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ABSTRACT

INTELLIGENT DESIGN OBJECTS APPLIED TO THE SPATIAL
ALLOCATION PROBLEM.

Zaratiegui Fernandez, Javier Ignacio.
M.Sc., Computational Design and Fabrication Tecbgiels in Architecture.
Supervisor: Assoc. Prof. Dr. Arzu Géneng¢ Sorguc.
March 2014, 80 pages.

This thesis approaches the spatial allocation problas a multi-objective
optimization problem. It proposes the use of lijelt Design Objects (IDO)
model to help designers with this task. Solutiors generated and evaluated,
according the user defined criteria. Iterative iay@ment is proposed as a help to
visualize candidate solutions and conceive the rel@sspatial relations. By
defining the criteria and rating it numerically,tbalesigner and client are able
compare the solutions obtained. The use of fuzgicls implemented to address
soft concepts as part of the architectural desigogss. New relations are defined
until a good solution is found. The implementatisnevaluated via two case
studies: layout organization of sets of rectan@te® dimensions) and TUDelft

graduation project for the American Embassy in Hague (three dimensions).

Keywords: Spatial allocation, Intelligent Design j&dis, Building layout,

Optimization, Multi-objective, Genetic algorithmyZzy logic.



Oz

MEKANSAL KURGU PROBLEMINE AKILLI TASARIM OBJELERI
UYGULAMASI

Zaratiegui Fernandez, Javier Ignacio
Yiiksek Lisans, Mimarlikta Sayisal Tasarim ve UreTieknolojileri
Tez Yoneticisi: Dog. Dr. Arzu Géneng Sorguc.
Mart 2014, 80 sayfa.

Bu tez, mekan kurgusu problemine c¢oklu optimizasyeroblemi olarak
yaklasmaktadir. Tez, busiicin tasarimcilara yardimci olmak amaciyla Akilh
Tasarim Objeleri (Intelligent Design Objects- ID@jodelini kullanmaktadir.
Cozumler, kullanicilarin  belirlegi  kriterlere b&li olarak Uretilmekte ve
degerlendiriimektedir.  Yinelemeli gefiirme(iterative improvement), olasi
cbzimlerin gorselkgiriimesi ve istenilen mekéansal gkilerin kavranmasi icin
Onerilmistir. Hem tasarimci hem de wtéri, kriterlerin tanimlanmasi ve
derecelendiriimesi ile ¢ozumleri kiyaslayabilmektedulanik mantgin (fuzzy
logic) kullanimi, 6znel ve dlgulemeyen kavramlamimmari tasarim sirecinin bir
parcas! olarak adreslenmesi icin uygulagtmi Yeni iligkiler iyi bir ¢6zim
bulunana dek tanimlanmaktadir. Uygulama, iki ornetalisma ile
degerlendirilmistir: dikdortgen kimelerinin plan organizasyonu (@ybtlu) ve
Lahey'de bulunan Amerikan Buyukelgiliicin TU Delft mezuniyet projesi (lg¢
boyutlu).

Anahtar kelimeler: Mekan kurgusu, Akilli Tasarimjé&eri, Plan Organizasyonu,
Optimizasyon, Cok amacli, Genetik algoritma, Butamantik
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CHAPTER 1

INTRODUCTION

In this thesis the spatial allocation problem is considered as a multi-optimization
problem. The model used is the Intelligent Design Objects. It is proposed as a
design tool and not as an automatization of the task. By studying and defining the
formulation of the problem and visualizing some result, the designer can adapt it

to hissher specific scenario and, gradually, build up the program relations.

The first chapter is an introduction to the spatial allocation problem. The second
chapter exposes a perspective of previous approaches to the matter as well as their

implementation in other industries, such as microchip and gaming industries.

The model used is explained in the third chapter: the tools used, the workflow and
the use of optimization and genetic algorithms. Chapter four describes the
mathematical formulation: the parameter definition, criterion definition and the
implementation of fuzzy logic. The fifth chapter includes examples to evaluate the
results and concludes with the application to a case study: the graduation project
at TUDelft.

Finally, conclusions about the research and suggestions for further studies are

presented.



A building layout plan is the representation of tmafiguration and arrangement
of different spatial elements in a building. Topptal relations as alignment and
adjacency; geometric properties such as shape,ndiore and rotation are the
main concerns in spatial synthesis (Eastman, 1973).one of the most difficult
problems in architectural design as it has a samt impact on their function and
accessibility.

A common workflow in architectural practice begiwih refining the client’s
requirements into an architectural program withgchanmatic representation of
the rooms and connections (concept design prodesa)later stage the program
is used to generate floor plans. During this prectdse architect reformulates the
program as the importance of new relations arealede or the number of rooms
redefined. The architect/s would study some ofoileomes and chose or propose
to the client which one is the best. Due to thehhigumber of possible
combinations, the use of computers is advisedHisrdperation. The task stands
as an optimization problem, understood as the pigeeor procedures used to
make a system or design as effective or functiasglossible.

As an example, for a family house building laydbe rooms are the elements to
be arranged; the sizes and positions of each oh thee parameters that will
generate different solutions. Each outcome soluti@as different properties
(dimensions, proportions, orientation, etc.) aretéhhas to be some criteria and/or
goals to compare them to be able to decide whiah ienbetter. Crisp goals
(clearly measurable) are defined such as adjacgndistances, total area, solar
gain, etc. Fuzzy logic is introduced to addres®iottoncepts that are difficult to
measure. For example, the concept of “big room”isTie referred as fuzzy
because the exact value when a room is or is mstidered “big” is not clear, it is
subjective to the user. The implementation of tHagey concepts into the spatial
allocation problem brings more design freedom irpagite to most of the

previous researches on the topic whose formulationsit.

It is likely that some of the goals introduced aamflicting and, as the value of

one grows, the value of the other decreases. lexhmple, the bigger solar gain



would come if the rooms are separated and a lawgéace perimeter is presented
to receive the sun but, at the same time, it regultlarger walking distances
among the rooms, ending up in a non-functional tewiu Therefore, the search

aims for a solution where all the objectives aredme degree satisfied.

Many researches have addressed the spatial atiocatioblem for building
layouts and for other industries. However, theiplegation is usually limited by
the rigidity of their formulations. Some limit theglves to a certain type of
building (residential), and their results cannot ddrapolated to other types.
Others introduce the cost function of the overalugon and aim to minimize it.
This is desirable in certain scenarios, but doefs satisfy other architectural
needs. The desired program relations in architecine not a priori known, and
are also different from project to project. Therefahe application of these
researches in the field of Architecture has bemitdid, while micro-chip industry

or pallet loading have successfully implementedrthe
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Kitchen A

Apartment layout Pallet loading Microchip design

Fig. 1 From left to right: Apartment layout (Micle&l et al. 2002), pallet loading (Morabito &
Morales 1998), and microchip design (image by Uveerklinn).

In this thesis the aim is to approach the spatimication problem through
performance based design. The use of the costiduntd compare different

solutions is very limited. Instead, the user iimted to define the criteria for



every specific scenario. Besides, the desirediosistamong the departments is
not known and it is a process subject to changegstipning and formulating

these relations is an important part of the depigrcess. While previous methods
take for granted that the relations are known,his tesearch it is part of the
department parameter definition. As such, it is mh¢a be adapted and refined
throughout the design process. Therefore, it islegea tool that allows user

customization.

The method adopted is called Intelligent Designe®tsj (IDO). IDO (Bittermann
2009) consists in generation of possible solutidhgjr evaluation regarding
previously defined criteria, and generation of nge@lutions that improve the

previous solutions (with the use of genetic aldons).

GENERATE COMPARE OPTIMIZE
SOLUTIONS SOLUTIONS SOLUTIONS

Fig. 2 Intelligent Design Objects scheme. Drawrhgyauthor.

Multiple criteria instead a single criterion enablenhanced architectural
outcomes. Likewise, both crisp and fuzzy goalsilackided as part of this multi-
objective optimization. The use of fuzzy goals ofeatives is included to echo
the process taken in architectural design, espgdrathe early stage, but is not
exclusive to this field. In the case of previoustmoes, each department area is
fixed to a certain value, in most cases, or toraeaof values. Fuzzy logic is
included to extend the exploration of more solwidfor example, in a residential
project the living room is desired to be “big”. Wibther methods, the area value
would be fix to 25 sq. m. or to a range of valuesm 20 to 30 sq. m. This

excludes the consideration of solutions in whick tiving room is larger or



smaller and, as such, it is a limitation. On thetary, defining the abstract
concept of “big” as a function allows a much widetution exploration.

-~
1

25sqm 20sgm

membership degree

big

»
|4
al

I
| 1
| |
| 1
| |
| 1
| 1
1 Il
20 30

0 10 40 50 rea (sq. m

Fig. 3 From left to right: Fixed area value; ranfyzzy logic big membership function. Drawn by
the author.

Defining this function is also part of the projeatalysis and reflects the designer

intentions in a clear way and/or addresses thatoveshes.

