structures that went beyond what had been done to date. Recent examples prior to the rise of
digital tools include the reinforced concrete freeform shapes of thad-twentieth century. This new
material opened up new construction possibilities at the timeallowing the concretization of
geometries thatwere not possible to builduntil then [333], as is the case ofhe works of Antoni
Gaudi,Felix Candelakladio DiesteBuckminster Fuller, Frei Otto, and Heinz Isler, among others. At
the time, these architects/engineers used physical models to explore less conventional shapes and
study their corresponding structural behaviof277} e.g., Ant oni Gaud2z2d6s system bas
mathematical description of hyperbolo&l to deal with ruled surface§l02land Fel i x Candel ads
structuralmodels ofhyperbolic paraboloid concrete shells

With the emergence of digital toolsand Computational Design (CDapproaches architects
were provided with higher levels of design freedorand efficiencyfacilitaing not only the geometric
exploration of freeform shapes, but alsthe study of theirstructuraland constructiveviability and
their subsequent manufacturingThe works ofdesign studios such as Zaha Hadid Architects,

Foster+Partners, Frank Gehry, and UNStudio, among othei&7], are some examples ahat.
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However, the realization of the resulting solutionds often constrainal by the construction
methods available, which rarelynatch the flexibility allowed by CD tools. Digital Fabrication (DF)
strategies are gradually changing this reality, despite still presenting some limitatjB88]. Their
integration with CD tools has been promoting a greater design flexibility and fluidity between design
and fabrication processes, allowing architects to control the entire designgass and thus reduaog
the distance between design thinking and making84, 141, 334] This chapter addresses
contemporary fabrication methods, including the recent phenomenon of DF in architecture, and
their main challenges and practical applications. Given the scope of this investigation, most examples

are related to facade design strategies and solutions.

6.1. DIGITALFABRICATION

The new digital means enabled the development of fabrication technologtegpable of aubmating
manufacturing processes and achimg higher levels of design complexity and accuracy. These
technologies, known as DF, are generally based on Computer Numerical Control (CNC) machines to
control the manufacturing of different building elements ofarying shapesand materials, allowing
architects to control the entire fabrication process ardusreach higher levelsof precision.

DF techniques allow for the manufacturing of
unviable to produce[335]. Ideally, these technologies would also enable the conversion of traditional
manufacturing processes, where only the mapsoduction and assembly of standard elemésis
economically viablg84], into new onesbhased onmasscustomization strategies to produce multiple
non-standard elements ataffordable costs [336] This scenario, however, remains a challenge in
architecture due to thestill existindimitations ofthe available fabricatiotechnologies, which include
their cost, machining ime, scale and material limitations, material waste, and special spatial
conditions among others Nevertheless, their gradual cost decrease is motivating their growing use
in architecture[337]. Finally, DF make it possible to develop architectural projects in an entirely digital
manner, where design data directly flows from design development stages to manufacturing and
constructionones[84].

Currently, there is a wide variety of DF techniques available suitinghitectural practices. In
general, they vary in terms of (1) process used to shape the elements, which can be based on adding,
removing, cutting, or deforming materials, among others; (2) materials supported, which include
plastic, glass, concretbased materials, etc.; (3) suitability to produce certain shapes and scales of

elements; and (4) surface finishing allowed, which can be smooth, textured, printed, perforated, etc.
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Some authors categorize the existing DF strategies in three groups, naradbjitive, subtractive and
formative [335, 338340], whereas dhers classify them into four groups, the previous ones plus
cutting [84, 341, 342]or even in five groups, the first three ones plysining and robotic[343]. This
research considers the three perspeatis,which arefurther detaied in the following paragraphs.
Additive processes add layers of material to produce the desired shaf#35] These
techniques arebased on the translation of digital information into a sequence of twdimensional
layers[84]. 3D printing is the most popular additive process in architecture but there are other
techniques available, such as stereolithography, fused deposition modeling, laser sintering, and
digital light processing 335, 340] Additive methods have the advantage of directly converting the
digital model into a physical element without requiring any additional device. They aspport
geometric freedom, producing unique elements in a viable wg$340]. Moreover, the available
machines are often silent, produce reduced material waste, and do not require programming

expertise[84]. Still, the production of largescale elements is still an iss{&37], as also is the resulting

surface quality and thdarge production times[340].

