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Abstract

The ARLE GPS tool provides computer-aided design support for solving problems with the
spatial planning and design of houses, using a robust design model with physical-biological
and cost strategies. This enables architects to eliminate uncertainties and to make robust
decisions by applying computational thinking to decision making and action implementa-
tion. This support enables the architect to deal with the complexity arising from the
interrelationships between the design variables and transforms the spatial planning prob-
lem, which is conceptualized as illdefined, into a well-defined problem. A scientific method
is used, based on mathematical modeling of the action-decision field of design geometric
variables, rather than a drawn method involving sketches. This tool acts as an aid mech-
anism, an assembler, a simulator, and an evaluator of geometric prototypes (virtual or
graphical) and can be used to systematize the assembly or modeling of the FPL structure,
particularly with respect to the performance required of a house. This candidate solution,
provided by the tool, defines the spatial dimensions of the rooms in the house, the
topological data of the assembly sequence, and the connections between rooms. The
architect converts this virtual prototype into a graphical FPL prototype, which is then
modeled, refined and evaluated continuously and objectively with the aid of ARLE GPS until
a solution is obtained that satisfies the requirements, constraints and objectives of the
problem. In this way, a solution to the problem (ie., the project) can be captured and
generated.

Keywords: computer-aided design, cost, evaluation, layout, robust design, simulation,
spatial planning

1. Introduction

Floor plan layouts (FPLs) are systems that perform functions and processes
resulting in outputs defined by spatial configurations. FPL spatial planning is
considered a challenging, complex and wicked problem (Papalambros & Wild
2000, p. 6; Helme, Derix & Izaki 2014; Bahrehmand et al. 2017; Wortmann 2018,
p- 64). It is an important task in the conceptual phase of the architectural design
process and involves an area of design that continues to receive a great deal of
attention (Jo & Gero 1998). In this phase, decisions are made that define the
solution to the FPL, which are also relevant to the performance of the building and
are very difficult to change in later phases of the design process (Rodrigues, Gaspar
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& Gomes 2014). Although there are many similarities between planning and
design, the function of planning involves implementing a set of actions, whereas
the function of design is to capture individual solutions to specific problems, which
include the attributes and relationships of a geometric and topological nature, as
well as intrinsic and important properties of the architectural form of the house.
However, design involves more than this, which raises questions about how to
achieve the desired goal due to the lack of an effective description of how to capture
the solution to the problem and a lack of criteria for evaluating it (Hensel 2012,
p- 47). Thus, the act of designing can be understood as a decision-making process
(Rosenman, Gero & Oxman 1991; Papalambros & Wild 2000). The solution to the
FPL is a fundamental issue for architecture and is problematic for the architect both
due to the complexity of the design process and because there is no general and
precise method for its solution; it therefore constitutes an ill-structured problem
(Lobos & Donath 2010). Attributes and relationships of a geometric nature play a
key role in the architectural design process, especially in the context of a graphic
and descriptive representation of the FPL solution and in the exploration and
quantitative evaluation of the design (Dino 2016), and it has even been suggested
that this is the only possible way to evaluate and optimize the FPL of a house
(Medjdoub & Yannou 2000). This is because the direct measurement and evalu-
ation of the design quality of a house still pose a challenge (Gann, Salter & White
2003; Vivienne 2015, p. 10), which can only be overcome by identifying a geometric
solution for the FPL that enables good house performance and by creating a model
to define and evaluate it (Lawson 2005, p. 63; Bao et al. 2013). A good design
solution that supports the required performance of the house adds economic value
to the artifact and offers use value to the user; it also reduces or eliminates the
negative unintended consequences of losses resulting from a poor solution, which
can impair the lives of the house’s users (Papalambros 2015). Performance is a key
aspect of meeting this challenge. In view of this, the concept of defining perform-
ance through the physical functional characteristics of the house is used here. This
concept is supported by the application of Japanese industrial quality standards,
which define quality as the totality of performance characteristics that can be used
to determine whether a product or service conforms to its intended use (Thomson
et al. 2003). With the aim of investigating and demystifying the problem of
architectural design, particularly for students, with regard to the generation of
the FPL of a house, and to offer solutions that assist them in the field of action-
decision of design variables, a computational tool is proposed, called ARLE GPS
(ARcher — systematic model + LEqc — Layout Evaluation of the quality and cost +
GPS — Geometric Planning Solver). This dedicated tool allows for the grouping
and application of an ecosystem of models, principles, approaches and strategies,
including procedures for structuring a design process, collecting data, defining
requirements and objectives, simulating and evaluating candidate solutions, and
establishing an ideation method. It was designed with the aim of supporting
students in dealing with the problem of spatial planning and design of a house
(Gericke, Eckert & Stacey 2022). However, the intention is that the tool will assist
not only students who are at the early stages of contact with the complex problem
of design (Lawson 2005, p. 31), but also architects who have already passed through
this phase. This goal of supporting both types of decision makers will be referred to
here as ‘supporting architects’. The term ‘house’ is used here to describe the artifact
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of a verticalized house, although the tool is fully available to architects for the task
of designing detached houses.

The tool was developed as an analogy model of the geometric qualification of
the FPL in relation to the functional physical performance of a house. The starting
point for the structuring of the ARLE GPS tool was an analogy model proposed by
Martins (1999), which can act as a collector, processor and transmitter of infor-
mation about the functional physical performance of the house in relation to the
geometric design variables of the FPL (Gane & Haymaker 2012). The transposition
of this analogy model to the spatial planning task of FPL is carried out by means of
the computational tool ARLE GPS, which is programmed in the form of a
spreadsheet (Excel) and is accessible via the link ARLE GPS. As shown in
Table 1 and illustrated in Figure 16, the spreadsheet enables geometric planning
and evaluation of the qualification of FPL 164.

The geometric variables are captured, analyzed and evaluated in comparison
with the house performance using a numerical method. In this way, the proposed
mathematical model defines a law of relationship between the objective of the
geometric qualification solution and the action directed through the geometric
variables to promote this qualification (Martins 1999). The mathematical model
used to convert the analogy model is obtained through statistical processing of a
design space consisting of 177 FPLs of apartments. It is defined based on a power
regression curve according to the model proposed by Kirkpatrick (1970, p. 8), as
shown in Figure 1.

The mathematical model is established based on a cubic power curve, y = Ax’,
and defines the law of analogy that relates the variables involved in the geometric
modelling of the FPL to the functional physical performance of the house (Martins
1999), as shown in Figure 2.

The generated physical law shown in Figure 2 indicates that the mathematical
model is consistent. It varies on a continuity scale (Papalambros 2002), and has
a high coefficient of determination, R*> = 0.994, a condition that supports its
validation (Kleijnen & Sargent 2000; Simpson et al. 2001; Kleijnen 2017). The
geometric variables are processed by the mathematical model under the assump-
tion of the same degree of importance, i.e., the same weights. The consistency and
robustness of the mathematical law of analogy can be measured by the statistical
treatment of the project space shown in Figure 3, which consists of 180 FPL
apartments with two, four or eight units per floor, one or two accesses to the
external surroundings, between nine and fifteen rooms, usable areas of between 52.70
and 149.11 m? and a functional classification of three bedrooms, as shown in
Table 2. The result of processing the explored design space of 180 FPLs is presented
in Figure 3, and shows the behavior of the house performance, as captured by eight
families of geometrically qualified FPLs.

Six families of FPLs are statistically defined according to their geometric
qualification, and two families that define the boundary regions of low and high
qualification are modeled using the ARLE GPS mathematical model, according to
the explored design space. The model indicates that the geometric cost of achieving
a given range of house performance increases with the performance requirements.

This property of the mathematical model can be demonstrated using the
performance curve equations obtained from the statistical processing of the design
space. For example, using the level eight equation describing the geometric cost of
house performance in the high-performance range (shown in Figure 3), it can be
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Table 1. Geometric planning of FPL 164.
164 Identification 4 Apartments / floor (Nf) Entries (Ne) 2
Fl Perimet i i Abbreviat
° Width | Length | Area |[Perimeter| . o .o » L SLLLLE [ Yariable Unit reviate] Value
Room . s |= 8|8 ¢e ) Total Area m? AT 125.38
Layout Sector | B Wi Lg Au Pu s 45 slcs g less|laslssll & o
8 | Functional spaces i ) ) ™) EEH3 E|fEES5Z(22|5E|2E) B External perimeter m PE 25.85
Y e L = g 2 Condominium perimeter m PX 13.00
E1| entrance 1 ] g Symmetry perimeter m PY 7.50
Social U living & dining 34.80 25.70 1.00 X X Layout figure vertices u LV 08
I L living Variable Unit Abbreviate] Value
D dinin:
T Dry floor (us$)/m?| VAd | 12731
2 [31.3%]|[ + home theater R
o = i Wet floor (US$) /m VAw 125.08
b= © irculati 1.00 3.85 3.85 9.70 1.00 N
dca F 'Ca'ﬁ:;;f; - - - ] External perimeter (Us$)/m| VPE 326.80
o
bed 1 3.00 3.80 11.40 13.60
g Intimate :;1 b:mr?om T AT o8 =0 " = " = " el Dry internal perimeter (US$) /m VPd 105.60
zone o
'g :2 s:?:;omz 3.00 3.80 140 13.60 X z g Wet internal perimeter (US$) /m VPw 159.70
© B master bedroom 15.95 18.10 X X © Cost of the layout solution
\n | 45.8 % | P closet
B 2 2
g W master bath 2.30 2.40 5.52 9.40 X X Cost/m i e 370.28
- kitch 1.70 5.60 9.52 14.60
ki e X X x Total cost TVL (US$) 41211.74
c Service M meal room
= G laundry 170 3.75 6.38 10.90 X X . . o
L zone 5 oo Variable Unit Value
° 5
B4 | bedroom4 2.40 2.80 6.72 10.40 x x x o o 2
[22:9 % |[wa | batna 1.20 240 | 288 | 720 X X | & > L) e m LY 113.98
£2 EIENCE == Geometric qualification value QQA 19.07
Total 111.30 | 138.40 | 2.00 | 8.70 [39.40]84.12] 27.18] #9.10 [ 49.30 q }
Layout Indexes | Abbreviate| Value Layout codification Layout evaluation Unit  |Abbreviate| Value
Form Factor FF 4.14 n
Externalization E 115 Formation 421141408 Geometric qualification value QQL 15.98
Spaciousness 1A 10.55 Function U CB1W1B2BW KGB4W4 Nominal Area m? AN 67.12
Cost of geometric qualification
Internal Configuration| 1P 6.56 || Topology {[U] € [C—(BIW1B2B(W))] € [K—(G—(BAW4)]} o < wss)laL| voL |2578.34
g (TvL/1QL)
i i Cost of inal
CII‘ct!lathn = 0:41 Space 1113000 1253800 0013840 0002585 0001300 0000750 0000870 0003940 ost of nominatarea (Us$)/m?| VAN 614.05
Confinement IR 1.87 (TVL/ AN)

69632 4 2 11 414 08 U CB1W1B2BW KGB4W4 {[—U] € [C—(B1W1B2B—(W))] € [K—(G—(B4W4))]} 1113000 1253800 0013840 0002585 0001300 0000750 0000870 0003940
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Figure 1. Model of design quality versus cost (Source: Kirkpatrick 1970).
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Figure 2. Regression model: cost x quality (source: Martins 1999).

seen that adding one point to the geometric QQL qualification of the FPL in the
range 15.5 to 16.5 involves a geometric cost of 12.60 m”, whereas adding one point
in the QQL range 18.5 to 19.5 involves a geometric cost of 17.76 m”. This is also a
condition found in products with high levels of embedded technology, such as
computers and avionics. The mathematical model is converted into the surrogate
model or LEQC metamodel to simulate the performance of the house, as deter-
mined by the geometric qualification of the FPL. At this stage in the process of
structuring the LEQC meta-model, a cost model is incorporated. The monetary
cost calculation model for the house is implemented using the same geometric
variables as the FPL design. Consequently, this choice allows the architect to
evaluate the cost of design decisions made in the FPL geometric planning. The
model directly computes the monetary cost of converting the FPL geometric
variables into the house artifact, following the methodology presented by Martins,
Jungles, and Oliveira (2023). The LEQC metamodel then calculates the values of
the FPL geometric qualification indices, their geometric qualification, QQL, and
their geometric and monetary costs, thus determining the geometric and monetary
costs of geometric qualification (shown in Figure 4). The geometric qualification
indices of the FPL aim to assess and ensure the tangible performance required of
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160

Level  Qualification Family R R2 QQLSample
1-  AU=0,0270*QQL**3 estimated envelope
150 p 2-  AU=0,0252*QQL**3 0,996 0,993 12,51-13,94
3-  AU=0,0230*QQL**3 0,995 0,991 14,09-14,97
4-  AU=0,0207*QQL**3 0,994 0,987 15,00-15,99
140 ' 5-  AU=0,0201*QQL**3 0,995 0,990 16,05-16,93
6- AU=0,0187*QQL**3 0,997 0,993 17,10-17,96
130 b 7- AU=0,0175*QQL**3 0,999 0,997 18,02-20,44
8- AU=0,0164*QQL**3 estimated envelope

FPL 164 - Digital Signature
120 | 6963242 11 414 08 U CBIW1B2BW KGB4W4
1113000 1253800 0013840 0002585 3 _
110 L 0001300 0000750 0000870 0003940

FPL 037 - Digital Signature
53482 8109 469 12 U CBIW1B2BW KG
100 F 709500 0829000 0010145 0001425
0001245 0001600 0000710 0002595

149147
o7 *ay
3

90

AU - Useful Area

FPL 167 - Digital Signature g
597552 2 13 500 17 U CFB1W1B2BPW KGSW4
1139800 1300500 0015133 0004149

0000890 0000665 0001085 0000000 ]

80

70

60 |

FPL 016 - Digital Signature

40328 4 1 09 537 20 U CBIW1B2BW KG ]
0628500 0747600 0009760 0003370

0000980 0000290 0000710 0000000

50 |

40
12,0 12,5 13,0 13,5 14,0 14,5 150 155 16,0 16,5 17,0 17,5 18,0 18,5 19,0 19,5 20,0 20,5 21,0

QQL - Geometric Qualification

Figure 3. Geometric qualification of FPLs in the design space.

the house (Volker 2008; Vivienne 2015, p. 37; Dino 2016). The LEQC metamodel is
structured by the analogy model proposed by Martins (1999), the mathematical
model/law advocated by Kirkpatrick (1970), and the cost model presented by
Martins, Jungles and Oliveira (2023). The information and instructions provided
by Archer’s systematic model (1968) are used, together with the conceptual model
for remodeling the design solution space proposed by Gero (1998), and the concept
of the general problem solver (GPS) presented by Simon (1973). The structuring of
arational design methodology through a mathematical model, based on the vision
of renowned scientists (researchers), in terms of problem definition, exploration,
experimentation and evaluation, makes it possible to create a tool that enables the
architect to make decisions and implement robust actions in a process of continu-
ous evolution throughout the design activities and hence to obtain optimized and
validated solutions (Schaathun 2022).

The cost of the horizontal plan is defined by the cost of finishing the floor of the
room (wood laminate, carpet, ceramic material) and the surface of the ceiling of the
room (mortar, paint, plaster, plastic laminate), considering their locations in dry
rooms VAd (living room, bedroom) or wet rooms VAw (bathroom, kitchen). The
cost of the vertical planes is defined by the construction cost of the internal and
external walls, halved longitudinally, resulting in two halves and three perimeters:
VPd (dry), VPw (wet) and VPE (external). It also takes into account the respective

6/65

https://doi.org/10.1017/dsj.2025.8 Published online by Cambridge University Press


https://doi.org/10.1017/dsj.2025.8

ssaid Asssnun abprique) Aq auljuo paysiiand 8's20z°Isp/101°0L/B1010p//:sd1y

S9/L

Table 2. 180 FPL data.