( PREVIOUS ) (PROPOSED)
Limited design freedom Increased design freedom
(grid, building type) (user/project déefined)
Single objective Multiple objectives
Crisp objective Crisp and Fuzzy objectiv
Closed tool Open tool, customizable
Automatization too———— Design tool

Fig. 4 Comparison between previous researcheshésmthesis proposal. Drawn by the author.

The increased freedom is reflected in an incredséhe® number of possible
solutions. In order to deal with this high numbg&saolutions a heuristic strategy is
used, such as evolutionary algorithms. The encyd@p Britannica defines
heuristic “as relating to exploratory problem-salyitechniques that utilize self-
educating techniques (as the evaluation of feedbtckmprove performance”.

Also notice that the outcome with such method is gquaranteed to be optimal



but, since it is unfeasible to analyze every pdss#olution, the aim is to find

satisfactory solutions for the problem.

Within the scope of this thesis some examples valistudied and the graduation
project for TUDelft will be used as a case for thaluation of the model. This
model, IDO, is suitable to be used for differenilding types and/or different
problems than the spatial allocation, while thebpem formulation and the

criteria are user defined for each particular sgena



CHAPTER 2

LITERATURE REVIEW

The use of a tool, any tool, in the design prosesks to enhance the quality of
the design. In the case of computer tools, prodibgtiefficiency, precision, etc.,
but are not admissible if they restrain designdoee. Many studies have been
carried out about the spatial allocation problend applied successfully in some
fields, such as microchip industry. The microcmgustry strived for a solution
for chip layout design that minimize wiring cosasd researches like Khokhani &

Patel (1977) were implemented effectively.

In many cases, researchers evaluated their softwitinearchitectural exercises.
Liggett’s (1980) application to a hospital deparimerganization, and coming
studies seemed to open the path to practitioneosveMer, the limited design
freedom (based in cellular module grid, for exappdad/or the difficulty of the
implementation (complex travel cost matrixes) ha&ept architects away from

using these methods.

In the coming chapter, a review of previous redess¢s presented.






Table 1 Computing approaches used for space allocation.

YEAR AUTHOR TOOL METHOD APPLICATION
1964 Bufa and Armor CRAFT distance matrix, pair-wise exchange hypothetical
1967 Evans and Sheedof CORELAP distance matrix, pair-wise exchange hypothetical
1971 March and Steadman network graph hypothetical
1971 Grason graph theory rectangular disection
1975 | Handel and Weinzapfel IMAGE random number generators hypothetical
1976 Gross spatial intensity based on solid boundaries hypothetical
1980 Liggett and Mitchell implicit enumeration 19 activities hospital
1981 Galle FLOP 1 exhaustive enumeration arrangements of rectangles in a plane
1984 Hillier and Hanson space syntax pedestrian movement
1985 Gero EDGE combinatorial optimization office four floor building; Liggett’s hospital example;
1987 Shaviv point-area model 3 floor school
1991 Baykan, Can A. WRIGHT constrained direct search kitchen plan
1996 Scheithauer heuristics pallet loading
1997 Gross CO-DRAW co-relational modelling language hypothetical
1998 Morabito et al. recursive procedure pallet loading
2001 Parish and Muller L-systems city street map
2002 Ebert et al. procedural methods textures
2002 Michalek et a.. simulated annealing and genetic algorithms apartment complex building
2003 Greuter et al. random generated polygons city map
2003 Wonka et al. bayesian network one and two floor housing
2006 Martin, J. procedural algorithm residential interiors
2007 Doulgerakis, A. genetic programming 3D building
2008 Indrsailpi;aos;giiand wall enclosure level analysis Falling Water. Vitra firestation
2008 Caldas, L. GENE-ARCH genetic algorithm Alvaro Siza building aélcc)lnlgzim and housing Islamic
2009 Hyeyoung et al. space syntax indoor spatial analysis
2010 | Hua, H. and Ting-Li Jia FI]SOUIA]SF%TLIEG agent-based two storey museum
2010 Hatice and Eldemir SFLG spiral facility layout Craft improvement
2010 Doran and Parberry agent-based landscape generations
2011 Togelius cellular automata cave layouts
2013 Nourian et al. SYI;\]IETS?C(}TIEIC space syntax and fuzzy modeling residential interiors
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2.1 Literature

The assignment of architectural discrete space elementseimplane to their
locations is known as the spatial allocation problem. The relationbeipgeen
the space elements include topology and geometry. Determiningrdiasens
make the design process complicated due to its combinatory naturesd lod
computers was instated for automating this task. Automated spHtiahtion
aimed to assist architects during the conceptual design pr&meess.1960 many

soft tools have been developed for finding automated solutions for this problem.

The first attempts focused on producing arrangements of recdangkeplane, or
on the allocation of grid cells. Armor and Buffa were the first in 1964 to formulat
the layout problem as a quadratic assignment problem. They consideredst
between departments to be the criterion to minimize. For they, developed
Computerized Relative Allocation of Facilities Technique (CRAFRT)obably
their work was influenced by Eldars and Whitehead’s study, osaiie year, on

the pedestrian movement in a hospital (which turned to be 23%).

41414144 4144
4141444 4144
41414144 4144
4141444 4144
41414144 4144
41414144 4144
T\7(7|7|7 777

Fig. 5 CRAFT (Armor and Buffa, 1964). Initial layb(left); Iteration between departments 2 and
4(right). Drawn by the author using Paul A. Jeng804) Facility Layout Demo based on
CRAFT.

The limits of the CRAFT were extended (Hatice & Eldemir 20$86)LA, or
Spiral Facility Layout Generation and Improvement Algorithm. The & to
gather the most frequently used spaces at the centetr,va minimize the

distance between them.
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Later, Lee & Moore (1967) and Evans and Seehof (1972) developed
Computerized Relationship Layout Planning (CORELAP) and Automiatgdut
Design Program (ALDEP) respectively, based on the importance sét of
pairwise evaluations of the closeness of two activities, rdhieg in 6 stages:

Absolute essential, essential, important, ordinary, unimportant and undesirable.

Fig. 6 SFLA Initial Layout (left); Final Layout @ht). Hatice & Eldemir, 2010.

ALDEP RELATIONS CHART TOTAL CLOSENESS ATING = 22¢
2 3 4 5 6 7 7

1[CEIN o] 1 0 U U
2 LU ] E | T U
U U U
3 VR O
A |
E

A= Absolutely Essential E= Essential I= | mpottan
O= Ordinary U= Unimportant X= Undisirabl

Fig. 7 ALDEP. 6 stage rating (left); outcome (riglEvans & Seehof 1972

These algorithms focus on the transportation cost function as the edioibiof

flow, distance and unit cost. It is useful for organizing a productiotorfgc
defining the machinery tools as the departments, the moving cost afidwhe
chart. Its limitation is that it assumes that move costdimearly related to the

length of the move and that are independent of the department.
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Fig. 8 Minimize cost distance to improve a factdbyawn by the author.

Handel and Weinzapfel (1975) developed a three dimensional layout planning
named IMAGE, in which a set of rectangular volumes represehetuilding
functions. These volumes are defined by a set of dimension, position, and rotation.
A set of constraints such as alignment, proximity and circulatosm the

constraints and the objective is to satisfy all of them.

Approaches that attempt to enumerate all possible arrangemiémia specified
number of rooms (Galle 1981), face the problem that increasing thbenwh
elements (rooms) grows the possible arrangements exponentially, nialeng
approach very limited. Others attempted to find “a good” arrangemsng
greedy local search over possible partitions of a regular (§hcviv & Gali
1986).

Fig. 9 From left to right: Shaviv & Gali, 1974; IMRE, Handel & Weinzapfel, 1975 ; RENDER3,
Hokoda, 1982.

Other studies continued investigating the spatial allocation proldech as
Liggett(1980), Hokoda (1982), Akin (1992), Yoon and Coyne (1992). It is seen

that three major issues common to all of them arose:
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The complexity of the problem (due to its non-linearity).
How to control the possible combinations.
How to evaluate the solutions.

The first one is inherent of the problem. It is referred as m@ati because the

output is not directly proportional to the input.

Different algorithms deal with the control and evaluation of thigblgm in
different ways. Liggett assigns the size of the spaceegiemto modules. The
assignment strategy is the multi-stage that includes flooe and block to locate

the modules, and the largest spaces are placed first.

Jo & Gero 1985 implemented in C language the Evolutionary Design based
Genetic Evolution system (EDGE). They evaluated its performayselving the

same space layout attempted by Liggett in 1985.
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Fig. 10 EDGE. Solution after 500 generations (Ie39lution evolved using Liggett’s as the initial
population (right) Jo &Gero 2006.

It considers a set of 21 office departments to be placed in arfguildih 4 floors,
divided into 17 zones. Their results indicate their strategy ssdegendent on the

initial population than Liggett’s and finds solutions closer to the global optimum.
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Other strategies are constructive placement and pair-wg®wement. Graves &
Whinston (1970) developed the constructive placement. It is a str@iteggtage
decision process, and locates activities one by one startingmémpty set. The
next element is chosen based on the objective function. Then paictvaisge is
used. It evaluates possible changes between pairs of actaittesnakes the
exchange if it improves the value of the criterion for the highektevalhe

solution obtained is very dependent on the initial solution.

