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e A new hybrid evolutionary computation methodology and mathe-
matical model are presented.

e The algorithm is tested in its validation and performance.

e The proposed technique generates floor plans to be used in the early
architectural design stage.
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Abstract

The drafting of floor plans is mostly hand made in today’s gedtural design process. The use of computerized floomjirtan
techniques may enhance the practitioner’s range of solsitmd expedite the design process. However, despite tharchsvork
that has been carried out, the results obtained from thebeitpies do not convince many practitioners to accept thepag of
their design methods. The existing literature shows thatyeresearch approach ididirent in the way in which architectural space
planning is tackled. Consequently, each approach tends tmdospecific or too abstract.

The Space Allocation Problem in architecture may be stateth@ process of determining the position and size of several
rooms and openings according to the user’s specified desigmagm requirements, and topological and geometric caimssrin a
two-dimensional space.

This is the first part of a paper that describes an enhancettigimlutionary computation scheme that couples an Eiwiaty
Strategy (ES) with a Stochastic Hill Climbing (SHC) techuedo generate a set of floor plans to be used in the early desiges of
architectural practice. It presents the mathematical maeitle the problem statement and how the individuals’ fitnessomputed,
the implemented methodological approach, how the adappesators are implemented, the summary of the overall proeg
and conclusions.

Keywords: evolutionary strategy, stochastic hill climbing, spade@dtion problem, space planning

1. Introduction practitioner.
) ) . . . This process may however become unbearable for humans if
One of the first architectural design tasks is the drafting of;,o complexity of the design program increases, making com-

floor plans which incorporate all the rooms in the design proy,ters a useful and practical tool. Unlike humans, machines

gram according to the requirements and desires of the practie capable of performing enormous amounts of repetitive ro
tioner. The process is divided into two stages: analysis anfles without fatigue or error. What humans gain in cresgivi
synthesis. During the analysis stage, information andat#oat 5 innovation, they lose in productivity in repetitivekasalso
the design program are gathered, the equipment for each rooing prone to error. The purpose is not to replace cregptivit
is listed, functionality and requirements are determined a 5.4 innovation with productivity, but to employ a useful and

constraints are ideptified. quing the synthe;is stageeraév. user-friendly tool that is able to help the architect, by as®
sub-tasks are carried out which include setting up the de5|ging repetitive tasks, in the initial phase of the Space Asdtim
program in topological diagrams, sketching prototypidahs  proplem.

for each room, block planning, and drawing floor plans. This Computational design synthesis has been applied to archi-

is a repetitive trial and error drawing process, wheiéedent  1oct e since the 1960s. To some extent, these methods "em-

elements are adjusted and rearranged, until a suitablgriesi | soq many of the habitual methods used by designers, with
emerges respecting the requirements and constraintsfidént .. 54ded benefit of the computer’s immense processing and

in thg analysis stagg. A large varjety of ﬂgor plans may,eme,rgstorage capabilities” [1]. For Kalay, computational dessgn-

at this stage and fierent potential solutions may be identi- yheqjs' methods may be classified into three main groups. The

fied. The goalis, in an iterative process, to improv@ellent g« 1o groups incorporate fierent contributions such as the

deS|gns and assess Wthh solqtlon is the most promising, agye of simple generate-and-test algorithms, constraiséd

cording to the constraints, requirements and prefererfci®o approaches, assignment algorithms, grammar shapesp-ecta

gle dissections with exhaustive enumeration, graph thapry

“Corresponding author. proaches, and knowledge-based systems. The use of these
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layout planning, and bin packing, among others, producedgo sifies and analyses previous evolutionary approaches osed t
results, however, when faced with space planning, where thiackle the Space Allocation Problem in architecture and the
criteria are more subjective than objective, the resultewis-  "Mathematical model” section states the problem to be gblve
appointing. According to the same author, the techniquais th and how the individuals’ fitness is computed. The following
fall within the last group, the Evolutionary Methods, mintihe  section, "Evolutionary approach: EPSAP algorithm” ddsesi
evolutionary processes, which "have proved their abibtgeén-  the algorithm and how the methods involved are coupled, and
erate surprisingly novel solutions” and "the innovativdiibs  the "ES and SHC operators” section describes the geometric
of GAs [Genetic Algorithms] have been demonstrated in partransformation operators that were employed. The tecleniqu

through their application to art and to the generation ofrfloo is summarized in the "Overall procedure” section and, finall

plans” [1].
The Evolutionary Methods are capable of working with ill-

the paper is concluded.

defined and complex design problems [2]. Basically, they> packground

mimic the Charles Darwin theory of evolution by natural se-
lection. Starting from an initial population of individg(in
space planning problem, individuals are floor plans thapare
tential solutions for the problem), evolutionary operateglect,

Several evolutionary heuristic search methods have been
used to tackle Space Allocation Problems in architectuge (s
Table 1 for the complete list of evolutionary methods used in

recombine and mutate the genetic material to producefthe o @rchitectural space planning with the respective objestide-
spring. The process is repeated until one or more termimatioSign variables that were used, and topological features¢s&

conditions are met. Potential solutions are assessed tylatl
ing their performance in every evaluation axis (objectied-
tions) and eventually, by taking into consideration oth@eda
such as the practitioners’ preferences. In environmerntts wi
multiple objectives, the individual's performance asegesst is
typically based on the Pareto non-dominance definition or on
the aggregation of all objectives. The latter approach is ca
ried out by using a weighted-sum method or by minimizing the
distance to the goals that the decision maker wants to attain
This paper presents an evolutionary algorithm approach for
the Space Allocation Problem in architecture. The algarith
presents a hybrid behavior by combining an EvolutionargtStr
egy (ES) with a Stochastic Hill Climbing (SHC) technique €Th
purpose is to take advantage of both the global search dapabi
ities of the ES and the local search characteristics of th€ SH
technique. This algorithm is named Evolutionary Program fo
Space Allocation Problem (EPSAP) and uses adaptive opera-
tors to perform the geometric transformations of the rooms,

their walls and connections, and openings according toiprev 2.

ously stored information.

The purpose of the technique is to help architects in the gen-
eration of a set of feasible floor plan designs by performing
the repetitive tasks and generating a diverse set of atieesa
which may be further improved and adjusted by the architects
This group of early design drafts is used to consolidate tbe p
erences and choices of the practitioner, and they should be a
diverse as possible but still respect the set objectivescand
straints.

