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ABSTRACT 

This paper describes three-dimensional layout 

issues in architecture and proposes new design 

decision-making methodology for configuration based 

on optimal environmental performance. For the 

problem formulation, space layouts are constrained 

into three-dimensional grid allocation of functional 

typological relationship, since it best represents design 

process allowing for which architectural spaces are 

organized with a certain dimension of a regulating 

module‒a ruling measurement of architects‒or its 

multiple scales. 

Complications in the quadratic formulation of 

layout problems thereby can be led to linear multi-

objective optimization, which allows practitioners to 

understand the solution and apply to real problems. As 

a pilot study, a grid-based matrix model of a mid-size 

residential building has been assumed with a plausible 

architectural scenario. After local codes apply to an 

ambient condition to generate a primitive building 

mass, random allocation of each space onto the 

mapping domain keeps generating alternatives with 

window variations. This study demonstrates how 3D 

layout can be simply illustrated and optimized 

efficiently with environmental performance criteria. 

 

INTRODUCTION 

Space layout planning is one of essential tasks in 

building design. All the way through the practical 

process, at every moment, architects/designers carry 

their duties to organize space effectively and creatively 

for a certain purpose. On top of that, as low-energy use 

becomes the foremost priority in architecture of recent 

years, environmental space construction needs to be 

elucidated again with its direct relationship to thermal 

zoning (Hemsath 2013). Especially, along with 

increased number of internal-load-dominated buildings, 

of all building components, space configuration has the 

biggest impact on the internal operation (DOE 2001). 

For instance, well-designed spatial organization can 

significantly reduce energy use of commercial 

buildings where interior lighting and behavioral loads 

are in high demands. 

Therefore, it is very important to understand energy 

implication of space layout. However, even though 

performance-based architecture has been consistently 

pursued for other major building components including 

window (Caldas and Norford 2002), planar shape 

(Wang et al. 2006), and envelope (Yi and Malkawi 

2009), spatial planning has not yet been straightened 

or even formalized into sustainable design practice. It 

is mainly due to the fact that it is always a moving 

target depending on building scenarios and project 

management. 

Obviously, it is unseizable to anticipate impact of a 

single spatial component to environmental needs as 

well as thermal characters of individual rooms in early 

phases of design. To make up for the planning under 

such uncertainty, in this study, we adopted a whole 

design-optimization approach to intertwine simulation 

technology and layout work. Automation of spatial 

form-making and analysis will speed design work with 

input-output analysis, thereby allowing architects to 

attain flexibility to cope with ever-changing design 

requirements for spaces.  

The purpose of this study is succintly stated with 

four focal points as in the following: 

 Solution developement of 3D layout problems 

for environmental design 

 Providing easy geometry-contolling procedure 

of integration for architectural layout 

automation during the schematic stages of 

projects. 
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 Description of perfomance-optimized spatial 

layout with variation of perforation 

 Test of effectiveness of application of a search 

algorithm to the new methodology 

3D SPACE LAYOUT AND OPTIMIZATION 

Space layout problem is not a new theme since it is 

intrinsically to find a logical procedure to distribute a 

set of components on a finite domain. Terminology of 

the notion (facility layout, activities allocation, block 

plan, and so on) has a long history that runs back to 

the early 1960s (Levin 1964). From management 

system to product design or image processing, it has 

broad range of application in various scales (Liggett 

2000). In the field of architecture as well, it had gained 

much of attention in 1970s and 80s because of its 

attractive power (Grason 1970, Liggett and Mitchell 

1981, Wong and Liu 1986). Related to finding a 

solution was it Graph theory that mainly used to 

represent the problem with nodes and paths before 

computational techniques were widespread. Theoretic 

development had been led to invention of several 

efficient computerized tools such as BLOCKPLAN, 

ACTLOG, CRAFT, and so forth. Those made layout 

representation be applied to multi-purpose problems 

easier. 

Despite well-defined formulations, obtaining an 

optimal solution is another target-shooting. In most 

cases, the final costs are time, expense, or other 

operating efficiency, which mapping of sets is finally 

expressed as a form of quadratic equation. It follows 

that layout problem has been one of very difficult 

mathematical problems ‒ well known as quadratic 

assignment problem (QAP).  

Innovations found in recent articles on this issue 

have been achieved by engrafting new or improved 

algorithms borrowed from artificial intelligence 

discipline (Gero 1997, Moghaddain and Shayan 1998, 

Yeh 2006, Duh 2007, Wong and Chan 2009), or by 

multi-tasking procedure coupled with decision-making 

process (Cambron 1991, Yang 2012). However, those 

are far beyond the concern and scope of this study 

primarily focusing on integrated application of 

simulation practice in building design. 

Meanwhile, in realm of architectural study, the 

methods of the layout problem has been recently 

dedicated to interactive planning, development of user-

oriented tools (Michalek et al. 2002, Bénabès et al. 