The change is applied on pairs of neighboring units, and not possible on units over
3 or more even it may produce a better solution. For example ifnite consist
of “0 1 1 0” and the objective is to locate the same kind of unitghegethe
solution may never get “0 0 1 1” or “1 1 0 0" because it will notept@ny
change that would make the performance decrease immediatajyared to the
previous state. This is a limitation of the pair-wise methodrid &n optimal
solution because even a decrease in performance in one pair excbaidlead

to an improvement by the next exchange.

Recent studies have pointed out the suitability of data driven appifeatdwing
Koller and Friedman (2009) probabilistic models, P. Merrell, E. SchkarfikaV .
Koltun (2010) structured relationships among features in architectuwgigms.
They used Bayesian network to represent probability distributiontbeespace.
For example, a kitchen is more likely to be adjacent to a livirognrthan to a
bedroom; three bedrooms increase the need of a second bathroom. Thiess rela
are often implicit in architect’s expertise but not cleagigresented with ad-hoc
optimization approaches. In Merrell et al.,, they encoded 120 arcimékect
programs of residential layouts to train the Bayesian network. @ia&ris highly
structured based on global (total area and footprint) and per room basis.

To convert the graph into a building layout, the metropolis algorithonsésl.
Metropolis-Hasting algorithm is a Markov chain Monte Carlo to iobta
randomly distribution when direct sample is difficult. As SullivarB&ichl state
(2000, p.69) “Monte Carlo is a last resort, to be used only when noanalygtic

method or even finite numerical algorithm is available”.
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Very large scale integration layouts (VSLI) and their trdiBayesian network
took an average of 35 seconds to generate a layout. But manys fevetice not

taken into account (such as climate, views, site, client desires, curved.spaces

Living
Room-
Kitchen

Kitche
Area
v

[Feature | Domain | \diacene

Total Square Footage Z

Footprint Zx Z Hg@% Hving Kitchen
Room {bed, bath, ...} | \ bxere rea ) \rstio.
Per-room Area Z

Per-room Aspect Ratio Zx Z

Room to Room Adjacency {true, false }

Room to Room Adjacency Type {open-wall, door }

Fig. 11 Bayesian network. Merrel et. al., 2010.

2.2 Selection criteria

To evaluate the performance of each solution for privacy-puplbciinclusivity-
exclusivity analysis Arabacioglu (2009) uses fuzzy inferenceisowists. It is an
attempt to quantify architectural space, since the distancet®lgad visibility

provides different experience.

Fig. 12 Isovists, depth map tool and Falling wateess intensity analysis. Arabacioglu, B.C.,
20009.
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Indraprastha & Shinozakim (2008) study the experience of an atcingespace
as a product of out movement and perception, or as a result fromahgeament
of its boundary elements. They refer to Gross (1997) and measulevéhef
spatial intensity based on number of solid boundaries. According to ¢hem

enclosed space is classified by the number of adjacent walls.

Their study consists in calculating enclosed spaces and apaalth establish the
enclosed spaces relative to a circulation space, and the deteymird
subdivided enclosed spaces using territorial lines. The main iionitaf their
model is to try to measure spatial intensity as a human experbut leaving the

material properties like texture of opacity out of the model.

1 1 1 1
0/4 2/4 2
‘ 2
2
[ NN
p— : 2 2
2/4 | 4/4 2
1 1 1 1

Fig. 13 Enclosure Level Given by the Different Carsiions of Surrounding Walls based on
Gross’s model (left); Enclosed space subdivisimht). Indrapastha & Shinozakim 2008.

Accessibility has been applied to urban problems. For large buildihgs,
interspatial accessibility among the parts is taken int@uadcfor evacuation
planning, for example. Accessibility refers to the relativemess from one place
to another. It has been used mainly in 2D for urban cases but, irdanguithose
relations are 3D. Space syntax has been used to study the conneaftivit
architectural spaces. It has been applied in the attempt to rpedektrian

movements to compute the network connectivity of the built environment.
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Fig. 14 Decoding configurations. Hillier & Hanso884.

Hyeyoung Kim, Chuilmin Jun, Yongjoo Cho and Geunhan Kim (2008) already
reflect the main drawback of this approach: the difficulty of comgutine costs

taken in movement among spaces, like turns or floor transfers. Tieeytius
shortest path algorithm by Dijkstra, 1959, composed of node selectiortiopera
and distance update but they conclude that the depth of the linearispaate
applicable to indoor spaces so they added penalties for turns and movement

between floors (and called it “impedance”).

Fig. 15 Constructing a network. Kim, H., et. aD03.

Recent studies (Doulgerakis 2007), propose genetic programmingir{&ead
genetic algorithms. The restriction of GAs is their fixezhgtype length. GP is
based on the idea that the structure of the attributes and thgmitade for the
optimal solution are part of the answer and not on the question. Doufgeraki
considers the layout problem as a program induction problem. The genatgpes
expressed as tree-like recursive structures. The end nodes ees sptn two
variables (width and height) and the intermediate nodes are dmanadion

operations (move forward, rotate ad scale). That strategy, astbd, led to a
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confusing process where separation and overlapping was difficaidid, and

more inefficient when the outline of the site is given.

2.3 Other applications of the spatial allocation poblem.

Microchip industry has successfully used iterative algorithmthér designs.
Khokhani & Patel (1977) presented the benefits on the chip layout problem
constructive methods obtain the initial solutions and the wirabNiguation and
the wire length are used as constraint and criterion, respectively.

Maps generation is another interesting approach. Useful foirgdatrains, the
particle deposition algorithm drops particles at random locatiamssel particles
move down till they reach other particle or the ground. Heights djustad or
randomly determined. Same approach could be used for a layout configuration,
although it may need other rules to bring significant architectural results.

Using multiple software agen(Poran & Parberry 2010) implement five agents
with specific tasks to generate a landscape. The way they ertheir agents to
create flat areas, mountains of paths could also be helpful when searching for a 3D
building layout. But, for now, these approaches are more used by gaming
industries than architecture firms due to the difficulty of évaluation of the

results.

Fig. 16 Agent based landscape generations. DorBarkerry 2010.
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An algorithm with low computational cost allowing real time emtions:
cellular automaton. It is a collection of cells on a grid that egoWigh a set of

rules based on the neighboring cells. It has been used by Stanlegkakis &
Togelius(2010), to generate cave or dungeon layouts. After it runs theigave
evaluated to determine it if is acceptable or not. If some of the cells do not connect
to the initial grid, the closest two are joined by a tunnel. At, lenconsistencies

are removed or smoothing is performed.

Fig. 17 Cellular automata cave layouts. Togeliugt &l., 2010.

The increase in video games realism, has led to bettertinal buildings
generations. Togelius et al., generate complete maps usingreh-based
procedural content generation (SBPCG). This algorithm does not only accept

reject a candidate: it grades the solution by assigning a numerical value.

The Rectangle Pallet loading consists in finding a pattern to gaall rectangles
in a larger rectangle, so that the area used is maxim{3eteithauer &
Sommerweild 1996). Pieces of different height are combined, resultaghree

dimensional problem.
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Fig. 18 Pallet loading. Scheithauer & Sommerwei8619

As it is exemplified, spatial allocation problem has been ap@ieccessfully in
many fields such as microchip manufacturing, pallet loading ctorfa tool
disposition. Architectural problem solving, understood as the search acticsel
of solution alternatives during sketch design phase, still remaiose to
researchers than to practitioners (Galle 1981). The compromisennulations
needed to overcome the difficulty of the problem, in computation costst ne
many tools that claim partial good results but lack of desigedbm. Some
constrain themselves to grids (Armor & Buffa, Liggett & Mitth&ero, etc.)
others to specific architectural types (Wonka et al.) and, irergénthe
departments are set as modules or rectangles. The diffiduthe architectural
problem relies both on defining the relations and on the goal definition. The
architect does not know a priori what are the relations amuoaglépartments
neither what is the importance of every goal. Maximizing thed usrea (as in
pallet loading) is certainly an architectural objective, bud itat the only one. In
fact, the complexity of architectural design requires the coragidarof multiple

objectives.

In this thesis, since the relations are not defined, the comipuised as a design
tool and not as an automated tool. The emphasis is put on the seartlasit
layout that will be later modified and refined into a building laydite use of
rectangular shape pursues a reduction of computational costsit séap to the
user modifying the solution into irregular shapes to his/her Wile computer

produces some initial solutions in relation with the first seinpfits, and new
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relations come to the designer's mind, who redefines the inputs andheins
process again till a satisfying solution is found. In constructiveoagpes, the
departments are added one by one, in relation to the previoudrstttis. thesis
an iterative approach is pursued as the relations are not aqsiablished. By
visualizing new solutions, new relations and/or their relative imapod come
out. However, to assure design freedom, the spatial allocation prblbleno be
formulated in a flexible manner, able to respond to different prgeenarios.

This is explained in the upcoming chapters.
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CHAPTER 3

MODEL

In the previous chapter an overview of previous researches wastpresEheir
formulations, in most of them, differ and it is not possible to compare their results
Some of them have been successfully applied in other fields, asigballet
loading and microchip design, but the architecture scene isedtiitant to their

usefulness.