FPL VAQ Nf Ne LV AU AT FF 1IE IA IP IC IR QQL FPL VAQ Nf Ne LV AU AT FF IE 1A Ip IC IR QQL
1 42126 4 1 6 5270 62.62 423 1.13 726 6.4 092 1.1 1251 91 49523 2 2 12 8310 9581 533 178 9.12 626 037 0.00 16.78
2 39898 4 1 6 54.62 61.66 427 135 7.39 577 081 000 13.69 92 51413 2 2 14 8334 9507 461 169 9.13 594 0.55 0.00 16.21
3 42205 4 1 8 5512 63.62 417 1.12 742 527 024 052 1306 93 51133 2 2 6 8350 9519 497 164 9.14 642 056 032 16.33
4 39174 4 1 10 5645 6586 4.12 157 751 594 062 000 1441 94 51180 4 2 15 8373 9654 475 152 9.15 658 0.51 0.38 16.36
5 39485 4 1 10 5749 68.02 449 177 7.58 593 0.73 0.00 1456 95 53684 4 1 12 8380 9652 458 164 9.15 624 0.75 0.67 15.61
6 40132 4 1 12 57.55 67.57 4.64 1.58 7.59 596 0.78 0.00 1434 96 54124 4 2 13 8530 9851 4.28 133 924 6.34 052 0.63 1576
7 43348 4 1 10 58.00 67.87 4.49 122 7.62 575 0.76 045 1338 97 52629 4 2 12 8589 9691 440 139 927 6.54 037 051 16.32
8 43007 4 1 14 5935 69.25 4.51 123 7.70 6.08 0.72 049 1380 98 54053 4 2 20 86.43 102.05 4.28 134 930 6.90 080 0.75 15.99
9 44847 4 1 16 60.05 69.43 4.61 097 7.75 549 030 052 1339 99 58288 4 1 10 86.50 9838 4.26 134 930 6.10 0.78 1.12 14.84
10 45301 4 1 7 60.16 7145 438 154 7.76 557 0.66 092 1328 100 56372 4 1 10 86.70 9991 448 146 931 631 0.67 1.03 15.38
11 44744 4 1 16 61.12 7134 4.87 143 782 595 0.74 0.81 13.66 101 52216 2 2 19 8720 100.80 5.12 1.85 934 6.87 032 1.05 16.70
12 45483 4 1 10 61.72 7219 457 156 7.86 591 0.67 1.09 13.57 102 53001 4 1 10 87.24 10035 4.34 148 934 646 083 0.00 16.46
13 41472 4 1 10 62.00 7249 439 164 7.87 634 061 029 1495 103 55440 2 1 24 87.65 101.58 583 1.64 9.36 6.69 1.20 0.68 15.81
14 44692 4 1 8 6230 76.65 4.38 132 7.89 6.18 080 064 1394 104 54036 2 2 9 8770 100.01 426 154 9.36 6.26 0.66 0.28 16.23
15 43290 4 1 16 62.64 7322 475 134 791 6.08 038 048 1447 105 52418 2 2 14 87.80 10042 479 174 937 6.18 0.53 0.00 16.75
16 40340 4 1 20 62.85 7476 537 195 793 6.16 045 000 1558 106 53380 2 2 10 8845 101.74 430 148 940 6.57 044 045 16.57
17 43202 4 1 6 6355 7312 4.03 137 797 570 033 000 1471 107 55840 2 2 12 89.12 10246 455 176 944 638 043 1.19 15.96
18 45302 4 1 8 6442 7456 4.17 123 803 6.02 062 044 1422 108 51618 2 2 16 89.35 10283 502 197 945 6.63 046 0.28 17.31
19 43673 4 1 16 6551 7534 447 147 8.09 6.68 070 054 1500 109 60194 4 2 14 90.05 103.73 470 1.52 949 6.10 041 1.74 14.96
20 42127 4 1 12 6555 76.13 459 198 810 6.11 0.62 0.00 1556 110 54474 4 2 14 90.10 10435 4.66 149 949 7.08 0.50 1.01 16.54
21 42319 4 1 8 6623 7684 419 1.69 814 625 044 0.00 15.65 111 60139 4 1 10 90.63 10559 4.27 127 952 648 0.64 1.57 15.07
22 46616 4 1 14 67.50 7920 457 139 822 6.76 0.65 124 1448 112 52308 2 2 18 91.80 10547 533 1.80 958 6.51 0.34 0.00 17.55
23 48667 4 1 18 6755 79.55 459 126 822 6.63 049 1.75 1388 113 56819 4 2 20 9199 10575 520 1.80 9.59 6.74 0.41 1.53 16.19
24 47184 4 1 10 67.85 7854 433 135 824 630 0.87 0.64 1438 114 54460 2 2 16 9220 10578 4.48 1.83 9.60 6.81 0.34 0.97 16.93
25 44492 4 1 13 6794 8037 5.04 141 824 657 045 051 1527 115 54146 2 2 14 9259 106.14 476 1.65 9.62 6.68 0.57 0.29 17.10
26 47707 4 1 14 6846 8040 497 126 827 6.57 0.87 0.88 1435 116 58598 4 1 16 94.05 10622 4.63 148 9.70 6.38 0.84 0.67 16.05
27 47847 4 1 8 68.66 8041 426 137 829 640 0.69 1.03 1435 117 54210 2 1 7 9438 10797 4.68 130 9.71 6.84 045 0.00 17.41

Continued
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Table 2. Continued

FPL VAQ Nf Ne LV AU AT FF IE IA IP IC IR QQL FPL VAQ Nf Ne LV AU AT FF IE IA IP IC IR QQL
28 50334 4 1 10 6931 8034 4.19 124 833 6.08 080 1.08 13.77 118 58747 2 2 14 9470 109.03 467 154 9.73 6.73 0.73 1.15 16.12
29 48147 4 1 12 6938 80.78 4.62 159 833 582 085 049 1441 119 58070 4 1 14 9477 108.77 464 143 9.73 6.53 043 094 16.32
30 47732 4 1 14 6945 80.08 446 128 833 596 037 0.66 14.55 120 58756 2 1 12 9495 10885 494 145 9.74 6.80 0.87 0.97 16.16
31 47637 4 1 6 6955 8023 417 145 834 6.11 049 0.81 14.60 121 53285 2 2 18 9570 10993 512 1.76 9.78 6.78 0.36 0.00 17.96
32 47049 4 1 16 69.68 8040 4.62 157 835 589 036 0.64 1481 123 55906 2 2 14 9655 111.30 532 1.80 9.83 6.74 0.69 041 17.27
33 47720 4 1 12 70.10 81.25 448 149 837 6.45 1.02 0.60 14.69 122 55140 2 2 18 96,55 110.62 499 175 9.83 6.66 048 025 17.51
34 47256 4 1 18 70.60 83.54 494 159 840 711 0.82 1.34 1494 124 55793 2 2 18 96.69 111.30 532 1.80 9.83 649 036 043 1733
35 45460 4 1 10 70.60 81.50 4.60 191 840 596 0.74 0.00 15.53 125 53967 4 2 16 96.87 11035 496 1.84 984 744 0.66 0.52 17.95
36 47105 4 1 12 7094 8155 452 148 842 687 1.12 059 1506 126 5489 4 2 14 9744 10894 503 1.80 987 770 0.76 0.86 17.75
37 53466 8 1 12 7095 8291 439 0.79 842 6.02 042 1.54 1327 127 58824 2 2 12 9753 11399 449 161 988 6.62 041 1.12 16.58
38 51778 4 1 12 7135 8238 449 1.16 845 624 090 1.16 13.78 128 56986 2 2 14 9830 11212 462 178 991 6.63 0.73 035 17.25
39 49618 4 1 14 7140 84.19 462 141 845 6.76 0.73 149 1439 129 60897 2 2 18 99.08 11328 4.62 1.65 995 6.75 0.30 1.77 16.27
40 50007 4 1 12 72.16 8293 444 120 849 639 080 0.86 1443 130 59904 4 2 17 100.04 115.75 449 150 10.00 7.15 0.81 1.14 16.70
41 45953 4 1 8 7233 8219 3.85 151 850 7.13 081 0.60 1574 131 59663 4 1 18 100.89 117.22 5.14 1.63 10.04 6.96 0.66 1.08 16.91
42 46449 4 1 15 72,60 8459 493 156 852 6.53 098 0.00 1563 132 54986 2 2 18 101.01 11799 515 1.86 10.05 6.82 0.36 0.00 18.37
43 49842 4 1 15 72.67 8459 493 156 852 6.11 053 1.08 14.58 133 60279 2 2 22 101.69 120.11 4.70 1.84 10.08 6.67 0.63 1.09 16.87
44 46373 4 1 17 7276 8576 5.11 1.75 853 6.52 078 033 1569 134 56002 2 2 19 101.70 116.21 455 1.85 10.08 698 0.49 0.26 18.16
45 52108 4 1 8 7342 8512 436 133 857 599 072 1.07 14.09 135 56094 2 2 22 101.81 120.11 470 1.84 10.09 7.05 0.30 0.63 18.15
46 50900 4 1 16 73.55 9576 4.33 141 858 559 073 040 1445 136 56659 2 2 11 102.10 117.06 438 1.75 10.10 7.01 0.84 0.00 18.02
47 49469 4 1 14 7356 9576 4.83 149 858 6.00 062 058 14.87 137 57958 2 2 18 103.34 11694 445 176 10.17 6.71 0.39 0.41 17.83
48 46379 4 1 12 73.65 8557 5.06 1.88 858 637 096 000 1588 138 57219 2 2 14 10351 117.97 453 1.78 10.17 6.63 0.49 0.00 18.09
49 46328 4 1 18 73.80 8556 4.86 1.66 859 636 0.68 000 1593 139 59752 2 2 22 10355 118.70 4.88 1.72 10.18 6.96 0.59 0.95 17.33
50 53089 4 1 6 7390 8503 405 061 860 6.21 0.81 0.68 13.92 140 63532 4 2 10 103.62 118.40 4.34 141 10.18 6.86 0.74 141 1631
51 50728 4 1 6 7391 8560 402 124 860 6.66 0.56 136 14.57 141 61413 2 2 16 103.85 119.35 4.60 1.47 10.19 691 0.96 0.70 1691
52 47968 4 1 12 7459 86.30 447 1.63 864 635 0.52 0.54 1555 142 57296 2 2 21 10468 119.37 4.83 2.00 10.23 6.82 0.78 0.00 18.27
53 45293 2 2 14 75.05 88.13 528 232 866 6.10 0.51 0.00 16.57 143 57166 2 2 27 10490 119.78 494 191 10.24 6.88 0.37 0.31 1835
54 47074 2 2 14 75.13 86.80 466 184 8.67 6.28 047 035 1596 144 59061 2 2 27 10507 121.10 4.77 1.89 10.25 7.18 0.88 0.65 17.79

Continued
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Table 2. Continued

FPL VAQ Nf Ne LV AU AT FF IE IA IP IC IR QQL FPL VAQ Nf Ne LV AU AT FF IE IA IP IC IR QQL
55 46801 2 2 15 7535 88.11 518 173 8.68 6.42 043 029 1610 145 59296 2 2 16 10525 121.16 495 147 1026 695 0.62 031 17.75
57 53359 4 1 16 7545 8635 4.18 127 8.69 597 0.68 1.12 14.14 146 64212 2 2 22 10595 121.10 486 1.53 10.29 692 0.63 1.62 16.50
56 50774 4 1 8 7545 86.50 5.14 156 8.68 6.34 0.78 094 14.86 147 63462 4 1 12 10649 121.60 4.36 1.28 10.32 7.35 0.55 1.62 16.78
58 52025 4 1 12 7580 87.88 429 1.11 871 677 0.73 129 1457 148 57924 2 2 12 106.58 12222 519 213 10.32 7.18 0.60 0.63 18.40
59 45600 2 2 18 7597 8726 547 199 872 640 0.44 0.00 16.66 149 64277 4 2 18 106.70 121.38 4.80 1.65 10.33 6.81 0.50 1.59 16.60
60 46985 2 2 21 7635 87.80 507 1.89 874 626 034 030 1625 150 60900 2 2 13 107.55 123.80 4.84 194 10.37 6.49 048 0.66 17.66
61 48354 4 2 21 7640 8921 504 1.88 874 724 049 157 1580 151 59645 2 2 9 107.60 123.99 427 177 1037 7.15 0.87 0.39 18.04
62 48523 4 2 14 76,57 8748 430 1.62 875 6.63 051 0.71 1578 152 59378 2 2 15 107.95 123.10 489 193 10.39 6.84 041 0.56 18.18
63 52737 4 1 18 76.89 89.21 486 1.62 877 6.56 0.50 1.86 14.58 153 58101 2 2 19 108.01 124.02 525 1.84 10.39 6.84 0.47 0.00 18.59
64 49454 4 2 15 7695 89.10 443 135 877 6.69 0.64 0.62 1556 154 57825 2 2 19 10848 124.02 534 1.84 1042 696 0.46 0.00 18.76
65 50927 4 1 12 7746 8942 436 1.65 880 5.69 0.26 0.68 1521 155 59692 2 2 14 108.70 129.79 5.10 1.69 1043 6.85 0.75 0.00 18.21
66 46711 2 2 18 7796 90.10 505 1.82 8.83 6.45 0.41 0.00 16.69 156 62347 2 2 25 108.92 125.04 522 178 1044 6.47 0.46 0.75 17.47
67 51422 4 1 10 78.11 9133 442 152 884 6.71 0.80 1.09 15.19 157 61786 2 2 14 10930 12432 494 1.64 1045 6.77 0.89 0.28 17.69
68 54790 4 1 8 7835 8943 425 125 885 591 0.56 1.16 1430 158 58118 2 2 22 109.61 12545 482 197 1047 7.45 0.46 0.57 18.86
69 51528 4 1 18 78.58 9258 501 1.63 886 6.56 0.38 1.42 1525 159 58560 2 2 12 11021 121.42 498 1.83 10.50 6.82 0.33 0.00 18.82
70 52552 4 1 16 78.67 90.63 488 159 887 6.42 0.56 135 1497 160 65335 2 1 21 11035 126.15 538 1.34 10.50 7.00 0.87 1.09 16.89
71 50384 2 2 26 78.80 9099 474 1.68 888 6.39 033 097 15.64 161 59176 2 2 29 11054 121.88 4.59 1.48 10.51 7.10 0.42 0.00 18.68
72 53149 4 2 11 7898 9040 444 141 889 6.18 035 126 14.86 162 62135 2 2 12 110.60 127.48 4.54 1.80 10.52 6.58 0.48 0.63 17.8
74 52483 4 2 16 7925 9263 467 144 890 6.57 042 140 15.10 163 61052 2 2 8 11087 12508 4.63 1.63 10.53 7.59 0.82 0.77 18.16
73 52276 4 2 16 79.25 90.74 4.67 158 890 598 0.67 0.63 15.16 164 69643 4 2 8 111.29 12538 4.14 1.15 10.55 6.56 0.41 1.87 1598
75 50800 4 1 12 7940 9090 4.17 150 891 6.05 0.39 044 15.63 165 59121 2 2 14 111.68 129.89 5.08 1.69 10.57 7.13 0.49 0.00 18.89
76 48983 4 2 10 7945 91.19 434 157 891 6.19 045 0.00 1622 166 60198 2 2 18 11245 129.81 5.63 2.04 10.60 7.57 0.88 0.55 18.68
77 52398 4 1 14 79.75 9270 476 158 893 6.28 0.80 0.77 1522 167 59769 2 2 17 11398 130.05 5.00 1.82 10.68 7.09 0.51 0.00 19.07
78 53427 4 1 8 79.82 9098 447 179 893 579 0.50 1.07 1494 168 64038 2 2 8 11482 13020 4.35 1.81 10.72 6.92 0.67 0.85 17.93
79 53194 4 1 14 7995 91.88 4.62 126 894 627 0.74 0.70 1503 169 62758 2 2 18 11535 133.19 436 1.60 10.74 6.78 0.36 0.38 18.38
80 48991 4 1 16 80.15 92.87 4.55 153 895 683 054 042 1636 170 65914 2 2 20 116.80 134.74 6.09 1.66 10.81 7.51 133 093 17.72
81 50144 4 1 10 80.18 91.64 450 1.69 895 6.10 0.75 0.00 1599 171 62662 2 2 14 118.87 13513 492 1.83 1090 6.00 0.45 0.00 18.97
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Table 2. Continued

FPL VAQ Nf Ne LV AU AT FF IE IA IP IC IR QQL FPL VAQ Nf Ne LV AU AT FF IE IA IP IC IR QQL
82 54097 4 1 16 80.55 9283 480 1.50 897 6.56 0.67 1.48 14.89 172 62474 2 2 28 11895 136.68 5.57 2.13 1091 7.28 0.62 0.63 19.04
83 48639 4 1 18 80.79 9494 503 1.82 899 694 0.57 0.57 16.61 173 68792 2 2 13 119.01 134.03 4.26 1.32 1091 6.81 0.65 1.10 17.30
84 52599 4 1 12 8095 9236 461 154 9.00 584 0.36 0.62 1539 174 63835 2 2 12 11950 13528 4.69 1.78 10.93 6.73 048 0.26 18.72
85 50879 4 1 14 81.00 9329 454 1.16 9.00 6.48 0.67 0.35 1592 175 65743 2 2 9 119.52 13492 4.37 158 10.93 6.91 0.58 0.67 18.18
86 53930 4 1 8 81.11 9333 417 129 9.01 626 0.74 0.77 15.04 176 62997 2 2 26 121.08 13858 522 1.90 11.00 7.37 0.77 0.29 19.22
87 50309 4 1 16 81.50 9429 490 1.72 9.03 6.64 0.89 0.29 1620 177 67457 2 2 12 126.01 142.87 4.68 1.65 11.23 7.00 0.49 0.70 18.68
88 49799 2 2 16 81.57 9436 4.64 180 9.03 6.29 0.39 033 1638 178 65126 2 2 18 127.06 146.17 531 1.73 1127 741 0.66 0.25 19.51
89 51191 4 1 17 81.65 9350 472 126 9.04 6.09 0.44 0.00 1595 179 74176 2 2 12 143.16 160.07 4.32 1.52 11.96 6.96 0.58 0.56 19.30
90 48277 2 2 22 8265 9576 576 184 9.09 6.60 0.40 0.00 17.12 180 72950 2 2 16 149.11 167.81 5.02 1.84 1221 7.37 0.70 0.29 20.44
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Figure 4. LEQC metamodel.

