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A B S T R A C T  

All important decisions that affect the thermal performance of the building are made in the early 
stages of design. Accordingly, in this research, the initial stage of architectural design which is 
related to space plan was targeted. The aim of this research is the perfect approach to evaluate, 
and optimize the energy a set of alternative spatial layout solutions through the functional 
computational design model. The method of this research includes the production of coherent 
design solutions and the evaluation and optimization of the energy performance of the selected 
solutions. In the first part, space allocation at a level produces the plan through an evolutionary 
technique. In the next step, certain plans were evaluated for energy performance, performance 
rank, and optimization. The energy simulation tool is Honeybee and Ladybug plugins,. The 
optimization tool is Pareto Evolutionary Algorithm in the Octopus plugin. The reproduction rate, 
the mutation rate and the possibility of mutation were 0.9, 0.8 and 0.2, respectively. The results 
showed that each algorithm is a suitable tool for design solutions, thermal performance of floor 
plans, helping architects’ perspective in the decision-making process, and speeding up the design 
process. Finally, based on the optimization, the final result of the research algorithm is 70 elite 
answers in the Pareto front. Only during the Pareto front optimal responses, energy consumption 
can be reduced by more than 30%; in daylight time and more than 39% improvement was 
achieved. 

doi: 10.5829/ijee.2023.14.03.05
 

 
INTRODUCTION1 

 

In general, one-third of the total energy in most countries 

is related to the building sector [1], and a major share of 

energy consumption in buildings is related to residential 

buildings [2]. With an increase in the world's population 

and, as a result, the growing trend of the construction of 

residential spaces, housing can be introduced as one of 

the most important sectors determining the world's 

energy. The use of energy performance simulation in the 

design process can be effective in the efficiency of energy 

consumption and the comfort of residents; but, the use of 

simulation software is not common among designers. 

They mainly rely on their past experiences or rule-based 

approaches [3]. The reason for this is the complexity of 
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using simulation programs, such as the correct 

construction of simulation models, the specialization of 

interpreting the results, the long time of the simulation 

process in an architectural design process, and 

compatibility problems with common design            

software [4]. 

In addition, different design and energy performance 

goals are contradictory in some cases [5], and reaching 

the optimal response between them is very complicated 

[6]. Also, these approaches focus on the final design 

phases, while all the important decisions that affect the 

thermal performance of the building are made in the early 

phases. Therefore, it is necessary to define a method to 

evaluate residents' energy performance and comfort in the 

early phases of design, including conceptual design, 
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planning, and space layout [7].  Based on this, the 

approach of functional computation design in the phase 

of space layout and planning of spaces can be a suitable 

response to this issue. Computational design synthesis has 

been applied in architecture since the 1960s [8]. Reported 

efforts for functional computational architecture in the 

space layout design process have started since the 1970s 

[5]. 

This problem is inherently discrete and multi-

objective. Due to its combinatorial complexity, it cannot 

be completely solved for layout problems of reasonable 

size. Several heuristic strategies have been developed to 

find solutions without exhaustively searching the design 

space [9]. Based on the review of the background of 

spatial configuration generative design, in general, 

automatic configuration generation methods can be 

divided into four general groups, including area-oriented 

design [10],  network-oriented design [11], topological 

design [12] and mixed methods [13]. 

In the functional computational design of spatial 

configuration, various architectural factors such as 

building form features [14], building orientation angle 

[15], and building wall features should be considered. 

Also, in order to examine the energy performance of the 

building, various functional goals such as thermal 

demand [16], lighting demand [17], and ventilation 

demand [18] should be examined. Also, for optimization-

based calibration, genetic algorithm (GA) [19, 20], 

particle swarm optimization (PSO) [21, 22] and the 

Hooke and Jeeves (HJ) algorithm [23, 24], are the most 

widely used algorithms. 

In the process of functional computational 

architecture, optimization algorithms are used in the 

process in order to optimize functional goals, such as 

energy requirements, thermal comfort, and daylight 

illumination, and in order to examine a large set of 

responses in a short time [7] and evolutionary algorithms 

are a type of optimization algorithms based on Darwin's 

theory of evolution [25]. One of the types of Multi-

objective Optimization Evolutionary Algorithm (MOEA) 

is Strength Pareto Evolutionary Algorithm 2 (SPEA2) [7], 

which was designed and presented by Zitzler et al. [26] 

and presented a multi-objective structural genetic 

algorithm. SPEA2 provides good performance in terms of 

convergence and variety [27]. 

Based on what was stated, the purpose of this study 

was to build an automatic configuration design algorithm 

with an area-oriented approach, optimizing the residential 

spatial configuration based on energy performance, 

daylight illumination, and thermal comfort through 

SPEA2 and evaluating the results obtained from the 

designed algorithm with statistical tests in the climate and 

geography of Mashhad. The increasing collective growth, 

the growing construction trend, and the socio-political 

situation of Mashhad have been among the main reasons 

for choosing this location to conduct the present research . 