In this thesis, the Intelligent Design Objects (IDO) modgresented as an aid in
the design of different scenarios. An individual formulation is requoe@very
case, which allows the user to embed his/her criteria andrtgelaiities of each
project. Finally, the user evaluation determines whether the solaibtmnsved are
satisfactory or if it is needed a change in the problem fatiom (parameters,
criterion or both). In this chapter, this model is explained and @itematical

formulations are disclosed in the next one.

(Formulatiorj-» Model »(Evaluation)

layout
developme

Fig. 19 Workflow: Formulation, Model and Evaluatidirawn by author.
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3.1 Approach

In this thesis the project is treated as a space allocatiogndpsoblem. The
computer is used to help the designer to define the differenboredaamong the
departments of the program proposed. Visual feedback is provided to guide the
designer. Since these relations are not a priori establishedittize does not aim
to achieve the automatization of the task. Instead, a progres§ivenrent of
these parameters and relations is carried out. The custord faseulations
allow design freedom and flexibility to be applied to different mtsje The
number of criteria affects critically to the computation requiie find optimum
solutions. Once more, it is subject to the user the number of @nitéoi be

considered, and their relative importance.

As seen before, the three main issues are:
The complexity of the problem (due to its non-linearity).
How to control the possible combinations.
How to evaluate the solutions.

To cope with these three topics, the Intelligent Design Objeethads (IDO) is
used (Bittermann 2009). IDO consists of three steps: the fitise igeneration of
possible solutions. The second is performance analysis. A séteoifacis defined
to compare the outcome of the generations. Finally, an optimizatomegs to

obtain better solutions, with the use of genetic algorithms is presented.
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Fig. 20 IDO. Generation, performance analysis grtihozation. Bittermann 2009.

3.2 Tools

For this research a student license from TUDelft for a miodeoftware was
used. The program is called “Rhinoceros”, and the version used wagrvife s

release 5. A demo version is available at their website (http://www.rhinocd.com).

The parametric plugin for this software, “Grasshopper” (avalalait
http://grasshopper3d.com), and a pre-released for testing versio®&t tbtus”
was used. TO&I Lotus is a multi-objective evolutionary algorithmseblaon
adaptive, relaxed Pareto front formation developed by Professoft€o@lu and

Dr. M.S. Bittermann at the Chair of Design Informatics (TO&I) Delft
University of Technology, combined with the Non-dominated Sorting Geneti
Algorithm NSGA-II developed by Professor K. Deb at the Departme
Mechanical Engineering of Indian Institute of Technology KanpurK)l The
component was programmed by MSc |. Chatzikonstantinou & Dr. M.S.
Bittermann (Ciftcioglu & Bittermann 2009, Deb et al. 2000). Due to
incompatibilities with TO&I Lotus, the version of Grasshopper usesleptember
28" 2012, build number 0.9.0014.

25



Fig. 21 Tools used (Left to right): Rhinoceros S5, Grasshopper 0.9.0014, TO&I Lotus.

The decision of a graphic interface over a programming langwageo obtain
visual outcome and interaction with the user. In the scenarioghbagplugin
performance was critical, other available plugins wereedesDavid Rutten’s
“Galapagos”; Simon Flory's “Goat 2.0”; and Vierlinger & Zimrisel'Octopus
0.1"). Galapagos and Goat are single objective while Octopus isahjdctive.
However, the number of parameters that TO&I Lotus is able to cope witlthg, a

moment this research was performed, much larger than in Octopus.

Fig. 22 Other optimization tools available for Giagpper.

3.3 Workflow

In the following figure, three sets of actions are presentedfifgh®ne is referred
as “formulation” and it is user defined and specific for everyiqddr project.

The second one is the model used, IDO. The last one is a personatievaifia
the outcome that leads to a reformulation of the problem, or to ffwtla

development.
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Fig. 23 Workflow chart. Drawn by the author.

These sets are performed in a loop sequence, because the relations and proportions
of the departments are not pre-defined, until a satisfactoryi@olist found. As
explained before, this method does not seek for the optimal solution {eence
number of possibilities is high), but to provide satisfactory ones.

3.4 Optimization

The spatial allocation problem is treated as an optimization problem in ths thes

In particular, the selection of the best set of positions and diomsnfor a group
of departments regarding the criteria defined. It is possibleombine these
criteria into a single objective (also called as cost fongtby combining with
weights their relative importance, to minimize or maximize. liinéation of the

single objective approach is that it requires fixing the weightthe objective



function, while before finding optimal solutions it is unknown what the tcdfie
are that characterize the problem.

For a multi-objective optimization problem, there is not a unique solutiat
optimizes each objective at once. This is due to the conflictingenaf some
objectives. For example, in case that the smallest boundaryathiairnes all the
elements is required and, at the same time, the intersectiba elements is to be
minimized. The smallest boundary optimum would intersect all oklaments,
so the goal is to search where both criteria are satisfatctarly, the purpose
is to search for non-dominated solutions. A solution is non-dominated ifithere
no other solution that performs better in every aspect. If aedlthe performance
of a large number of design options in the objective function dpaewvaluation,
the outer boundary of this collection of points defines the borderline beyond
which the design cannot be further improved. When compared to any other
solution, a non-dominated solution is superior for at least one critdrios.is
referred as Pareto optimal solution. The group of Pareto optimaticsd is
called Pareto frontier, or Pareto front.

populatior
objective 2 A
_feasible solution
Unfeasible solutio
—..~Pareto frontier

/

—>>
Utopian solution objective 1

Fig. 24 Pareto front.
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Without additional subjective preference information, all Pareto opsoiations
are considered equally good. By using this method the solutions cimcern

several goals are investigated without combining them beforehand.

3.5 Genetic algorithm

In the spatial allocation problem, the combination of possibilities is vehy hig
not feasible to investigate all of them. Approaches like Géll@81), who

enumerated exhaustively all the possible solutions, are not useful.

For example, in a design with 10 departments, 4 variables each, ams$sible
states the amount of combinations i$°1@onsidering that a computer takes a
single cycle to process the performance of one of those combinatidritbat the
processor has a frequency of 10 GHz, it would take d€tonds to analyze all the

solutions, which is millions of years.

To deal with this high number of combinations the method used in thss tise
the evolutionary search. It explores the possible solutions stavtthga set of
random ones and next states are determined by probabilitypdigin, belonging
to the stochastic methods. It relates to the combination of gemetierial of
species. The genetic material of the resulting individual matitteevest of the
parents or even outperforms it. This principle is used in evoluticymanputation

and it is known as genetic algorithm (GA).

A set of candidate solutions is referred as population. In thisrobsemasolution
consists of a set of positions and sizes of the departments. A popusasi set of

solutions.
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Fig. 25 Solution and population. Drawn by the autho

The first population is the outcome of random values of the paranu=fned.
Solutions from the first population are taken to form a new population.ighis
motivated by the aiming to improve features of the new populationsdleetion

is according to the fitness or suitability to provide more prolld reproduce.

This is determined by the performance of the solutions for theriardefined.
According to their fitness, the chromosomes are given a charsugive to the

next generation. This is called reproduction. Then it is repeatea fomber of
populations or till a “best solution” is achieved. But in order to e®eethe
performance some operations are taken. In this thesis the operators of Geused a

crossover and mutation.

The solutions of a population are coded into binary strings, or chromoséhees
first step is called selection which takes the fittest chromes. Crossover
selects genes from parents and creates a new childd(cdipring). It chooses
randomly a point and copies the string before the point from thepérsent and
everything after from the second. The objective of the crosseuver maintain

features of the parent solution and explore different places isghech space.
After mutation is performed mutation is done to prevent from locahmuwti

solutions. Mutation changes randomly a few bits from 0 to 1 or from 1 to O.
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Crossove Mutation
Chromosome 1 [11011] 001001101]0  Original offspring 1 | 110111000011110|
Chromosome 2 |1101d 110000111]]0 Original offsprin92| 11011@0011010 |

Offspring 1 [11011[ 1100001111p  Mutated offspring 1| 110111000011110|
Offspring 2 |11010] 00100110110  Mutated offspring 2| 1101100011000 |

Fig. 26 GA operators: crossover and mutation. Drawthe author.

A layout solution is a set of departments. These departmentefined by the
starting point, area and the dimension of one of their sides. These values are coded
into a binary string. With the use of the crossover operatarppénat string will

be maintained in the next generation. In figure 27, the firstdliwvomosomes are

combined to generate the third solution.

il

101011100101011100110 11101010111010101010 1010101001111010011010

Fig. 27 Example of crossover (red and blue) andatiart (underlined). Drawn by the author.

For the author, the previous researches presented significatétitms that
prevent architects to take advantage of them. The firstalilon is regarding the
number of criterion. Cost function optimization is useful in some fieddd it is

also beneficial in certain architectural cases, althoughniot sufficient to express

the complexity of architectural design. Therefore, multiple dijes are
introduced, and a model (IDO) is presented to cope with the high amount of
possible solutions. Evolutionary search is used in the optimization prates

order to obtain satisfactory solutions since exhaustive search is not feasible.