AU = useful surface area; AT = total surface area; AA = target surface area; PE = external perimeter; PU =
internal perimeter; PX = condominium perimeter; PY = symmetry perimeter; PC = circulation perimeter; PR
= confined perimeter; Ad = sum of the useful areas of the dry rooms (horizontal plane); Aw = sum of the useful
areas of the wet rooms (horizontal plane); Pd = sum of the perimeters of the dry rooms (vertical plane); Pw =
Sum of the perimeters of the wet rooms (vertical plane); IA = spaciousness index; IP = configuration index; IE
= exteriorization index; IC = circulation index; IR = confinement index; FF = form factor; VPE = cost of
external vertical plane; VPw = cost of the wet internal vertical plane; VPd = cost of the dry internal vertical
plane; VAd = cost of the dry horizontal plane; VAw = cost of the wet horizontal plane; QQA = target geometric
quality; QQL = geometric quality of the layout; IQG = index of geometric quality; IVN = index of cost of losses;
AN = geometric cost of losses; VGL = unitary monetary cost; VQL = monetary cost of geometric quality; VAN
= monetary cost of losses; VAQ = geometric quality cost.

finishes (VPd — mortar, plaster, paint; VPw — ceramic material; VPE — mortar,
paint, ceramic material, glass), components (sill) and connections (door, window),
and calculates their height, which is equal to the distance from the floor to the
ceiling. The cost of transforming the FPL into a house is calculated using the
geometric variables used to assemble the FPL, according to the methodology
presented by Martins, Jungles and Oliveira (2023), and does not include the cost
of the building structure, installations and materials (electrical, hydraulic, logic),
and the other materials and services used to construct the building. The design
space explored here comprises 71 apartment clusters with different functionalities,
as shown in Table 3.
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Table 3. Clusters of apartments based on functionality.

E1U CB1W1B2BW KG UT CB1IW1B2BW KGW4 E1UH CB1W1B2BW KGSW4

E1U CB1W1B2B KG E1 CB1W1B2BW KGW4 UH CB1W1B2BW KGSB4

U CB1IW1B2B KG E1U CB1W1B2BW KGS E1UT CB1IW1B2BW KGB4W4

E1U CB1W1B2BW KGW4 U CB1W1B2B KSW4 UT CB1W1B2BP KGB4W4

E1U CB1W1B2BW KM E1UT CFB1W1B2BW KGB4W4 E1LDHT CB1W1B2BW

KGB4W4E2

U CB1W1B2BW KG E1 CB1IWI1B2BW KG U CB1W1B2W2BW KGSB4W4

E1U CB1W1B2BW K UT CB1IW1B2BW KG U CB1W1B2BPW KGB4W4E2

E1U CB1W1B2B KGW4 U CB1W1B2BW KGSW4 UH CB1W1B2BW KGB4W4

U CB1W1B2BW KGW4 UT CB1W1B2BPW KGS U CFB1W1B2BPW KGB4W4

U CB1W1B2B KS E1U CB1W1B2BW KGSW4E2 E1U CEBIW1B2BW KGW4

LD CB1W1B2BW KG E1U CB1W1B2BW KGS UHT CB1WI1B2BPW KGSW4

U CB1W1B2BW KGSB4 UT CB1IW1B2BW KGB4W4 UH CB1W1B2BW KGSW4

U CB1W1B2BW KSW4 E1 CB1W1B2BW KGB4W4 U CFB1W1B2BW KGB4W4

E1UT CB1IW1B2BW U CB1W1B2BW KGSB4W4 UH CB1W1B2BW KGSW4
KGSW4

E1U CB1W1B2BW UT CFB1W1B2BPW KGW4 EILDT CB1W1B2BW
KGB4W4 KGB4W4E2

E1U CB1W1B2BW KS U CB1IW1B2W2BW KGB4W4 U CFB1W1B2BPW KGSW4

E1U CB1W1B2W2BW UH CB1W1B2BW KGSW4 E1UT CFB1W1B2BW
KGW4 KGB4W4E2

U CB1W1B2BW KGW4E2 E1UOT CB1WI1B2W2BPW KGW4 E1LDT CB1W1B2BW

KGSB4W4

UT CB1WI1B2BPW E1IUHT CB1W1B2W2BPW U CFB1W1B2BPW KGB4W4E2
KGB4W4 KMGB4W4

U CB1W1B2BW E1U CFBIW1B2BW KGSW4 LD CB1IW1B2BW KGB4W4
KGB4W4E2

U CBIW1B2BW KGB4W4 U CFB1WI1B2BW KGSW4 UT CFB1W1B2BW KMGB4W4

E1U CB1W1B2BPW UT CB1IW1B2BW KGB4W4E2 UH CB1W1B2BW KGB4W4
KGW4

E1U CB1W1B2BW UT CFB1W1B2BW KGSW4 UHT CBIW1B2BW KMGB4W4
KGSW4

UO CB1W1B2BW KGW4 U CB1IW1B2BW KGSB4W4E2

The design space consists of dwellings that have certain similarities in terms of
the constructive and structural typology of the buildings, as well as the constructive
similarity, height and finishing pattern of the dwellings, as shown in

The design space consists of flats (FPLs) located in 77 buildings with two ﬂats
per floor, 102 buildings with four flats per floor, and one building with eight flats
per floor (FPL 37). The composition of the apartments in terms of the number of
units per floor is an indirect parameter that directly influences the performance of
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Table 4. Constructive characterization of building and apartments.

Construction typology
vertical circulation
number of floors

structure

Masonry

coating outside of the building
coating dry inner wall
coating wet inner wall
coating dry floor

coating floor wet

coating dry ceiling
coating roof wet

frames

doors, frames and finishes
finishing dry floor

sills and sills

door hardware _

Building
Isolated towers
centralized
four or more

reinforced concrete

Apartment

ceramic brick with holes — thickness 15 cm
mortar + ceramic

mortar + PVA putty + PVA paint
mortar + ceramic

mortar + laminated wood

mortar + ceramic

mortar + PVA paint

plaster + paint

aluminum colored +3 mm glass
wood + varnish paint

laminated wood skirting

granite Grey

pattern medium

the apartment through the parameter of confinement. Apartment FPL 37 is part of
cluster U CBIW1B2BW KG (Figure 5, Table 5); it consists of nine rooms, eight of
which are living rooms and one of which is a circulation room, with three enclosed
living rooms. The adoption of eight dwellings per floor produces solutions in the
form of FPLs with low geometric qualification compared to solutions with four or
two units per floor, as shown in Figure 6a. This result is demonstrated by evaluating
the geometric qualification of FPL 37 and calculating its geometric losses with
respect to the target FPL 59 (AU = 75.97 m? and QQA = 16.66), which is
representative of an apartment located in the high-performance region of the
studied design space, as shown in Figure 3. The calculated losses in this case are
32.56 m’, which represents a large geometric loss, as shown in Table 5. By analogy,
this geometric loss refers to the design of a dwelling that suffers large losses in
functional performance during its service life (Martins 2022a).

2. Geometric qualification of the FPL versus house
performance

The design process of a house involves questions about the difficulty of describing
and applying indicators of design quality. There is no agreed definition of design
quality, nor is there a metric for its evaluation, something that has been discussed
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Figure 5. FPL cluster U CBIW1B2BW KG.

for some time and remains without a definitive answer (Michalek, Choudhary &
Papalambros 2002, p. 10-12, Dino 2016). The only means available to meet this
challenge is to define a design that enables the fulfilment of the performance
requirements of the house. The performance of the house, on the other hand, is
related to criteria of a dimensional and topological nature that must be established
to satisfy the functional and usability demands desired by the user (Ibrahim 2011,
p- 21; Basarir 2018, p. 5). The importance of meeting these requirements can be
inferred from the significance assigned by the architect to meeting the functional
dimensioning needs of the house (Savoini & Lathaj 2017). Functional dimension-
ing is achieved through the optimized dimensioning of the rooms of the house,
according to their functional purpose. It is related to the area required for the
distribution of furniture and equipment, as well as the areas required for the
circulation, access and work of the users (Deilmann et al. 1973). It is also related
to the dimensions and magnitude of human articulatory movement (Panero &
Zelnik 1996). Functional dimensioning is a critical aspect of the design of the FPL
of the house, as it is one of the factors that influences the user’s perception and
evaluation of the house’s performance (Brown & Steadman 1991a; Brown &
Steadman 1991b). Optimization of the geometric solution of the FPL is established
by the LEQC metamodel through a solution that minimizes the geometric variables
area and perimeter corresponding to the functional dimensioning of the rooms
(Martins, Jungles & Oliveira 2023). However, only the architect can guarantee that
functional dimensions have been established for the rooms. The size of the rooms is
one of the factors evaluated by the authorities when approving the design and
construction of a house, and its importance can be deduced from the analysis of the
housing quality indicators used in the design assessment of social housing in the
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Table 5. Data of cluster U CBIW1B2BW KG.

AQ AU AT AN AN/ 1OOS VGL (U$/ VAN VQL (U$/
FPL (AU/QQL) Nf Ne LV FF (m?» (m») @m?») AU (m?» IE IA IP IC IR QQL m?) (TVL/AN) QQL)
37 53466 8 1 12 433 7095 82.00 3839 0.54 —3256 0.79 842 6.02 042 154 1327 387.84 716.79 2073.66
68 54790 4 1 8 425 7835 8943 4804 0.61 —30.31 125 8.85 591 0.56 1.16 14.30 404.97 660.48 2218.81
30 47732 4 1 14 446 6945 80.08 50.61 0.73 —18.84 1.28 8.33 596 0.37 0.66 14.55 425.40 583.75 2030.53
31 47637 4 1 6 417 69.55 80.23 51.13 0.74 —18.42 1.45 8.34 6.11 049 0.81 14.60 443.67 603.52 2113.51
65 50927 4 1 12 436 7746 89.42 57.81 0.75 —19.65 1.65 8.8 569 0.26 0.68 1521 433.58 580.95 2208.11
32 47049 4 1 16 4.62 69.68 80.40 5337 0.77 —16.31 1.57 8.35 589 0.36 0.64 14.81 443.71 579.31 2087.65
75 50800 4 1 12 4.17 79.40 90.90 6273 0.79 —16.67 1.50 891 6.05 0.39 0.44 15.63 418.70 529.96 2126.96
89 51191 4 1 17 472 81.65 9350 66.67 0.82 —14.98 1.26 9.04 6.09 044 0 1595 414.62 507.78 2122.51
92 51413 2 2 14 461 8334 9507 6998 0.84 —1336 1.69 9.13 594 0.55 0 1621 433.39 516.13 2228.19
6 40132 4 1 12 4.64 57.55 67.57 4845 0.84 —9.10 158 7.59 596 0.78 0 14.34 448.74 533.03 1800.90
42 46449 4 1 15 493 7260 8459 6273 086 —9.87 1.56 852 6.53 098 0 15.63 461.75 534.41 2144.83
105 52418 2 2 14 479 87.80 10042 77.21 0.88 —10.59 1.74 9.37 6.18 053 0 16.75 436.88 496.80 2290.08
41 45953 4 1 8 385 7233 8219 6407 0.89 —826 151 850 7.13 0.81 0.6 1574 443.61 500.79 2038.50
20 42127 4 1 12 459 6555 76.13 61.89 094 —3.66 198 8.10 6.11 0.62 0 1556 493.05 522.20 2077.07
16 40340 4 1 20 537 62.85 7476 62.13 099 —0.72 195 793 6.16 045 0 1558 501.36 507.17 2022.50
53 45293 2 2 14 528 75.05 88.13 7475 1.00 —030 232 8.66 6.10 0.51 16.57 500.46 502.46 2266.72
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Figure 6. (a) QQL versus Ne; (b) VGL versus IE; (c) IR versus IE.

UK. These indicators state that room sizes greater than 10% or less than the size
required by the functional dimensioning of FPL indicate poor planning of the
house and the need for a design review (HQI 2008). This importance is reaffirmed
by examining architects’ assessments, as reported in a survey entitled Optimization
in Architectural Practice, of the functional physical attributes they are interested in
optimizing in a house. They point out that the main attributes are natural light,
circulation, and the form and structure of the layout, a finding that reveals the
relevance of geometry in optimizing the FPL solution (Cichocka & Musikhina
2014; Cichocka, Browne & Rodriguez 2017). The requirements for the perform-
ance of the house can be captured and transferred to the geometric design of the
FPL using the analogy model presented below.

3. LEQC analogy model

The establishment of an analogy model was the first step in the construction of
the ARLE GPS computational tool. The model was defined through the collec-
tion, quantification and qualification of the geometric variables of the FPL in
comparison with the functional and usability performance of the house (Martins
1999). The FPL consists of a graphical representation in the 2D plane and is
configured based on the geometric variables of area and perimeter, which
describe the representative polygons of the rooms of the house and quantify
and qualify the spaciousness and configuration of the house. Spaciousness is
defined by the amount of surface area available for room modelling. This surface
area is divided by generatrices that form the contours or perimeters that delimit
the walls of the rooms thus defining the vertical planes and delimiting the closed
shapes of the rooms, and revealing their configuration (Lobos & Donath 2010;
Merrell et al. 2010; Rodrigues, Gaspar & Gomes 2013). The configuration of the
FPL is a parameter of the subjective quality of the design solution (Manning 1991;
Malnar & Vodvarka 1992). This parameter is evaluated through the existing
dialogue between the horizontal and vertical planes of the rooms (Consiglieri
1995, p. 54), which captures and evaluates the geometric features most suitable
for optimizing the geometric solution of the FPL, as well as making it possible to
qualify this solution (Guerra 1971; Baker 1991). The LEQC metamodel uses the
variables of area and perimeter (Costa & Cesar 2001, Section 1.3-2.3; Franz et al.
2005) to capture, quantify and qualify the configurational performance of the
rooms of the house, using the ratio perimeter/ area (Martins 1999; Demetriou,
See & Stillwell 2013; D’Amico & Pomponi 2019). This ratio has the property of
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being invariant under the geometric transformations of dimension change,
translation and rotation (Montero & Bribiesca 2009). The acquisition, quantifi-
cation and qualification of the geometric variables of the FPL were established by
Martins (1999) based on the correlations between the dimensions, positions and
contributions of the geometric variables of the FPL, which can represent the
performance of the house. These aspects were established through the analysis
and statistical processing of a design space of 177 FPLs of dwellings with
functional configurations from one to four bedrooms and useful areas (AU) of
between 23.2 m* and 275.4 m®. The metrics used to capture and quantify the
geometric variables of the FPL were presented by Martins, Jungles and Oliveira
(2023). The qualification of the geometric variables used to structure the analogy
model is defined by the indices used to capture, quantify and qualify the variables
of surface area and the internal, external, condominium, symmetry, circulation
and confined perimeters, using the following analogy.

3.1. Useful surface area (AU)

The useful area is equal to the area of the polygon of the room contour (Au), and the
sum of the useful areas of the FPL gives the useful area of the house (AU), which
defines the horizontal plane used to structure the FPL. This value represents an
indicative and primordial parameter of the performance of the house, as well as
providing a benchmark of its functionality and marketability (house area)
(Medjdoub & Yannou 2000; Hillier 2007, p. 19; Steadman 2008, p. 70). A dimen-
sional increase in this parameter (spaciousness) defines the direction of maximiz-
ing the performance of the house; however, optimization of the geometric solution
of the FPL by ARLE GPS is done by minimizing the geometric variable of useful
area, which corresponds to the functional dimensioning of the rooms (Martins,
Jungles, & Oliveira 2023). Its contribution to the qualification of the FPL is
calculated by the index of spaciousness (IA = AU). A calculation of the spacious-
ness based on the useful area makes it possible to isolate the thickness of the wall of
the FPL, enabling the use of a sketch defined by lines to capture, quantify and
evaluate all its geometric variables.

The perimeters are used to demarcate the walls and to create the vertical
planes of the house. They define a series of parameters that capture the perform-
ance of the house and successively transfer their share to the FPL qualification.
They can be divided into four categories: internal, external, condominium and
symmetry perimeters. Their qualification is defined according to their position in
the FPL structure, by analogy with the function they perform in delimiting the
performance of the house. The four categories of perimeters are described in
more detail below.

3.2. Internal perimeter (PU)

Internal perimeters affect the performance of the house by generating a system of
vertical planes for the house. These planes define the demarcations of the walls,
which represent the physical boundaries of the rooms and reveal their spatial
configuration (Peponis et al. 1997; Medjdoub & Yannou 2000; Sé6nmez 2015).
The walls also have the function of supporting access or communicability
between rooms and with the external environment, as well as providing physical
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support for the arrangement of furniture and equipment. Thus, they contribute
to the performance of the house and consequently transfer to the FPL its share in
the qualification of this performance, which is calculated by the configuration
index (IP=PU/(2 AU)). The value of two in the denominator arises from the
conversion of the perimeter variable to its equivalent of a wall (as a wall is equal to
two perimeters). However, internal perimeters are treated as non-contributors to
house performance when they refer to enclosed or circulation rooms (Nagy et al.
2017). Enclosed rooms are defined by a lack of direct connection to the external
environment. Enclosure involves denying users direct access to sunlight, pre-
venting air and heat exchange with the external environment, and denying users
access to the landscapes of the outside world. It offers a global parameter for
assessing the quality of the design solution (Cichocka & Musikhina 2014;
Cichocka, Browne, & Rodriguez 2017). A circulation room, on the other hand,
does not have the function of a room in which users live and, in this case, is used
as a passage or connection, which is configured as a room of locomotion
(Bahrehmand, Evans & Blat 2014).

3.3. Confined perimeter (PR)

The presence of these perimeters is routine in circulation rooms and sporadic in
bathrooms and kitchens. Circulation rooms, which are usually enclosed, are
evaluated separately, and a specific index is created for this function. Thus, the
capture of the confinement associated with the house only covers the living rooms
(Lobos & Donath 2010; Cichocka, Browne, & Rodriguez 2015; Nagy et al. 2017;
Yargin, Morosanu & Crilly 2018). In the LEQC meta-model, it is calculated by
subtraction from the total internal perimeter. Its participation in this qualification
calculation is determined by the confinement index (IR = PR/(2 AU)). The purpose
of this guideline for analogy and performance evaluation is to encourage the
architect to design the rooms of the house without confinement to minimize losses
during the use of the house.