METHODOLOGY 
 

The method of this study, with a quantitative approach, is 

the coding of a generative design algorithm based on the 

layout of spaces, simulation, and optimization in an 

apartment unit situated in Mashhad. Also, the evaluation 

of the final results of the algorithm is performed by a 

quantitative approach and through correlation and 

regression tests. The research location is Mashhad city, 

and the statistical population is the space layout of 

possible residential units with dimensions of 90 m2. The 

research method includes three general parts: the space 

layouts coding process, the performance optimization 

process, and the Pareto front results evaluation process. 

Sampling in coding is automatically targeted in the 

optimization section according to the settings of SPEA2. 

The results of evaluation section was in the form of Pareto 

front optimization. Research tools were the Grasshopper 

software and Python programming language in the 

Grasshopper platform in the coding section, Honeybee 

and Ladybug plugins in the Grasshopper platform in the 

optimization section, and SPSS software in the evaluation 

of the results section. The selection of steps in the 

optimization algorithm is based on the literature of the 

research, due to reaching a comprehensive range of 

answers and an optimal number of configuration 

examples. 

 

The spatial configuration coding process 

In the space layout coding process, the area of the desired 

residential unit is considered to be 90 m2. In the 

assumption of the research, all the spaces of the 

residential unit are defined as rectangular and in the 

longitudinal and transverse axes of the residential unit . 

Based on the studies conducted on the residential units of 

Mashhad city, six spaces have been considered in the 

residential unit, including a kitchen, reception, WC, 

bathroom, and two bedrooms next to an entrance. In order 

to define the minimum dimensions of the spaces, first 

through the criteria of the Road, Housing and Urban 

Development Research Center [28], the standards of the 

minimum dimensions of each space have been obtained . 

Then through the Delphi technique and by open 

questionnaire and interview, its validity has been 

confirmed by experts.  

In order to reach the possible area of the spaces in the 

algorithm, assuming the existence of n spaces (a, b, c, ..., 

n), the maximum possible area of the space (a) in the total 

area (Sall) based on the minimum standard surface area 

obtained of each space is achieved according to the 

following formula : 

𝑀𝑎𝑥(𝐸𝑠𝑡. 𝑆𝑆𝑝𝑎𝑐𝑒(𝑎)) = 𝑆𝑎𝑙𝑙 −∑𝑀𝑖𝑛(𝑆𝑡𝑎. 𝑆𝑆𝑝𝑎𝑐𝑒(𝑖))

𝑛−1

𝑖=1

 (1) 

based on this, based on the total area of 90 m2 and with 

six spaces, the maximum area of one space (a) is obtained 
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according to the following formula based on the 

minimum standard area of other spaces (i): 

𝑀𝑎𝑥(𝐸𝑠𝑡. 𝑆𝑆𝑝𝑎𝑐𝑒(𝑎)) = 90𝑚2 −∑𝑀𝑖𝑛(𝑆𝑡𝑎. 𝑆𝑆𝑝𝑎𝑐𝑒(𝑖))

5

𝑖=1

 (2) 

After entering the formulas in the coding process, the 

maximum possible area of each space is obtained. Based 

on this, the area of each residential space is determined . 

The range of each area, according to the following 

formula, due to the consideration of the area of the 

building walls and possible communication spaces based 

on the opinion of experts, becomes a smaller range. The 

Equations (3) and (4) defines the final minimum and 

maximum area. In these formulas, the maximum possible 

area of each space (Sta. SSpace(a)) in 90 m2 will be obtained 

based on the minimum-maximum estimated area of that 

space (Sta. SSpace(a)) and the minimum standard area of 

that space (Sta. SSpace(a)). 

𝑀𝑎𝑥(𝑃𝑜𝑠𝑠. 𝑆𝑆𝑝𝑎𝑐𝑒(𝑎)) = 𝑀𝑎𝑥(𝐸𝑠𝑡. 𝑆𝑆𝑝𝑎𝑐𝑒(𝑎))

− [(𝑀𝑎𝑥(𝐸𝑠𝑡. 𝑆𝑆𝑝𝑎𝑐𝑒(𝑎))

− 𝑀𝑖𝑛(𝑆𝑡𝑎. 𝑆𝑆𝑝𝑎𝑐𝑒(𝑎))) × 0.25] 

(3) 

𝑀𝑖𝑛(𝑃𝑜𝑠𝑠. 𝑆𝑆𝑝𝑎𝑐𝑒(𝑎)) = 𝑀𝑖𝑛(𝐸𝑠𝑡. 𝑆𝑆𝑝𝑎𝑐𝑒(𝑎))

+ [(𝑀𝑎𝑥(𝐸𝑠𝑡. 𝑆𝑆𝑝𝑎𝑐𝑒(𝑎))

− 𝑀𝑖𝑛(𝑆𝑡𝑎. 𝑆𝑆𝑝𝑎𝑐𝑒(𝑎))) × 0.25] 

(4) 

The final result is the possible lengths and widths for 

the possible area of the rectangle suitable for each use 

and, as a result, the range of possible side lengths of that 

rectangle. In the following, the different modes of all 

residential spaces are drawn on the zero-zero coordinate 

axis. In the next phase, all the spaces formed for each 

configuration must be placed together based on the 

criteria desired by the designer. In order to determine and 

define the spaces adjacent to each other in the plan, the 

adjacency matrix of the spaces has been determined. Then 

its validity was confirmed by experts through the Delphi 

technique, open questionnaire, and interview. 