31



Custom formulation grants design flexibility and user define@rmait Grid based
modules are replaced by surface domain, able to adapt to curved hesi@aar

other singularities of the site.

H1T] [AEAN
mTI'l,l 11 1
regular grid surface domain

Fig. 28 New space formulation proposal. Drawn keydtthor.

Last advantage is the use of an open tool which allows user custemiand
implementation of new parameters, versus the use of closed sofivias allows

the designer to take control of the tool.

PREVIOUS (PROPOSED)
Limited design freedom——— Increased design freedom
(grid, building type) (user/project defined)
Single objective Multiple objectives
Closed tool Open tool, customizable

Fig. 29 Comparison between previous researcheghithesis proposal. Drawn by the author.
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CHAPTER 4

COMPUTATIONAL MODEL

In this chapter, the previously exposed formulations are implementedan
algorithm to aid in the design process of a building layout. The idigoris
initiated to generate solutions. As solutions are generated, thesuabte to
modify parameters and/or criteria as new relations and/or idppear. The
repetition of this process assists the designer in the creative proessslishing
the relations of the different functions (departments) and tHairve importance

in the project.

This research is part of the graduation project for the Joint Pnogrf
Computational Design and Fabrication Technologies in ArchitectureTUIME
TUDelft, which took place during the academic year of 2012-2013. Tdefsihe
American Building Embassy in The Hague was given as tlaitocto design an

Art Centre. Along with the site, a program was proposed.

The first step is to define how solutions are generated. In this thesdule
aggregation is used. Given an architectural program, a solutiosesd values
that determine the position and size of all the program functiorggp@artments.
This set of values is referred as parameters. In this ttlese departments are
formulated as rectangles, and their sides are paralleketaxes of an orthogonal
coordinate system. Their areas, aspect-ratios and the spmaéibns are not
predefined. To cope with different building types, these paramaterselations
are defined by the user for every particular project. This buegsgn freedom
and flexibility, which previous researches did not have.
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4.1 Parameter definition

The departments are formulated as rectangular boxes defindukibystarting

lower left corner point (starting point), the measure of thedixs and the area of
the department (figure 30).

axis2

Area
axis1

axis2=

starting

point e 5L

Fig. 30 Department definition. Drawn by the author.

The first approaches on this topic reduced the boundary space intd eeljri

structure and assign a certain number of modules to each of thengegar This
leads to L shape rooms or irregular ones.

In this thesis, different grid sizes are tested to evaluatevdhdity of the
algorithm and a new approach is proposed. A two-dimensional domain of points

(from 0.00 to 1.00) is proposed, to overcome the limited number of possshilitie
the grid.

1.00

0 8 0.00 1.0C

Fig. 31 Grid (left): 81 possible starting pointspiain (right):10.000 possible points. Drawn by
the author.
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Some architectural projects, such as competitions, start witkea grogram. In
this program it is specified the number, function and area of egudrtoeent.
These are, in most cases, taken from regulations, similar buildamgior
experience, and it should be possible to modify by the designer. &ompe if
the area requirement for a building entrance is 50 square metegspssible that
the architect proposes a solution that is slightly larger @llem Therefore, for
the department areas, a certain range should be considered. In $igs tthie
range is set by the user. For the cases studied, the depadreastare set as
domains with their bounds set to plus and minus 15% of the given progeam ar
but again, this is subject to the client/designer. The departnpofgrtion ratios
are also user defined. One way is to analyze the solutions ahdat the
adequacy of each department ratio to a defined user input. Othés tearestrict
the parameter values range for the “dimension axis 1”. In tkistibe second
approach is taken, not to increase the number of criteria unnegesEgach
department has its own proportion ratio. In the following cases, thrasneder is

set by the author to values that result at most in 1:2 ratio.

% g starting position axis 1 0.00 O'é” 1.00
g g starting position axis 2 0.00 0'704 1.00
8 8 | dimension axis 1 7.0m 98&m 13.0m
B & | program area 68.0m 80m 92.0 m

Fig. 32 Variables definition. Drawn by the author.

4.2 Criteria definition

Within the scope of the study, several criteria are considerexVatuate the
solutions. As it is not based in modules, it is possible that the depdd occupy
the same location and the first objective is to minimize intéses. The

intersected solutions are not discarded but measured. It is pdbsibée solution
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with small overlaps scores high in the other criteria andteadgood layout. The
second is to keep the departments within the site boundary.

Minimize overlaps Dort exceed the site boundary
Vol A + Vol B + Vol C - Vol AUBUC = Vol ANBNC Vol B - Vol (B '\ A) = Vol ANB
union intersection diference intersectio®
B c ]
A

Fig. 33 Criteria: minimize overlaps and do not ect¢he site boundary. Drawn by the author.

Third objective is to locate some of the departments closectoather. There are
two main ways to measure distances among the spaces: stiaggland city
block.

N

/[l —

N

Fig. 34 Center to center distance (left); C bladght). Jo & Gero 2006.

In the present study the straight line method is used meafsaredhe centroids.
If more than two departments are required to be close, then tbetiobjis to
minimize the area of the geometric figure defined by their centribgisd 35).

36



a . _ a

b ‘ b P1
| Pf\\\ | T\7P2 b
1 puyd
a . b P3\/ |
a

Fig. 35 Two departments (left) Three departmengh{y. Drawn by the author.

The distance is measured with straight line from centroid ndraid and it is

added a penalty if the departments are in different floors.

Given the centroids P1 and P2 the time needed to travel betweenigshem

calculated as follows:

P1p.Z=0 (1)

P2p.Z =0 2)

v, =1(m/s) (3)

v, =03 (T) (4)

dist, = P1p — P2p (5)

l = disty.length (6)

th = v’—h(s) (7)

dist, = Math. Abs(P1p.Z — P2p.Z) (8)
tv = 2=2(g) (9)

Uy

The total travel between departments (totalt) is calcukadeitie result of the time

traveled in horizontal and the time traveled in vertical.

total, = th + tv (10)
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The user defines the importance of the closeness between cepaitnmets and
the total travel among them is evaluated according the usertefinin the
example in figure 36, P3 is closer to P1 than P2 is. But when segrfdri a
solution that is close to P1, both P2 and P3 are equally good.

b P3

a

Fig. 36 Equally good travel distances. Drawn byahthor.

al a2
bl 4

b2 2

departments 1 and 2

alm az’”

al’ a2 al” a2”

X

centroid distances for defined ratio bounds

Fig. 37 Defining equally good travel for differatepartment’s proportions. Drawn by the author.
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For example: departments 1 and 2 (figure 37) size and proportionstafi®ed,
but the bounds of their possible values are defined. According to those lbends

user defines the closeness relation for every set of departments in the project

The travel distances, in this example, despite of being diffeteyt, dre equally
good solutions. Every travel value smaller than x is then graddd lyithe
highest value. The travel distances are mapped to valueseoe@end 1. In this
dissertation, the author defines three functions regarding theveelatportance
of the travel distance between sets of departments. This &reef as
fuzzyfication. For this thesis three degrees of closeness finedleALDEP had

six degrees).

11 X 3 2X 5 2X
2 4 6
4 A
1.00 1.00
0.75
(017 [P,
0 .: T " > 0 —l—'-l——)— 0 T :u - >
X  2X distance X 2X distance X 2xX  distance

Fig. 38 Closeness membership functions for highiomednd low travel distance importance.
Drawn by the author.

The user defines which departments are important to be cloggmiagsthe

correspondent membership function.

In her research, Shaviv (1986) defines the departments according their
hierarchical importance. In this dissertation that hierarshgstablished with a
fuzzy neural tree and assigning weights to the departmentsomsladefined
(figure 38).
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A neural network or neural tree is used to structure informatio& values on the
lower level are combined towards the root note becoming a nom-kystem.
The non-linearity of the output is given by the functions in level 1lreviiee

inputs are multiplied by weights and combined for the resulting outptiteof
network.

output nod

internal
l: node

A

Fig. 39 Neural tree structure. Drawn by author.

level 1

input level

In the scope of the study the neural tree is proposed to combinebgadtives
(such as closeness) by analyzing the degree of membershiprabching it with

the crisps objectives with the use of user defined weights.

Fuzzy neral tree Fuzzylogic operations
soft objectives .-~ at neurons O, Mi
& i node
! Weight
IJ W
Degree of membership
node i | node k

ue!

X1 Xe X3 decision variables
posmon size distance

Membership function / \ /1

Fig. 40 Fuzzy neural tree and fuzzy logic operatidittermann 2009.

In the case of a factory layout (as in figure 8), an exactsunement of the

distances and finding the adequate tool order increases the fafficrgncy.
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However, in architectural practice, the exact distance amquaytdeents is not as
decisive for determining the goodness of the solution. The relatiotheof
departments is measured and converted into a value that quaridieguser
defined) degree of closeness from 0 to 1.00 (figure 38). Then these aatues
combined with the use of user defined weights to express the impetizat the
designer gives to each particular node. The output is the finaé ualube

maximized or minimized in the optimization process.