3.4. Circulation perimeter (PC)

A circulation room plays a key role in the use of the house, as it is characterized by
enabling passage and connection between rooms, but its performance is limited to
this activity. It offers a global parameter for assessing the quality of the design
solution (Cichocka & Musikhina 2014; Cichocka, Browne & Rodriguez 2017). Its
functional dimensioning is mainly carried out to satisfy the requirements for the
movement of people and the transport of equipment and furniture. In this
condition, the minimization of geometric variables (area and perimeter) to meet
this function does not interfere with the performance of the house. The purpose of
minimizing these variables in the design of the FPL is that they are applied to living
rooms. Similarly to the guidelines used for the confined perimeter, the circulation
perimeter is not calculated as a contributor to the performance of the house. Its
participation in this qualification calculation is determined by the circulation index
(IC=PC/(2 AU)). This parameter is relevant in FPL geometric planning (Michalek,
Choudhary & Papalambros 2002; Markus 2003; Lobos & Donath 2010; Bahreh-
mand, Evans & Blat 2014; Cichocka, Browne & Rodriguez 2015; Nagy et al. 2017;
Bahrehmand et al. 2017).

18/65

https://doi.org/10.1017/dsj.2025.8 Published online by Cambridge University Press


https://doi.org/10.1017/dsj.2025.8

Design Science

3.5. External perimeter (PE)

The external perimeter has the function of establishing a shield for the house in
terms of external protection, climatic safety and thermal and hygrometric comfort.
It also offers a portal for access, exchange and communication with the external
environment at the levels of the physical, lighting, thermal, atmospheric and visual
aspects of the house, as well as providing aesthetic beauty to the house (Bribiesca
1997; Medjdoub & Yannou 2000). In this way, it contributes to the performance of
the house and subsequently transfers its share of this qualification to the FPL,
calculated by the exteriorization index (IE = PE/(2 AU)). The exterior perimeter is
added to the condominium and symmetry perimeters to give the contour perim-
eter of the house.

3.6. Condominium and symmetry perimeters

The condominium and symmetry perimeters define the portion of the house
boundary that is inside the building. These perimeters are not the exclusive
property of the house and do not perform the functions of the external perimeter
(Zusne & Michels 1962; Park 2000; Hillier 2007). The difference between them is
that the condominium perimeter is shared with the collective area of the building,
whereas the symmetry perimeter is shared with another house and establishes axes
of symmetry between them. Hence, in the analogy model, they are conceptualized
as not contributing to the FPL qualification. However, they contribute to the cost of
converting the FPL into the house artifact and are calculated for this purpose based
on the PX (condominium) and PY (symmetry) values. These geometric variables
represent the totality of the variables used to assemble the geometric structure of
the FPL. The qualifying geometric variables of the performance of the house are
linked in the ARLE GPS model by the direct parameters involved in the evaluation
of the geometric qualification of the FPL, i.e., the spaciousness (IA), configuration
(IP), exteriorization (IE), confinement (IR) and circulation (IC), through the
equation QQL = IA + IP + IE-(IC + IR). The qualification (QQL) is influenced
by indirect parameters such as the formation (Nf, number of units per floor), as
shown in Figure 6a, and the shape of the FPL polygon, which is defined by the
compactness index through the form factor (FF), which in turn is related to the
exteriorization parameter (IE) through the external perimeter. This variable causes
significant variations in the monetary cost VGL for the conversion of the FPL into
the house, since the external perimeter costs substantially more than the other
perimeters. The external perimeter can be thought of as the villain behind rising
costs (Figure 6b), although it represents the ‘good guy’ who fights against confine-
ment (Figure 6¢).

4. Structuring the ARLE GPS computational tool

The ARLE GPS computational tool was structured based on the LEQC metamodel
and includes the systematic model proposed by Archer (1968), the conceptual
model of remodeling the design solution space proposed by Gero (1998), and the
principles of GPS (General Problem Solver) proposed by Simon (1973, 1996,
pp. 122-123). It uses an architect-centered design approach that focuses on
generating multiple alternative FPLs and providing design feedback to allow the
architect to refine these alternatives (Son & Hyun 2022), and a strategy for
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generating, analyzing and evaluating FPLs through a scientifically robust frame-
work (Steadman 2008, p. 2; Dorst 2019; Aburamadan & Trillo 2020). ARLE GPS
addresses the issue of architectural design in a robust way by linking design
decisions and managing the uncertainties associated with design decisions. It also
has the interdisciplinarity necessary to meet the emerging challenges of a
technology-based society (Papalambros 2015; Sharma, Allen & Mistree 2021): it
acts directly as an information, action implementation and decision-making
system, assisting the architect in repetitive and complicated tasks related to the
generation and evaluation of solutions. It unifies the physical and biological
approaches to FPL solutions into a methodological tool that can be shared,
evaluated and discussed, and whose results can be easily reproduced and verified
(Boujut in Papalambros 2015). Its framework acts as a physical model of FPL
geometric planning through the construction of a virtual geometric prototype,
simulation and evaluation of the FPL geometric solution in a manner analogous to
the case study in evolutionary biology (Langrish 2016). The use of a biological
analogy in design development arises from the evolutionary process of biological
development, which gives the architect the opportunity to change the structure and
qualification of the design. This remodeling is processed based on the conceptual
model of remodeling the design solution space (Gero 1998), as shown in Figure 7.

The LEQC metamodel adopts this concept and allows the architect to use this
biological strategy in the geometric design of the FPL. The architect takes advan-
tage of this concept and generates a case by defining the FPL assembly components,
establishing the geometric variables of the FPL solution, exploring the possible
solutions for the proposed case, and accepting the solution that meets the goals of
the project (Langrish 1993). The architect can propose as many cases as desired. In
contrast, the ARLE GPS tool simulates the performance of the house and con-
tinuously evaluates the proposed cases to meet the architect’s objectives. The
actuation stage also includes a biological model of the collection, storage and
transcription of the FPL’s genetic information. This model provides the architect,
through the Gtopology gene, with the order of assembly and connection between
the rooms of the house. In this way, it provides an alternative for dealing with

/ e

[ e

time N\__

Figure 7. Conceptual model for remodeling the design solution space (Gero 1998).
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difficult and complex design problems (Gero 1998; Langrish 2016). Physical and
biological approaches to design research differ in terms of the strategies used to
tackle the problem: the physical approach explores the probability of generation
and occurrence of an artifact from the artificial world through laws established by
mathematical equations, whereas the biological approach explores the strategies
used for the generation, adaptation and survival of artifacts in their habitat through
the selection of the design solution, guided by the architect’s decision. According to
Langrish, the main issue arising from the choice of one of these approaches for use
in the design process is related to whether the architect achieves the intended goal
(biological strategy) or accepts the allowed goal (physical strategy) (Langrish 1993).
However, the ARLE GPS model, despite offering a physical approach for simulat-
ing, evaluating and optimizing the geometric solution of the FPL, is driven by the
architect’s decision making, as well as the architect’s competence to define the
intended goal and to establish the acceptability criteria for the FPL solution. The
ARLE GPS model simulates the proposed geometric solutions and presents a
diverse array of possible solutions to the architect, in a manner analogous to the
case studies considered in evolutionary biology (Langrish 2016). Thus, a hybrid
physical-biological approach is configured to simulate, evaluate and optimize the
geometric solution of the FPL. The ARLE GPS tool acts as an assistant to the
architect in the design of the FPL, in terms of decision making, implementing
actions to structure and solve the problem, removing uncertainties from decision
making, defining boundaries, and evaluating the performance of the house. It
offers support in regard to the architect’s role as a safe arbitrator in the evaluation
and selection of the optimal solution, once it has been converted from a subjective
to an objective (mathematical) one. The FPL planning process also allows archi-
tects to apply their creativity and reflective practice to exploring the possibilities of
FPL solutions and to run repetitive simulations until the desired solution is
captured (Milovanovic 2019, p. 24; Reich 2017; Raghunath et al. 2023). Using
the models, principles and approaches listed above, ARLE GPS transforms the
architectural design problem, conceptualized by Simon (1973) as ill-structured,
into a well-structured problem that is verbalized and consistent with the available
data (Schaathun 2022). The principles proposed by Simon for solving this type of
problem, which he calls GPS (General Problem Solver) (Simon 1973; Simon 1996,
pp. 122-123), are defined by the following functional criteria to characterize the
problem states (properties or qualities) as initial, intermediate, and final solutions:

« Use operators that promote the reduction or elimination of differences between
states of the problem to induce changes of state until the solution state is reached;

o Apply tests to detect the difference between intermediate states;

« Attend to the solution state.

The solution to the problem is established with the help of GPS as follows:

« Set up an automatic solution generation process, with continuous simulation of
the solutions, using the GPS functional criteria;

« Evaluate the solutions and select the optimal ones;

o Incorporate the optimized solutions into the design solution space, with the aim
of continuously using these solutions to solve the current problem and future
problems;

o Define the solution space that meets the requirements of the value space.
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By analogy, the principle of GPS (General Problem Solver) can be compared to
the GPS (Global Positioning System) navigation system, which solves the problem
of finding a path to a given location. A combination of these two GPS principles,
i.e., navigation and solving, with the LEQC metamodel defines the functionality of
the ARLE GPS (Geometric Planning Solver) computational tool. An analogy
between the two GPS systems can be drawn as follows: the FPL represents a
competing vehicle in a race, piloted by the architect, in a competitive circuit
defined by the value space of the design space. To win the race, the vehicle must
reach the finish point, defined by the geometric qualification index (QQA) required
by the FPL, which is set by the pilot. The pilot plans the vehicle’s trajectory and
uploads the data on the locations to be covered, which are defined by the values of
the FPL’s geometric variables, to ARLE GPS. The finish point is demarcated by the
required quality (QQA). The GPS simulates the route and defines the end point of
the planned route, defined by the geometric qualification index of the FPL (QQL).
If the vehicle travels along the simulated route and reaches the end point,
QQL = QQA, it is a winner; if it does not reach this point, with QQL < QQA, it
is aloser. In this case, the pilot compares the data from the locations covered along
the route, using the FPL geometric qualification indices (IE, IP, IC, IR) provided by
the GPS, with the data from the checkpoints defined by the FPL geometric
qualification target values (IEa, IPa, ICa, IRa; a = target) set by the pilot. The
checkpoints define the strategic points through which the vehicle must pass on its
trajectory until it reaches the end point. In this way, the pilot evaluates the
trajectory traveled and the extent of the deviation from the trajectory in relation
to the checkpoints and defines new trajectory data through new values of the
geometric variables of the FPL, thus proposing a new trajectory. These data are
uploaded to the GPS, which then runs a new trajectory simulation until the pilot
establishes a value of geometric variables that enables the vehicle to reach the
arrival point, defined by QQL > QQA.

5. Archer’s systematic model

Bruce Archer (1922-2005) was one of the leading figures of the design methods
movement (DMM) and was instrumental in the development of the discipline of
design research in the 1960s. The DMM arose as a result of post-war optimism and
a desire to make design into a scientific process, using physics as a model. This
movement, as well as its disappearance, is of more than historical interest, as the
scientific approach to design that was sought at the time has not yet been reached.
However, according to Langrish, the adoption of a physical model of design
research was one of the determining factors in the rejection of the design methods
developed in the 1960s, which are considered to be ‘first generation” methods
(Bayazit 2004; Langrish 2016).
In short, this was due to the following issues:

o The perversity of real-world problems;

o The inability of physics to deal with the complexity of design;

o A need for a biological approach to the process of designing artifacts for the
artificial world.

« A lack of information about inheritance and genetic transmission of existing
artifacts, which was needed for the creation of new artifacts.
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Archer developed the systematic method in the 1960s and described it in a
compilation of 12 articles published in Design magazine in 1963—-1964 under the title
Systematic Design Methods. He presented and defended his systematic model in 1968
(Archer 1968). In this model, the design process was divided into key steps. However,
due to the problems outlined above, the use of the method did not become
widespread, and it was not commonly adopted outside the Department of Design
Research (DDR) in the UK (Design Council 2007). However, the method, with its
mathematical underpinnings, proved suitable for data processing and contributed to
the development of existing computer-aided design (CAD) software.

To better understand Archer’s systematic vision, it is important to point out his
prescience in terms of recognizing the relationship between two types of research:
one related to the conception and production of things (artifacts of the artificial
world) and the other related to the understanding not only of things themselves but
also of the environment in which they are conceived, produced and used. Accord-
ing to Margolin (2010), reviving the vision of design research developed by Archer
would allow for a breakthrough in the field of design. The recovery and extension of
this vision, and its operationalization as a tool to assist architects, formed a
motivational pillar for the development of the ARLE GPS computational tool.
The decision to adopt Archer’s thesis as the main pillar for the construction of the
ARLE GPS tool was made following participation in a doctoral program in the
period 1995-1999 and work on a research topic through a thesis entitled Evalu-
ation of the Quality of Houses Through their Design (FPL) (Martins 1999).

The extensive literature search carried out at that time, at a global level, indicated
a deficiency of bibliographical information and the absence of a model for the
evaluation of design quality. Among this researched material, two publications stood
out: a book entitled Metodologia Del Disefio Arquiteténico, which represented a
compilation of texts by several authors, including the text La estructura del processo
del diserio by Archer (1971), and a book entitled Quality Control for Managers and
Engineers by Kirkpatrick (1970). Archer’s text presents a logical model of the design
process and provides a systematic model within which, according to Archer,
designers can operate and on which they can base their research and analysis. The
second publication looks at quality in a broad sense, and one of its sub-themes is the
“cost of design quality.” Kirkpatrick states that the assessment of design quality
involves a complex set of problems and that establishing a model to accurately assess
quality is particularly difficult and an extraordinarily complex task. However, on
page 8, the author presents a graph of the “cost versus design quality” relationship,
shown here in Figure 1, which involves a curve/law that establishes a pattern of cost
behavior in relation to quality and which caught our attention as a conceptual
proposal for a law of the cost of design quality. Archer, on the other hand, provides a
roadmap and a logical framework for defining a law (mathematical model) that
establishes a relationship between the goal (design quality) and the action directed by
the geometric variables to promote that goal. Once the conceptual model of a law of
“design quality cost” and the systematic model to establish this law were established,
two questions had to be answered:

1. How should Archer’s systematic model be structured and the variables that
define the cost of design quality, through the geometric variables of the floor
plan (FPL) of apartments, be established?

2. Is Kirkpatrick’s conceptual model valid in terms of architectural design?
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Regarding the first question, the defining variables of quality were established
based on a model of analogy of the qualification of the geometric variables of the
FPL with the functional physical performance of the apartment, and it only
remained to define the cost variable. Of the various hypotheses evaluated, the area
variable (AU) proved to be the most feasible. This question was decided through a
functional-physical analysis of the rooms of the 177 apartments in the design space.
In particular, we focused on the functional rooms, i.e., bathrooms. Bathroom
1, with a smaller surface area of approximately 1.0 m?, provides only a toilet, with
the functionality of satisfying the physiological needs of human beings. Bathroom
2, with the largest surface area of approximately 10.0 m? contains a collective
whirlpool bath and two individual bathrooms, each of which is equipped with a
toilet, hygienic shower, washbasin with worktop, and glazed shower installation.
These bathrooms, therefore offer very different functional performances. To
improve the functional performance of the bathrooms, with the aim of raising
their qualification, a physical-functional simulation of each was carried out by
increasing the surface area (Au) by 1.0 m”. In this scenario, Bathroom 1 now has a
surface area of 2.0 m? making it possible to double its functionality with the
installation of a column washbasin, which makes it possible to meet the personal
hygiene functionality. This new usability condition of Bathroom 1 is perceived by
the users as an increase in its functional performance, thus increasing its qualifi-
cation. The same 1.0 m* increase in the surface area of Bathroom 2 does not provide
a significant increase in its functional performance and does not have the same
impact, benefit and qualification as achieved for Bathroom 1; to reach the same
level of qualification perceived for Bathroom 1, it is necessary to increase the
surface area by much more than 1.0 m* This simulation exercise not only allowed
us to establish the surface area (Au) as a representative variable of the cost of quality
but also to confirm the validity of Kirkpatrick’s conceptual model for architectural
design. A combination of these two proposals allowed for the structuring of an
analogy law that relates cost to the geometric qualification of the FPL and relates
this qualification to the functional physical performance of the apartment, as
shown in Figure 2. Refinement of this analogy model and the incorporation of
the monetary cost model and the biological model made it possible to structure the
ARLE GPS computational tool in its current format. Its successful application
during this period, particularly in architectural design education, meant that its
scope and capability could be validated and certified (Martins 2022b).

