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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 his/her 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. 
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A building layout plan is the representation of the configuration and arrangement 

of different spatial elements in a building. Topological relations as alignment and 

adjacency; geometric properties such as shape, dimension and rotation are the 

main concerns in spatial synthesis (Eastman, 1973). It is one of the most difficult 

problems in architectural design as it has a significant impact on their function and 

accessibility. 

A common workflow in architectural practice begins with refining the client´s 

requirements into an architectural program with diagrammatic representation of 

the rooms and connections (concept design process). In a later stage the program 

is used to generate floor plans. During this process, the architect reformulates the 

program as the importance of new relations are revealed, or the number of rooms 

redefined. The architect/s would study some of the outcomes and chose or propose 

to the client which one is the best. Due to the high number of possible 

combinations, the use of computers is advised for this operation. The task stands 

as an optimization problem, understood as the procedure or procedures used to 

make a system or design as effective or functional as possible.  

As an example, for a family house building layout, the rooms are the elements to 

be arranged; the sizes and positions of each of them are parameters that will 

generate different solutions. Each outcome solution has different properties 

(dimensions, proportions, orientation, etc.) and there has to be some criteria and/or 

goals to compare them to be able to decide which one is better. Crisp goals 

(clearly measurable) are defined such as adjacencies, distances, total area, solar 

gain, etc. Fuzzy logic is introduced to address other concepts that are difficult to 

measure. For example, the concept of “big room”. This is referred as fuzzy 

because the exact value when a room is or is not considered “big” is not clear, it is 

subjective to the user. The implementation of these fuzzy concepts into the spatial 

allocation problem brings more design freedom in opposite to most of the 

previous researches on the topic whose formulations limit it.  

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

one grows, the value of the other decreases. In the example, the bigger solar gain 
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would come if the rooms are separated and a larger surface perimeter is presented 

to receive the sun but, at the same time, it results in larger walking distances 

among the rooms, ending up in a non-functional solution. Therefore, the search 

aims for a solution where all the objectives are in some degree satisfied.  

Many researches have addressed the spatial allocation problem for building 

layouts and for other industries. However, their application is usually limited by 

the rigidity of their formulations. Some limit themselves to a certain type of 

building (residential), and their results cannot be extrapolated to other types. 

Others introduce the cost function of the overall solution and aim to minimize it. 

This is desirable in certain scenarios, but does not satisfy other architectural 

needs. The desired program relations in architecture are not a priori known, and 

are also different from project to project. Therefore the application of these 

researches in the field of Architecture has been limited, while micro-chip industry 

or pallet loading have successfully implemented them.  

 

 

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

 

In this thesis the aim is to approach the spatial allocation problem through 

performance based design. The use of the cost function to compare different 

solutions is very limited. Instead, the user is intended to define the criteria for 
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every specific scenario. Besides, the desired relations among the departments is 

not known and it is a process subject to changes. Questioning and formulating 

these relations is an important part of the design process. While previous methods 

take for granted that the relations are known, in this research it is part of the 

department parameter definition. As such, it is meant to be adapted and refined 

throughout the design process. Therefore, it is needed a tool that allows user 

customization. 

The method adopted is called Intelligent Design Objects (IDO). IDO (Bittermann 

2009) consists in generation of possible solutions, their evaluation regarding 

previously defined criteria, and generation of new solutions that improve the 

previous solutions (with the use of genetic algorithms).  

 

 

Fig. 2 Intelligent Design Objects scheme. Drawn by the author. 

 

Multiple criteria instead a single criterion enables enhanced architectural 

outcomes. Likewise, both crisp and fuzzy goals are included as part of this multi-

objective optimization. The use of fuzzy goals or objectives is included to echo 

the process taken in architectural design, especially in the early stage, but is not 

exclusive to this field. In the case of previous methods, each department area is 

fixed to a certain value, in most cases, or to a range of values. Fuzzy logic is 

included to extend the exploration of more solutions. For example, in a residential 

project the living room is desired to be “big”. With other methods, the area value 

would be fix to 25 sq. m. or to a range of values from 20 to 30 sq. m. This 

excludes the consideration of solutions in which the living room is larger or 

GENERATE
SOLUTIONS

COMPARE
SOLUTIONS

OPTIMIZE
SOLUTIONS



 
 
5 
 

smaller and, as such, it is a limitation. On the contrary, defining the abstract 

concept of “big” as a function allows a much wider solution exploration.  

 

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

 

Defining this function is also part of the project analysis and reflects the designer 

intentions in a clear way and/or addresses the client wishes. 

 

 

Fig. 4 Comparison between previous researches and this thesis proposal. Drawn by the author. 