The EPSAP implements a two-stage search technique to
achieve the goal of generating a diverse set of floor plan de-
signs. This is accomplished by allowing each individual to
evolve in his local region without sharing his genetic miater
When the operators are incapable of further improvemems, t
individual is compared to the remaining population, and if i
does not fall within the fittest, it is discarded and replabgd
new randomly generated floor plan to explore other regions of
the search space.

The structure of this paper is as follows. The problem is
presented in the "Introduction”, the "Background” sectas-

3.

may be grouped into six types of approaches according to the
model of the Space Allocation Problem and the purpose of each
approach:

1. Area assignment: where the problem is modeled as a

guadratic assignment problem in which a number of de-
partment unit areas must be assigned to an equal or larger
building area. The methods used were Genetic Algorithms
(GA) [3, 4, 10, 11, 13, 31, 32, 41] and Genetic Program-
ming (GP) [12]. They usually work on a less detailed scale
of space planning. Instead of dealing with spaces (rooms)
the objective is to assign unit areas of each department (a
set of spaces) to a building floor area. Consequently, these
kinds of approaches discard individual spaces, circuiatio
or openings, which are decided at a future stage of the de-
sign, or are already implicit as a constraint to be satisfied.
For instance, it is possible to use a Dijkstra’s Algorithm to
determine the best position of the doors according to the
shortest walking path [34, 35];

Area partitioning: a dierent approach in space planning
problems is the partitioning of a building floor area in
which the given area is to be divided into smaller areas.
The design program must later be assigned to those ar-
eas. Several techniques may be used to divide the building
floor area such as Voronoi Diagrams with a GA [36], K-
dimensional trees with GA and ES [37-39], agent-based
approaches with GP [28], and rectangle dissections on
Non-dominated Sorted Multi-objective Genetic Algorithm
(NSGA-II) [29, 42]. These approaches usually entail two
phases. During the initial phase, the building area is sub-
divided into as many parts as the design program. During
the second phase, the design program of the building is
assigned according to topological requirements. Due to
the fact that partitioning is made before the assignment
of the design program, these approaches do not guaran-
tee that the geometry will comply with the topological re-
quirements.

Space allocation: used if the problem is to allocate space
according to their topological relations and geometric-con
straints [20, 21, 24-26, 40]. A particular approach is the



Table 1: Comparison table offéierent approaches according to performance objectiveigrdesriables, and topology features.

Approach Perf. | Design variables | Top. feat.
Authors Methods oF wD eD ew D S fL eF bB aB 00 sA
[3, 4] Jo and Gero, 1996 GA g e o °
[5, 6] Schnier and Gero, 1997 GA g
[7-9] Rosenman, 1997 GA g
[10, 11] Gero and Kazakov, 1997 GA g °
[12] Jagielski and Gero, 1997 GP g °
[13] Bentley, 1998 GA gt ° °
[14-16] Garza and Maher, 1999 GA gt . ° e o °
[17-19] Elezkurtaj and Franck, 1999 @S gt e o °
[20, 21] Michalek, 2001 GASA/SQP gthcl e o ° °
[22] Jackson, 2002 GH.-system g
[23] Virirakis, 2003 GP gt . ° o o ° .
[24, 25] Makris, 2005 GA gt o .
[26] Bausys and Pankrasovaite, 2005 GA ghl e o °
[27] Homayouni, 2007 GA gt . °
[28] Doulgerakis, 2007 GP gt e o o °
[29] Banerjee et al., 2008 GA gt ° ?
[30] Serag et al., 2008 GA g
[31, 32] Inoue and Takagi, 2008 GA/D gtls . ° °
[33] Wong and Chan, 2009 GA t °
[34, 35] Thakur et al., 2010 GPA gts ° o o .
[36] de la Barrera Poblete, 2010 GAD g ° °
[37—39] Knecht, 2010 GAS+K-D tree gt . ° °
[40] Flack, 2011 GAGP gt e o o . .
Rodrigues, Gaspar and Gomes, 2012 +BHC gt ° . e o ° ° ° °

GA genetic algorithms; GP genetic programming; ES evohatig strategy; SA simulated annealing; SQP sequentialrgtiaghrogr.;
L-System lindenmayer system; VD voronoi diagram; DA dije& algorithm; SHC stochastic hill climbing;
? undetermineds implemented; g geometric; t topological; h heating; ¢ aagilil lighting; s walk distance;
oF objective function; wD walls dimensions; eD exterior dtg@W windows; iD interior doors; S space units; fL floor lisye
eF equipmeriturniture; bB building boundary; aB adjacent buildings; o@enings orientation; sA spaces adjacency

use of graphs, from graph theory, coupled with the GA to
determine the best topological re-arrangement of the de-
sign program and to dimension the floor plan according to
particular objectives. These objectives may be adjacency
requirements arjdr other design constraints as room ra-
tios. One possible variation is to address only the topolog-
ical constraints, for instance, the adjacency between soom
[33]. This will produce a set of feasible topological rela-
tions between spaces to be dimensioned. Following this
step, other techniques such as linear programming may be
used [43]. The inverse is also possible, for instance, using
an ES to generate a set of solutions that comply with the
geometric requirements, which evolve according to topo-
logical requirements using a GA [17-19].

. Hierarchical construction: floor plans may also be under- 5.

stood as a hierarchy of elements. Starting from a dis-
crete unit of space, one may join several units to give
form to a room, several rooms form a zone, and several
zones can be regarded as a floor plan [7-9, 27fteBant
performance assessment criteria may be used to evaluate
the relationship of the elements infidirent hierarchy lev-

els. For instance, at the house level the topological adja-
cency requirements between rooms are assessed while at
the room level what is evaluated is the ratio between area