Python code has been written to place the spaces 

together based on the adjacency matrix. The process of 

placing spaces together continues until all spaces are 

placed together. In order to approach the overall form of 

the plan to a rectangular shape, the entire plan is enclosed 

in the smallest possible rectangle. The empty spaces 

between the interior spaces and between the plan and the 

enclosed rectangle are added to the side spaces until the 

total area of 90 m2 is reached . 

 
The process of optimizing energy performance, 

daylight illumination, and thermal comfort 

In order to optimize the energy performance, it is first 

necessary to determine the energy and climate-

geographical simulation settings to define the model. For 

this purpose, first environmental comfort conditions, 

including thermal comfort, lighting, and ventilation, are 

studied. The geographical territory of this study was 

Mashhad city, and based on the Köppen classification, 

Mashhad has a cold and dry climate. In order to check the 

thermal comfort, the predicted mean vote (PMV) index, a 

value between -3 and +3, has been used, and the standard 

amount for residential spaces is determined between -0.5 

and 0.5.  

In this study, the cooling set point is 24°C, and the 

cooling blocking point is 30°C. The heating set point is 

18°C and the heating blocking point is considered to be 

15°C. Lighting comfort is based on the lighting intensity 

of different residential spaces with luxury units in the 

National Illumination Committee of Iran. Based on this, 

the lighting set point determines the amount of light 

sufficient to turn on and off the electric lights, and in this 

study, 300 lux is considered . 

In the following, the building settings for energy 

simulation (Energy Set points) have been determined by 

examining the research background. Then, to check 

validity, it has been confirmed by experts in the energy 

field. The minimum height of the rooms, kitchen, and 

living spaces is considered to be a minimum of 2.7 m and 

a maximum of 3.6 m, and the minimum height of the WC 

is 10.2 m and a maximum of 3 m with a step of 0.2 m. 

Windows are considered in the middle of the outer side of 

each space and determined according to the following 

settings. According to the settings, the total area of the 

windows of each room should not be less than 8% of the 

area of that room, and the area of any window should not 

be less than 50 cm2. The minimum area of the window is 

8% of the room area, and its maximum is 60%, with a step 

of 5%. The windows have been checked in the north, 

south, east, west, and 30 and 60 degrees northeast, 

northwest, southeast, and southwest orientations. The 

windows are designed in three ways: one piece, two 

pieces, and three on each side of the facade. The 

specifications of the materials used in the ceiling for 

simulation is stated in Table 1. 
 

 

Table 1. Specifications of the materials used in the ceiling for 

simulation 
Option Specification of ceiling 

materials 
Thickness U-value 

1 Mosaic, cement-sand mortar, 
wind-blown sand, asphalt felt, 

sloped concrete, joist, Plaster-

soil mortar 

50 cm 1.6 

2 Mosaic, polystyrene, cement-

sand mortar, wind-blown 

sand, asphalt felt, sloped 
concrete, joist, Plaster-soil 

mortar 

53 cm 0.346 

3 Mosaic, cement-sand mortar, 
concrete with mineral pumice 

and cement, concrete slab, 
metal hole, steel sheet 

50 cm 0.45 

4 Mosaic, cement-sand mortar, 

concrete with mineral pumice 
and cement, concrete slab, 

metal hole, steel sheet 

50 cm 0.22 
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The window sill level (OKB) in all spaces, except for 

the WC and bathroom, are considered from 80 cm to 1.1 

m with a step of 0.1 m, and the distance between the 

windows on both sides is a minimum of 50 cm and a 

maximum of 2 m with a step of 0.2 m. In the bathroom 

and WC, the minimum window sill level (OKB) is 1.5 m 

and the maximum is 2.2 m. The length and height of the 

window, except for the bathroom and WC, are set at a 

minimum of 0.5 m and a maximum of 2 m with a step of 

0.2 m, and for WC and bathrooms, a minimum of 0.2 m 

and a maximum of 0.5 m . The specifications of the 

materials used in the exterior wall for simulation is listed 

in Table 2. 
 