6. ARLE GPS physical model

The ARLE GPS physical model is structured using the information and instruc-
tions proposed and conveyed by Archer’s (1968) thesis, in which he states that the
logic of any design problem can be better understood in the context of an
elementary structure of knowledge. Thus, he makes no distinction between the
fields of architecture, engineering and industrial design; furthermore, he does not
define what good design is, nor does he suggest a formula for conducting the design
process. The aim is simply to provide a systematic model to assist the decision-
maker in the design process. In this way, Archer defines a relationship between an
objective or goal to be achieved in a design, which he calls a property, and the action
directed towards achieving that goal (Section 2.1). When this thesis was published
in book form in 1971, the term ‘property’ was changed to ‘quality’ (Archer 1971).
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The information and instructions presented in the thesis define the assembly of the
LEQC metamodel structure, with the identification and location of the assembly
instructions proposed by Archer (section of the thesis), and the result of its use
represented with an example of the application of this process to the solution of the
geometric planning of the FPL and apartment design, shown in item 13, through:

1. Expressing the QQL value as the geometric qualification value of the FPL, and
setting the target value of the required qualification QQA as a criterion or
threshold for the acceptability of the FPL solution (Archer — Sections 2.5, 2.6,
2.15, 2.24) (Example shown in item 13, QQL = 17.93; QQA = 16.94);

2. Defining the input/output (I/O) mechanism of the LEQC meta-model by means
of a suitable metric to capture, quantify, and qualify the geometric variables of
area and perimeter, which are promoters of the QQL qualification action of the
FPL (Archer — Sections 2.18, 3.2, 3.11).

The LEQC meta-model is structured based on the following input data, which
are controlled by the architect:

GEOMETRIC: AA, Au (useful area of the rooms), Pu, Pc, Pr (perimeters of the
rooms), PE, PX, PY, LV, Pp, Ad, Aw, Pd, Pw;

cost: Vad, Vaw, Vpd, Vpw, VPE;

required quality: QQA.

The meta-model computes this input data and converts it into the following
output data:

geometric qualification: QQL;

geometric qualification indices: IA, IE, IP, IC, IR, FF;

geometric cost: AU, AN;

monetary cost: VGL, VAN;

geometric cost of geometric qualification: VAQ;

monetary cost of geometric qualification: VQL;

genetic coding: Gform; Gfunction; Gtopology, Gspace;

3. Building a mathematical regression model in the form of a curve representing
the law of relationship between the objective of QQL qualification and the action
directed by the geometric variables to promote this qualification (Archer —
Sections 2.9, 2.19) (ARLE GPS, represented in Figure 3);

4. Establishing the simulation of FPL solutions as an analogy of the LEQC meta-
model for the performance of the house artifact (Archer — Sections 4.6, 11.7)
(ARLE GPS, represented in Figure 3);

5. Solving the problem of assessing a solution of the FPL by establishing math-
ematical criteria defined by QQL, VAQ and VQL, since when performed
subjectively, the judgment may change or may diverge with a change of referee
(Archer — Sections 2.16, 3.30, 8.10, 8.11);

6. Maximizing the added value of the house artifact and electing the geometric cost
of geometric qualification VAQ and monetary cost of geometric qualification
VQL as the arbiters of the evaluation, ranking and selection of optimized FPL
solutions (Archer — Sections 2.15, 2.16, 7.16);

7. Collecting, tabulating, classifying, and storing FPL data using the ARLE GPS
computational tool (Archer — Section 9.10) (ARLE GPS — shown in Table 1);

8. Developing the ARLE GPS tool as an effective model for establishing analogies
and simulations that is capable of referencing a logical structure of the FPL
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geometric planning problem and that is competent to generate solutions to
solve the problem (Archer — Section 4.1);

9. Valuing the creative role of the architect as the pilot of the idea conception
process and establishing the principles of the geometric solution of the FPL
(Archer — Section 10.12);

10. Describing the nature of the design process, considering that the quality of the
geometric solution of the FPL varies under the influence of the architect’s
decisions (Archer — Section 3.19) and that the act of designing consists of:

a. Meeting the goals of geometric qualification and solution optimization
(ARLE GPS — QQL, VAQ and VQL);

b. Identifying the geometrical qualifications present in the solution (ARLE
GPS - IE, IP, IA, IC, IR, FF);

¢. Determining the relationships between the geometric qualification goal
QQL, and the geometric variables participating in the goal fulfilment action
(ARLE GPS — LEQC meta-model, presented in Figure 6);

d. Establishing the space of values and the limits and ideal states for the
geometric qualification of the FPL (ARLE GPS — IEq, IPa, ICa, IRa, FFa —
a = target), (ARLE GPS — presented in Tables 7 and 8);

e. Identifying the variables decision geometric available to the architect and
their correlations (ARLE GPS — LEQC meta-model shown in Figure 4);

f. Formulating a systematic decision model that meets the objectives of geo-
metric qualification;

g. Ensuring that the interdependence of the geometric qualification of the FPL
takes the form of families of designs, arranged in an executable and accept-
able design space (ARLE GPS — shown in Figure 3);

h. Proposing the establishment of one or more families of the geometric
qualification in this space (ARLE GPS — shown in Figure 3);

i. Selectingan optimized proposal that is arbitrated by the qualification indices
of geometric qualification QQL, geometric qualification cost VAQ, and
monetary cost of geometric qualification VQL;

An advanced version of the proposal is also created by extending the physical
view of the model through:

11. Generating the indexing, encoding and digital signature of the FPL (ARLE GPS
— presented in Table 6);

12. Establishing a methodology for constructing design spaces, defining their value
space, and outlining a mechanism for recovering best cases;

13. Determining the monetary cost of converting the geometric solution of the FPL
in the house artifact (TVL), simultaneously with the evaluation of the geomet-
ric qualification (QQL). This variable defines the relationship between mon-
etary cost/geometric quality (VQL) and establishes a strategy for controlling
the cost of design decisions;

14. Defining a model for calculating the geometric and monetary losses (or gains)
AN of the FPL in relation to the requirements established by the target value
QQA through an analogy with the performance of the house during its useful

life;
15. Building a computational simulation of the geometric solution of the FPL (shown
in Tables 1, 11, and 12).
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Just as it is considered and solved what Davis and Gristwood (2018) point out in
relation to the existence of a persistent tension between the theory and practice of
design, due to the existence of disturbances in the model proposed by Archer,
motivated by:

« Complexity arising from the interrelationships of design variables;
o The possibility of design program review;
« Guarantees of good data/information.

The complexity resulting from the interrelationships of design variables
requires the architect to manage uncertainties and make numerous decisions that
affect the design itself, meaning that it is imperative for the architect to eliminate
uncertainties and make robust decisions. Finding a suitable spatial planning of the
house through the robust design model provided by ARLE GPS oftfers a solution to
this problem. It allows the architect to eliminate uncertainties and take robust
decisions on the controllable parameters to solve the problem, using the geometric
variables of the FPL that satisfy a set of performance parameters established by the
ARLE GPS analogy model. This establishes a relationship between the geometric
variables of the FPL assembly and the response defined by the target (required)
performance of the house, as defined in the construction of the solution. The
performance is quantified using a mathematical metric (QQL) established by the
geometric qualification of the FPL. However, the design decisions simulated and
evaluated by the tool do not consider noise factors (parameters beyond the architect’s
control) (Sharma, Allen, & Mistree 2021). For example, deployment of four apart-
ments per floor in an isolated building with centralized vertical circulation, where all
apartments are optimally positioned in terms of solar orientation or view/landscape,
each of the four apartments will be assessed by the tool with the same level of
performance. Thus, the problems mentioned by Davis and Gristwood are solved
with competence and robustness by the ARLE GPS tool, as demonstrated by the
solution of the geometric planning and design of the FPL, presented in item 13, and
the geometric evaluation of the FPLs, presented in item 14.

7. Biological model of ARLE GPS

As mentioned above, a functional evolution of the ARLE GPS tool is proposed,
based on the introduction of a biological vision into the architectural design
process and the construction of a biological model structured by encoding the
digital signature of the FPL (Langenhan & Petzold 2010). The digital signature
genetically characterizes the “FPL individual,” referred to here as the “i-design.”
The motivation for using the term “i-design” is to distinguish the treatment of the
design as an individual from the artificial world, represented by a digital code,
analogous to the genetic coding of an individual from the biological world. For a
better understanding of the process, an analogy with the taxonomy of living things
in biology is used (Shi & Gero 2000). A biological model aims to know, locate,
compare and transcribe the genetic information of an individual in order to
introduce genetic improvements to the creation of new individuals, as well as to
establish an ordering and classification system, with the aim of constructing and
exploring design spaces (Markus 1993, p. 19; Jo & Gero 1998). To this end, a
proposal based on spatial semantics is presented, in which architectural spaces can
be described qualitatively and quantitatively through computable and codifiable
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features (Yap & Muslimin 2019). In genetics, information about the structure of an
individual is stored in a sequence of genes that define its genetic code. Genetics
identifies genes, their clusters and their sequence structure in species genomes,
which is the genetic material used to represent the organism at its reproductive
level (Gero & Kazakov 1997; Langton 2000). In the artificial world, genes describe
the components of the determinant vector of the i-design genome, represented as a
sequential linear coding of characters in a particular alphabet (Saxena 2012, p. 90),
which, in the case of ARLE GPS coding, is a symbolic alphanumeric alphabet. Thus,
an artifact of the artificial world is coded by the presence or absence of a certain
feature, such as size, shape, quantity, or position (Steadman 2008, p. 268). The
coding system for artifacts is chosen to be very low level, using very simple basic
genes, incorporating minimal knowledge of the possible features to be described
and transcribed into the coding, and ensuring that no important part of the search
space is excluded (Schnier & Gero 1996). To continue the genetic analogy we note
that genes are the building blocks of an organism in natural evolution, and perform
a similar function in i-design. Genes store the information needed to assemble a
component of the i-design structure (Gero 2018). The assembly of structures from
their components requires guidelines and instructions that define the reproducible
formation of a structure from numerous possibilities. This assembly information
must specify the dimensions, location and connectivity of the building blocks
within the assembled structure, as well as the order and the way in which they are
incorporated into the structure. Two conceptual strategies are used to assemble
structures: top-down and bottom-up. Structure assembly using the top-down
strategy involves defining the structure without initial detailing. From this pro-
posal, each component of the structure is defined, detailed and modelled. An
example of the use of the top-down strategy is offered by the ancient Egyptians,
who were expert i-design programmers; they used the technique of building
artifacts of the artificial world based on the genetic theory of simple building
blocks and applied it to the construction of complex structures such as monu-
ments, pyramids and temples, as shown in Figure 8, using building blocks to
assemble these complex structures via assemblers. The bottom-up approach works
in a similar way to a jigsaw puzzle, where the assembly of the structure is carried out
using simple building blocks through selective interactions that define the position
of each building block in the final assembly (Cademartiri & Bishop 2015).

The information sequenced by the ARLE GPS tool can be converted into a two-
dimensional barcode, in this case a QR code. This can store up to 7089 numeric
characters or 4296 alphanumeric characters and can be easily scanned with a
mobile phone equipped with a camera. Its potential use lies in the retrieval and

Figure 8. Pharaonic constructions (images by Daniel das Neves Martins).
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Figure 9. QR code for FPL 164.

transport of information by establishing a link between offline communication,
represented by the QR code, and online communication, represented by a mobile
phone network (Wikipedia 2020). It also makes it possible to capture and transmit
avirtual URL (Uniform Resource Locator) in addition to the information in the QR
code, as shown in Figure 9.

The structure of the LEQC model makes it possible to reproduce Archer’s precise
vision and approach to establishing a physical model for mathematical evaluation,
numerical simulation and optimization of the FPL. The physical model makes it
possible to establish a biological model, which is incorporated into the ARLE GPS
tool and complements the process of geometric design of the FPL, thus paving the
way for the structuring of a solution methodology for the design of the house. It
establishes an elaborate and prescriptive methodology that specifies a comprehensive
approach that defines the activities the architect must follow to solve the problem,
how they are sequenced, the results generated by the different activities, and how to
evaluate the data from the house design solution (Gericke, Eckert & Stacey 2022).

8. Coding of the FPL

The genetic code of i-design contains information about the form, functionality,
zoning, order of assembly of the rooms in the house, and connections between
rooms, and it quantifies the geometric variables used in the assembly of the house
design. It uses the genes Gform (form), Gfunction (function), Gtopology
(topology) and Gspace (dimension). The first number in the genetic code of the
FPL has five digits and defines the geometric cost of its geometric qualification in
units of square centimeters. It is determined by the ratio of useful area to geometric
qualification (AU/QQL). The direction of its minimization defines the direction of
optimization of the geometric solution. However, the mathematical model defines
that this cost potentially increases with the calculated geometric qualification in
relation to the required performance of the house. The Gform gene provides the
parameters of the formation of the house structure: the first digit defines the
number of repetitions of the structure on the floor (Nf); the second digit defines
the number of connections with the external environment (Ne); the third and
fourth digits define the number of functional rooms of the house; the following
three digits define the shape of the house, based on a form factor multiplied by
100 (FF x 100) (sequence defined by integer); and the last two digits indicate the
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number of vertices (LV) of the polygon modelling the house. The Gfunction gene
defines the design program and indicates the function of the rooms in the house and
the functional zoning of the rooms (social, intimate and kitchen/service). The
Gtopology gene defines the order of the rooms and their connections. The topo-
logical coding mechanism of the FPL, its assembly and its information retrieval
system are structured according to the following model:

{[E1l - U — (LDOHT)] € [C — (FBIWI1B2(—W2)B(—PW))] € [K —
(MG — (SB4W4E2))]}

Assembly parts —- EIULDOHTCFB1W1B2W2BPWKMGSB4W4E2.

[E1 — U(—LDOHT)] - living rooms block.

[C — (FBIW1B2(—W2)B(—(PW))] — intimate rooms block

[K — (MG(—SB4W4E2))] — kitchen/service rooms block

{— start assembling the artifact

} — end assembling the artifact;

[— start assembling an artifact block;

] — end assembling an artifact block;

— — process the connection;

(— process the multiple connections;

) — finish multiple connections;

€ — connect the next part with the “U” part of the artifact assembly.

The Gspace gene quantifies the geometric variables that define the structure of
the FPL: AU — useful area, AT — total area, PU — internal perimeter, PE — external
perimeter, PX — condominium perimeter, PY — symmetry perimeter, PC — circu-
lation perimeter and PR — confined perimeter (dimensions in centimeters). The
information transmitted by the Gspace gene makes it possible to determine or
retrieve the FPL geometric qualification indices (QQL) and the house performance
value, defined by the ratio AU/QQL, which determines the geometric cost of house
performance (VAQ). Once the ARLE GPS tool has been structured, the next step is
to operationalize its use as a means of assisting the architect in the design process.
The results of the Optimization in Architectural Practice survey indicate that
architects highlight the importance of geometry in optimizing the geometric
solution of the FPL and consider access to computational optimization methods
that can assist them in the design process to be essential (Cichocka & Musikhina
2014; Cichocka, Browne, & Rodriguez 2017).

9. ARLE GPS computational support

Computer-aided design responds to the prevailing demand from architects for
computers as valuable tools that can assist them in planning, exploring, and
manually or automatically generating designs (Woodbury & Burrow 2004).
Advances in computing power in the 2000s, with exponential increases in memory
and data processing capacity, and the creation of the World Wide Web enabled
faster and more powerful computing and contributed greatly to research into
computer-aided architectural design (Rhee, Veloso & Krishnamurti 2023). They
also contributed enormously to resolving the issues that caused rejection of the first
generation of physical design research models developed in the 1960s. However,
computers are hardware and need to be loaded with specific software to meet the
demands and design needs of architects in order to be configured as a computational
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support tool. The main difficulty in meeting this demand today is a lack of this type of
software. The ARLE GPS computational tool was developed with the aim of helping
to alleviate this problem.

The tool contributes to overcoming some of the challenges of the design process
and can assist the architect through:

« Universal access to the tool, which can be shared, evaluated, and discussed, and
the results easily reproduced and verified;

User-friendly computer support, which is integrated into the designer’s behavior
and is focused and centered on the user rather than on the design;

Dialogue with the computer;

Addressing the issue of architectural design in a scientific and interdisciplinary
manner;

Acting on the design solution using a physical-biological and cost approach;

» Removing uncertainties from decision making;

Defining the boundaries of the action-decision field of design variables, and the
limits of possibility for the design solution;

Acting in the role of a self-assessing arbiter;

o Offering conceptual strategies for design assembly;

o Simulating and evaluating the geometric solution of the FPL;

Changing the structure and qualification of the design;

Incorporating the practice of make-believe games;

Exploring the state of the geometric solution of the FPL in real time;

Refining the result of exploring the solution space in a progressive manner;

« Determining the monetary cost of the house based on the geometric variables of
the FPL;

Revealing the cost of design decisions;

Calculating the losses in the use of the house as a function of the magnitude of the
qualifier’s variables of the FPL;

Evaluating the performance of the house and selecting the most suitable or
optimized proposal;

Collecting, storing, transcribing, and retrieving genetic information from the
FPL;

o Building and exploring design spaces and establishing value spaces;

« Navigating the design solution space through the FPL’s genetic code;
 Guaranteeing good data/information.

(Langrish 1993; Gero 1998; Papalambros & Wild 2000; Simpson et al. 2001;
Eckert, Stacey & 2010; Bao et al. 2013; Bernal 2015; Wortmann, Costa & Nanni-
cini 2015; Papalambros 2015; Bahrehmand et al. 2017; Yargin, Morosanu & Crilly
2018; Poznic et al. 2020; Purup & Petersen 2020).