 

The increased freedom is reflected in an increase of the number of possible 

solutions. In order to deal with this high number of solutions a heuristic strategy is 

used, such as evolutionary algorithms. The encyclopedia Britannica defines 

heuristic “as relating to exploratory problem-solving techniques that utilize self-

educating techniques (as the evaluation of feedback) to improve performance”. 

Also notice that the outcome with such method is not guaranteed to be optimal 
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but, since it is unfeasible to analyze every possible solution, the aim is to find 

satisfactory solutions for the problem. 

Within the scope of this thesis some examples will be studied and the graduation 

project for TUDelft will be used as a case for the evaluation of the model. This 

model, IDO, is suitable to be used for different building types and/or different 

problems than the spatial allocation, while the problem formulation and the 

criteria are user defined for each particular scenario. 

  



 
 
7 

 

CHAPTER 2 

LITERATURE REVIEW 

The use of a tool, any tool, in the design process seeks to enhance the quality of 

the design. In the case of computer tools, productivity, efficiency, precision, etc., 

but are not admissible if they restrain design freedom. Many studies have been 

carried out about the spatial allocation problem, and applied successfully in some 

fields, such as microchip industry. The microchip industry strived for a solution 

for chip layout design that minimize wiring costs, and researches like Khokhani & 

Patel (1977) were implemented effectively.  

In many cases, researchers evaluated their software with architectural exercises. 

Liggett´s (1980) application to a hospital department organization, and coming 

studies seemed to open the path to practitioners. However, the limited design 

freedom (based in cellular module grid, for example), and/or the difficulty of the 

implementation (complex travel cost matrixes) have kept architects away from 

using these methods. 

In the coming chapter, a review of previous researches is presented. 
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Table 1 Computing approaches used for space allocation. 

YEAR  NOITACILPPA DOHTEM LOOT ROHTUA

itehtopyh egnahcxe esiw-riap ,xirtam ecnatsid TFARC romrA dna afuB 4691 cal 
ehtopyh egnahcxe esiw-riap ,xirtam ecnatsid PALEROC fodeehS dna snavE 7691 tical 

1971 March and Steadman  lacitehtopyh hparg krowten
1971 Grason  noitcesid ralugnatcer yroeht hparg

 lacitehtopyh srotareneg rebmun modnar EGAMI lefpaznieW dna lednaH 5791
1976 Gross  lacitehtopyh seiradnuob dilos no desab ytisnetni laitaps
1980 Liggett and Mitchell  latipsoh seitivitca 91 noitaremune ticilpmi
1981 Galle FLOP 1 exhaustive enumeration arrangements of rectangles in a plane 
1984 Hillier and Hanson  tnemevom nairtsedep xatnys ecaps
1985 Gero EDGE combinatorial optimization office four floor building; Liggett´s hospital example; 
1987 Shaviv  loohcs roolf 3 ledom aera-tniop

 nalp nehctik hcraes tcerid deniartsnoc THGIRW .A naC ,nakyaB 1991
1996 Scheithauer heuristics pallet loading 

 lacitehtopyh egaugnal gnilledom lanoitaler-oc WARD-OC ssorG 7991
1998 Morabito et al.  gnidaol tellap erudecorp evisrucer
2001 Parish and Muller  pam teerts ytic smetsys-L
2002 Ebert et al.  serutxet sdohtem larudecorp
2002 Michalek et a.. simulated annealing and genetic algorithms apartment complex building 
2003 Greuter et al.  pam ytic snogylop detareneg modnar
2003 Wonka et al.  gnisuoh roolf owt dna eno krowten naiseyab
2006 Martin, J.  sroiretni laitnediser mhtirogla larudecorp
2007 Doulgerakis, A.  gnidliub D3 gnimmargorp citeneg

2008 Indraprastha and 
Shinozaki  wall enclosure level analysis Falling Water. Vitra firestation 

2008 Caldas, L. GENE-ARCH genetic algorithm Alvaro Siza building and urban and housing Islamic 
context 

2009 Hyeyoung et al.  sisylana laitaps roodni xatnys ecaps

2010 Hua, H. and Ting-Li Jia FLOATTING 
BUBBLE  muesum yerots owt desab-tnega

tnemevorpmi tfarC tuoyal ytilicaf larips GLFS rimedlE dna ecitaH 0102
2010 Doran and Parberry  snoitareneg epacsdnal desab-tnega
2011 Togelius  stuoyal evac atamotua ralullec

2013 Nourian et al. SYNTACTIC 
DESIGN  sroiretni laitnediser gniledom yzzuf dna xatnys ecaps
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2.1 Literature 