2010), or extended to new area such as construction 

site planning (Said and El-Rayes 2013, Andayesh and 

Sadeghpour 2013). Michalek et al. have achieved 

comprehensive possibility of the automated building 

planning by showing how various geometrical 

constraints can be defined. Bénabès et al. took user’s 

intervention into account for a simple case of furniture 

layout. 

Adding another dimension is quite new and rarely 

searched for the layout problem in architectural design. 

The following sections seek to develop a new method 

to construct 3D layouts in an automated manner, and 

validate the optimization work. 

 

METHODOLOGY 

Architectural layout problem 

The main assumption underlying this study is 

utilization of 3D layout methodology in real practice. 

The first and foremost concern is construction and 

control of geometry of a building volume. By dint of 

modules that architects use to ascertain their building 

idea, the volume is segmented in parts. Then, 

according to the unit length of the segment, a building 

can be easily illustrated as combination of the unit 

volumes of segments. Ordering of the units turns it into 

a mathematical formulation, and is ready to be handled 

by artificial manipulation. Geometric connectedness of 

inter-related functional volumes can be resolved by 

optimization theory, and suitable disposition of the 

units is heuristically searched towards the optimal state 

fitting user-defined objectives. The following sections 

go through above methodology in detail. 

 

Solution of the problem 

Typically, layout problem is divisible into two 

subsets; (1) topology and (2) geometry, which each has 

a distinctive feature in finding solution. First, the 

topological problem involves with semantic hierarchy 

of spatial components. Adjacency and approximity are 

main terms used to evaluate appropriateness of 

alternatives since they directly relate to occupants’ 

usability and functioning of spaces. Secondly, the 

geometrical problem should also be resolved to realize 

topology. Implementation of topology can be visualized 

on a coordinated plane by successful geometrical 

representation such as size and location. The trikiest 

matter occurs when two or more spaces are adjacent. In 

order to avoid overlapping and intersection, it is 

necessary to set some of hard constraints, and several 

methods are employed (e.g. Broyden-Fletcher-

Goldfarb-Shanoo method; Bénabès et al. 2010). 

However, such explicit mathematical expressions are  
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Figure 1 Representation of combination of space units 

and adjacency (W, D, H: number of units in width, 

depth, and height respectively) 

 

the main reason for remarkable consumption of 

computational resources. 

Therefore, in this research targeting practical use, 

the problem was simplified by combination of topology 

and geometry. In real practice, architects start a project 

with regulating modules in any plans, and those are 

represented as grid lines in general. That being said, 

geometrical constraints base on assumption of irregular 

allocation are needless in the schematic design since 

virtual lines are a straight jacket for feasible spots of 

spaces. Accordingly, a 3D-grid matrix was employed to 

represent the problem (Figure 1). The representation of 

geometry can be reduced into a sort of a set partition 

problem which is NP-complete but one of the relatively 

easier hard problems in combinatorial optimization 

such as knapsack and bin-packing. It is because this 

geometry is nothing more or less than a set of unit 

cubes with sequential order. The problem is formulated 

as the binary integer programming expressed by,  

 

 

 
 

 

 

 

 

 

Above equations are for a 3×2×2 unit-grid matrix as an 

example. A refers to the adjacency between each space 

unit, M represents a group of sets, and vector x is a 

solution. The optimal solution gives sets of unit indices 

such that {1, 3, 4},{2, 5, 6},{7, 9 ,11}, and {8, 10, 12} 

(see Figure 2).  

  

Figure 2 Example: solution of 3ⅹ2ⅹ2 grid matrix 

Integration for Automation 

Ease of configuration through seamless integration 

is one of core points of this research. We chose three 

criteria (PMV, daylight level, and interior/exterior 

shading), and adopted ECOTECT as a simulation 
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platform since it provides fast and powerful analysis 

for the early design phase. Thus, the main controller 

has been developed with LUA of which the script 

dynamically corresponds to ECOTECT simulation. 

The procedure generating random candidates of 

combinations of unit spaces in three dimension, coded 

in MATLAB to be utilized as a solver engine. Data 

made in the engine was stored and passed to the 

controller in .CSV format. 

Note that iteration and optimization were coupled 

on a single platform so that the process should be 

completed as fast as possible (Figure 4). 

Simulated Annealing (SA) 

As the integer linear programming is NP-complete, 

this instance is intractable with an exact method in a 

large set, so heuristic methods must be used instead.  

Exhaustive enumeration underlies most of heuristic 

methods for global search. Hill-climbing work is the 

fundamental theoric frame of that, and well-developed 

techniques ensure not to fall into local minima by 

various stochastic treatments.  

     Among many global optimization techniques, the 

most popular are genetic algorithm(GA) and simulated 

annealing(SA). Both have already been implemented to 

2D layout problems and demonstrated capabilities (Jo 

and Gero 1998, Wong et al. 1986). GA is relatively 

latest, and proved its power to solve a great deal of 

problems though, SA still has useful advantages in 

several ways; (1) ease of coding dramatically reduces 

computational expense, (2) it generally produces a 

good solution in any large domain, and (3) it can also 

handle arbitrary systems as well as complicated cost 

functions. The following figure shows how it works. 