ARLE GPS is a powerful tool because it isolates an aspect of reality and allows
an architect to represent, interpret, manipulate or control problem states
(properties or qualities). It has predictive power because it carries out virtual
simulations of what will happen in the problem states if the offered suggestions
are met and the suggested changes are made. It was developed to fill a gap in the
housing design process, contribute to the related field of design quality research,
and improve the quality of design solutions (Zboinska 2015; Zhang, Lui & Wang
2020). The current lack of computational tools to support architects can be
extended in terms of providing a platform for the automated generation of FPLs.
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Several software programs have been developed for this purpose over the last
decades, but despite these efforts, no software has reached architectural offices as
an effective tool for the automated generation of the FPL (Rodrigues et al. 2013).
The tools that have been presented, mainly by academics, have been aimed at
exploratory support for the generation of the FPL and have not found much
appreciation in practice. In this context, according to Zboinska, a viable proposal
for solving this problem is the construction of hybrid platforms (CAD/E,
computer-assisted design and engineering) that bring together several existing
tools in a robust set and are capable of supporting several types of activities
inherent in the design generation process from its initial phase, such as exploration
of the design space, rapid generation, simulation, evaluation, classification and
selection of optimized solutions. However, the current state of the art does not
include such a platform (Zboinska 2015; Zboinska 2019). In view of this situation,
the essence of the structural proposal of the ARLE GPS computational tool is that,
in addition to providing computational support to the architect in the planning of
the FPL and the design of the house, it can also contribute to the process of
automating the generation of FPLs by providing another tool for the assembly of
this platform.

10. Use of the ARLE GPS computational support tool

Traditionally, the design of a house begins by fulfilling the requirements of the
design program, as well as its specifications and restrictions. Architects begin the
design process by drawing sketches that represent the principles of spatial
planning established based on topologically feasible solutions, without the exact
geometric dimensions (Medjdoub & Yannou 2000; Langenhan et al. 2013; Roith,
Langenhan & Petzold 2017). In this sketching phase, preliminary drawings are
usually done by hand, and possible topological solutions are defined (Rodrigues,
Gaspar & Gomes 2013). Once this phase is complete, the next step involves the
definition of the geometry of the sketches, which depends on the fulfilment of
the geometric specifications of the FPL, such as functional dimensioning and
good proportions of the dimensions of the rooms (Lobos & Donath 2010). The
final solution is achieved with the topological and geometric resolution of the
FPL that meets the requirements and design objectives. Its evaluation is sub-
jective, since an objective evaluation of the solution is only possible at the
geometric level (Medjdoub & Yannou 2000; Medjdoub & Yannou 2001; Lawson
2005, p. 69). There is no example of the evaluation and selection of an FPL
solution based on topological adjacencies (Shekhawat 2015). An objective
evaluation, on the other hand, requires an assessment and comparison of
benefits and sacrifices (Thomson et al. 2003). The evaluation offered by ARLE
GPS is carried out based on the geometric cost, defined by the consumption of
useful area, or the monetary cost, represented by the disbursement of monetary
values, and the quality, calculated using a graphic model in the 2D plane, which
defines the geometric qualification of the FPL and configures the functional
physical performance of the house. In this way, the design process of the house is
prototyped using models based on sketches, drawings and plans. These proto-
types are used as a descriptive form of the design, even though they are an
abstraction of the real artifact (Smithers 1992; Papalambros & Wild 2000, p. 4;
Mahdavi 2003). This is the configuration used to systematize the assembly or
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modelling of the structure of the FPL (Roberts, Archer & Baynes 1992; Croos
2001; Frankel & Racine 2010). However, in the process of computational design
and computer-aided design, the models aim at the construction and geometric
representation of the design. Condition that translates into a primary question
of how to enter the information and data of the problem and how they are
transformed into the generation and representation of the geometric configur-
ation of an FPL. The construction of this configuration has a major influence on
the results that can be generated (Aasholm 2015, pp. 30, 40, 105), as well as on the
performance of the house and the monetary cost of FPL conversion in the house. In
computer-aided design with ARLE GPS, the ARLE GPS software (spreadsheet) is
loaded by the architect with a set of geometric data (Au, Pu, PE, PX, PY), the
monetary cost of variables (Vad,VAw, VPE, VPd, VPw) and the value of the
geometric qualification required by the problem (QQA), with the aim of defining
and solving this as a well-structured problem. The software processes this set of data
and provides, as output, the dimensioning of the structuring parts of the FPL
(rooms), as well as topological information on the order of assembly of these parts
in the structure and the connections between them. In this way, it produces an
immediate visualization of the virtual geometric prototype, which is evaluated in
relation to the parameters required by the problem. The architect can configure this
prototype in an agile way by changing the value of the geometric variables, meaning
that ARLE GPS constitutes a low-cost simulator (Camburn et al. 2017). ARLE GPS
evaluates the prototype in terms of whether it satisfies the requirements for useful
area (AA) and required quality (QQA) and provides a geometric qualification of the
internal region of the FPL based on the indices of spaciousness IA, configuration IP,
circulation IC, confinement IR. It also provides the Gtopology genetic code as output
data, which specifies the order of assembly and connections of the rooms. This set of
data allows the architect to model a geometric-topological graphic prototype that is
representative of the FPL solution and thus, through this prototype, to collect the rest
of the geometric data for the FPL structure: the external perimeter PE, the external
qualification IE, condominium perimeter PX, symmetry perimeter PY, and the
number of vertices LV of the FPL polygon. Complementing the geometric modeling
data of the prototype, which establishes the data required by ARLE GPS for the
evaluation of its geometric qualification, which is representative of the performance
of the house and the cost of converting the FPL into a house. This is converted into a
graphical prototype, which is modeled and refined by the architect until an FPL is
generated that meets the requirements of both the problem and the client’s, as shown
in the example in item 13. This process is carried out by the architect using
computational thinking to make decisions and implement actions to structure and
solve the problem (Kelly & Gero 2021), as the problem is well-structured. The
assembly of graphical geometric prototypes is carried out using two approaches,
based on bottom-up and top-down assembly (Hendricx et al. 1998).

11. Assembly of the geometric prototype
11.1. Top-down approach

Assembly of the house design is achieved using a top-down approach by solving for
a geometric plan that meets the requirements for the design program, the func-
tional dimensioning of the rooms, the target floor area (AA) and the performance
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of the house (QQA). This pre-planning of the room dimensions represents the
creation of a geometric prototype of the house design, which is adapted, rearranged
and topologically modelled by the architect until it captures the design solution.
This prototype allows the architect to start the process of modelling the topological
solution using the representative parts of the rooms, which have already been
dimensioned, evaluated and optimized in relation to the required performance,
and knowing the order of assembly and connections between the rooms. In this
way, assistance is provided by the tool to the architect at the very beginning of the
design process. The ARLE GPS software facilitates the simulation and continuous
evaluation of the geometric assembly of the FPL and continuously provides
optimized values of this assembly for the modelling of the topological solution
of the design until a solution is obtained that meets the requirements for solving the
problem, as illustrated in item 13. The architect is supported in this design solution
approach by the process of exploration and co-evolution (Figure 10) (Maher et al.
1996; Yu et al. 2015; Gero, Kannengiesser & Crilly 2022). When the modelling
process is complete, ARLE GPS provides the genetic code of the FPL.

11.2. Bottom-up approach

Assembly of the FPL using a bottom-up approach is performed at the initial
planning stage of the FPL, using the same preliminary approach as in the top-
down assembly. The difference between these two approaches is that in bottom-up
assembly, once a geometric prototype has been defined that meets the require-
ments, specifications and design constraints, this geometric prototype is then used
directly in the topological assembly of the structure of the FPL, in the same way as a
jigsaw puzzle. This approach enables the assembly of different FPLs using the same
parts (rooms), since they can be assigned to different positions. The assembly
process requires the architect to locate the rooms in the topological structure of the
FPL. In this type of process, the rooms of the house are usually rectangular in shape,
and the assembly of the FPL is done similarly to a jigsaw puzzle. This means that
logistical reasoning skills are required of the architect to solve the problem, like the
assembly activities performed by the player to win the game (Smithers 1992; Chang

Design program

FPL target values

FPL planning H geofel:iecs&arti::bles ]

Figure 10. ARLE: a systematic model of exploration and co-evolution based on a top-
down approach.

Qualification W
target indices
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2004; Cheng & Chang 2007; Lo, Fu & Li 2009; Nico, Lai & Chang 2014). Spatial
systems based on puzzles and their geometric regularities provide a unique model
for the design of individual units or housing developments (Pal6cz & Katona 2019).

11.3. Genetic strategy for the case study

11.3.1. Case study

A case is a memory model that is used to explore the information and experiences
conveyed by design solutions. Case studies illustrate the diversity of ways in which
designs can exist and be conceived (Langrish 2016). Successful use of this approach
in the process of retrieving and adapting cases, as represented by the case-based
reasoning (CBR), case-based design (CBD) and similarity-based design (SBE)
models, depends on retrieving the most relevant experience, represented by the
best similar case (Mantaras et al. 2006). The efficiency and robustness of best-case
search and retrieval using ARLE coding are directly related to the effectiveness of
the coding and indexing (Rosenman, Gero & Oxman 1991; Mubarak 2004, p. 5).
The implementation of a design space created with ARLE GPS through i-design
enables the storage and retrieval of design solutions through the genetic record of
designs. This facilitates the knowledge, comparison, transmission and transcrip-
tion of the genetic information of designs. Its use represents a miner in the
exploration of design experience, and it can assist architects in the design process
(Hugues & Fenves 2000; Woodbury & Burrow 2006b), as it allows them to explore
existing solutions in order to interpret and understand the intentions and choices
that were made. It can also enhance their ability and creativity in terms of
generating new designs and encourage them to broaden their understanding of
the design process through going beyond the expected solution, represented by the
‘best solution-best design’. It offers a way to encourage their curiosity and
creativity and stimulates them to excel in solving the problem (Maher & Grace
2017).

11.3.2. FPL assembly in the case study

In the case study strategy, the assembly of the FPL is processed in a design space
using the same approach as top-down assembly. The fundamental difference
between the two approaches arises at the step in which the geometric prototype
is established and the genetic code of the FPL is generated. In the case study
strategy, the genetic code of this i-design is used directly to search for the best
similar case in the design space. This is retrieved through the Gfunction gene,
which determines the functionality of the house and is linked to the useful area
variable AU, which represents its dimensions, and the location of the minimum
value of the geometric cost of qualification (VAQ), which defines the best case.
Once the best similar case has been found, the i-design folder is opened in the
design space database, where the geometric planning/ARLE GPS spreadsheet and
the CAD drawing are stored. This plan is then used to model the topological
solution of the design, and the recovered CAD drawing is reworked. With the
ability to query and retrieve other similar i-designs to retrieve different assump-
tions used in the design solutions. To achieve this, a process of continuous
simulation between the geometric design (FPL) and the topological assembly of
the design is used to capture a solution that meets the design requirements, as
shown in Figure 11.
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Figure 11. ARLE systematic model of exploration and co-evolution: case study
approach.

12. Design space and design value space for the house

A design space can be defined as a cluster of designs with certain affinities, which
are defined by ARLE GPS in terms of proximity characteristics such as constitution
and functionality. Constitution is related to a group of i-designs that share a similar
descendant and is represented by ARLE GPS through the Gform gene, whereas
functionality is associated with families of i-designs defined by their functional
affinity and is represented by the Gfunction gene. The design space is intended to
be used in the process of exploring design solutions. Construction of the design
space in ARLE GPS is carried out based on the digital signature of the FPL, which
names the i-design storage file directly in a folder of the operating software used by
the architect (Windows, Mac, Linux). In terms of the design space created, they
store the design (CAD) and the ARLE GPS spreadsheet (Martins, Jungles &
Oliveira 2023). The success of the design space exploration process with ARLE
GPS is related to the effectiveness of the coding and indexing of the designs and the
functionality of the search mechanism and is also correlated with the degree of
affinity of the members of the cluster. For example, segmentation of the current
design space into two spaces, containing designs of two- and four-unit apartments
per floor, to define an affinity of their cluster constitution, has the potential to
facilitate the exploration of design solutions due to the establishment of a greater
affinity between the members of the design space. Exploration of the design space
in ARLE GPS is guided by an efficient algorithm (i-design) for navigating through a
space of possibilities. This is performed using the physical-biological and cost
model of the ARLE GPS tool: the physical model is structured based on a
sophisticated mathematical model that provides a set of metrics for analyzing
and evaluating the FPLs of the design space which allows for the evaluation of
candidate solutions. The design solution is explored by the biological model
through its geometric planning data, in a similar way to the required performance
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of the house. The analogous biological model is structured based on the genetic
code of the FPL, which is defined by its digital signature (i-design). The genetic
code defines a digital information tape for the FPL, which allows the researcher to
determine the settings used for the design solution directly from the code. Navi-
gation through the genetic code (i-design) does not require a graphical represen-
tation to explore the design space, and is done directly in the genetically encoded
database. Exploration of the design space in its digital format reveals partial
information about the form, function and space (2D dimension) of the FPL and,
by analogy, the performance of the house. However, by retrieving the information
stored in the folders, it is possible to obtain relevant information on the planning of
the FPL and the process of the design solution, as these folders may contain any
type of design information. The signature operates as a search engine that retrieves
the stored information and directs the architect to navigate through the action-
decision field of the design variables. This exploration process allows the researcher
to make a distinction between the problem space and the solution space, as well as
making it possible to explore problems related to existing solutions in the design
space in order to avoid them in the planning of the FPL. In this way, the exploration
process can help architects navigate the space of design solutions and retrieve
information that can help them recreate the assumptions used to solve for
optimized FPLs and use these to create new designs (Burrow & Woodbury 1999;
Moya, Lépez & Moya 1999; Woodbury & Burrow 2004; Akin 2006; Goldschmidt
2006; Krishnamurti 2006; Woodbury & Burrow 2006a; Woodbury & Burrow
2006b; Kannengiesser & Gero 2017; Davis & Gristwood 2018; Wortmann 2018).
The computational support provided by the ARLE GPS tool goes beyond its
performance as a physical model of virtual prototype assembly, simulation, and
FPL evaluation. This software represents a leap forward, as it introduces a bio-
logical vision into the architectural design process through the construction of a
biological model of the collection, storage, retrieval, and transcription of genetic
information from FPLs for the generation of genetically enhanced FPLs. This is
illustrated by the coding of the FPLs that make up Family 7 of the explored design
space, as shown in Table 6.

Another important objective for the construction of a design space is to
establish the value space of the design solutions of the design space. The value
space is established by statistically processing the assembly and geometric quali-
fication variables of the FPL in the design space. It represents the performance of
the FPL in the design space, and defines the limits of this performance. Its function
is to help the architect to navigate through and explore the action-decision field of
the design process, and to use the indices and data of the value space to optimize the
candidate solution for the geometric planning of the FPL. The statistical processing
values for the geometric planning of the FPLs from the design space are presented
in Tables 7 and 8.

The value space of the design space is delineated by minimum, maximum,
mean and standard deviation values (Bayazit 2004; Doulgerakis 2007, p. 35;
Bradner, Iorio & Davis 2014; Cichocka & Musikhina 2014; Nagy et al. 2017).
However, the referential value space of the house performance can also be defined
by an FPL that meets the performance requirements demanded by the architect.
The value space that is explored includes a variable that defines the monetary cost
of converting the geometric variables into a house, and a variable that defines the
monetary cost of the house performance. Statistical processing of the geometric
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Table 6. FPL genetic coding for Family 7.