3

and perimeter [9]. This type of approach uses a discrete
unit area from which everything is built. Meaning that the
algorithm may produce designs with non-convex shapes.
The non-convexity shape is related to the evaluation crite-
ria set in the fithess function, for instance, penalizing ac-
cording to the number of vertices in each room. Another
approach is to comprehend the floor plan as a data struc-
ture of diferent objects, starting from the physical fixtures,
equipment, and doors with their physical and functional
area dimensions, to be assembled into room units, and
these to be gathered into zone units, and finally combining
the zone units into a building unit [23]. Each individual of
the population is a variation of the building unit structure
in their possible combinatorial re-arrangements.
Conceptual exploration: the method can be used to gen-
erate a set of solutions to explore designs in the concep-
tual exploration of ideas where the designer is no longer
worried about requirements and constraints to be satisfied.
Using a GP method coupled with a Lindenmayer System,
the individuals of a population are assessed according to a
"generic function” that represents certain subjectivéeeri

ria of the designer [22]. Itis also possible to use a GA with
human evaluation to orientate the generation of biomor-
phic designs [30]. The objective is to inspire practiticner



by generating novel forms and configurations and not tdlar solution and consequently, other design variatioedast.
draft the final floor plan. In the early design stages, when practitioners still hawetk
6. Design adaptation: this approach consists in adaptieg pr about their choices, it is important that the generativé does
viously stored designs to fulfill new requirements and con-not limit their actions or point to a single solution, but @rge
straints that have not been taken into consideration whethe design scope.
the designs were produced [14—16]. The population of in- Most of the reviewed works either tackled specific problems
dividuals are generated using the stored designs and avehere the intention was to find the optimum solution, for in-
iteratively evolved until a satisfactory new design is ob-stance, how to distribute departments within an alreadydéfi
tained. This kind of approach attempts to speed up th&uilding boundary [4, 11, 12], or they were too abstract te ex
computational search process by searching a similar spa¢gore the conceptual potential of automatic generatiooohf
region, however, there is no guarantee that, according t622, 30].
the new requirements and constraints, the algorithm is not Some approaches only address the topological aspect of the
already in a local optimum or even that it will be possible design program [33] and leave the geometric implications of
to obtain a single solution. Basically, itis the searchfiert the spaces, openings, and walls dimensions for a later.stage
fittest individual in a very small search space region of anThe opposite also happens where topological concerns are se
already drafted design. The algorithm initializes the popu ondary, for instance the orientation of openings, and irctiee
lation with a set of individuals that are small variations of of topological relationships of space, some form of agent is
a previously drafted floor plan design. The original designused to identify which of the generated solutions are slétab
is already planned, as far as the topological relations ant?8, 37-39].
global positioning of its elements is concerned. Another Table 1 lists the reviewed approaches. Each column iden-
variation of design adaptation is when the method is builtifies the objective function, design variables, and togaal
to reproduce a particular style of architecture. Basicélly features and which method was used to tackle the situatiom. T
must have a two-phase approach. During the first phas@bjectives vary from work to work and these may be geometric,
the search method develops a set of genes that are repi@pological, related to energyfiiency (heating, cooling, and
sentative of specific architectural style elements, anskthe lighting) [20, 21, 26, 31, 32], or the walking distance begwe
genes are used in the second phase to generate floor plagaces [31, 32, 34, 35]. The design variables may be the wall
[5, 6]. In the last two approaches, the topological requiredimensions, exterior doors, exterior windows, interiooid)
ments are unnecessary to generate the floor plan as it #ace as a closed polygon, floor levels, furniture and figture
already specified in the original design or the purpose is téhe building boundary, or adjacent buildings. The topatadi
mimic an architectural style. features are the orientation of openings, for instance ibes/
from a window, and adjacency requirements between spaces.
Architects have been reluctant to implement automated flooNone of the listed approaches implements all of these.
plan generation in their design process, despite the ssicdes  All the approaches, except the algorithms, developed te gen
using optimization techniques in other fields of buildingida.  erate new conceptual designs [22, 30] or to mimic architattu
The literature review highlights possible obstacles, ak &a& language [6], use some kind of orthogonal polygonal shape fo
the natural rejection by practitioners to use any computali  each space that must be allocated, assigned, or partitidned
interference in the creative design process. The reviewed aaddition to this, other architectural elements are addet as
proaches seem to be too problem specific or too abstract. Fopenings. Few of them deal with floor levels [4, 11-13, 28, 40]
example, some of them merely deal with topological aspects One of the more complete works had a bottom-up approach
while others use the generation of forms to inspire (congdpt to the problem of space planning [23]. It started by determin
the practitioner to further develop these. ing the shape of each space according to the functionalneequi
The GA is the most common evolutionary algorithm usedments of necessary fixtures and furniture. After each space
(see Table 1) sometimes hybridized with some other researcdhape had been determined, they were assembled into a floor
techniques. However, preliminary tests with the algoriggna+  plan by combining the best position for every space. The main
posed in this paper demonstrate that the use of basic cerssowdrawback of this approach is that as the number of rooms in-
among diferent alternative solutions result in a less diverse setreased the space combinations also increased, the nufmber o
of floor plans, from the topological and geometric perspesti  possible solutions is dependent on the initial space stapk,
and diversity is a key issue in early architectural task@rtier  they could not work as modules that fit together. The research
to guarantee the integrity of the chromosome and the coberenstarted from the unproven premise that if the functionea aured
of the floor plans, a judicious use of crossover must be ahrrierelationship between objects are guaranteed then the bsem
out. For example, a common problem which arises when sucbhpaces will emerge as a floor plan. Each space may have several
computational tools are used is the duplication of spaagdbeo geometric forms. Determining the best shape for each space
lack of these, in comparison to the initial design prograimsT does not mean that the assembling of all spaces will result in
kind of problem is very often observed infiirent uses of GA  a coherent floor plan. Despite the limitations of this kind of
in architectural floor plan design. Even if this problem i€y  approach, it has the advantage of guaranteeing the athooaiti
come by including a topology consistency check, after a fewfurniture and fixtures from the start. The other approackieso
generations the individuals of the population convergediome  come this by setting minimum and maximum lengths for each
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floor side shape. X,y € Z is the bottom-left vertex point coordinate, anch € N
Generally, in every research each space is treated as an @re the width and height of the rectangle, respectively.hin t
thogonal shape (rectangle) except in approaches inspirgid i case of the building boundary, the floor plan elements must be

ological morphology principles [22, 30]. Therefore, thews  placed inside of the polygons resulting from the union ofhe
non-convex shapes (for instance L-shaped spaces) is absent Unlike the building boundary, the overlapping of the adjdce
building setA must consider the vacant areas of the spaces and

openings.
3. Mathematical model P 9

The floor planning task in architecture is made up of sev-3-2. Computing individuals fitness