e

Figure 61 Additive manufacturing examples (from left to right): Arachne 3D printed facade by Lei Yu
(©Architizer); House of 3D Printed Curiosities by Emerging Objects, 2018 (©Matthew Millman); EU Building 3D
printed facade by DUS Architects, 2015 (©Ossip van Duivenbode).

In architecture, 3D printing has been often applied in the production of less contienal facade
elements, some examplewcluding the entirely 3D printed facade of thé\rachneproject in China
(Figure 6.1 left); the facade of the Cabin of 3®inted Curiosities in California (Figure 6.1 middle)

made of hundreds of 3D printed ceramic &b of different geometries; and the facade of the Europe
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Building in Amsterdam (Figure 6.1 rigltdmposed by largescale unique 3D printed elements made
of bioplastic and colored concretf®.

Subtractiveprocesses use electrg chemically, or mechanicalleduced techniques to remove
or separate particles of raw material from an existing soJ&85, 342]to achieve the desired shape
[337]. CNCmilling and routing processes are the most commonly applied techniqu@87] When
compared with additive processes, the available subtractive technologies present several advantages
in terms of (1) elementsize allowing producing from smadir to larger scale elements; (2) material
diversity, enabling the use of a wider variety materials; (3) precisiagrproducing elements with finer

details; and (4) production efficiency, requiring less time and materj84]. Neverthelessthese

processes tend tgroduce considerablematerial wastg335].

Figure62. Subtractive manufacturing examples (from |l eft to
Hamburg by Herzog& de Meuron, 2017 (©ONE TO ONE); CNC milled cork facade designed by GenCork,
2019 (©GenCork); De Young Museum bilerzog & de Meuron, 2005(©david basulto via flickr).

In architectural practice, CN@nilling, and routing (with 3 to 5 axis) have been applied in the
fabrication of building elements in a process similar to carving, i.e., by removing material from a
volume. The manudcturing of the acoustic panels of the Elbphilharmonie in Hamburg (Figure 6.2
left) and the cork facade panels of a house in Aroeira, Portugal (Figure 6.2 middle), are two examples
of that. Thesetechnologies have also been used to produce either perfordter bumped/textured
facade elements, such as the sheet facade panelsiefYoungMuseum in San Francisco (Figuée2
right); orcustomized molds, as it happened in the Neuer Zollhof office buildings in Dusseldorf (Figure

6.3 left), whose facade panels were manufactured with 355 different CNC milled molds, and in the

%3 DUS Europe Building. House DU3016)https://houseofdus.com/work/#projecteurope-building (Retrieved on <July 12
2022>)
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MaoHaus facade in Beijing (Figure 6.3 right), which is made off-sapporting ultrahigh

performance concrete panels casted from CNC milled motls
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Figure 63. CNC milled molds examples (from left to right): the Neuer Zollhof office buildings in Diisseldorf by

Frank Gehry, 1999 (©Mirco Wilhelm Jiéckr); MaoHaus faade by AntiStatics Architecture, 2017 (©Xia Zhi).
Cutting processesalso known as twedimensional fabricationare based on a tweaxis motion of a
cutting head to extract twedimensional planar elements from surfaces or soliffi335]. These
processes follow a set of instructions provided by the digital model to produce flat components with
the desired shapg337], often relying on laserbeam, plasmaarc, or waterjet technologyCuttingis
a very popular and widely used strategy, probably the most used of8al, 342] and it has been
frequently applied in the manufacturing ofacade panels with complex pattern§.hesemethods
have the advantage of beingrecise, cheap, and quiclkut are limited in terms otype and thickness
of the material they can cutwhilerequiring the use ofdifferent technologies accordinly [84, 342]
Examples ofcutting applications include the ceiling of th@rumpf Campus Gatehouse Stuttgart
[344] (Figure 6.4 left)the facade panels of tB Megalithic Museumin Mora, Portugal(Figure 6.4
middle), and the facade of the=ormstellebuilding in T6ging am Inn(Figure 6.4 right).