54986 2 2 12 516 18 U CFB1W1B2BW KGSW4 {[—U] € [C — (FBIW1B2B — (W))] €
[K — (G — (SW4))]} 1010200 1179900 0013710 0004035 0001105 0000455 0000725 0000000

56002 2 2 13 456 19 UT CB1W1B2BW KGB4W4E2 {[—=U — (T)] € [C — (BIW1B2B — (W))] €
[K — (G — (B4W4E2))]} 1017000 1162100 0014069 0003987 0000632 0000290 0000980 0000523

56094 2 2 13 470 22 UT CFBIW1B2BW KGSW4 {[—U — (T)] € [C — (FBIW1B2B — (W))] €
[K — (G — (SW4))]} 1018100 1201100 0014230 0004023 0001124 0000000 0000400 0001274

56659 2 2 12 438 11 E1U CBIW1B2BW KGSW4 {[E1 — U] € [C — (BIW1B2B — (W))] €
[K — (G — (SW4))]} 1021100 1170600 0014165 0003781 0000955 0000000 0001705 0000000

57166 2 2 12 494 27 UH CB1W1B2BW KGSB4 {[—U — (H)] € [C — (BIW1B2B — (W))] €
[K — (G — (SB4))]} 1049000 1197800 0014098 0004180 0001226 0000000 0000760 0000640

572192 2 11 453 14 U CBIW1B2BW KGB4W4 {[—U] € [C — (BIW1B2B — (W))] €
[K — (G — (B4W4))]} 1035100 1179700 0013490 0003860 0000680 0000375 0001000 0000000

57296 2 2 12 484 21 E1IUH CB1W1B2BW KGSW4 {[E1 — U — (H)] € [C — (BIW1B2B — (W))] €
[K— (G — (SW4))]} 1046800 1193700 0013946 0004376 0000903 0000000 0001602 0000000

578252213 535 19 U CFB1W1B2BPW KGB4W4 {[—U] € [C — (FBIW1B2B — (PW))] €
[K — (G — (B4W4))]} 1084800 1240200 0014507 0004090 0001336 0000525 0000960 0000000

57924 22 16 520 12 EILDHT CB1W1B2BW KGB4W4E2 {[E1 — —(LDHT)] €
[C — (BIW1B2B — (W))] € [K — (G — (B4W4E2))]} 1065800 1222200 0014825 0004705 0001035
0000000 0001240 0001300

58101 2 2 12 526 19 UH CB1W1B2BW KGB4W4 {[—U — (H)] € [C — (BIW1B2B — (W))] €
[K — (G — (B4W4))]} 1080100 1240200 0014207 0004090 0001236 0000525 0000980 0000000

58118 2 2 14 483 22 UHT CB1W1B2BPW KGSW4 {[—U — (HT)] € [C — (BIW1B2B — (PW))] €
[K— (G — (SW4))]} 1096100 1254500 0015598 0004424 0000979 0000000 0000960 0001195

58560 2 2 12 498 12 UH CB1W1B2BW KGSW4 {[—U — (H)] € [C — (B1W1B2B — (W))] €
[K— (G — (SW4))]} 1102100 1214200 0014310 0004035 0001123 0000329 0000690 0000000

59121 2 2 12 509 14 UH CBIW1B2BW KGSW4 {[—U — (H)] € [C — (BIW1B2B — (W))] €
[K — (G — (SW4))]} 1116800 1298900 0015074 0003845 0001140 0000805 0001040 0000000

59176 2 2 12 460 29 U CFB1W1B2BW KGB4W4 {[—U] € [C — (FBIW1B2B — (W))] €
[K — (G — (B4W4))]} 1105400 1218800 0014940 0003267 0001419 0000382 0000890 0000000

59378 2 2 12 489 15 UT CBIW1B2BW KGB4W4 {[—U — (T)] € [C — (BIW1B2B — (W))] €
[K — (G — (B4W4))]} 1079500 1231000 0014205 0004285 0001140 0000000 0000850 0001171

59645 2 2 13 427 09 U CB1W1B2BPW KGB4WA4E2 {[—U] € [C — (BIW1B2B — (PW))] €
[K — (G — (B4W4E2))]} 1076000 1239900 0014834 0003947 0000806 0000000 0001798 0000800

59692 2 2 12 511 14 E1U CFBIW1B2BW KGW4 {[E1 — U] € [C — (FBIW1B2B — (W))] €
[K — (G — (W4))]} 1087000 1297900 0014288 0003840 0001155 0000820 0001570 0000000

59769 2 2 13 501 17 U CFB1W1B2BPW KGSW4 {[—U] € [C — (FBIW1B2B — (PW))] €
[K — (G — (SW4))]} 1139800 1300500 0015133 0004149 0000890 0000665 0001085 0000000

Continued
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Table 6. Continued

601982215564 18 EILDT CB1W1B2BW KGB4W4E2 {[E1 — —(LDT)] € [C — (BIW1B2B — (W))] €
[K — (G — (B4W4E2))]} 1124500 1298100 0015850 0004650 0001535 0000230 0001870 0001170

61052 4 2 11 414 08 U CBIW1B2BW KGB4W4 {[—U] € [C — (BIW1B2B — (W))] €
[K — (G — (B4W4))]} 1112900 1253800 0013840 0002585 0001300 0000750 0000870 0003940

624742115558 28 EILDT CB1W1B2BW KGSB4W4 {[E1 — —(LDT)] € [C — (BIW1B2B — (W))] €
[K — (G — (SB4W4))]} 1189500 1189500 1366800 0015880 0004969 0001135 0000409 0001411
0001365

62662 2 212 492 14 UH CB1WI1B2BW KGB4W4 {[—U — (H)] € [C — (BIW1B2B — (W))] €
[K — (G — (B4W4))]} 1188700 1351300 0014600 0004255 0000785 0000675 0000990 0000000

62680 2 2 14 528 18 UT CFBIW1B2BW KMGB4W4 {[—U — (T)] € [C — (FBIW1B2B — (W))] €
[K — (MG — (B4W4))]} 1295600 1488300 0019489 0004205 0001705 0000530 0001542 0000728

62758 22 12 436 18 U CB1W1B2W2BW KGB4W4 {[—U] € [C — (BIW1B2 — (W2)B — (W))] €
[K — (G — (B4W4))]} 1153500 1331900 0014565 0003697 0000631 0000700 0000780 0000823

62997 2 2 11 437 09 U CB1W1B2BW KGB4W4 {[—U] € [C — (BIW1B2B — (W))] €
[K — (G — (B4W4))]} 1195200 1349200 0015113 0003670 0000570 0000835 0001260 0001460

638352213 522 26 U CFBIW1B2BPW KGB4W4 {[—U] € [C — (FBIW1B2B — (PW))] €
[K — (G — (B4W4))]} 1193800 1385800 0016704 0004480 0001330 0000330 0000770 0000720

65743 22 12 470 12 LD CB1W1B2BW KGB4W4 {[—U] € [C — (BIW1B2 — (W2)B — (W))] €
[K — (G — (B4W4))]} 1195000 1352600 0014722 0004150 0000680 0000625 0001040 0000560

67457 2 2 12 469 12 UH CBIW1B2BW KGB4W4 {[—U — (H)] € [C — (BIW1B2B — (W))] €
[K — (G — (B4W4))]} 1260100 1428700 0015705 0003940 0001145 0000510 0001090 0001580

72950 2 2 14 503 16 UHT CBIW1B2BW KMGB4W4 {[—U — (HT)] € [C — (BIW1B2B — (W))] €
[K — (MG — (B4W4))]} 1491100 1678100 0018000 0004775 0001370 0000360 0001710 0000700

74176 2 2 12 432 12 UH CBIW1B2BW KGB4W4 {{—U — (H)] € [C — (BIW1B2B — (W))] €
[K — (G — (B4W4))]} 1431600 1600700 0016650 0003835 0000725 0000905 0001390 0001344

data of the FPLs obtained from the design space also makes it possible to establish
the value spaces for a series of variables of the FPL, such as the geometric
dimensioning of the rooms of the house, as shown in . The value space
for the geometric dimensioning of the rooms is calculated by statistical processing
of the values of the areas and perimeters of the rooms in relation to the demarcation
of their boundaries, i.e., the minimum and maximum values, the average values,
and the form factors of the polygons representing the rooms. The form factor
makes it possible to establish a relationship between the width (W) and length (L)
of the room. Once the room dimensions are defined and the width/length ratio is
known, the equation W = \/ (AU/L) defines the width and length of the room. This
space of geometric values for the rooms can help architects, and students in
particular, to establish an initial geometric dimensioning for the FPL.

shows an example of the use of the ARLE GPS tool (Martins ) to assist
students in the process of designing an apartment (FPL), and demonstrates the
potential of this tool to help students to generate designs with equal or better
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Table 7. FPLs qualification value space — design space.

Standard

Indexes/values Abbreviate Minimum  Maximum  Average deviation
Form FF 3.85 6.09 4.7 0.38
Vertice |4 6 29 14.37 4.77
Configuration Ip 5.27 7.70 6.54 0.45
Externalization IE 0.61 2.32 1.59 0.25
Circulation IC 0.24 1.33 0.60 0.20
Confinement IR 0 1.87 0.64 0.49
Relation AT/AU AT/AU 1.10 1.30 1.15 0.025
Geometric cost of qualification VAQ 39174 74167 53351 6926

em’/QQL
Monetary cost/m?> (US$) VGL 363.63 502.31 435.29 25.96
Monetzary Cost of qualification US ~ VQL 1623.51 2707.83  2308.92 227.14

$/m

performance than the family of designs in the high-performance region of the
explored design space (Figure 3).

13. Example of the use of the ARLE GPS tool: Spatial
planning and design of an apartment

13.1. Data made available by the problem

We consider the spatial planning and design of an apartment in a vertical tower with a
centralized circulation core, two units per floor (Nf = 2), and two connections to the
external environment (Ne = 2). The target required useful area is AA = AU =
85.0 + 4.0 m* (variation 5%), and the target required geometric qualification is
QQA = QQL = 1694 in relation to the target required useful area AA = AU
(85.0 m?); this is calculated by the equation AU = 0.0175*QQL**3, which defines
the geometric qualification of FPLs belonging to Family 7 of the explored design
space, as shown in Figure 3. This condition states that the required functional physical
performance of the candidate dwelling must be equal to or better than the perform-
ance of the dwellings belonging to Family 7 of the explored design space.
The functional program is as follows:

Conjugated living/dining room (U)
Office home (O)

o Gourmet balcony with barbecue (R)
Circulation (C)

Dormitory (B1)

« Shared bathroom (W1)
Bedroom/suite (B)

o Private bathroom (W)

Kitchen (K)

o Laundry/service area (G)
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Table 8. Limit values for the FPL — design space.

FPL AU FF v IE IP IC IR 1QP QQL CLQ VGL CLC VQL CLO VAQ CLA
037 70.95 439 12 079 6.02 042 154 484 13.27 low 388.57 1937.47 53466
164 11129 4.14 8 1.15 656 041 1.87 543 15.98 low 371.46 2411.26 69643
016 62.85 537 20 195 6.16 045 0 770 1558 high 50231 high 1888.57 40340  high
167 11398 500 17 1.82 7.09 0.51 0 8.40 19.07  high  417.98 2328.16 59769
179 143.16 432 12 152 696 058 056 734 1930 363.63 low 2515.16 74176 low
003 55.12 4.17 8 112 527 024 052 6.06 13.06 412.68 1623.51  high 42205
176 121.08 522 26 19 737 077 029 821 19.22 461.02 2707.83 low 62997

Note: CLQ = QQL rating, CLC = VGL rating, CLO = VQL rating, CLA = VAQrating.
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Table 9. Value space for the room dimensions in the FPL — design space.

ssa.d Aussaniun abprquied Aq auljuo paysiignd 8'sz0z°fsp/2 101 0L/Bio 10p//:isdny

Form Form Form Form Form Form Form
Area factor factor factor Area factor factor factor factor Relation Relation  Relation
Au  Perimeter (FF) (FF) (FF)Pu Au Perimeter (FF) (FF) (FF)Pu (FF) Width x Width x  Width x

Min  PuMin Au PU Minx Max PuMax Au Pu  Maxx Average Average Average  Length Length Length
Room (m?) (m) Min Min AuMin (m? (m) Max Max AuMax Au(m?) Pu(m) AuxPu (minimum) (maximum) (average)
U 14.50 15.80 415 415 4.15 4587 31.20 429 493 4.61 24.20 21.67 441 1:1.75 1:3.00 1:2.45
L 7.02 10.60 400 400 4.00 26.35 2398 4.67 467 4.67 15.60 16.44 4.16 1:1.00 1:3.15 1:1.75
D 8.05 11.45 4.04 404 404 2426 20.70 420 420 4.20 14.48 15.39 4.04 1;1.35 1:1.90 1:1.35
O 4.21 9.92 4.83 483 483 948 12.45 4.04 404 4.04 7.62 11.52 4.17 1:3.55 1:1.35 1:1.80
H 7.12 10.70 4.01 4.01 4.01 1276 14.30 4.00 4.00 4.00 10.05 12.86 4.06 1:1.15 1:1.00 1:1.40
T 1.32 4.60 4.00 4.00 4.00 294 8.57 4.08 5.59 5.00 1.94 5.82 4.18 1:1.00 1:4.00 1:1.80
C 0.76 3.50 4.01 4.01 401 11.70 2540 743 743 7.43 3.51 9.00 4.80 1:1.15 1:11.70 1:3.50
F 4.62 8.60 4.00 400 4.00 1140 15.60 4.62 462 4.62 8.63 11.86 4.04 1:1.00 1:3.00 1:1.35
B1 4.95 8.90 400 4.00 4.00 1291 15.10 4.09 477 4.20 8.73 12.01 4.06 1:1.00 1:1.90 1;1.40
W1 2.07 5.90 410 4.10 4.10 10.10 13.03 397 547  4.10 3.52 8.04 4.29 1:1.55 1;1.55 1:2.15
B2 6.50 10.20 4.00 400 4.00 1520 17.40 4.08 452 446 9.90 12.89 4.10 1:1.00 1:2.55 1:1.55
W2 276 6.90 421 404 415 4.16 8.98 401 446 440 3.28 7.61 4.20 1:1.75 1:2.45 1:1.90
B 7.99 11.80 416 4.05 4.17 1842 20.10 4.12 5.10 4.68 12.57 15.35 4.33 1:1.80 1:3.15 1:2.25
P 2.52 6.60 416 416 416 945 12.00 390 3.90 3.90 442 8.22 391 1:1.75
W 2.09 6.00 415 415 415 7.36 13.90 4.58 5.8 512 3.95 8.54 4.30 1:1.75 1:4.30 1:2.15
K 4.32 8.80 423 423 423 16.05 19.00 4.67 478 4.74 9.07 12.41 4.12 1:1.70 1:3.30 1:1.65
M 7.05 9.70 407 407 3.65 9.55 13.30 430 430 430 7.98 11.27 3.99 1:2.15
G 1.82 5.40 400 400 4.00 1190 16.40 475 475 475 4.75 9.07 4.16 1:1.00 1:3.35 1:1.75
S 1.13 4.28 4.03 4.03 4.03 451 9.00 4.00 477 424 3.00 6.98 4.03 1:1.30 1:2.00 1;1.30
B4 3.00 7.00 4.04 404 404 6.72 10.40 4.01 4.01 4.01 4.39 8.50 4.06 1:1.35 1:1.15 1:1.40
W4 1.10 4.20 4.00 4.00 4.00 4.66 9.60 445 445 445 2.10 5.92 4.09 1:1.00 1:2.55 1:1.55
E2 1.00 4.00 400 400 4.00 2.60 6.60 4.09 4.09 4.09 1.79 5.28 3.95 1:1.00 1:1.55
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Figure 12. Performance of student-generated designs.

However, this set of data does not allow the architect to clearly define the
problem and solve it as a rational, well-defined problem, as the dataset is incom-
plete. The ARLE GPS tool can be applied as an assistant to help structure and solve
the problem.

13.2. Geometric data

The basic data required to assemble the virtual geometric prototype are mined
from the value space of the explored design space and processed in statistical mode.
These data are explored and captured in the format of the useful area (Au),
perimeter (Pu) and shape of each of the functional rooms of the house. These
are defined by the form factor (FF) variable and the (width/length) (W/L) ratio of
the rooms, which are calculated in relation to their minimum, average and
maximum values, as presented in Table 9. They are intended to help the architect
to explore the geometric dimensioning of rooms, to collect the data necessary to
dimension the rooms of the candidate FPL, and, from these data, to proceed with
the construction of a geometric prototype graphic. Additional important functions
of the value space involve representing the performance behavior of the candidate
FPLs in the explored design space and establishing relationships between design
variables and performance attributes through the use of the FPL performance
indicators provided by ARLE GPS (the form factor FF, the number of FPL vertices
LV, the FPL qualification indices of spaciousness IE, configuration IP, circulation
IC, confinement IR, exteriorization IE, the ratio of the total area to useful area (AT/
AU), the geometric cost of geometric qualification VAQ, and the monetary cost of
geometric qualification VQL). It is also used to define the limits of this
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Table 10. Dimensions of the geometric prototype rooms.

Width Length

Room Au(m?) Pu(m) FF Relation W/L W (m) L(m)
U 24.20 21.67 4.41 1:2.45 3.14 7.70
Y 7.62 11.52 4.17 1:1.80 2.06 3.70
R 5.34 9.68 1.70 3.14
C 3.51 9.00 4.80 1:3.50 1.00 3,51
Bl 8.73 12.01 4.06 1:1.40 2.50 3.50
W1 3.52 8.04 429 1:2.15 1.28 2.75
B 12.57 15.35 433 1:2.25 2.36 531
W 3.95 8.54 4.30 1:2.15 1.36 291
K 9.07 12.41 4.12 1:1.65 2.34 3.87
G 4.75 9.07 4.16 1:1.75 1.65 2.88
Total 83.26 117.29

performance, as shown in Tables 7 and 8. These indicators define the control
parameters of the geometric solution. Mining of the room dimensioning data is
achieved by processing the value space as shown in Table 9. Based on the
assumption that the area AU of the candidate FPL (AA = 85.00 + 4.00 m?) is closer
to the average AU area of the FPLs of the design space value space (100.90 m®) than
the minimum AU area value (52.70 m?) or maximum AU area value (149.11 m?),
the average values of the rooms are adopted to establish the geometric dimension-
ing of the virtual prototype of the candidate FPL, as shown in Table 10. The
dimensional values of the area and perimeter of the rooms, and hence the form
factor (FF), are shown in Table 9 to provide the ratio (width/length) of the rooms,
and the equation W = \/ (Au/L) makes it possible to establish the individual values
of the width (W) and length (L) of the rooms. In this case, the architect was
responsible for the dimensioning of the gourmet balcony (R), since this functional
room does not exist in the FPLs of the explored design space.

When the geometric dimensions of the rooms have been determined, these
values represent the data extracted and transferred to the assembly of the
candidate virtual geometric prototype using the ARLE GPS tool, in the form of
an Excel spreadsheet. The spreadsheet calculates the value of the useful area AU,
which in this case is equal to 83.21 m?, meaning that this meets the dimensional
requirement of the problem in relation to the required target area (AA), as shown
in Table 11.

However, the geometric data of the dimensional value of the outline of the
figure of the FPL are still needed, as these are required by ARLE GPS to complete
the evaluation of this virtual candidate prototype, and thus by the architect in order
to certify that it meets the requirements of the problem. However, using the
processed data, the spreadsheet can provide topological information of the assem-
bly order of the rooms and their connections through the genetic coding
(Gtopology gene) of the processed data, as shown in Table 11.
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Table 11. Data and evaluation of virtual prototype 01.