The assignment of architectural discrete space elements in the plane to their 

locations is known as the spatial allocation problem. The relationships between 

the space elements include topology and geometry. Determining these relations 

make the design process complicated due to its combinatory nature. The use of 

computers was instated for automating this task. Automated spatial allocation 

aimed to assist architects during the conceptual design process. Since 1960 many 

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

The first attempts focused on producing arrangements of rectangles in a plane, or 

on the allocation of grid cells. Armor and Buffa were the first in 1964 to formulate 

the layout problem as a quadratic assignment problem. They considered the cost 

between departments to be the criterion to minimize. For that, they developed 

Computerized Relative Allocation of Facilities Technique (CRAFT). Probably 

their work was influenced by Eldars and Whitehead´s study, on the same year, on 

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

 

 

Fig. 5 CRAFT (Armor and Buffa, 1964). Initial layout (left); Iteration between departments 2 and 
4(right). Drawn by the author using Paul A. Jensen (2004) Facility Layout Demo based on 

CRAFT. 

 

The limits of the CRAFT were extended (Hatice & Eldemir 2010) SFLA, or 

Spiral Facility Layout Generation and Improvement Algorithm. The aim is to 

gather the most frequently used spaces at the center, as it will 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 Automated Layout 

Design Program (ALDEP) respectively, based on the importance of a set of 

pairwise evaluations of the closeness of two activities, rating them in 6 stages: 

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

 

 

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

 

 

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

 

These algorithms focus on the transportation cost function as the combination of 

flow, distance and unit cost. It is useful for organizing a production factory, 

defining the machinery tools as the departments, the moving cost and the flow 

chart. Its limitation is that it assumes that move costs are linearly 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 factory. Drawn by the author. 

 

Handel and Weinzapfel (1975) developed a three dimensional layout planning 

named IMAGE, in which a set of rectangular volumes represented the building 

functions. These volumes are defined by a set of dimension, position, and rotation. 

A set of constraints such as alignment, proximity and circulation form the 

constraints and the objective is to satisfy all of them. 

Approaches that attempt to enumerate all possible arrangements with a specified 

number of rooms (Galle 1981), face the problem that increasing the number of 

elements (rooms) grows the possible arrangements exponentially, making this 

approach very limited. Others attempted to find “a good” arrangement using 

greedy local search over possible partitions of a regular grid (Shaviv & Gali 

1986).  

 

 

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

 

Other studies continued investigating the spatial allocation problem, such 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 non-linear because the 

output is not directly proportional to the input. 

Different algorithms deal with the control and evaluation of this problem in 

different ways. Liggett assigns the size of the space elements to modules. The 

assignment strategy is the multi-stage that includes floor, zone and block to locate 

the modules, and the largest spaces are placed first.  

Jo & Gero 1985 implemented in C language the Evolutionary Design based on 

Genetic Evolution system (EDGE). They evaluated its performance by solving the 

same space layout attempted by Liggett in 1985. 

 

 

Fig. 10 EDGE. Solution after 500 generations (left). Solution evolved using Liggett´s as the initial 
population (right) Jo &Gero 2006. 

 

It considers a set of 21 office departments to be placed in a building with 4 floors, 

divided into 17 zones. Their results indicate their strategy is less dependent 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-wise improvement. Graves & 

Whinston (1970) developed the constructive placement. It is a strategy of n-stage 

decision process, and locates activities one by one starting with an empty set. The 

next element is chosen based on the objective function. Then pair-wise change is 

used. It evaluates possible changes between pairs of activities and makes the 

exchange if it improves the value of the criterion for the highest value. The 

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 if the units consist 

of “0 1 1 0” and the objective is to locate the same kind of units together, the 

solution may never get “0 0 1 1” or “1 1 0 0” because it will not accept any 

change that would make the performance decrease immediately compared to the 

previous state. This is a limitation of the pair-wise method to find an optimal 

solution because even a decrease in performance in one pair exchange could lead 

to an improvement by the next exchange. 

Recent studies have pointed out the suitability of data driven approach. Following 

Koller and Friedman (2009) probabilistic models, P. Merrell, E. Schkufka and V. 

Koltun (2010) structured relationships among features in architectural programs. 

They used Bayesian network to represent probability distribution over the space. 

For example, a kitchen is more likely to be adjacent to a living room than to a 

bedroom; three bedrooms increase the need of a second bathroom. These relations 

are often implicit in architect´s expertise but not clearly represented with ad-hoc 

optimization approaches. In Merrell et al., they encoded 120 architectural 

programs of residential layouts to train the Bayesian network. Their data is highly 

structured based on global (total area and footprint) and per room basis.  

To convert the graph into a building layout, the metropolis algorithm is used. 