eral sub-tasks focusing onftérent aspects of the design pro-  The purpose is to compute a set of feasible design solutions,
cess. The actual generation process in the synthesis stage ¢, that minimize one cost function which is the sum of penal-
pends on the goals and preferences of the practitioner&im®r  ties due to the violation of constraints or by not fulfillinget
methods. Therefore, there is no standard process for degign topological and geometric objectives. The topologicalabj
buildings for architects nor is there a standard procesdor  tjves are to satisfy the interior connectivity between ssa@n-
planning. terior doors), verify the adjacency of spaces and oriesradi
When tackled by automated generation by computers, thefige exterior openings. The geometric objectives are todavoi
are several approaches under the same name of space planngigriapping between spaces, openings and adjacent tgsidin
which have diferent purposes. As seen in the "Background”set the correct dimension for the spaces, and to preventére o
section, there are diverse approaches wiffedgnt goals, from  flow of the building boundary.
the simple conceptual exploration, where the generated floo The mentioned objectives are aggregated in a single objec-
plans hardly have any resemblance to an actual floor plan, tgye function subject to minimization, expressed by Eq. ithw
the highly specific optimization problems such as departmerseyen evaluators named Connectittgjacency (1), Spaces

assignment or adaptation of previously stored designs. Overlap (,), Openings Overlap f§), Openings Orientation
(f4), Floor Dimensions fs), Compactnessf§), and Overflow
3.1. Problem statement (f7). All of the evaluators except the Connectiyiygljacency
The Space Allocation Problem may be defined as a drawin§valuator penalize areas, for instance the overlappedtmea
of a set of predetermined rooms or spakes{S;, Sy, --- , Sy} (Ween two spaces or the overflowed area of each space in rela-

on a two-dimensional space, which satisfy the required flooHon to the building boundary. In the case of the first evalyat
and openings dimensions, and topological relations within the penalties are according to the distance between sgfemes.
building boundaryB = {By, By, - - - , By,} Without overlapping example, the distance between two spaces that must be_ adja-
these or adjacent buildings= {A1, Ap, - -, An,). cent. Consequently, to have penalties with the same matgnitu
Each spac8(Fi, {Wi 1, Wiz, -+, Winen}, {Di g, Diz, - , Dy pee}) the evaluators;, to f; are square rooted.
is an object with one floor with the shape of a rectarﬁgleanc'i ;
NP" exterior windowsw; ; and NiEd exterior doorsD; j. Each F(1) = cafa(l) +
g =Ll
space can have topological preferences set by the userefor th ~
spaces (interior doors or adjacency) and openings (vievs).
instance, gathering a set of spaces in a cluster. This kind of There are certain objectives which are essential when gener
preference allows the user to join common functional spacating a floor plan. These objectives must be fulfilled enyiiel
units (e.g. bathrooms). a coherent floor plan solution is to be designed. The samé is no
The floor is a rectangle with four degrees of freedomso for the remaining objectives, as the success in obsethigg
Fi(x,y,w,h);x,y € Z;w,h € N. xandy are the bottom-left does not fect the actual floor plan. The first establishes the
vertex point coordinate, andandh are width and height of the connectivity between spaces, avoids the overlapping afespa
rectangle respectively. The width and height are constthin and openings, and avoids the overflow of spaces relatingeto th
within the limits defined by the uses, < w; < ap and building boundary. With this in mind, it is possible to seéth
b, < hi < b, importance of each objective in every evaluator's weighir F
Each exterior window\, j(s, p) and exterior dooD; j(s, p) instance, the connectivity evaluator weight must be higjfen
has two degrees of freedom. Tkes Z, specifies on which the compactness evaluator weight. An adequate relatijpnshi
side of the floor every opening is placed and the Z;p; sets among the weights of the evaluators is necessary to assaitre th
the relative position of the opening on that side. Each apeni the proposed technique is capable of producing good ressudts
could have an orientation preference set by the user. Tihisal that the hierarchy of importance given by each weight to each
the user to specify preferences as far as views are congernaaluator is reflected. This must be satisfied at all costs.
which is a common practice for architects. This is guarahtee Another aspect related to the evaluators’ weights is that by
by allocating a vacant area in front of each exterior openingttributing diferent values to two evaluators, for instance the
which must not be occupied by other elements. higher value to the Connectivit4djacency Evaluator and the
The building boundary and adjacent buildings are sets ofower to the Compactness Evaluator, small improvements to
rectangles,Bi(x,y,w, h) and Ai(x,y,w, h) respectively, where the connectivity objective will compensate the penaltiest t
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Table 2: Nomenclature.

Nomenclature

P Population of individuald N,  Number of population individuals
| Individual with a set of spaceS; Ns  Number of spaces in the floor plan
S; Space with a FlooF; and a set of opening& ; andD; Fi  Floor Rectangle of the spa&
Wi andD;; Openings of the spac®, N Number of exterior windows of a specific space
Ne®  Number of exterior doors of a specific space E Rectangle that bounds the floor plan
B  Set of building boundary rectang|8s A Set of adjacent buildings rectanglas
Np,  Number of rectangles in the sBt N, Number of rectangles in the sat

O(Xij, M(i)) Clear area rectangle of the elemefitaccording to the ¢ Evaluator Weight
clear area matri

V«(X) List of all x-coordinates vertices of a rectangle Vy(X) Listof all y-coordinates vertices of a rectangle
w(X) Width of a rectangleX h(X) Height of a rectangl&

Meon  ConnectivityAdjacency Matrix Mgim  Floor Dimensions Matrix

Mews Exterior Window Size Matrix Megs Exterior Door Size Matrix

Migs  Interior Door Size Matrix Mwa  Exterior Window Vacant Area Matrix

Mga  Exterior Door Vacant Area Matrix M¢ar  Floor Areas Matrix

Meqo  Exterior Window Orientation Matrix Mewo  Exterior Door Orientation Matrix

tw  Interior Wall Thickness tew Exterior Wall Thickness

could be obtained in the compactness objective when a geo- The Spaces Overlap Evaluator assesses overlapping among
metric transformation operator is applied. This createtnd k floor spaces or between each floor spakk) (@and adjacent
of penalty bidfer for the most important objectives. buildings (setA). It is expressed by Eq. 6, wheffg, is the