4 Say, AsliThe MaoHaus by AntiStatics Auitecture(2018) https://parametric-architecture.comthe-maohaus by-
antistaticsarchitecture/ (Retrieved on <July #22022>)
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Figure 64. Cutting manufacturing examples (from left to right): Trumpf Campus Gatehouse by Barkow
Leibinger Architects, 2009 (©David Franck); Megalithic Museum by CVDB Architects 0@ Relier, 2016
(©Fernando Guerra | FG+SG); Formstelle by Format EIf Architek20id3 (©Format EIf Architekten).

Formativeprocesseaise mechanical forces to deform materials into tlikesiredshape[337] These
methods often resort to hating to make the material adapt to the new geometry and then to cooling
to keep the new geometry stabl¢84]. CNC folding, CNC bending, CNC punching, hydro morphing,
and welding are some exampleg335]. In archiecture, thesemethods have beenmostly applied in
the manufacturing ofgeometrically complexnetal facade panels. Nevertheless, the existing methods
are still expensive due to the price of both the machines and material ug885]. Architectural
examples includehe Prism Galleryn LosAngeles (Figure 6.5 tofleft), whosefacade panels were
shaped through heatforming techniques[345]; the facade of theHolt Renfrew flagship storén
Vancouver (Figure 6.5 topight), which is composed by heaslumped glass panels that create a
specular, translucent visual effe¢846]; the undulating glasspanels of the Elbphilharmoniein
Hamburg (Figure 6.5 bottorvleft), whose free form shape resudtfrom heatbending processs and
the metal facade panels of thé&xperience Music Projedh Seattle (Figure 6.5 bottonright), which
were produced through call bending techniqueq336].

Lastly,Robotic assemblyprocessesinvolve the use of robotic arms or drones to accurately
place elements in layerssome of hese methodsmake it possible to reduce or eveeliminatethe
lack of accuracy typical of manual assembly processes, allowing a complete correspondence
between the intended design and its final produdB39] Architectural examples resulting from
robotic assemblystrategies include the brick facade of th€hi She Galleryn Shanghai(Figure 6.6
right), whichwasassembled with the help o& robotic arm controling the precise position of each

stacked brick toobtain the desired visual effect; and the facade of theWinery Gantenbeinin
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Switzerland (Figure 6.6 left), whi@iso useda robotic production methodto accurately control the

stacking angle of each brickand create the intendedpictorial effect.

Figure 65. Formative manufacturing examples (from left to right): Prism Gallery bg-F-T-E-R-N-S, 2010
(OP-A-T-T-E-R-N-S); HoltRenfrew flagship store in Vancouver by Janson Goldstein Architects, 2008 (©Marc
Simmons / Front Inc); Elbphilharmonie Hamburg by Herzog & de Meuron, 2017 (©Maxim Schekperience
Music Projecby Fr ank Gehry, 2000 (EDavidl Dvayad rBd songsgée)r. 0 Dood |
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Figure 66. Robotic manufacturing examples (from left to right): Chi She Gallery by Atghion Architects,
2016 (©shengliang su); Winery Gantenbein by Bearth & Deplazes Architekten + Gramazio & Kohler, 2006
(©Ralph Feiner).