 

Table 2. Specifications of the materials used in the exterior wall 

for simulation 

Option Specifications of wall 

materials 
Thickness U-value 

1 Plaster-soil mortar, solid 

brick, cement-sand mortar, 

facade stone 

 30 cm  1.5 

2 Plaster-soil mortar, clay 

block, cement-sand mortar, 

facade stone 

 21 cm 1.3 

3 Plaster-soil mortar, clay block 

with polystyrene insulation, 
cement-sand mortar, facade 

stone 

 21 cm 1.08 

4 Plaster-soil mortar, Leca 
block, cement-sand mortar, 

stone facade 

 28 cm 1.34 

5 Plaster-soil mortar, Leca 
block, space filled with 

polystyrene, Leca block, sand-

cement mortar, facade stone 

 33 cm 0.41 

6 Plaster-soil mortar, 

HEBELEX block, cement-

sand mortar, facade stone 

 28 cm 0.71 

7 Plaster-soil mortar, 

HEBELEX block, space filled 
with polystyrene, HEBELEX 

block, cement-sand mortar, 

facade stone 

 33 cm 0.37 

 

 

Table 3. Specifications of the materials used in the interior wall 

for simulation 

Option Specifications of wall 

materials 
Thickness U-value 

1 Plaster-soil mortar, brick, 

plaster, and soil 
16 cm 3.8 

2 Plaster wall 10.3  cm 3.4 

3 Plaster-soil mortar, 

HEBELEX block, Plaster-soil 

mortar 

 16 cm 1.2 

4 Plaster-soil mortar, Leca 

block, Plaster-soil mortar 
 16 cm 0.8 

This section of Iran's common materials class presents 

the specifications of the materials used in the simulation. 

The selected materials were selected based on field study 

and research background and were approved by experts 

for validity. The ceiling and floor materials are 

determined into four types. For the exterior wall of the 

building, seven types of common materials in the 

construction industry of Iran have been determined. Also, 

four types of interior wall materials have been defined . 

The specifications of the materials used in the interior 

wall for simulation stated in Table 3. 

Also, eight types of thermal break and UPVC 

windows have been determined. The specifications of the 

materials used for the windows for simulation is listed in 

Table 4. 

Also, some samples of common materials have been 

considered for the canopy. Exterior canopy materials 

include four options: brick, wood, steel, and PVC. The 

canopy angle is also determined from zero to 90 degrees 

with a step of 10 degrees for the algorithm. The type of 

exterior canopy is defined in two types, horizontal and 

general, and is optimized. Also, a set of alternatives for 

floor, wall, and ceiling has been considered for elaborate 

work. In the meantime, wood parquet, brick, and concrete 

are used for flooring, white plaster, brick design, gray  

 

 
Table 4. Specifications of the materials used for the windows 

for simulation 

Window 

type 

Options Specifications 

of wall 

materials 

Thickness 

(mm) 

 U-

value 

Thermal 

break 

1 Single wall 12  5.7 

2 A double wall 

filled with air, 

space between 

the walls 

12  3.4 

3 A double wall 

filled with 
argon, space 

between the 

walls 

12  3.3 

4 Triple walls, the 

thickness of the 

walls 

12  2.6 

UPVC 1 Single wall 12  4.8 

2 A double wall 

filled with air, 
space between 

the walls 

12  2.8 

3 A double wall 
filled with 

argon, space 

between the 

walls 

12  2.7 

4 Triple walls, the 

thickness of the 

walls 

12  2.1 
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color, and concrete are used for the ceiling, and white 

plaster, brick design, and gray color are used for the wall . 

All the alternatives in the algorithm are defined as 

sliders for optimization, and the algorithm can choose the 

best options to optimize its three functional goals. In this 

study, the SPEA2 is used as an Octopus component in 

Grasshopper software for optimization. This algorithm 

optimizes thermal performance, lighting performance, 

and thermal comfort simultaneously . 

 

The Pareto front responses analysis process 

After the completion of the optimization process, the 

results, including the specifications of residential units 

and the amount of energy consumed, are extracted and 

collected. These data are subjected to descriptive statistics 

and analytical tests, including correlation and regression. 

According to Amrhein and Greenland [29], significance 

in correlation and regression tests is presented only as a 

report and cannot be cited for significance . 
 

 

RESULTS 
 

Based on the findings, the spatial configuration generator 

algorithm could generate about 4000 responses. 

In order to reduce the computations among the 

responses based on experts' opinions and classification, 

the result set of 440 plans was separated and entered into 

the simulation and optimization process in the form of a 

slider. During the optimization process, settings are made 

based on background, which can be seen in the table. The 

final run process of the Octopus plugin has been 

performed for 72 hours on a laptop with determined 

specifications (Intel(R) Core(TM) i9-6500U CPU @ 2.50 

GHz (4 CPUs), 2.5 GHz) with 32 GB RAM. Final 

optimization settings is reported in Table 5. 

The 3D graph of optimization responses in Pareto 

front mode is shown in Figure 1.The optimization process 

has been carried out during 79 generations of simulation 

and about 4000 simulations of the optimization energy  

 

 
Figure 1. 3D graph of optimization responses in Pareto front 

mode  

Table 5. Final optimization settings 

Crossover 

rate 

Mutation 

rate 
Elitism 

Mutation 

probability 

Population 

size 

0.8 0.9 0.5 0.2 50 

 

 

 
(a) 

 
(b) 

 
(c) 

Figure 2. The final optimization responses in the Pareto front 

mode, (a) Side daylight-thermal comfort graph, (b) Top energy 

consumption-daylight illumination graph, (c) Front energy 

consumption- thermal comfort graph 
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performance. The final results can be seen on the Pareto 

Front graph . 