The ConnectivityAdjacency Evaluator assesses the spacéunCtlon mggiermine the overlapping area of two rectasigle

distance according to the topological relationship set e The Openings Overlap Evaluator assesses the overlapping of
determined matriMc,n, the interior door dimensions set on the openings with other floor plan spaces and between the same
matrix Migs, and the interior wall thickness oy, (see Fig. 1  space openings. If the vacant area in front of each opening is
for a topological graph of a floor plan design). If the value inoccupied by another element or adjacent buildings, thelpena
the Mcon matrix entry is 1 the connectivity is calculated, if it is ties will be the resulting intersection area. If one spacerhare

2 it is the adjacency which will be calculated, all this ackor than one opening, the performance of the individual wilbals
ing to Eq. 2 which determines the penalties when requiresnen€ penalized if they overlap, corresponding to the overtapp
have been met. Thé&gis determines the connectivity distance area. Therefore, to determine the penalties for the oveiriap
between two spacdsand j, according to the necessary min- Of openings Eq. 8 is used. Whefgy,, Eq. 9, determines the
imal distance of floor side to be juxtaposed. This will allow overlapping of spaces with the vacant area in front of opgs)in
the placement of an interior door and it is expressed by Eq. 3nd fraw, EQ. 10, determines the overlapping of adjacent build-
The distance of am-coordinate ¢y) andy-coordinate ¢,) be-  ings with the vacant area in front of the openings. Whiaie

tween two spaceisand j can be determined by Eq. 4 and Eq. 5 EQ. 11, is used to compute the penalties for the overlapping o
respectively. a space opening. To calculate the penalties of Eq. 9, Eq.d.0 an

Eq. 11 the values from the matrices for the vacant areasim fro

of the exterior windows and exterior doors are needi&g, and

Maa respectively, where a rectangle dimension of the necessary
area in front of the opening is established. T j, M(i))
expression returns the corresponding rectangle accotalithg

Xi.j opening andM (i) entry value on the matching matrix. If
the opening size is larger than what is established in thebxnat
the rectangle of the vacant area must be adjusted to cover the
opening size dimension.

The Openings Orientation Evaluator penalizes each opening
that is not placed on the preferred space floor sides, tb-
tained fromW, j(s, p) or D; i(s, p), is not equal to the entry on
matrix Mewd(i, J) or Meqdi, ), respectively, the penalty value is
the multiplication of the opening size times the depth vaitie
the corresponding matrix vacant area entry. Eq. 12 calkesilat
these penalties.

Figure 1: Example of a single house floor plan design with the The Floor Dimensions Evaluator penalizes each floor space
penalties information and the spaces topological graph. (F)) that is over or under dimensioned relatively to the min-




z zJ 1ot Feais(Fis Fi, tiw + maxMigs(i), Mias(i)})  if Meon(i, J) = 1

i) = {55 20 " 2 fcd.s(F., Fj,0) if Meon(i, J) = 1 (2)
0 otherwise
dx(Rl, Rz) + dy(Rl, Rz) +C if dx(Rl, Rz) >0A dy(Rl, Rz) >0
dx(Rl, Rz) + dy(Rl, Rz) +C if dx(Rl, Rz) >0A dy(Rl, Rz) +c>0
dx(R1, Re) + dy(Ry, Ry) + € if dy(Re, Rp) + € > 0 A dy(R, Rp) > 0
dx(Ri, Ro) if dy(Re. Ro) > 0 A dy(Ry, Rp) + ¢ < 0
feais(Re. Re, €) = §dy(Re, Re) if dx(Ry, Ro) +€ < 0A dy(Ry,Rp) >0
min{dy(Ry, Ry) + ¢, dy(Ry, Re) + ¢} — max{dy(Ry, Re), dy(Ry, Ro)}  if dh(Ru, Ro) + € 2 0 A dy(Ry, Re) + ¢ 2 0
ldu(Ry, Ro)| if dy(Ry, Ro) + € > 0 A dy(R, Rp) + € < 0
ldy(R, Ro)| if dy(R1, Ro) + € < 0 A dy(R,Rp) + ¢ > 0
min {lde(Ry, Ro)l, [dy(Ry, Ry} if dy(Re, Ro) + € < O A dy(Ri,Rp) + €< 0
(3)
dx(Ry, Re) = max{Vy(Ry), Vi(Re)} — min{Vy(Ry), Vx(Re)} — W(Rs) - W(R,) (4)
dy(Ru. Re) = max{Vy(Ry), Vy(Re)} - min{Vy(Ry), Vy(Rz)} - h(Ry) — h(Rz) (5)
Ns—=1 Ns Ns  Na
)= > D folFu Fi) + ) > foulFi, AY) (6)
i=1 j=1+i i=1 j=1
fov(Rl, Rz) = W(Rl N Rg)h(R]_ N Rz) (7)
fa(1) = fsaw(l) + fraw(l) 8
5 N NieW
foau(l) = Z ( Z W(Fi- O(Dij, Maal)) + > fou( Fi, O(WEj, Mua(i))) + fdw(i)) 9)
i=1 \j=1 j=1
Ns Na /N NE
fraw(1) = D D ( Z fou( Aj> O(Dij> Maa(i))) + ), Tou( Aj, (W, Mwa(i)))) (10)
i=1 j=1 k=1
New-1 New
faw) = >0 D" fol O(Wh j, Mua(is 1)), O(Wh Mua(i, K)))
j=1 k=1+j
Ned-1 Ned
+ > > foO(Dij, Maalis 1)), O(Dik, Maali, K))) (12)
j=1 k=1+]j
NG New
+ Z Z fou(O(Di j Maa(i, J) ), O(Wi k. Mua(i, K)))
j=1 k=1
Ng , New Ned
f00) = D5 (O Ml ) Mo, ) + . (0D Mo, ). Moo ) 12)
i=1 \j=1 j=1
_ Jw(O)h(O) if openings # z
for(©.2) = {0 otherwise (13)