6.2. DESIGNSTRATEGIES FORIGITALFABRICATION

The way the different DF technologies are used in architecture, as well as the reason why they are

used in a specific scenario, differs from case to case. It depends, among others, on the material used,

the scale and shape of the elements to produce, ana ¢he type of surface finishing and intended
geometric effect. Based on this, Iwamotfd61]jand Dunn [84] presented similar classificatiorfer
design strategiesto apply DF, organizing them into five categoriesectioning tessellatingtiling,

folding contouring and forming.

At
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Figure 67. Examples of sectioning (from left to right): Serpenti®avilion 2005 by Alvaro Siza and Eduardo
Souto Moura (©Sylvain DeleuPamiani Holz& KO Office extensiorby MoDus Architects2013
(©MoDusArchitecty; Metropol Parasol by Jurgen Mayer H. Architects, 2011 (©Javier Prive
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The first one,sectioning is based on the use of a series of profiles to create either a surface or a
structure. Despite its recency in architecture, this technique has been long used in other fields like
shipbuilding and airplane industr{84]. The CNC milled waffle structure of th8erpentine Pavilion

2005 (Figure 6.7 le), the facade of theDamiani Holz& KO Office extensionin Brixen(Figure 6.7

middle), and the Metropol Parasol in Sevilla (Figure 6.7 righr some examples.

Figure 68. Examples of tessellating (from left to right): Ravensbourne College by Foreign Office Architects,
2010 (©Morley von Sternberg); BMW Welt building by Coop Himmelb(l)au, 2007 (©Duccio Malagamba);
Federation Square by LAB Architecture Studio, 2002T(@vis va flickr).
The second categorytessellating results from the perfect fit of several pieces, creating a smooth
surface without gaps. This technique has long been used in architecture, under the name of tile
patterns or tiling: the ancient Rome mosaics @rthe Islamic tiles are two examples. Contemporary
examples include (1) the use of tiles of different shapes and colors to produce complex facade
patterns, e.g.Ravensbourne Collegédile facade inLondon (Figure 6.8 left); (2) the application of
massproduced unique panels of multiple sizes and curvatures, e.g., BMW Welt curved facade panels
in Munich(Figure 6.8 middle); or (3) the composition of different facade panels to obtain an intricate
geometric pattern, e.g., Federation Squareiangular facade paelsin Melbourne (Figure 6.8 right).
Regarding the folding category, it involves the conversion of flat surfaces into three

dimensional ones for geometric, structural, and aesthetical purpofE&L] This strategy is commonly
applied in architecturebecause it isvery effective and economiand allows for continuous and
smooth surface finishing84]. Architectural examples dfolding include the facade of theNational
Aquatics Centerin Beijing (Figure 6.9 left), whose translucent bubllike effect results from a
composition of two inflated layers of plastic film with different cellular organizati¢®47]; the facade

of the Allianz Arena in Munich (Figure 6.9 middle), whose thvdenensional diamondshape
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ethylene tetrafluoroethylene cushions were produced through the injection of air pressure asid
them [14} and the facade the King Fahad National Library in Riyadh (Figure 6.9 riglhtich consists
in a set of fabric membranes whose shape is controlled &yhree-dimensional steel cable structure

[337]

2 1B INsm

Figure 69. Examples of folding (from left to rightNational Aquatics Centedesigned by PTW Architect2008

(©William via flicky; Allianz Arena by Herzog & de Meuron, 200®UIrich Rossmait King Fahad National

Library by Gerber Architekten, 201®Christian Richters)
The next categorycontouring, involves the removal of successive layers of material from a flat
surface to create a threalimensional effect. This technique is similar to the leegtablished carving
technique but, instead of using manual processdsuses digitally controlled oneshat are more
precise, efficient and capable of producing highly complex patternf84]. Nevertheless, when
compared to other techniques, these processes require larger amounts of time and often produce
more material waste. Architectural applications afontouring include the Bone Wall which is
composed by CNC milled highdensity foamc el | s ( Fi gure 6.10 | eft); GenCol
CNC milled cork <creating different geometric patt
prototypes made of CNC milled stone panels with natumespired geometric pattens (Figure 6.10
right).
Lastly,forming is an economic and widely applied procesbat uses molds to mass produce