With the presence of variables related to windows, 

shading, and materials, in addition to the variable of space 

configuration (variety of space layout), it was expected 

that the set of responses would lead to a limited number 

of specific spatial configurations. The reason for this is 

the great importance of these variables in the energy 

performance of the building due to their diverse solar 

reception. Figure 2 shows the final optimization 

responses in the Pareto front mode. 

The 70 elite responses are determined in the Pareto 

front graph. In the meantime, after 79 generations of 

optimization, among the 440 configuration responses, 

only three configurations were seen among the 70 optimal 

responses. Also, among the best responses, there are only 

seven building orientations. Figure 3 shows the 2D graph 

of optimization responses in Pareto front mode. 

The three responses obtained are with quasi-square, 

L-shaped, and quasi-rectangular structures. Among the 

 

 

selected space layout, plan code 0 among the 70 Pareto 

front responses, 62 cases with different conditions are 

repeated, which is the highest amount and shows that it is  

 

 

 
Figure 3. 2D graph of optimization responses in Pareto front 

mode  

 

Table 6. Specification of the space layout of code 0 

Optima space layout of Pareto front Studied space Dimensions (m) Area (m2) 

Space layout: Code 0; 62 iterations 

 

Reception 6.3* 6.6 40.5 

Kitchen 4.3* 4.5 19.35 

Parents’ bedroom 3.5*4 14 

Children’s bedroom 3.2 *  3.5 10.36 

WC and bathroom 1.6*1.2 1.92 

Entrance 1.8*2 3.6 

Space layout: Code 406: 7 iterations 

 

Reception 6.8*6.5 44.2 

Kitchen 2.7*3.7 9.99 

Parents’ bedroom 3.5*4 14 

Children’s bedroom 3.6*4 14.4 

WC and bathroom 1.3*1.4 1.82 

Entrance 1.9*2.4 4.56 

Space layout: Code 15: 1 iteration 

 

Reception 6.7*4.2 26.81 

Kitchen 4.1*4.5 18.45 

Parents’ bedroom 4.2*5.2 21.63 

Children’s bedroom 3.9*4.5 15.65 

WC and bathroom 1.7*1.9 3.23 

Entrance 1.7*1.8 3.06 
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Table 7. Frequency of orientation of plans among Pareto front responses based on space layout 

105 120 135 150 285 300 315 330 345 Orientation 

0 0 0 0 2 9 1 8 42 Plan code 0 

0 0 0 1 0 0 0 0 0 Plan code 15 

2 4 1 0 0 0 0 0 0 Plan code 406 

2 4 1 1 2 9 1 8 42 Total frequency 

2.9 5.7 1.4 1.4 2.9 12.9 1.4 11.4 60 Total frequency% 

 

 

the most optimal response among the space layout of the 

algorithm. Table 6 summarized the specification of the 

space layout of code 0. 

Among the Pareto front responses, nine orientation 

angles were obtained as optimal angles, the maximum of 

which belongs to the angle of 345 degrees. This angle 

appears 42 times among 70 responses. Figure 4 shows 

frequency of orientation of plans among Pareto front 

responses. 

The angle of 345, or the angle of -15 degrees, reminds of 

the orientation of the straight room that the late Pirnia 

mentioned. The angle of 300 degrees with nine iterations 

and 330 degrees with eight iterations are among the 

popular angles of the algorithm. Frequency of orientation 

of plans among Pareto front responses based on space 

layout stated in Table 7. 

Also, the height of the floor was optimized. Only two 

heights, g 2.7 and 3.1 m have been placed among the 

Pareto front responses. In the meantime, about 91% of the 

70 elite responses have confirmed the height of 2.7m . 

Table 8 stated the frequency of floor height according to 

the variety of space layout among the Pareto front 

responses. 

The height of the WC and bathroom space has been 

evaluated separately. In this study, the height of 2.7 m 

with a frequency of 46 cases has been assigned the highest 

amount. After that, a height of 2.5 m with a frequency of 

14 cases is placed. Also, the results of the Pareto front in 

the materials of interior walls and flooring are presented 

in the Table 9 . 

In the following, the frequency of the area of the 

windows of the interior spaces in the Pareto front 

responses is presented in Table 10. 

Also, regarding the type of windows used, among the 

eight options used in the algorithm, the frequency of each 

in the Pareto front responses are described in the Table 

11. In the meantime, thermal break windows achieved 

better results. 

The following specifications of the canopy, including 

the type, angle, and optimized materials, are evaluated. 

Among the Pareto front responses, the best canopy type, 

material, and angle are horizontal, metal, and 60 degrees, 

respectively. Table 12 stated the frequency of 

specifications in the plans among the Pareto front 

responses. 