 

RESULTS OF EXPERIMENT 

Description of design scenario 

As a pilot study for the conceptual design phase, new 

building construction in the urban context of Seoul 

Korea was assumed, and the lot area is 950 m2. A 

high-rise residential building of a simple cube was 

attempted, and the development was regulated by the 

local zoning code (built area ratio < 60%, floor-area 

ratio < 800%). Another critical rule applied was 

“setback” from the front road. 

 

 

 

Figure 3 Simulated Annealing process (T0: initial 

temperature, PA: Boltzman stochastic function, rnd: 

random number, f(T) = kT, k = 0.95) 

 
Figure 4 Scheme of integration for automated generation of 3D architectural layouts 
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Figure 5 Diagram of the test-case building construction 

 

Objective values 

The following three measurements were produced 

by performance simulation, and finally ended up with 

evaluation through SA process. 

(1) PMV: Predicted mean vote is a scaled indicator of 

human thermal satisfaction. It consists of six discrete 

indices from +3(hot) to -3(cold). In ECOTECT, PMV 

is simply calucated as follows, 

PMV = exp(Met) + T 

Where exp(Met) is expected metabolic rate which 

is treated as a constant obtained from the pre-set 

psychrometric chart, and T is zone air temperture. This 

experiment attempts to arrive minium absolute value 

(0) as optimality. 

(2) Daylight: it is larger-the-better value. Rather than 

searching direcct light level at specific time, the value 

has been measured under overcast sky (8500lux) for 

diffusive light. 

(3) Shading: interior/exteriror shading have been 

checked. Shading level has been introduced to make 

sure allowance of the least amount of light by checking 

overall effect of solar-incidence angle at a specific time 

(Dec. 21th 12:00 for this case).  Interior shading(%) 

and daylight on the floor of each unit are critical basis 

for judgement of proper window sizes  and locations.  

Decision-making 

While executing simulation, each measurment is 

stored and manipulated to evaluate alternative against 

different criteria. After 30 test runs, Discordance of 

performance metrics has been lumped into normalized 

scales ranging from 0 to 1, and the values has been 

summed up with weighted factors. This process called 

ELECTRE method can be simply formulated as below, 

 

Where αi: weighting  factor, Ci: measurement of ith 

criterion, Ci,max: the maximum value of ith criterion, 

Ci,min: the minimum value of ith criterion, and i = 

1,2, ..., n (number of criteria). In this case, αi was set to  

be 1 to avoid subjective judgment. Distribution of the 

performance measurement of alternatives is presented 

in Figure 6 (a). PMVs ranged mostly from -2 to +2, 

and daylight levels varied from 160 to 260 (lx). The 

normalized sums reached optimality after 57 runs with 

245.3lx of daylight, 94.3% of shading, and -1.8 of 

PMV. The final solution is as shows in Figure 7.  

 

CONCLUSION AND DISCUSSION 

Automation and optimization of layout may sound 

far-fetched, but is apparently an intriguing topic to 

architectural practitioners as that much. This study has 

demonstrated it is possible to construct 3D space layout 

in a simple manner. Performance-based optimization 

also was successfully worked out with simulated 

annealing algorithm. Trade-offs between precison of 

measurement and running speed in development of this 

methodology was one of serious concerns. Adoption of 

grid matrix shortened obviously execution time (4 min 

4m

m 

5m

m 
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Table 1 Generation of alternatives in automation 

 

    
generation 1 (199.7) generation 2 (170.8) generation 3 (167.4) generation 4 (219.3) 

 

    

generation 5 (183.6) generation 6  (204.0) generation 7  (206.6) generation 8 (177.7) 

 setback applied with 1/1.5slope from 10M front road, and 15% exterior voids, (averaged daylight level, lx) 

 

 

 

 
 

(a) measurement of cost values 

 

(b) trend line of normalized convergence in SA 

 

Figure 6 Process of optimization 
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(a) exterior shading analysis (b) optimized unit combination (c) optimized building form with 

window variations 

Figure 7 Final result 

 

for a single run), but elapsed time for performance 

calculation was still troublesome since increased 

number of cost functions, particularly shading 

calculation based accumulation of solar radiation, 

required appreciable amount of time. In spite of some 

weakness, this three-dimensional wholde-building 

design approach facilitates informed decisions for the 

early phases, and design practioners will be more 

inclined to conduct simulation-based planning.   

NOMENCLATURE 

A: adjacency matrix 

M: group of set vectors 

e: unit vector  

PMV: predictive mean vote 

Met: metabolic rate 

T: thermal zone air temperature 

Ci: measurement of ith criterion 

PA: Boltzman stochastic function 

T0: initial temperature for simulated annealing 

rnd: random number 

Imax: maximum number of iteration 
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