elements. This technique has been long used in architecture, mainly in the rpasduction of facade
panels, whose application typically resedl in conventional solutions with repetitive patterns. More
recently, DF technologies brought new possibilities to conceive customized mdidat allow
producing less conventional solutions; a strategy widely applied in the production of facade

elements.
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Figure 61Q Examples of contouring (from left to right): Bone Wall by Urban A&O, 2006 (©Joe
McDonald/Urban A&O Architecture LLCinterior cork panel at Cork Museum WOW in Oporto, Portugal
(©GenCork); stone facade panel®@noma).

Architectural applicabns of forming include the Deep Facadeproject, designed by a group of
students at ETH Zurich in 2018, who used 3D printed molds to create a metal facade with a highly
complex geometric pattern (Figure 6.11 tdgft); the facade of thelBS Buildingat Minho University
in Guimaraes (Figure 6.11 topiddle), whose prefabricated cemeribased panels were shaped with
different customized molds; the threglimensional facade of theSan Francisco Museum of Modern
Art extension (SFMoMA), which is composed by unidfiiger-reinforced polymer panels produced
with personalized CNC millednolds (Figure 6.11 tepight); the facade of theFiligranebuilding in
Tourcoing (Figure 6.11 bottonteft), whose concrete panels inspired by the architectural
ornamentation techniqueguilloché® were produced with customized CNC milled molds; the facade
of the Palace of Justicen Cordoba (Figure 6.11 bottormiddle) whose panels were produced with
custommade CNC mlied molds; and, lastly, the coppecladded structure of the Louisiana State
Museum and Sports Hall of Fame (Figure 6.11 bottoight), which is composed by more than 1000

unique caststone panels produced with robotically fabricated moldi348].

®Home WorlddesignThe Filigrane Project / DG6Houndt + Bajart Architects ¢
https://homeworlddesign.com/filigraneproject-dhoundt-bajart-architects/(Retrieved on <July £22022>)
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Figure 611 Examples of forming strategies (froop-left to bottom-right: Deep Facade project, 2018
(©Jetana (Jet) Ruangjun); IBS Buildiog Claudio Vilarinho, 20189Jo&o Morgado);SFMoMA extension by
Snghetta, 201§OHenrik Kam)Filigraneb ui | di ng by DOHOUNDT+BAJART architects
(©Maxime Delvaux)Palacio of Justice in Cordoba by Mecanoo, 20€¥Hernando Alda); Louisiana State
Museum and Sports Hall of Fame by Trahan Architects, 2012 (©Humsley)

6.3. GEOMETRICOPTIMIZATIONSTRATEGIES

In the last decades, the design freedomllowed bymost CD technologies has beemotivating the
design of more complexfreeform shapes[69], as well asthe creation of intricate facade design
patterns.Unfortunately, their production is often challenging and expensive andmany casesthe
complexity achieved can béardly conceivedthrough traditional construction methodg331, 335]
As a result, architects have to spend a lot of time and effort in solving manufacturing aoshomic
issueg331]and it is often the case that thie creativeintent is neglected in favor to these.

Despite the currently available magsoduction techniques capable of producing non
conventional elements at low cost, none of them is entirely suitable to deal with the geometric

diversity of architecturatlesign which usually requires the manufacturiraf hundreds or thousands
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of non-standard elementq336] that are often projectspecific. To make the construction of free
form shapes and complex facade patterns pakke, architects have been increasingly adopting
geometric optimizationtechniques[349]in their design practice. These strategies alltivem to gain
more insight and control over the designed solutior§9], facilitatng the | a t graduabaslapation
until reaching the desired feasibility[331] In architecture, ppular examples of geometric