In this thesis, two nodes have been included in the neural theefirBt one
displays the relations between two departments. The second one shows the
relation between groups of departments. The decision on which departments
include in the neural tree and their weight, are defined by theansespecific to

the project.

travel distance

user defined We|ghts

R T

\; N » <b b’z" & $
S L Vv oy /

§$ .
S?JQ S?JQ S?JQ SZ‘Q S?’Q SZ‘Q N § SEC Y
> KO w

L &
Y g

Fig. 41 Travel distance neural tree. Drawn by tiiber.

In this thesis the use of the neural tree and fuzzy objectiViesitisd to one of the
criterion, referred as the travel distance. The main focpatigh approaching the

problem as a multi-objective optimization with the other criteéfia understand
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the usefulness of the neural tree and fuzzy objectives, the slysiarsudy for
the graduation project for TUDelft is presented in which sevengtria are
combined into one single objective. The study is performed as a gankpwith
E. Varaku, A.A. Momin, A. Riazibeidokhti and M. Foolady, to assishite
decision making for the site intervention. In order to decide whichveréon is
more beneficial to the neighborhood, a neural tree is proposed tmtv#heir

impact on the goodness of the neighborhood.

The first step is to establish the nodes of this tree. These are se¢adtal group
discussions with the assistance of the professors Huib Plump arfthéWlic
Bittermann. The analysis is aimed to determine which of theowolg
interventions is better for the neighborhood:

1- Do not intervene.
2- Renovate the building as an Art Center.
3- Demolish the building and build an Art Center.

Within this frame, a set of nodes are defined. The discussion cedcthdt five
nodes define the neighborhood goodness: High liveliness, Prosperityy, Safet
Sustainability and Coherence of space. These are subdivided in othe; node
configuring the neural tree for the site analyzed.
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Art Related Q) Recreational .\ igh Liveliness
Not Art Related .:; Bxditing

Locals ©

People

Touristso7;
Interaction ) Banks/ Money )
Related Business '\PrOSperlty

/

New Job @ ob (> Good
— .
Better Job @ Tourisn @ —— Neighborhood
Horeca @ Hfect Safety
Existing Sores @ Social .\>
) >
Traffic .
Sdial . SJstamalet/
Economic "g’
Public Transport @ Environment ‘
Sedestrian .\ ‘ End node
Cycling @ Accessibility Node
cars @ Ooheren
Bt . a)ace O Analysis
Urban Squares @-——» pplic Areas
Green Areas @
History O”’ Architecture
Syle Context .

Fig. 42 Group neighborhood goodness neural treaitief. Drawn by Erald Varaku and the
author.

On the next step values are assigned to every node, for gtia@site situation.

This is done after site analysis and discussion among the statenpsofessors.
Furthermore, the weight of the relative importance of each natidirged. In this
case, since multiple users input values, the expected value or vakemnis
calculated. The standard deviation is calculated to determine whrdrer
discussion to a node is needed, regarding large value variation fromptiis.

This is needed since the subjective values from several pdiaainés case the
architecture students) is implemented. For example, for the public transport node:

43



value 0-1
0.15
0.85 Mean value
09
0.8
09

existing

Public
Transport

User inputs weight 0-20
(20 )

20
20
15
18
\—/

Mean value  weight 0-1*

Fig. 43 Value input for public transport node. Dralay the author.

Once the values for accessibility are assigned, the procespdated with the
weights. In previous image, the weight value of 0.26 is the resw@ssifning

weights to all the nodes that belong to accessibility:

Public Transpor P
Pedestria 23

Cycling @)0 Accessibility
e
Cars ®
Boats

Fig. 44 Accessibility node weight values. Drawntbg author.

Once the process is completed for every node, and for the titezgentions
proposed (not intervene, renovate as an Art Center and demolish and enid a

Art Center) the effect on the overall neighborhood goodness is cammge

result of all the nodes values.
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Art Related Q) Recreational . High Liveliness

Not Art Pelated.>; Bating@y > 8;81
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People
Touristso7; 0.91
Banks/ Money

Interaction
g Related Business .\Prosperityo
- 0.70

New Job @ Good

Betterlob @ —

Job
Tourism (H—— 4 \_Neighborhood

Horeca @ Hfect Safety\SK
Bxisting Stores @ Social .\> 0.83
Traffic ./ 0:86 0.89
ol .\S.Jst‘ainability/o_gg/ 0.95

Economic .’/’

Public Transport @ Environment .
Pedestrian @ . Fnd node
Cydling @ Accessibility Node

Cars . Coheren
Boats @ Space
Urban Squares @—» pypjic Areas 7

Green Areas ./ /

History 0.7 Architecture

Syle Context

Fig. 45 Good neighborhood value outcome. Drawrhigyauthor.

From the benefits of the use of the neural tree, two stand out:

1- Ability to express subjective abstractions in a numeric form¢hvillows
to be compared.

2- The user concentrates in the nodes individually, resulting in a cemple
network.

As a result, besides the overall value of the intervention ovamithgoal, a study
of the relative effect of every node is obtained. This is refesamnsitivity. This

sensitivity is expressed in the value of the slope and is sosgetalled the "rate
of change" because it measures the rate of changg as ‘a result of a change in
“X". On the neural tree, the relative effect of the overall smutor each node is

revealed.
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Fig. 46 Sensitivity analysis. Drawn by the author.

The function of the overall performance (final node) is obtainechpytiof the
complete domain of values from 0 to 1.00 for every node, individually. The resul
shows the influence of the node in the overall tree. In the examphe afrban
analysis, the given values for the first intervention are inputhensensitivity
graphs. The nodes which present a steeper slope in the functiohge fgiven
input, reflect the more effective fields to intervene in ordeintoease the end

node value (in the example, neighborhood goodness).

In figure 47, the sensitivity graphs of four of the nodes are shown. The highlighted
point in each of them is the value for the existing situatiorergiyy the group.
The slope at that point, indicates that efforts in increasing &ofbotel,

restaurant, café) are more beneficial for the neighborhood goodness.
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Fig. 47 Sensitivity of three nodes. Drawn by théhau

4.3 Extended decisions formulation.

Along with the criteria, the user has the means to include oticartectural
decisions by the parameter definition. This is important dses not increase the

number of goals which makes the search more expensive in computation costs.

For example, in case one of the departments is desired tambatatl in the south
facade of a building (user defined), instead of implementing ik @®al and
analyzing the distance to the south fagade boundary, the paraekéron that

locates this department is fix to the value that satisfy tlamise (0,00 in figure
48).
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_fixed
n ) — :
*é o starting position axis 1 0.0@ 1.00
£ = starting position axis 2 : o -
=
g_g dimension axis 1 7.0m 8m 98m 13.0m
T Q | program area 68.0 80m’ 85m 9501
NORTH NORTH
1.0 1.0
- OEO -
p gonf |2 z i
@© @©
0.0 24 1.00 0.0 22 1.00
% o033 ' ' 0.42 '
SOUTH SOUTH

Fig. 48 Architectural decisions by parameter défini Drawn by author.

With the same approach, is possible to define alignments of twmaoe
departments using the same value for one of the starting pointopogiis. In
figure 49, two departments are aligned towards axis 1. The vafustarting
position axis 2, for both departments, are linked. On the left, both degrastiare
set at 0.33 value for axis 2, but the user is able to fix therhetavest facade

(right), constrain to certain values or set them free along that axis.
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program area

starting position axis 1
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68.0 80T 85m 95014
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0.0 1.00 0.00

0.18

Fig. 49 Alignment by parameter definition. Drawnduythor.

1.00

Along with these formulations, the user is able define his/her awthig thesis,

the departments are defined by the parameter values that fbeatein the site

with their sides parallel to an orthogonal coordinate system. Haweustom

defined formulation is able to include irregular site orientations.gxample: if
axisl > 0.5 andaxis2 < 0.6; then rotate the department.

0.60
0.50

NORTH
1.00,—

0.00

Fig. 50 Irregular site formulation. Drawn by author
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A specific formulation of each department helps to reduce computatists. For
example, given a department which starting point is too close tbahedary
(close to 1), the resulted element for that solution will be othesite boundary
limit. In order to make the algorithm more efficient, the setwalues for the
starting points positions are reduced for each element regattengiinimum
dimension that they could take for axisl and axis2. Beyond those vakles t
departments would always fall out of the site, so this prevaetalgorithm to

compute them.

out of
boundar
1.0 1.00

080 _+— |— e ,: 080F + |—
- . 1 s
" | outof ! !
boundary | [
0.00 . 1.00 0.00 . 0.80 0.00 . 0.80

Fig. 51 Custom value range for starting positiondach element. Drawn by the author.

At this point, each element is custom defined with range vé#ha¢sietermine its
possible position in the site and its size. By customizing cevidues for each of
them, the architect establishes a first order of relations) aschaving some
elements in the same floor, aligned, or one on the top of others{by the same
starting point and different height, or one in the range of the resulted element).

4.4 Other possible formulations proposed for the sial allocation problem.

The previous formulations were intended to not limit the designidraewithout
taking into account the computational cost. There are other formulatians

obtain solutions at a faster peace but with some design limitations.
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The first one is an attempt to reduce the number of criteriarder o reduce the
intersections the departments are assigned step-wise. leféesred as a
constructive method, since the departments are included one by onersthe fi
department is assigned with the variables defined in figure 32ir{gtgosition
axis 1 and 2, dimension axis 1 and program area). To assign ted sé¢iae
starting point is set on the contour of the first one. The nextiepat starts on
the contour of the union of the previous. This approach is limited to degydastm

on the same floor.

