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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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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.

12



o | ——— [Lathe ][ Drill_]—[Grind]—[Drill |——| & _
€ | — [Press |—~[Bend |—{Dril | 5| 2
» [ mill_ ]~ Drill | <

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:

13



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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