imum and maximum dimensions for the smaller sidg dnd  gives penalties if the referred space has an area inferithreto
am) and larger sidel{, andby,) of the floor rectangle. It also specified minimum ared{,). Eq. 15 calculates the penalties of
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this evaluator. The value d; of a floor space is determined the side of the space. Consequently, the results will ndtdec
by Eq. 16. The Floor Dimensions Evaluator is computed bythat opening or will resize it to fit.
Eq. 14. The allocation and re-arrangement on the two-dimensional
The Compactness Evaluator assesses the individuals by apace of dierent objects is regarded as a combinatorial prob-
tributing penalty values for the empty area inside the gd lem. The increase in the complexity of the problem is also the
boundary (set of rectangl®). If it is an empty set, the penalty result of the exponential growth of the possible admisssiole
values are given for the clear area inside of an imaginatgrec lutions resulting from the expanded search space. This snean
gle E that bounds the floor plan. Eq. 17 assesses how compatttat any algorithm that aims to carry out an exhaustive enu-
the individual is. meration of the problem faces the limitation of the ifiient
When the user establishes a polygon building boundary (theomputation resources available.
polygon is the sum of several rectangles, set of rectarigjles
the Overfloyv Evgluator will assess if any space is partiatly 0 4 Evolutionary approach: EPSAP algorithm
totally outside this polygon. However, before the assessme
the polygon building boundary is deflated according to the ex Due to the size of the search space and the combinatorial na-
terior wall thicknesstg,) minus half the interior wall thickness ture of the problem, computing suitable solutions may berd ha
(tw). This turns each floor rectangle into the core line of thetask. Evolutionary Methods have proven to lifeetive tools.
walls. The equation to determine the overflow penalties is exHowever, as demonstrated in Table 1, very often such ha&urist
pressed by Eq. 18. techniques only tackle a reduced set of design variableseMo
According to the problem statement, it is possible to deterover, the results from some of these can barely be identifed a
mine the number of variables in a floor plan problem that ardloor plans, since dierent issues were not taken into consider-
subject to change with Eq. 19. For example, a program desigation in the same approach. For instance, to ignore thehate t
problem with 9 spaces, one exterior door, and each of theespacexterior openings can have in the arrangement of the spaces.
with one window, the total number of variables to be computed With the purpose of enlarging the number of design vari-
within the geometric and topological constraints are 56. ables, addressing ftierent topological requirements, and still
However, the number of variables does not express tifie di take the practioner’s preferences into consideration, 8n E
culties of the Space Allocation Problem in architecturert@e  based method was used. The proposed ES method seems to
difficulties arise from finding a way to quantify the subjectivity be adequate for the purpose of producing a set of design al-
and preferences of the practitioner, which topologicalgeo-  ternatives, leading to better results than with the GA and GP
metric aspects should be taken into consideration, andiiee e methods. The ES does not require the use of genetic operators
nential computational resources required when the problem which may result in incoherent floor plans. Doing so, mutatio
creases in its complexity. For example, the proposed tgcieni operators work directly on the phenotype level (physicptee
expands the number of variables to include not only the posisentation). However, and according to the goal of the ptesgen
tioning of the openings but to take into account the prefegsn problem, a simple ES was not enough. It was necessary to guar-
of the user by pointing out the orientation of each one. Conseantee that the individuals could be fairly compared befgre a
quently, the computational burden increases and the peopos plying the elitism operator. In the initial population, ialuals
technique attempts to overcome this problem by cyclicaly r are randomly generated, merely producing loose rectadgles
newing the population with new individuals to substitutese  tributed in the two-dimensional space. The number of ti@nsf
that have shown to be unfit and incapable of improving theimations required until they form a coherent candidate gniut
fitness. varies from individual to individual. This requires the wgean
Regarding topological issues, the design program can be reHC, which cyclically improves the individuals within eaeB
resented as a graph in which the rooms are vertices andonterigeneration. The SHC transforms the individuals by applying
doors are edges [33]. According to graph theory, it is pdssib geometric transformations toftérent design variables. Each
to embed the graph within the plane if, and only if, no edges obperator will try to find the best position and size of an archi
that graph intersect. Due to the number of rooms and interiotectural element (for instance, the exterior window ordion).
doors that connect them, stated by the user, the problem may The EPSAP algorithm is depicted in Fig. 2. The ES is an
become unfeasible if the topological requirements esthbll  elitism approach that will filter the fittest individuals ane-
by the user do not result in a planar graph, meaning that thplace the remaining by new randomly generated ones. The
produced design will have spaces overlapping or interi@rslo mutation operators of the ES will transform the individutals
missing. emerge as floor plans by aligning their elements. The SHC on
Again, depending on the user requirements, the geometritie other hand, transforms design variables according ¢e ge
constraints may be such that it is impossible to have a feasib metric operations. This proposed technique joins the difyab
solution. For instance, if the interval of admissible spdce of the ES to search globally and the SHC to search locally.
mensions is so strict that no dimensional configurationdslav The EPSAP is made up of two stages. The first stage is the
able to accommodate all spaces within the building boundarnEgS search method in which the initial population of indivadku
Another example may be found when the same interval of adis randomly generated with a population size set by Eq. 20.
missible space dimensions does not consider the size oéthe r The size of the population is related to the number of floor
spective openings, for instance the door size being latger t plan elements (exterior windowsk,,, exterior doordNeq, and
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Ns

fs(1) = > (fda(i) + fsp Maim(i, @), Maim(i, ), mintw(F;), h(F;)}) x maxw(Fs), h(F)}

= (14)
+ fsp(Mdim(i» bn), Mdim(i, bm), ma)QW(Fi)» h(FI)} X min{W(Fi)’ h(FI)}))
fonll) = {gﬂfara) = W(EDR(F:)  if Miar(i) > W(Fh(F:) (15)
otherwise
(n-d)® ifn>d
fsp(nmd)=qd-m ifm<d (16)
0 otherwise
() [ ZRWBONB) - T4 3% (B F )~ T folB Fy 1 F) i B0 a7
T \WENE) - 2 (foE. F) - Z5% fouELFi N F))) otherwise
Ns Np Ns
f(1) = > w(FDh(F) - > > fo(Bi.F) (18)
i=1 i=1 j=1
Ns
frar(1) = 4Ns + 2 > (NP + N¥9) (19)

i=1

interior doorsN;g) multiplied by an adjustment fact@rand the  tained by Eq. 21, then the second stage finishes and returns to
number of individuals on the elite groupldy). The equation the first stage of the proposed technique (ES search). Ifmet,
does not consider the number of spadég (instead it uses the SHC search method continues by applying a group of SHC op-
number of interior doorsNjg) as every space has one or more erators to each individual. Those operators perform skiha
interior doors, making it more precise in representing thig-i  geometric transformations in the individuals’ openingges
cacy of the problem. This approach allows adjusting the popelusters, and in the individual as a whole. Subsequentyy, th
ulation’s size according to the complexity of the problend an individuals are evaluated and ranked and the terminatiadieo

to the needs of the user, allowing, at the same time, a diverd@®n is evaluated again.