2
1 1 1
x
starting position boundary point selection new department aggregation
3
1+2 1+2 1+2+3
boundary union boudnary point selection boundary union

and new department aggregation

Fig. 52 Step-wise department assignment. Drawmétithor.
To avoid overlaps, an if/felse condition is implemented to locate the ne
departments in places that do not intersect the previous boundaryollihens
obtained are very dependent on the order of assignment of the depsirasemt

the Spiral Facility Layout Algorithm (figure 6).

To completely eliminate both, the overlaps and the intersection athdundary

limit from the criteria, a recursive subdivision is suggested.
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Fig. 53 Recursive subdivision of a rectangle inl&naectangles. Drawn by the author.

A recurrent division of a rectangle in smaller pieces iggested also by
Doulgerakis (2007).

Fig. 54 Polygonal subdivision. Doulgerakis 2007.

In these approaches the user interaction is reduced. Therepesaibility of
locking or defining some departments locations. However, if thaaetaare well
defined from the beginning, the implementation of these approachasogiiak

outcomes.
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MULTI-OBJECTIVE OPTIMIZ ATION

overlaps intersection travel
with boundary distance
w w
travel travel
- W between between 3 or more
2 departments departments

w A%/ A% %

union @ @ @ @ @

definiti 1 2 3 4 5 6 7 departments
arameters definition
P LTI ceer e e T
1.00
starting position axis 1
starting position axis 2
dimension axis 1
0.25
------- 034 program area
0.00 1.00

Fig. 55 Variables and criterion summary. Drawn by the author.
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CHAPTER 5

CASE STUDIES

Two cases are selected to evaluate the adequacy of the roassdist in the

creation of building layouts. The first case is used to medkaresponse in time

for different formulations.

5.1 Case study 1

For the first case study two sets of departments areestu@ihese are composed

by six and nine departments respectively. The areas are coedtrto the

following domains:

Table 2 Case study 1: Departments area values.

area

department dl d2 d3 da d5 dé d7 ds do
80- 230- 280- 450- 350- 350-
100 260 300 475 375 375
230- 230- 250- 250- 200- 150- 150- 220- 220-
260 260 275 275 225 175 175 250 250
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Fig. 56 Case study 2: Bounding box. Drawn by thbau



The criterion used are minimizing the overlaps or intersectioneng the
departments, minimizing the overlaps with the boundary, to minimize the
bounding box area and to minimize the travel distance of two paitespaitments
(dept. 1-2, dept. 3-4). The boundary site is set to a rectandle oy 60 meters.
The criterion are combined and the times resulted for obtaining 1dbAGH

generations are compared.

Table 3 Case study 1: Formulation and generatiturega(X: conducted attempt).

CRITERIA NUMER OF GENERATIONS
[9p]
>_
S = x| B 10 50 100
Dig g <D( @ _|IEI)J
! > < % CZD Lg <z( POPULATION SIZE
22| 8| 88| &5
Z W = w ) |_5 o o o
ol ©| E | B 3|8 | 3|9 ? =t
%) m
6 X 04 | 0,8 2 4 - -
6 | x 04 | 1 2 | 52| 4 11 g
6 | x X 05| 13| 23| 56/ 5| 15 g
1-2,
6 X X X 3.4 - - - - 9 20
[72]
1-2, 2
6 X X 34 9 - 47 - 91 - 5

Population sizes of 50 and 150 are compared. The crossover probabilityas se

90% and mutation is set to 5%.

On the first attempt, the algorithm is only set to searclsdtutions that minimize
the overlap between the departments. After 50 generations a sthaiaoes not
present overlaps is reached.

56



number of generations
/

50 100 10 50 100

10
D _'| 150 —+ Lo

5 0\

number of populations

Fig. 57 Case study 1: 6 departments; minimize apstlDrawn by the author.

The second criteria, intersection with boundary (figure 58) and thtg thinimize

the bounding box (figure 59) are included and a sample of solutions is obtained.

10 50 100

Hal e

Fig. 58 Case study 1: 6 departments; minimize apsrbind intersection with boundary. Drawn by
the author.

g10 50 100 10 50 100

S 5 K

150

p50

Fig. 59 Case study 1: 6 departments; minimize apstlintersection with boundary and bounding
box area. Drawn by the author.

After the first tests, the population size is set to 150, piegented more defined
Pareto fronts. The next attempt includes the criteria refagecdavel distance for

two pairs of departments (depts. 1 and 2, and depts. 3 and 4).
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dept 3 dept 1

/
dept 2

NG /
dept 4

Fig. 60 Case study 1: 6 departments; overlaps, demyrand travel distance after 100 generations,
150 population size. Drawn by the author.

Despite the increase in population size, the number of generatinossufficient
to obtain clear Pareto fronts and to select a solution that satisfies @ilténien is
unachievable. Additionally, a fault in the criteria formulation is fbuiThe
calculus of the overlaps was formulated as the difference @utienation of the

volumes of all the departments and the volume of the union.

Minimize overlaps

Vol A + Vol B + Vol C - Vol AUBUC = Vol AMBNC
union intersection

Bj|C

A

Fig. 61 Case study 1: Minimize overlaps. Drawn bthar.

On the first attempts, the use of regions was preferred due kmwl@mmputation
time required (as shown in Table 3). Therefore, the volume wastatdzbby the

calculus of the area.
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In solutions as in figure 62, the region union computed with Grasshoppés resul
in several regions although the containment of one figure into the isthmat

recognized and results in miscalculation of the union area.

]
- — =

Fig. 62 Case study 1: Region union. Drawn by thb@u

It is also possible that some regions remain isolated, and to e@theutinion the

author declared the departments as solids and added one solid basgedhens

the union of all of the departments resulted in one solid figure.

added base

Fig. 63 Case study 1: Using solids to compute setetion. Drawn by the author.

The use of solids instead of regions increased the computation tihen Whn
again the case for 6 departments and all the criterion, thent®éed for 100

generations with population size of 50 is now 91 minutes.
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Fig. 64 Case study 1: Solution sample for 6 depamtsiusing solids. Drawn by the author.

The decrease of the population size due to the high computation tededne
presents an ill-defined Pareto front. In figure 65 it is shown #ret® front for 9
departments. On the left, the population size is 50 and the number céhtgere

is 442. On the right, the population size is 150 and the number of populations is
105. They took 15 and 11 hours respectively.

Fig. 65 Case study 1: 9 departments. Pareto fétiained by the author with TO&I Lotus.
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Fig. 66 Case study 1: Solution sample after 442gsions, 50 population size. Drawn by the
author.

]_=_|

1 1

Fig. 67 Case study 1: Solution sample after 10®gdions, 150 population size. Drawn by the
author.

The increase in the population size produces higher number of solutidrns a
more defined Pareto front. That is desirable to select amortgplauriteria. The

sample of solutions in figure 67 show better solutions for the travel distance goal.

At last, other formulations were attempted. The first one wasse a grid for
locating the starting points of the departments. A constructivermplact approach
is taken and the departments are added one by one. Once a departackeledi

the points of the grid contained by the department are eliminated.

Fig. 68 Constructive placement in grid network. Bmaby the author.
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For this example a boundary site is proposed (blue shape). For Gksuart100

population and 30 generations some solutions are presented:

11 1=

Fig. 69 Allocation of six departments in a squanid gf 1m cell. Drawn by the author.

Another constructive placement approach, as explained in figure ft@nspéed.
In this case the starting point of the new department is locatélde perimeter of

the previous region. The results are notably dependent on the incorporation order.

Recursive subdivision test (figure 71) presents an improvement irigiettam
performance, but design limitations arise, as it is diffitalticontrol the exact

number of rectangles obtained and their proportions.

10 L [
T i HE 1A

Fig. 70 Constructive placement. 8 departments afib@rawn by the author.

] 8 S [
D:DDD %D 00 il

1] L] [ —

Fig. 71 Recursive divisions of a rectangle wittethpoints resulting in 10 subdivisions. Drawn by
the author.
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Evaluation of the results:

Common for all the test, an increase in the number of generationgrdeli
superior solutions faster than increasing the population size. Mdanvem
increase in the population size results in more detailed Paogtio The use of a
bounding box outperforms the use of the boundary site margin. The foonulati
in figure 35 for the calculus of travel distance of more thandemartments is not
valid, since they tend to align (which minimizes the area), regulin a
formulation suitable for department aligning. For the case studéddpartments
resulted align by their centroids. The attempted area fleyibdi not exploited
due to the fact that the minimize overlaps criteria leads to the use of the leaer ar

bound.

5.2 Case study 2

The second case study used for the evaluation is the graduationt dooje
TUDelft at the Computational Design and Fabrication Technologies
Architecture program. The site proposed is the American Emiragse Hague,

and an Art Center function and program is assigned.