 

 
Figure 4. Frequency of orientation of plans among Pareto front 

responses  

 
Table 8. Frequency of floor height according to the variety of 

space layout among the Pareto front responses  

2.7 2.9 3.1 3.3 3.5 Floor height 

57 0 5 0 0 Plan code 0 

1 0 0 0 0 Plan code 15 

6 0 1 0 0 Plan code 406 

64 0 6 0 0 Total frequency 

91.43 0 8.57 0 0 Total frequency % 

 
Table 9. Frequency of materials among the Pareto front 

responses  

Alternative 

2 
Alternative 1 

Interior wall 

materials 

2 68 Frequency 

2.9 97.1 Frequency % 

   

Concrete Brick design 
Parquet, wood 

design 

Flooring 

materials 

0 22 48 Frequency 

0 31.4 68.6 Frequency % 

 

2
4
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Table 10. The frequency of the window area of the spaces in terms of the percentage of the space area among the responses of the 

Pareto front 

 
 

Table 11. Frequencies of window type in plans among Pareto front responses 

Thermal brick 

option 1 

Thermal brick 

option 2 

Thermal brick 

option 3 

Thermal brick 

option 4 

UPVC 

option 1 

UPVC 

option 2 

UPVC 

option 3 

UPVC 

option 4 

Window 

type 

11 23 22 5 4 0 4 1 Frequency 

15.71 32.857 31.429 7.143 5.7143 0 5.714 1.4286 Frequency% 

 

 

Table 12. Frequency of specifications in the plans among the Pareto front responses 

90.00 80.00 70.00 60.00 50.00 40.00 30.00 20.00 10.00 Canopy angle 

3 2 6 16 6 3 12 17 5 Frequency 

4.28 2.85 8.57 22.86 8.57 4.28 17.14 24.28 7.143 Frequency% 

 

UPVC Metal Wood Brick Canopy materials 

0 41 29 0 Frequency 

0 58.6 41.4 00 Frequency% 

 

Horizontal Vertical Canopy type 

45 25 Frequency 

64.3 35.7 Frequency% 

Also, it is necessary to check the results of three 

optimization performances among the responses. This 

study evaluated the descriptive statistics of daylight, 

thermal comfort index (PMV), and energy consumption . 

Table 13 presents the descriptive statistics of the results 

of three optimization performances.  

The most daylight is related to a design with plan code 

406, with an orientation of 105 degrees and a floor height 

of 3.1 m. In this plan, the canopy is vertical, and the 

canopy angle is 60 degrees. In this plan, the energy 

consumption is 6575.892 kWh, and the thermal comfort 

index is -0.823 . The descriptive statistics of plans with 

 

Interior space 
The area of windows as a percentage of the space area (%) 

13 18 23 28 33 38 43 48 53 58 

Children’s bedroom           

Frequency 1 4 11 5 5 2 1 5 12 24 

Frequency% 1.4 5.7 15.7 7.1 7.1 2.9 1.4 7.1 17.1 34.3 

Parents’ bedroom           

Frequency 15 2 6 8 28 3 3 2 2 1 

Frequency% 21.4 2.9 8.6 11.4 40.0 4.3 4.3 2.9 2.9 1.4 

Reception           

Frequency - - - - 1 2 20 5 8 34 

Frequency% - - - - 1.429 2.8571 28.571 7.143 11.429 48.57 

Kitchen           

Frequency 3 55 5 - - 7 - - - - 

Frequency% 4.286 78.571 7.1429 - - 10 - - - - 

WC and bathroom           

Frequency 1 1 27 3 2 2 1 33 - - 

Frequency% 1.42 1.42 38.5 4.28 2.85 2.85 1.42 47.14 - - 
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minimum and maximum functional goals is listed in 

Table 14. Regarding daylight, the minimum was 44.06, 

and the maximum was 71.13 lux. The minimum daylight 

corresponds to a design with plan code 0, with an 

orientation of 345 degrees, with a height of 2.7 m. In this 

plan, the canopy is vertical, and the canopy angle is 30 

degrees. Figure 5 shows the energy performance of 

responses 35 and 40 in the Pareto front. 

The most daylight is related to a design with plan code 

406, with an orientation of 105 degrees and a floor height 

of 1.3 m. In this plan, the canopy is vertical, and the 

canopy angle is 60 degrees. Figure 6 shows energy 

performance of responses 35 and 69 in the Pareto. 

Also, the minimum and maximum thermal comfort 

index (PMV) among the responses of the Pareto border 

are -0.82 and 0.70. The lowest amount corresponds to the 

same plan with maximum daylight. The specifications of 

this plan are plan code 406, an orientation of 105 degrees, 

and a floor height of 3.1 m. The maximum thermal 

comfort corresponds to plan code 0, with a height of 2.7 

m. Also, the orientation of the residential unit in this plan 

is 345 degrees with -15 degrees. Figure 7 shows energy 

performance of responses 39 and 1 in the Pareto front. 

Energy consumption among the Pareto front responses is 

also a minimum of 5375 and a maximum of 7629kWh. 