set of alternative solutions to be identified. Accordinghe t

experiences carried out thus far, Eq. 20 permits an acdeptab Zi7:1 G
population size to be computed. t=-—"—— (21)
Np = KNeg(New + Neg + Nig) (20) When the termination condition of the SHC search is met,

the second stage finishes and the first stage is resumedn€onti

The algorithm starts by initiating the first stage (ES seprchuing the ES search, the individuals are subject to a serieSof
by randomly generating the population. Then it initiates th operators. This set of mutation operators are also stdchyest
second stage of the process (SHC search), in which indildduaometric transformations, however, instead of dealing wihh
are evaluated and ranked according to the objective fumetie  element of the floor plan at a time, work is performed on the
pressed in Eq. 1. The assessment of the individuals focuses individual by producing wall alignments or by removing empt
seven evaluation axis: the connectiyitgljacency, floor over- areas around the perimeter. These ES operators are fundamen
lapping, openings overlapping, openings orientation,rfie  tal to the floor plan, to emerge as a unit and not as a sum of
mensions, floor plan compactness, and spaces overflow. Theggctangles. They give the individuals the coherence of an ar
are gathered in a weighted sum objective function to be minichitectural floor plan. Afterwards, they are again evaldatied
mized. The diferent weight permits each objective to be rankedranked. The individuals which have a fitness value under the
according to its importance. average fitness of the population are selected to be pareof th

The following step of this stage is to determine if the ter-next generation, making this an elitist approach. The remgi
mination condition is met for the second stage. If the movingndividuals are discarded and replaced by new randomly gen-
average of the fitness of the elite group in the last 5 SHC kearcerated ones. Similar to the termination condition of theogelc
cycles is larger than the negative evaluators weights geash-  stage, if the dierence between the current generation of the

9



then the transformation is kept. The fitness informationeafe
evaluator is stored and used in certain operators in adatbtéen

magnitude of their transformation allowing for a fasterwemn
gence of the population.

The SHC operators arrange the openings and space position
and dimensions such that topological and geometric canttra
are satisfied, but these are noffmient for the individual to
emerge as an architectural floor plan. The ES operators are re
sponsible for making the individuals as an architecturairflo
plan by removing incoherencies such as misalignment oswall
incongruentvoids along its perimeter boundary or withimith
dividual. The precise adjustment of these operators iésse
for a fast convergence of the search technique.

Generate L
- <
Individuals

Individual
fitness
above limit?,

Evaluate Individuals (€= SHC Operators  [<:no

A
5.1. SHC operators

End SHC
search?

The SHC operators are applied during the second stage (SHC
search). Each individual will be subject to stochastic getin
transformations on their floors, openings, cluster of spaaed
on the floor plan.

Space operators modify the size and position of the floor
spaces by translating, rotating, and stretching the flooa of
random space of that individual floor plan. When the Floor
Translation Operator is invoked, the floor is moved on the-two
dimensional space in one of two possible directions, orxthe
or they-coordinate direction. The amount of translated distance
is calculated by dividing the connectivity fitness by the con
nectivity/adjacency Evaluator weight and then multiplying by a

random value from a Gaussian distribution. The Floor Rotati
! ES search (1% stage) Operator uses the geometric center of the floor as a pivot for a
e R R e e turn of 90 degrees (counter-clockwise). The number of tigns

no

no

SHC search (2" stage)

yes

v

End ES

ES Operators | Evaluate Individuals search?

yes

Display
Elite Group
Individuals

v randomly calculated within the s&t;. The exterior openings
attached to that space are also rotated according to theerumb
< Stop > of turns. The Floor Stretch Operator works by randomly pick-
ing a wall from the floor space and stretching it according to a
Figure 2: EPSAP flowchart. random value from a Gaussian distribution.

Opening Operators reposition the exterior doors and exteri
windows on the floor space. There are two operators of this

elite group fitness average and the previous generatiorgisrla kind. The first one sets a new random position on the floor
than the negative evaluator weight average value calculate space perimeter and the second mirrors the opening to the op-
Eq. 21, the search process ends and the individuals from thgysite side of the floor space. When the operator is invokeel, o
elite group are ready to be displayed. of the spaces is randomly chosen and one of the openings from

The fact that the population is partially renewed with new in that space is also randomly selected. If the Opening Transla
dividuals has two main advantages. It avoids the computatio tion Operator is applied, the algorithm will randomly cheos
burden of continuous operations to evolve individuals #rat  the wall which will be placed and randomly determines the in-
no longer capable of improving and allows other search spacgartion point of that wall. The position of an opening, after
regions to be explored, contributing to keep the evoluti®sp  the wall to be placed has been determined, is a random value

sure on the elite group. (between 0 and 1) multiplied by theftiirence of the interior
distance of adjacent walls with the opening size. The ifwert
5. ES and SHC operators point of the opening is the left edge in a clockwise orieoiati

In the case of the Opening Mirror Operator, the algorithm wil
As stated earlier, the proposed technique is made up of twplace the opening in the opposite wall with the same distance
search stages. During both stages, the individuals arecubj from the same adjacent wall.
to a set of adaptive stochastic operators that perform ggmme  Two space cluster operators were implemented. The Spaces
transformations on the phenotype level of the individualk.  Cluster Translation Operator works by determining the aigh
ter each operation has been carried out, the individualdkiev connectivity penalties between spaces. Subsequentlg|uke
ated and if an improved or equally fitted individual is proddgc  ter of spaces associated to that connection is identified and
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translated on ar-coordinate of-coordinate direction by mul-  space, if the edge of the void is smaller than a pre-detewnine
tiplying those penalties with a random value of the Gaussiawalue.