Metropolis-Hasting algorithm is a Markov chain Monte Carlo to obtain a 

randomly distribution when direct sample is difficult. As Sullivan & Beichl state 

(2000, p.69) “Monte Carlo is a last resort, to be used only when no exact analytic 

method or even finite numerical algorithm is available”. 
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Very large scale integration layouts (VSLI) and their trained Bayesian network 

took an average of 35 seconds to generate a layout. But many factors were not 

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

 

 

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

 

2.2 Selection criteria 

To evaluate the performance of each solution for privacy-publicity or inclusivity-

exclusivity analysis Arabacioglu (2009) uses fuzzy inference and isovists. It is an 

attempt to quantify architectural space, since the distance objects and visibility 

provides different experience. 

 

 

Fig. 12 Isovists, depth map tool and Falling water stress intensity analysis. Arabacioglu, B.C., 
2009. 
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Indraprastha & Shinozakim (2008) study the experience of an architectural space 

as a product of out movement and perception, or as a result from the arrangement 

of its boundary elements. They refer to Gross (1997) and measure the level of 

spatial intensity based on number of solid boundaries. According to them each 

enclosed space is classified by the number of adjacent walls. 

Their study consists in calculating enclosed spaces and axial lines to establish the 

enclosed spaces relative to a circulation space, and the determination of 

subdivided enclosed spaces using territorial lines. The main limitation of their 

model is to try to measure spatial intensity as a human experience but leaving the 

material properties like texture of opacity out of the model. 

 

 

Fig. 13 Enclosure Level Given by the Different Compositions of Surrounding Walls based on 
Gross´s model (left); Enclosed space subdivision (right). Indrapastha & Shinozakim 2008. 

 

Accessibility has been applied to urban problems. For large buildings, the 

interspatial accessibility among the parts is taken into account for evacuation 

planning, for example. Accessibility refers to the relative nearness from one place 

to another. It has been used mainly in 2D for urban cases but, in a building, those 

relations are 3D. Space syntax has been used to study the connectivity of 

architectural spaces. It has been applied in the attempt to model pedestrian 

movements to compute the network connectivity of the built environment. 
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Fig. 14 Decoding configurations. Hillier & Hanson 1984. 

 

Hyeyoung Kim, Chuilmin Jun, Yongjoo Cho and Geunhan Kim (2008) already 

reflect the main drawback of this approach: the difficulty of computing the costs 

taken in movement among spaces, like turns or floor transfers. They used the 

shortest path algorithm by Dijkstra, 1959, composed of node selection operation 

and distance update but they conclude that the depth of the linear space is not 

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. al., 2008.  

 

Recent studies (Doulgerakis 2007), propose genetic programming (GP) instead 

genetic algorithms. The restriction of GAs is their fixed genotype length. GP is 

based on the idea that the structure of the attributes and their magnitude for the 

optimal solution are part of the answer and not on the question. Doulgerakis 

considers the layout problem as a program induction problem. The genotypes are 

expressed as tree-like recursive structures. The end nodes are spaces with two 

variables (width and height) and the intermediate nodes are transformation 

operations (move forward, rotate ad scale). That strategy, as he noted, led to a 

a a= =b a ab b

b

c

c
c

c



 
 

19 

confusing process where separation and overlapping was difficult to avoid, and 

more inefficient when the outline of the site is given. 

 

2.3 Other applications of the spatial allocation problem. 

Microchip industry has successfully used iterative algorithms in their designs. 

Khokhani & Patel (1977) presented the benefits on the chip layout problem. The 

constructive methods obtain the initial solutions and the wirability evaluation and 

the wire length are used as constraint and criterion, respectively. 

Maps generation is another interesting approach. Useful for creating terrains, the 

particle deposition algorithm drops particles at random locations. These particles 

move down till they reach other particle or the ground. Heights are adjusted 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 agents (Doran & Parberry 2010) implement five agents 

with specific tasks to generate a landscape. The way they conceive their 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 the evaluation of the 

results. 

 

 

Fig. 16 Agent based landscape generations. Doran & Parberry 2010. 
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 An algorithm with low computational cost allowing real time generations: 

cellular automaton. It is a collection of cells on a grid that evolves with a set of 

rules based on the neighboring cells. It has been used by Stanle, Yannakakis & 

Togelius (2010), to generate cave or dungeon layouts. After it runs the cave is 

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 last, inconsistencies 

are removed or smoothing is performed.  

 

 

Fig. 17 Cellular automata cave layouts. Togelius, J. et al., 2010. 

 

The increase in video games realism, has led to better real time buildings 

generations. Togelius et al., generate complete maps using a search-based 

procedural content generation (SBPCG). This algorithm does not only accept or 

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

The Rectangle Pallet loading consists in finding a pattern to pack small rectangles 

in a larger rectangle, so that the area used is maximized (Scheithauer & 

Sommerweiß 1996). Pieces of different height are combined, resulting in a three 

dimensional problem.  

 

 