The minimum energy consumption is related to a design 

with plan code 0, with an orientation angle of 345 degrees 

and a height of 2.7 m. In this response, the vertical canopy 

is designed, and its angle is 30 degrees. The maximum 

energy consumption is related to a design with plan code 

0, with an orientation angle of 285 degrees and a height 

of 1.3 m. The horizontal canopy is designed in this 

response, and its angle is 30 degrees. 

 
DISCUSSION 
 

This study has been carried out with a quantitative 

approach to build a generative model based on the 

placement of spaces, simulating and optimizing energy 

performance with the use of the target space of an 

apartment unit. The process of the generative space layout 

algorithm has led to the generation of diverse responses 

compared to similar studies [12] in terms of the overall 

shape of the plan. Compared to other studies with an area-

based approach [10], the solution of this study used an 

innovative variable through the rectangle surrounded by 

the plan and the empty spaces between the plan and this 

rectangle. The specifications of the variable rectangle 

surrounded by the plan, along with the variable of the 

planning environment, among plans with equal area, can 

be favorable factors in evaluating the shape of the plan . 

The variety of entrance layout responses to the 

optimization process in this study, compared to other 

studies, caused the results of the Pareto front to directly 

determine the orientation of factors affecting energy 

performance, thermal comfort, and daylight. In the Pareto 

front responses, the variety in factors such as orientation 

and space layout is low, and the variety in the 

specifications of windows and canopy is very eatgr .  In 

this study, after many investigations, the crossover rate of 

0.8 and the mutation rate of 0.9 with the mutation  
 

 

Table 13. Descriptive statistics of the results of three optimization performances 

 
N Range Minimum Maximum Mean Std. Deviation Variance 

Statistic Statistic Statistic Statistic Statistic Std. Error Statistic Statistic 

Daylight 70 27.08 44.06 71.13 62.0109 0.82149 6.87309 47.239 

PMV index 70 1.59 -0.82 0.77 -0.6669 0.02244 0.18778 0.035 

Energy consumption 70 2253.43 5375.76 7629.19 6123.0834 59.08135 494.31005 244342.430 

Valid N (listwise) 70        

 

 

Table 14. Descriptive statistics of plans with minimum and maximum functional goals 
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Daylight 

PMV index 

Minimum 0 345 2.7 4 1 2 3.75 0.375 1.05 2 Vertical 30 4 

Maximum 406 105 3.1 4 1 2 5 0.4 1.025 3 Vertical 60 3 

Energy 

consumption 

Minimum 406 105 3.1 4 1 2 5 0.4 1.025 3 Vertical 60 3 

Maximum 0 345 2.7 4 1 2 3.25 0.225 1.025 3 Horizontal 10 4 

PMV index 
Minimum 0 345 2.7 4 1 2 3.5 0.4 1.05 2 Vertical 30 4 

Maximum 0 285 3.1 4 1 1 6.75 0.55 0.975 8 Horizontal 30 3 
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Response 35, Pareto front 

Maximum daylight among the responses 

Energy consumption: 6575/892 kWh 
Thermal comfort index (PMV): -0.823 

Daylight: 71/134 lux 
Layout plan 406 

Orientation: 105 degrees 

Response 40, Pareto front 

Minimum daylight among the responses 

Energy consumption: 5531/874 kWh 
Thermal comfort index (PMV): -0.814 

Daylight: 44/055 lux 
Layout plan 0 

Orientation: 345 degrees 

Figure 5. Energy performance of responses 35 and 40 in the Pareto front 

 

  
Response 69, Pareto front 

Maximum thermal comfort among the responses 
Energy consumption: 5556/005 kWh 

Thermal comfort index (PMV): -0.768 
Daylight: 65/874 lux 

layout plan 0 

Orientation: 345 degrees 

Response 35, Pareto front 

Minimum thermal comfort among the responses 
Energy consumption: 6575/892 kWh 

Thermal comfort index (PMV): -0.823 
Daylight: 71/134 lux 

layout plan 406 

Orientation: 105 degrees 
Figure 6. Energy performance of responses 35 and 69 in the Pareto front 

 

  
Response 1, Pareto front 

Maximum thermal comfort among the responses 

Energy consumption: 7929/193 kWh 
Thermal comfort index (PMV): 0/6015 

Daylight: 65/47 lux 

layout plan 0 
Orientation: 345 degrees 

Response 39, Pareto front 

Minimum energy consumption among the responses 

Energy consumption: 5375/759 kWh 
Thermal comfort index (PMV): -0/809 

Daylight: 44/809 lux 

layout plan 0 
Orientation: 345 degrees 

Figure 7. Energy performance of responses 39 and 1 in the Pareto front 

 

 

probability of 0.2 with a population size of 50 samples 

were evaluated as standard. Compared with the 

configuration generative design studies [13], the 

crossover and mutation rates have been higher. This issue 

is probably due to many algorithm architecture variables 

in this study. Also, the number of generations up to the 

Pareto front in this study was 79, which is a significant 

number compared to other studies [10]. The Pareto front's 

selected layout shows the rectangular shape's optimal 

performance with a 1 to 3 ratio among the three 

performance goals. The elongation of the form probably 

adjusts the type of solar gain in such a way as to provide 
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a balance between the three variables of energy 

consumption, thermal comfort, and daylight. Also, the 

most optimal orientation mode is defined at an angle of 

345 degrees, which is dominant among the Pareto front 

responses. This angle or angle of -15 degrees is exactly 

according to the straight room. This issue is a 

confirmation of the desirability of traditional Iranian 

architecture performance based on room classification. 