distribution. Another situation where a cluster of spacesds

to be repositioned in relation to a specific space occurs wehen
cluster of spaces are stuck on the wrong side of that space.
this case, Spaces Cluster Mirror Operator is applied towthe The proposed technique for finding a set of suitable floor

link between two spaces with higher connectivity penalthfs  ometric and topological requirements defined by the user, ca
ter it determines which of the two spaces has the higher numbge symmarized as follows:

of connections it mirrors this space and the connected space

in relation to the center of the other space. The random di- 1. Start first stage of the technique (ES search). The initial
rection can be on the-coordinate or ory-coordinate and it populationP = {l1,l2,--- Iy} is obtained by randomly

is determined randomly. The center of the mirror is the con- ~ 9enerating individuals.

nected space geometric center. The openings of those spaced. Start second stage of the technique (SHC search).

are also mirrored preserving the relationship betweenthees 3. For every individual in the population, the fitness is com-

Pn' Overall procedure

and openings of that cluster. puted according to the objective function and its evalua-
The Floor Plan Operators work on the floor plan as a unit. ~ tors. See Eq. 1. The individuals are ranked and the elite
There are four operators, however three are invoked onhgif t group is created. Compute the elite group fitness average

building boundary is set. They are the Floor Plan Centering  feaygand storeit.
Operator, Floor Plan Translation Operator and Floor Plan Ro 4. If the diference from the current iteratidaayg to the av-

tation Operator. The first operator centers the floor plahiwit erage of the last 5 previously storégh,g is greater tham,

the building boundary. The second translates the entire floo  signal to stop the second stage and go to procedure number
randomly on thex-coordinate or on thg-coordinate. The mag- 6. See Eq. 21.

nitude of the translation is randomly determined within itihe 5. Apply SHC operators on each individual. Go to procedure
terval 1 and the maximum value obtained by dividing the in-  number 3. If the individual has equal or improved fitness,
dividual Overflow Evaluator penalties with the correspargdi the operation is preserved.

evaluator weight. This allows tiny adjustments in the posit 6. End second stage (SHC search) and return to first stage

ing of the floor plan. The last operator rotates the entirerfloo (ES search).
plan relatively to the geometric center of the building bday. 7
The fourth is the Wall Translation Operator which acts orheac
iteration by randomly picking a wall, and randomly tranisigt

itin a perpendicular direction. The magnitude of this ttatisn 8
is obtained by randomly picking a value from the intervattsta
ing at 1 and the maximum admissible value from the division
between the individual Floor Dimensions Evaluator pegalti
with the matching evaluator weight. Every time that a walhof
space is moved, the individual is assessed and if the ingiid
fitness is equal or improved the transformation in that sjmce

. Apply the ES operators on each individual. If the indi-
vidual has equal or improved fithess, the operation is pre-
served.

. Evaluate individuals according to Eq. 1 and rank them.
Compute and store the current elite group fithess average
fceavg@nd the population averadgg.

9. If the difference betweefficgayg and the previous gener-

ation fceavg is greater thar, signal to stop first stage of

the technique and do procedure number 11. If not, start

a new population generation with selected individuals that

preserved. have their fitness lower thafa,g Generate new random
individuals to keep the same population size.
5.2. ES operators 10. Restart second stage of the technique (SHC search). Go to
The ES operators are carried out in each ES generation, ~Procedure number 5 for the preserved individuals and go
These operators act transversely tdetient floor plan elements, to procedure number 3 for the remaining.
for instance the alignment of walls offtirent spaces. 11. Display the elite group individuals. Stop first stagehf t

These alignment operators act on the individual to remove  téchnique.
incoherencies and make the floor plan emerge as a final design.
The operators are invoked in the order: Wall Alignment Op-7. conclusions
erator and Void Remover Operator. The former operator, the
Wall Alignment Operator, works by making two lists, one with  The main purpose of the EPSAP is to be able to generate
all verticesx-coordinates and the other withcoordinates. If  different candidate floor plans to be used in the early stages of
the ordinates are within the range of predefined values,arey an architectural design process. This will assist the ggchin
substituted by their average. If the building boundary tstee  picking which possible solutions should be further devebbat
average value is substituted by the value of the boundany cooa later stage.
dinates, if and only if, it is within a predetermined distantn The EPSAP attempts to place both topological and geomet-
the latter case, when the Void Remover Operator is invoked, t ric issues into a single search process. It is possible toegat
voids of the plant are filled with the adjacent stretchablerflo several objectives in a single cost function, some of whigh a
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mandatory and other are loose, and the latter may be adjustefs)
according to the user’s preferences. The geometric and topo
logical features included, such as interior and exteri@nipgs,

their topological orientations, and walls thickness, hsigaifi-

cant importance in how the spaces are adjusted to each tither. [7]
also guarantees that no opening will face, a wall or an adjace
building. These features are unique in the way that they were,
implemented in the EPSAP. The openings are participating ob
jects of the evolving process and not just an after addition.

As it is oriented for the early design stage of architectural [°]
practice, it aims to generate a set of diverse solutions, lteu
coming a helpful tool for the practitioner without narrogin
their creativity and control over the tool. It uses the adages  [10]
of using an elitist ES technique to search a large spacermegio
and an SHC technique to locally improve each individual. The
use of an elite group, corresponding to the user’s desiret nu [11]
ber of floor plans to be compared, allows the algorithm tocdear
further in search space. By discarding the unsuitable, tee-0

. L . . [12]
penalized individuals, and replacing them with new randoml
generated ones allows for better use of computation ressurc [13]

The geometric transformation operators used in both stages
of the process improve the individuals’ fitness by randomly[14
changing the design variables values. However, insteadosf p
ceeding with no determined function, the operators perform
specific geometric manipulation. For example, the rotatibn
a random space in a random number of turns. Every time that”!
an individual is evaluated, the detailed information is pegh
into the individual itself and used to adapt the operatothén
following transformation. The ES operators are important a
they make the floor plans emerge as coherent solutions. Thé%/e]
apply geometric transformations that are transverse terakv [17]
floor plan elements, for instance wall alignments, remoumng
coherencies and voids in the design. (18]

This part of the paper describes a hybrid evolutionary compu
tation technique, in which an ES is enriched with a SHC method
to tackle the Space Allocation Problem in architecturehdtvgs  [19]
the structure of the algorithm, thefiiirent search methods in- [20]
volved, how the computation of the individuals’ fitness is-ca
ried out and how the operators are executed in each individug1]
of the population. In the second part of this paper, the psegdo
technique is tested for its validity and performance.

]

(22]
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