optimization strategies includelesign rdionalizationand surface paneling

6.3.1. DESIGNRATIONALIZATION

Design rationalizationis a type of geometric optimization that focuses onsubtly adjusting the
building elements that are expensive to produce until meeting thedesired feasibility without
compromising the design intent [168, 336] The Sydney Opera Hous€1973) is one of thdirst
examplesto combine design rationalzation and computationaltechnologiesto gradually change
the originalroof shapeuntil its constructionbecameviable[331] Stil] it was only during the 90s that
this combination gained popularity, mainly with the works of Gehry Partners, which were
chareacterized by complex freeform shapeq331] the Guggenheim Museum Bilbador instance, was
one of the first buildings ¢ have a freeform shape made of singlecurved panels that could be
unfolded without stretching or tearing168]

Based on the literatur¢69, 331, 358352], design rationalization can varyn terms of temporal
application in the design process and target of thationalization process. Regarding the formet,
can be classified in (1) pmationalization, when it is conducted before the design development stage;
(2) corationalization, whenit is used during the design development stage; and (3) pest
rationalization, when it is applied after the design development stage. According to Austern et al.
[331] pre- and postrationalization are the most and least addressed strategies in the academia, and

co- and postrationalization the most and leasapplied onesin architectural practice.

90



Figure 612 Prerationalization examples (from togeft to bottom-right): the International Terminal Waterloo
by GrimshawArchitects,1993(©Grimshaw and Partners); the Eden Projédxst Grimshaw Architects and
Anthony Hunt Associate, 2001 (©Grimshaw and Partnersydan City Hallby Foster+Partners, 2002
(©author); the 30 St Mary Axe buildingpy Foster+Partners, 200goFoster+Partners).

When adopting prerationalization, the design process is constrained by construction requirements
sincethe beginning, which meanstte design exploration is controlled by such constraints. Examples
of pre-rationalization include thenternational Terminal Waterloo StatiofFigure 6.12 todeft), the
Eden Project (Figure 6.12 tepght), the London City Hall (Figure 6.12 bottetaft), and the 30 St.Mary
Axe(Figure 6.12 bottorright). When using cerationalization the design development process often
combines principles from both pre and postrationalization methods[331] thus coordinating
material properties, fabrication and assembly constraints, and aesthetic principles in a flexible way
[353]. Examples of its application includbe Galaxy SOH@Figure 6.13 togeft), the Wangjing SOHO
(Figure 6.13 topright), the Bangkok Central Embasski@ure 6.13 bottorrleft), and the Leadenhall
Building (Figure 6.13 bottornight). Lastly when adopting postrationalization, the construction

requirements do notcontrolthe@ si gn devel opment process and ar
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final solution[69]. This strategy was adopted, for instance, in tBeiggenheim Museum Bilbao (Figure
6.14 topleft), the Walt Disney Concert Hall (Figure 6.14 4nght), the Nadpark Railway Stations
(Figure 6.14 bottorvleft), and the Heydar Aliyev Center (Figure 6.14 bottoight).

TN

4 =

Figure 613 Co-rationalization examples (from togeft to bottom right): Galaxy SOHO by Zaha Hadid
Architects, 2012 (©lwan Baan); Wangjing SOH®Zaha Hadid Architects, 2014 (©Virgile Simon Bertrand);
Central Embassy in Bangkok by AL_A, 2017 (©Hufton+Crow); The Leadenhall Building by Rogers Stirk
Harbour+Partners, 2014 (©ORichard Bryant).
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Figure 614 Postrationalization examples (from togeft to bottom-right): Guggenheim Bilbao Museum by
Gehry Partners, 1997 (©Gehry Partners); Disney Concert Hall by Gehry Partners, 2003 (©Gehry Partners);
Nordpark Railway Stations by Zaha Hadid Architects, 2007 (©Hafelekar via Wikimedia); Heydar Aliyev Center

by Zaha Hadid Architects, 2012 (©Hufton+Crow).