Angles of 30 and 60 are popular angles in the Pareto front 

responses. 

 
 
CONCLUSION 
 
Based on the research findings, it is confirmed that in 

Mashhad city, residential units with a rectangular shape 

with a ratio of 1 to 3 and square are the most optimal 

forms in terms of energy performance, thermal comfort, 

and daylight. Also, the best orientation angle is -15 

degrees, following a straight room. Also, the optimal 

height for residential units is suggested to be 2/7 m. Based 

on Pareto front optimal responses, it is confirmed that 

spatial configuration optimization reduces energy 

consumption by more than 30% while providing thermal 

comfort to users. Also, in the daylight sector, more than 

40% improvement is possible through optimizing the 

spatial configuration of the residential unit. The 

improvement of more than 30% in energy performance 

confirms that the design parameters affecting the 

configuration of the interior spaces of the building play a 

major role in the energy consumption and thermal 

comfort of the building . 

According to the findings, it can be concluded that the 

generative algorithm designed in this study can generate 

the desired responses of the residential unit with high 

validity and reliability based on the design parameters of 

the configuration of the interior spaces of the building. 

Based on the final data of the Pareto front, it is confirmed 

that the SPEA2, in the form of the generative model coded 

in this study, was able to optimize the generated responses 

with high validity and reliability in terms of energy 

performance up to more than 30%. As it was said, the 

selection of steps in the optimization algorithm in this 

research has been done for two reasons, including 

reaching a comprehensive range of answers and an 

optimal number of configuration samples. In the future 

research, it is suggested to consider the optimization 

process with more limited steps based on the answers 

obtained in the Pareto front of this research 
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Persian Abstract 
 چکیده 

  ه یمرحله اول  قیتحق  نیدر ا   مبنا،  نی بر ا  .دن شو یم  اخذ  یطراح  هیمراحل اولهمان  د در  نگذاریم  ریساختمان تاث  یکه بر عملکرد حرارت  یمهم  مات یتصمکلیه  

فضا   ی معمار  یطراح پالن  به  مربوط  ا   ییکه  گرفت. هدف  قرار  مورد هدف  به  ی اب یارز   یبرا  یعال  یکردیرو   قیتحق  نیاست  از    یاعهمجمو  ی انرژ  یسازنهیو 

و    ی اب ی و ارز  ی منسجم  طراح  یهاحلراه  ایجادشامل    قیتحق  نی است. روش ا  ی عملکرد  یمحاسبات  ی مدل طراح  ق یاز طر  نی گزیجا  یی فضا  دمان یچ  ی هاحلراه

کند. در مرحله  یم  ایجاد  یتکامل  کیتکن  کی   ق یسطح، طرح را از طر   ک ی فضا در   صی. در بخش اول، تخصباشدمی  یانتخاب   ی هاحلراه  ی عملکرد انرژ  ی سازنهیبه

  Ladybugو   Honeybee  یهانیپالگ  یانرژ  ی سازهیقرار گرفت. ابزار شب  یاب ی مورد ارز   یسازنهیرتبه عملکرد و به  ،یاز نظر عملکرد انرژ  یخاص  یهابعد، برنامه
بود.   2/0و    8/0،  0/ 9  بیبه ترتدگرگونی  و احتمال    دگرگونی   زان ی، مبازساخت  زان یاست. م  Octopus نیدر پالگ  Pareto  یتکامل  تم یالگور یسازنهیاست. ابزار به

به د  یهاپالن  ی عملکرد حرارت  ، یطراح  ی هاحلراه  ی برا  یابزار مناسب  تمینشان داد که هر الگور  ج ی نتا و    یریگمیتصم  ند یمعماران در فرآ  دگاهی طبقه، کمک 

نها   یطراح  ند یبه فرآ  دن یسرعت بخش به  ت یاست. در  در طول    منتهااست.  Pareto در    برگزیدهپاسخ    70  قیتحق  تمیالگور  ییا نه  جه ینت  ، یسازنهیبر اساس 

 د.ودرصد بهبود حاصل ش 39از  ش یو ب  ابدی  کاهشدر نور روز  ٪30از  ش یتواند ب یم  ی، مصرف انرژPareto نهیبه یهاپاسخ

https://scielo.sld.cu/scielo.php?pid=S2227-18992016000100015&script=sci_arttext&tlng=en
https://scielo.sld.cu/scielo.php?pid=S2227-18992016000100015&script=sci_arttext&tlng=en