Fig. 72 Case study 2, site. American embassy ;nHégue by M. Breuer. Photo by Pvt Pauline.
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Fig. 73 Site plan. Drawn by the author.

The given program summary consists in:

Table 4 Case study 2: Proposed building program.

DEPARTMENTS AREA
General/public: 340 fn
Exhibition space 1: 800m
Exhibition space 2: 600
Exhibition support (receiving, loading,
. o TR 140 nf.

preparation, shipping) :
Collection storage: 340m
Multipurpose (performance space,

, . , 420 nf.
educational, meeting rooms):
Cafeé: 120 nf.
General/pybllc (reception, lobby, Wardrobe,335 3
and shop):
Administration facilities: 200 f
Service and mechanical areas: 2%5 m
Communication: 27 f
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The site is formulated as a two dimension domain.

Fig. 74 Case study 2: Site definition as a two disi@en domain. Drawn by the author.

As the case explores the solutions in three dimensions, the varddfiaition
includes the assignment of the departments to different floors argbsiséility
to cover one or two storeys (in figure 75, starting floor and nuwibiéwors). The

ceiling height is set to 5 meters for all of the departments.

0.54
starting position axis 1% . !
starting position axis 2% L
dimension axis 1 10—29)20 m
program area 170 200 230M?
starting floor 0 (w2
number of floors 1(2
ceiling height 5m

Fig. 75 Case study 2: variables definition. Drawrthe author.

Some of the departments are (user) constrained to certain flmsrexample, the

entrance and the shop are locked to the ground floor. Some are conswaied t
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limited value range. For example, in order to give privacy to the rastmation
department, the values that locate the starting point close tad¢le¢ fsicades are
avoided. This is done by increasing the lower limit of the stapogjtion axis 1

and axis 2 domain.

The upper limit is decreased to eliminate solutions that pleeelépartment out
of the site (figure 76). This is an example of aiming the setowards certain

solutions without changing the criteria, but the parameters definition.

. " . .0.15 0.85
starting position axis 1 ————

starting position axis 20.3 0.7

Fig. 76 Case study 2. Variable domain constraimvimd street facades and boundary intersection.
Drawn by the author.
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Fig. 77 Case study2. Summary of departments Magapl,p2: position in axis 1 and 2. sf:
starting floor. d1: axis 1 dimension. a: arealdof height (1 or 2 floors). ch: ceiling height.dwn
by author.
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With the defined variable for the set of departments, the algoighnm for the
two first criteria: avoid overlaps and do not exceed the boundary site. On figure 78

a sample of solutions is presented, for which the criterion are to be minimized.

Fig. 78 Case study 2.Two goals. 150 population, @terations. Drawn by the author.

The travel distance is included as a new criteria for the following depastment

Exhibition Gallery 1 and 2; Multipurpose and Performance 1; Admatistr and
Service. The same weight is given to all of them.

A rotation degree is assigned if the department starting peintldse to
Smidswater street (figure 74) as an attempt to align thehetsite’s shape in that
corner. If the starting position in axis 1(pl) is larger than 0.6thadstarting
position in axis 2 (p2) is larger than 0,5, then the department rotatesa@iabs

counterclockwise. A solution sample is shown in the next figure.
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Fig. 79 Case study2. Three goals. 200 populafi®@mgenerations. Drawn by the author.

A new set of elements, in this case voids, is included as p#re @&rchitectonic
idea for the project. These are fixed elements and the nesriaris not to

intersect them.

Fig. 80 Case study 2. Incorporation of voids todbkeign. Drawn by the author.

The resulting Pareto front for these four goals results umgldafined and with
an average of 2,3 seconds per solution, the analysis of 400 generations of 200

solutions per population, resulted in more than two days.
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Fig. 81 Case Study 2. Four goals Pareto front dfd€rgenerations. Drawn by the author.

In order to increase the performance, an evaluation of the algositparts was
performed to evaluate their response time. The calculatiomeahtersections of
the departments took the highest computation power. Several atteraggs w
evaluated using regions, meshes and solids. The regions resultedrialuso/e

due to the errors in calculations if one appeared completely inside other.

Fig. 82 Region included in region is not computedrgersection in Grasshopper. Drawn by the
author.

The meshes intersection in Grasshopper presented a flaw idcidatians. In
figure 83 an overview of the outcome of the union using mesh, simple meésh a
solid objects is shown. Due to this problem, the use of meshes was dismissed.
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Fig. 83 Case study 2. Mesh calculation flaw in Ghapper. Drawn by the author.

Despite these difficulties, the use of the tool was helpfulferformulation of the
relations and a set of solutions was obtained. From these sollt@fdlowing

layout was selected.

Fig. 84 Solution outcome example. Drawn by the auth
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The solution obtained satisfied the previously formulated criteria:
1- It presented a small overlap amount.
2- All of the departments were contained within the site boundary.

3- -The solution granted the required departments horizontally adjacent
(multipurpose and performance), or vertically (exhibition one and two, and

administration and service), according the travel distance formulation.

The study of each department individually, and the reflection on retetion to
define the problem formulation together with the criteria definipoovides deep
knowledge of the project essence, which is not achieved with other deetho
Besides, clear criteria definition and grading the solutioasilifates the
understanding to other people, like the client, who can include hiitenia and

weights in an explicit manner.
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CHAPTER 6

CONCLUSIONS

This study addresses the limited design freedom of previoumlsphdcation
studies, and proposes new formulations and the use of IntelligenhB®@kjgcts

as a model to overcome these limitations.

Previous studies approach the problem locating modules in a grid, cominating
distances between departments and improving the obtained solutienaséful
for certain scenarios, but results are too rigid or not flexibtearchitecture
design. In this thesis, the author proposes a model that takes imonacc
variances in the program areas, and establishes relative imgoréanong the
departments to overcome that rigidity of previous studies. Spstéation is put
to the problem formulation, in order to make it suitable for differdesgign

problems and building types.

The proposed variable formulations make the computation expensive. éieas
the number of criteria result in much longer computational time andfinede
Pareto fronts. The simplification of the parameters bringsrfessailts, but limits
the design freedom. It is the user’s duty to prepare the proper &ionulor the
task.

From the selected optimization plugins in Grasshopper (Octopus, Gdapagos
and TO&I Lotus), the first two could not stand the high computation aledl f
obtain results. Galapagos, on the other hand, coped with the high number of
parameters, but the criteria had to be combined into a singléuoctibn making

the result highly dependent on the weights and unreliable. The onlythaiol
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managed the high number of parameters and the multiple critesaT®@&l

Lotus.

The method proposed helps to visualize and evaluate different solutions and t
conceive the different department relations at an early sthbeilding layout.
Besides, at all times the solutions are numerically graded andlgr also to the
client, an understanding of their “goodness”. Once a solution is selested,
possible to designate new criteria, such as yearly sun radiatoulefine a set of
transformations, such as scaling or movement of the departneea$apt the

solution towards this new goal.

The graphic interface facilitates interaction with the uaad makes possible to
move and lock departments and explore different relations. For further
researchers, the use of a programing language is advised to ovetiteme
computing limitations of the tool.

Fifty years from Armor and Bufa research in 1964, and stillsghegtial allocation
problem remains more interesting to researches than to pracstidrgs is in
part due to the difficulty of the problem formulation and also toatfvhitectural
practice itself. The first one, in the literature, is approaclyea §implification of
the problem. The formulation of a grid to locate the elements argbignathem
to modules has been part of the formulation of most of the studies. Middang
architectural spatial relations look alike distance cost fanstidrives designers

away from these methods.

In this study, the model is not intended to serve as an autona@iizdtthe task.
Instead, an iterative improvement process is proposed. This svadhby two
means: the first is user interaction. The method proposes a useeddef
formulation of the departments’ areas, proportions and (as in the seaead
study) their floor position. This step is aimed to provide a redlecon the
architectural program and, at the same time, constrain #nehs@ he second, is a
constant numeric and visual feedback of the results.
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The process is refined after some solutions are obtained. Besides, moment,
the user is able to incorporate new architectural decisionshéas¢lusion of

voids in the last example).

The Intelligent Design Objects method contemplates the possibflifyarther
assistance for the designer. Once the layout configurationidede@ new set of
transformations (alignment, scaling...) is to be paired to new dkefongeria

(solar analysis, structure...).

Further studies should be carried to reduce limitations reletedcomputational
time. The first guideline is to adopt a programing languageofe avith the
mentioned computation. To correct the meshes intersections and usshiingdch
cut down the needed time by three or four times, according tisertes A higher
number of departments considered should be studied to determine théy validi
limit of the method. At last, an elaboration to combine severdiefipproaches
shown into the same project should be considered. For larger sqiavfrdents,
the suggested workflow is to set them into larger groups, for exanegigrding
their function, and proceed to arrange them within the group. The pitiesilof
neural tree are also presented in this thesis. However, the fasusutvon multi-
objective optimization, rather than combining the criteria into airgyle
objective. An example is included to show the potential of this methothef
studies should overcome the computational cost limitations and confpare t
results of both approaches.

To sum up, the use of Intelligent Design Objects method for thelsalidcation
problem proposed in this thesis has proved its validity, and sometiongalt

has also shown the potential for further criteria elaborations.
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