Regarding the target of desigmationalization processeshese methods have been mostly applied
in the design of building facades to make their manufacturing viable: to either (1) reduce the number
of different facade elements, e.g., window frames, facade panels, wall tiles, and shading devices, etc.,
without neglecting the initial design intent, (2) search for geometric similarities that potentially
facilitate their production, or (3) simplify theirde-form surfaces into feasible solutions.

Examples of the first scenario include the facade bfuseo Soumayain which design
rationalization was used to minimize thaumber of different hexagonal aluminum panel@igure

6.15 topleft); the facade of theFederation Squarein Melbourne (Figure 6.8 right), taeduce the
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geometric complexity of the predefined basic usitomposing it[354];, and the facade ofMAAT

Museumin Lisbon (Figure 6.15 topight), to simplify its hexagonal geometric patterif.

Figure 615 Geometric simplificabn examples (from topleft to bottom-right): Museo Soumaya by Fernando
Romero, 2011 (©Geometrica, Inc.); MAAT Museum by AL_A, 2016 (©Francisco Nogueira); 290 Mulberry Street
building by SHoP Architects, 2013 (©SHoP Architects); Centre for ContemporarpyAlieto Sobejano
Arquitectos, 2013 (©realites: united).
The second scenario occurred, for instance, in the manufacturing of the brick facade panels of the
290 Mulberry Street buildingFigure 6.15 bottorreft) [355] and in the production of the hexagonal
facade tiles of the Centre for Contemporary Art in Cérdoba (Figure 6.15 bottoight) [356].
Regarding the third scenario, different strategies have beadopted to make freeform

surfaces feasibl¢336]. One of them consists irthe simplification of the original shapito one made

of planar panels only approximatg it, as it happers in RenzoP i a nPedk & Cloppenburg

%6 CeramicArchitecturesMuseum Art Architecture and Technoladtps://www.ceramicarchitectures.com/obras/museum
art-architecturetechnology/ (Retrieved on <July 122022>)
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Department Storein Cologne (2005) Another one is the production of a faithfu] smoother
approximation ofthe shapeby usingsmaller discrete elementsf different curvaturesas it rappens
i n Zaha Ha d NadpaikrReiay Statiensinsiiinsbruck (200 [157] In either case, the

resulting solutions ofterresort to different surfacepanelingtechniques

6.3.2. SURFACHPANELING
Panelization or paneling is a geometric optimization strategy that focuses on dividing a large surface
into smaller panels of constructable size and acceptable cost. This strategy involves two dependent
tasks: the segmentation of the original shape into smaller pieces and th@ragimation of each
smaller piece into a shape that can be manufactured at a reasonable cost, while preserving the
design intent[171, 336, 352]

Dividing a surface into smaller planar surfaces of different polygonal shapes, like triangular,
guadrilateral, and polygonal, is theheapest paneling strategyThis technique has been long used
in architecture and the dome structureslesigned beforethe 20" century are an exampleof its
application their construction typically used flat quadrilatd panels due to aesthetical and economic
reasons[352]. Triangular panels emerged in the lat&920s thanks to the Carl Zeiss Company and
were later adopted by several architects due to having more structural stability and allowing for
greater geometric flexibility’. Their production, however, often creates more waste, and each vertex
is typically more complex than those of quadrilateral panelse to connecting six edges instead of
four. Moreover, since more panels are needed for covering the saméface area, the resulting
structure is also usually heavigB52]. Even so, triangular panels are the most popular paneling
solution in contemporary architecture, some examples being the roof of tBeeat Courtat British
Museum (Figure 6.16 left), the facaaé the 30 St. Mary Axebuilding, both in London (Figure 62
right), theroof of Zlote Tarasyin Warszawa (Figure 6.16 miéft), the roof of thelslamic Art Exhibition
in the Louvre Museumin Paris(Figure 6.16 midight), and theroof of the Incheon International

Airport (Figure 6.16 right).

It is easier to changehe verticesof triangular panelsto accommodatedifferent designrequirements and keegheir faces
planar.
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Figure 616 Triangular paneling examples (from left to right): British Museum Great Court roof by

Foster+Partners, 2000 (©author); Zlote Tarasy ragifuctureby The Jerde Partnership, 2007 (©JERDE); Islamic

Art Exhibition roof by Mario Bellini Architects and Rudy Ricciotti, 2012 (©Raffaele Cipolletta); Incheon

International Airport by HEERIM Architects & Planners, MooYoung Architects and Gensler Architet8, 20
(©Gensler).

Regarding quadrilateral panels, these are used, for instance, in the facade of¢hasalem Museum
of Tolerance(Figure 6.17 left) and in the roof of the Tokyo Midtown Plaza (Figure 6.17 middle). Finally,
hexagonal panels were applied in éhbubbly domes of the Eden Project (Figure 6.12 middle), the
curvilinear facade of the Museo Soumaya (Figure 6.15-teft), and the doubledome of the

Landesgartenschau Exhibition Hall (Figure 6.17 right).

Figure 617 Quadrangular and hexagonal paneling examples (from left to right): Museum of Tolerance
Jerusalem by Chyutin Architec{®ChyutinArchitects); Tokyo Midtown Plaza roof by Buro Happold, 2005
(©SOM); the Landesgartenschau Exhibition Hall by ICD/ITKE/IIGSeksify of Stuttgart, 2014 (©Roland

Halbe).

Another paneling strategy used in architecture involves the division of the original surface into

smoothly bent stripes, also known as singteirved panels or developable surfaces, that can be
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produced by simply kending a flat piece of sheet metal; a technique that has been showing gradual
improvements over time due to the availability of more advanced tod52]. Despite being more
often applied to metal surfaceghis strategy can be used with other materials, such as glass or wood,
albeit often leading to higher fabrication costs and requiring the use of specialized machirf@bsg].
Examples of glass singleurved panels include théAC building in New York (Figure 6.18 left) and
Foundation Louis Vuitton in Paris (Figure 6.18 middle). In gendhalse panels are more affordable
than double-curved ones but also often lead to surfaces with less precisi@36] Walt Disney
Concert Hall(Figure 6.14 topright) isone such example, where the originally doubleurved facade
panels were converted into flat and singleurved ones to make their manufacting viable, resulting

in a surface presenting a visible discontinuity between panels. Another example idvtbecedes
Benz Museum(Figure 6.18 rightwhere contrarily to the initial design intent, only a few facade areas
are composed by doublecurved parels, the remaining ones presenting a lower precision due to the

discontinuity of the curvature$336].

Figure 618 Single curved panels examples (from left to righ IAC building in New Yorklesigned by Frank
Gehry, 2001©Chuck Choi/Arcaid); Foundation Louis Vuitton in Pailiy Frank Gehry, 201@©ToddEberle);
MercedesBenz Museum by UNStudio, 2006 (©UNStudio).
One last paneling strategy focuses on dividing the surface into doulslgrved perfectly fitting panels,
resulting in smooth curved surfaces with a high finishing quality. This technique has been applied on
concrete surfaces, e.g., thRolex Learning Centeat EPFL in Lausann&igure 6.19 togeft) and the
Meiso No Mori Municipal Funeral Hall in Japan (Figure 6.19-tojdle); metal facades, e.g., the
Dongdaemun Design Plaz#uilding in Seoul(Figure 6.19 tofright); acrylic glass facades, e.g., the
BMW Bulble project in Frankfurt figure 6.19 bottordeft); wood surfaces, e.g., the Kamppi Chapel
in Helsinki (Figure 6.19 bottormiddle); and, lastly, fibereinforced plastic facades, e.g., the

temporary building Chanel Mobile Art (Figure 6.19 bottenght).
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