9IUdIIS ubisa(
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Identification Prototype 1 2 Apartments / floor (Nf) Entries (Ne) 2
) ] | Floor Perimeter Variable Unit__ | Abbreviate] Value
(] Room Wi || Rewgin || AR RS g |G g Ly Total Area m? AT 83.21
Layout Sector |3 o Wi Lg Au PR aEdE ElEidrolss|es|zsl B2 -
o ‘unctional spaces (m) (m) (mz) (m) E": 88 £ % £g4a5 <2 Z|s afl=z é g % External perimeter m PE
uadoccdSde 5= Condominium perimeter m PX
E1 | entrance1 ] S Symmetry perimeter m PY
Social u living & dining 3.14 7.70 24.18 2168 X X Layout figure vertices u LV
Zone L living Variable Unit | Abbrevi Value
D dining a
» o home office 2.06 3.70 7.62 11.52 X X Dry floor (W) L 2
9
g [44.6 %]| r gc.uurmelbalcony 170 3.14 5.34 9.68 x X e ws)/m | vaw P
O T toilet
= irculati 1.00 3. 3. 9.02
< oL e =2 =2 - x - External perimeter (US)/m | VPE 328.80
(4] F family room -
1S . B1 | bedroom1 2.50 3.50 8.75 12.00 x X 7] . .
E In::::ate T mm s oo T2 66 " " 8 Dry internal perimeter (U$)/m VPd 105.60
T B2 | bedroom2 Wet internal perimeter (U$)/m VPw 159.70
c w2 | bath2
© B master bedroom 2.36 5.31 12.53 15.34 X X Cost of the layout solution
2 | 38.8 % | P closet
. 2 2
g W master bath 1.36 2.91 3.96 8.54 X X Cost/m () ML 300.24
= K kitch 2.34 3.87 9.05 12.42
© el X 2 Total cost TVL (US$) 24983.22
c Service M meal room
= Zone G | laundry 1.65 2.88 4.75 9.06 x x . Unit |Abbreviate] Value
(19 B store room < =
B4 bedroom4 o o 2
AA 85.00
[166 %]|[we | vamna E % Useful Area m
E2 entrance 2 -
= i lificati I A 16.94
Total 83.21 | 117.32 | 0.00] 9.02 | 0.00 | 56.59] 26.62] 79.24 38.08 Cameticiacaliication] kalue QQ
Layout Indexes | Abtbreviate| Value Layout codification Layout evaluation Unit |Abbreviate] Value
Form Factor FF 0.00
. . P " L L
Externalization = .00 Formation 2210000 Geometric qualification value QQ 15.06
Spaciousness A 9.12 Function UOR CB1W1BW KG Nominal Area m? AN 59.70
Cost of geometric qualification
Internal Configuration| /P 6.43 Topology {[-U—(OR)] € [C—(BIW1B—(W))] € [K—(G)]} avL/iay) s)/1aL| vaL | 1659.11
Circulation ic 0.49 Cost of nominal area
Space 832100 0832100 0011732 0000000 0000000 0000000 0000902 00000 Us)/m? | VAN | 418.46
Confinement R 0.00 P N avisan e

55258 22 10 0 00 UOR CB1W1BW KG {[—U—(OR)] € [C—(B1W1B—(W))] € [K—(G)]} 0832100 0832100 0011732
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13.3. Topological data

The information on the connections between rooms, as provided by the Gtopology
genetic code of the ARLE GPS spreadsheet, is presented in item 8. The combination
of the data provided, the geometric data mined from the value space and the
topological data provided by ARLE GPS allows the architect to assemble a puzzle-
like graphical prototype, representative of the FPL candidate, using the bottom-up
approach.

13.4. Assembling the candidate prototype using the bottom-up
approach

The bottom-up assembly process requires the architect to position the rooms in the
topological structure of the FPL, in the same way as in a jigsaw puzzle (Cademartiri
& Bishop 2015). In this approach, the search for design solutions is carried out as a
process of exploring the positioning of the rooms, such as the solar orientation and
the external view of the rooms in the house, which are adjusted in the puzzle to
solve the FPL. This requires the architect to apply rational reasoning skills to solve
the problem, in the same way as the assembly activities performed by the player to
win the game (Smithers 1992; Nico Lo, Lai & Chang 2014). The assembled FPL
prototype is shown in Figure 13.

A guiding factor for the assembly of the jigsaw puzzle is the positioning of the
pieces in such a way that all of them (except for the circulation) have at least one
free side in contact with the surface representing the external area of the building,
so that the architect can verify the non-confinement of the rooms. The puzzle has

Figure 13. Prototype 2.
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undergone two modifications in relation to the first candidate: the first relates to
the format of the figure of the living/dining room (O), which is changed from
rectangular to “L” format, and the second relates to a reduction in the length of the
circulation room from 3.51 m to 2.50 m, due to the adjustment of the piece in the
puzzle. A graphical prototype of the FPL candidate is evaluated by ARLE GPS, and
gives a value for the useful area of AU = 82.20 m?, which meets the requirement of
the target area AA. The assembly of this puzzle, as shown in Figure 13, allows the
architect to collect geometric data to complement the FPL prototype data, such as
the external perimeter (PE), symmetry perimeter (PX), condominium perimeter
(PY) and number of vertices (LV), thus providing the data needed by the architect
to build the problem and by ARLE GPS to evaluate it. These data are then loaded
into the ARLE GPS spreadsheet, which provides an objective evaluation of the
graphical prototype, as shown in Table 12. It calculates the geometric qualification
value as QQL = 17.07 and the nominal area as AN = 86.90 m? > AU = 82.20 m?,
meaning that the candidate proposal meets and even exceeds the required geo-
metric qualification QQA, since it presents a nominal area gain according to the
loss model processed by the ARLE GPS tool (Martins, Jungles & Oliveira 2023).
This graphical candidate prototype is then modelled and refined by the architect
using the top-down approach.

13.5. Modeling and step-by-step refinement of the prototype,
using the top-down approach

The top-down approach allows the design process to proceed in stages, from the
conceptual and preliminary level of a prototype defined by a sketch to the detailed
level of a design. This allows the architect to refine the prototype in a step-by-step
manner, adjusting and optimizing the position, shape and dimensions of the
candidate rooms, according to their functional purposes, to meet the requirements
of the problem. However, according to Zhaa ef al. (2001), a design process using
this approach requires support from a computational tool that can assist the
architect in handling the problem data, implementing actions, and making rational
decisions throughout the design process. The ARLE GPS tool can play this role in
the design process and can assist the architect with these requirements; it success-
fully fulfils this task in a straightforward way, and there is no alternative, similar
tool that fulfils this function. The graphical prototype is assembled in a computa-
tional environment, as shown in Figure 13, and reveals the rooms and the FPL
format, defined by a schematic sketch of lines, thereby establishing a skeleton for
the candidate FPL. This FPL prototype is modeled by the architect, who introduces
the walls, door and window connections and other geometric modeling elements of
the candidate FPL to build a full-bodied and structured FPL prototype. This
refinement process involves adaptations due to various requirements, such as
functional dimensioning, implantation of the building in the terrain, optimization
of the building structure, orientation of the walls to create constructive and
aesthetic improvements to the building, reduction of the construction costs,
composition of the building fagade, and satisfaction of the client’s requirements
that were not met by the candidate prototype. This procedure implies a continuous
refinement of the FPL prototype, which is also evaluated by ARLE GPS in a
continuous loop process, until the architect captures an FPL that solves the
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Table 12. Data for graphical prototype 2 and evaluation.
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Width Length Area | Perimet < Floor Perimeter B Variable Unit Abbreviate|  Value
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Social u living & dining 24.18 21.68 X X Layout figure vertices u LV 22
Z L | living Variable Unit Abbreviate| Value
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=
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B4 bedroom 4 D 0 2
[16.8 % |[wa| bana = > Useful Area m AA 85.00
E2 | entrance 2 == — - I
16.94
otal 82.20 | 115.30 | 0.00 | 7.00 | 0.00 | 55.58] 26.62] 77.22] 38.08 B rEMiEEaR e e 69
Layout Indexes Abbreviate| Value Layout codification Layout evaluation Unit | Abbreviate|  Value
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Figure 14. FPL of the apartment.

problem (Mitchell, Liggett & Tan 1989; Fedder 2000). The design captured in this
case is shown in Figure 14, and its evaluation is shown in Table 13.

The process of refining the prototype in this case allowed for optimization of
the circulation area, with a reduction in the useful area Au and the distribution of
this residual area gain in the spatial expansion of other living rooms, as well as the
modification and expansion of the area of other living rooms, within the limits of
the required target area AA, thus increasing the usability of the apartment. It was
also possible to meet the client’s requirements that were not met by the candidate
prototype, such as the spatial enlargement of the bedroom/suite and the private
bathroom, with the installation of a Jacuzzi bath.

13.6. Geometric optimization of the FPL

The approach used by the ARLE GPS tool to find a good candidate and to optimize
the FPL solution is based on a numerical model that relates the cost to the quality of
the design (FPL). The quality is captured and evaluated by an analogy model that
relates the geometric variables of the FPL to the functional physical performance of
the house. The tool works with two costs: geometric and monetary. The geometric
cost is determined by the useful area AU, which structures the mathematical model
(cost/quality) (Figure 3). This cost allows the architect to solve the problem of FPL
optimization through the ratio of geometric cost to geometric quality (AU/QQL),
independently of the monetary cost. In other words, it allows the FPL solution to be
optimized via the geometric variables controlled by the architect, regardless of the
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Table 13. FPL design of the apartment — data and evaluation.

Identification FPL Apartment 2 Apartments / floor (Nf) Entries (Ne) 2
Width Length Area | Perimet < Floor Perimeter B Variable Unit Abbreviate|  Value
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construction system and the materials used in the home. Two rational approaches
emerge in this process: reducing costs while maintaining quality or increasing
quality while maintaining costs. Reducing costs involves optimizing the functional
dimensions of the house and minimizing the geometric costs by optimizing
(minimizing) the useful area AU. This condition can be exemplified by the case
described above, considering the data on the solution of the problem, as follows:
geometric cost AU = 85.59 m”, geometric qualification indices of the FPL IE = 1.78,
IA =9.25,IP=6.28,IC =0.29, IR = 0.00, geometric qualification QQL = 17.02; and
cost of geometric qualification VAQ = 50,270 cm?/QQL = (5.03 m*/QQL). To
create a mathematical simulation of the optimization of the FPL design solution
using the geometric cost reduction approach, it is assumed here that the amount of
floor area used in the FPL design extrapolates the floor area required for the
optimized functional dimensioning of the rooms of the house. Hypothetically, a
reduction of 10% in the usable floor area, a value similar to the scale of reduction of
the FPL drawing, results in a geometric cost of AU = 77.03 m”. In this case, with the
dimensional reduction of the floor area and the maintenance of the room format,
the geometric qualification indices of the FPL remain constant, except for the index
of spaciousness IE = 8.78, due to the reduction in the floor area. When this new
configuration is adopted, ARLE GPS calculates values for the geometric qualifica-
tion QQL = 16.55, nominal area AN = 79.26 m* > AU = 77.03 m?, and geometric
qualification cost (VAQ = 4.65 m?/QQL) < (VAQ = 5.03 m*/QQL), thus demon-
strating that this option represents a rational approach to the process of optimizing
FPL by reducing the useful areas of houses/apartments. A comparison between the
sizes (floor areas) of apartments designed over the last 50 years, considering
typologies and similar uses, shows that the apartments designed today have an
area that is reduced by about 50% compared to those designed 50 years ago
(Papanek 1985, Queiroz 2008), indicating that this approach is currently applied
in the actual practice of optimization of apartment design. When optimizing the
FPL by maintaining the cost and increasing the quality, the cost established by the
useful area is maintained, which in the case of apartments 50 years ago was
substantially higher than for current ones, and the areas of the rooms are resized
until their functional dimensioning is optimized. In the case of rooms with
dimensions greater than those required by the functional dimensioning, this
implies a need for a reduction in the areas of these rooms; the sum of these surplus
areas is then transferred to the creation of one or more living rooms, which in turn
makes it possible to increase the utility of the house and, consequently, to improve
its performance. This process is captured by the ARLE GPS tool by increasing the
geometric qualification QQL, thus establishing a reduction in the cost of quality.
This approach is used for today’s homes/apartments, which have surface areas
similar to apartments designed 50 years ago. At a local level, there are changes in
their use, particularly in relation to reductions in the functional zone of services
and enlargements of the intimate zone through an increase in the numbers of
private bathrooms and bedrooms that can be converted into study or work rooms.
This has also involved the enlargement of the social zone through the availability
of more social rooms, the availability of a toilet, the integration of the kitchen with
the social area, the establishment of gourmet kitchens, and the incorporation of
social balconies, particularly a gourmet balcony with a charcoal grill. In this way, a
second rational approach, traditionally applied in the FPL optimization process, is
established.
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14. Evaluation of FPLs using ARLE GPS

A value space analysis of the design space shows that the performance of the house
is independent of its surface area. The FPLs located at the boundaries of the low-
and high-qualification FPLs make comparatively explicit, by analogy, the main
defining attributes of the house performance as evaluated by the LEQC metamodel.
The low-qualification region includes FPL 037 with AU = 70.95 m® and FPL
164 with AU = 111.30 m?, as shown in Figures 15 and 16.

FPL 037 is modelled with eight living rooms, three of which are enclosed, and
is configured by FF=4.39,IP=6.02,IE=0.78,IC=0.42,and IR=1.54. FPL 164 is
modelled with 10 living rooms, four of which are enclosed, and is configured by
FF=4.14,IP=6.56,IE=1.15,IC=0.41 and IR = 1.87. FPLs 037 and 164 define the
values of the exteriorization and confinement indices, which are at the lower
limit of the FPL geometric qualification value space. By analogy, we can
transpose this evaluation of the geometric qualification of the FPL in relation

Figure 15. FPL 037.

Genetic code for FPL 037.

53466 8 1 09 439 12 U CBIW1B2BW KG {[—U] € [C — (BIWIB2B — (W))] €
K — (@]}

0709500 0829100 0010145 0001425 0000920 0001655 0000710 0002595.

SOCIAL ZONE

INTIMATE ZONE

SERVICE ZONE

CONFINED ROOM
EXTERNAL PERIMETER
CONDOMINIUM PERIMETER
SIMETRY PERIMETER

TR

Figure 16. FPL 164.

Genetic code for FPL 164.

6963242 1141408 U CBIW1B2BW KGB4W4 {{—U] € [C — (BIW1B2B — (W))] € [K — (G — (B4W4))]}.
1113000 1253800 0013840 0002585 0001300 0000750 0000870 0003940.
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to the functional physical performance of the dwellings and deduce that the
confinement of kitchens and bathrooms leads to significant losses of perform-
ance in the use of the house. This is due to an excessive use of artificial lighting
(Leslie 2003), a lack of natural ventilation (Kao et al. 2009) and a lack of visual
contact with the outside environment (Kacel & Yener 2008). Kitchen users
are also exposed to harmful levels of ultrafine particles (Lai & Chen 2007).
The kitchen is often designed as a functional room, with less importance placed
on it in the process of house design modelling (Lau et al. 2006). These losses are
calculated by the LEQC metamodel according to a robust design model that uses
the quality approach advocated by Taguchi (Kackar 1986; Murphy, Tsui & Allen
2005) through the ARLE GPS loss model (Martins, Jungles & Oliveira 2023).
This makes it possible to assess the effect of changing the sizes and location
parameters of the house’s rooms on the social impact of the house, from the
initial phase of the design process involving its spatial planning, through a
metric that makes it possible to measure this impact. The social impact of the
house is established in the model of losses through the influence of the losses
reported above on the daily lives of the residents in relation to the use of the
house over its useful life. The spatial planning of the FPL, on the other hand,
characterizes a still flexible phase of possibilities for modifying the product
(house) with the aim of eliminating negative impacts and generating positive
ones (Mabey et al. 2021). This approach emphasizes the need to set a target
value for the required quality and establishes several levels or regions of artifact
quality as a function of the magnitude of the presence of the qualifying variables
in the product (Archer 1968; Kapur & Cho 1996; Papalambros & Wild 2000,
p.47; Gane & Haymaker 2012; Machairas, Tsangrassoulis & Axarli 2014; Yi & Yi
2014; Sonmez 2015; Sonmez 2018) (Figure 3). We take FPL 167 as an example in
terms of the required quality, and apply the ARLE GPS loss model to the
evaluation of FPLs 037 and 164 (Table 1) to calculate the geometric losses using
the variable of nominal area. The calculated values of the nominal area (AN)
for the FPLs are 38.41 m® (AU = 70.95 m?) for FPL 037, and 67.12 m’
(AU = 111.30 m?) for FPL 164. In these cases, the loss model calculates
significant geometric losses compared to FPL 167, representing large losses in
the performance of the house.

The high qualification region is demonstrated by FPL 016 with AU = 62.85 m*
and FPL 167 with AU = 113.98 m? as shown in Figures 17 and 18.

If we take FPL 167 as the target for the required quality, we see that the nominal
area (AN) of FPL 016 is equal to 62.21 m* (AU = 62.85 m”), which practically
defines the absence of loss of house performance in relation to the required quality.
FPL 167 is modelled with 12 living rooms, configured as FF = 5.00, IP = 7.09,
IE =1.82,IC=0.51 and IR = 0.0. A comparison between FPL 164 (low qualifica-
tion) and FPL 167 (high qualification) shows apartments with similar areas and
geometric qualifications positioned on opposite sides of the design space. This
difference is explained by the performance of the house in relation to the usability
attributes, defined by the differentiation of the housing functionality and the
inequality in relation to the confinement of the rooms.

The effectiveness of the ARLE GPS tool in evaluating FPLs from the design
space leads to the conclusion that it can capture the performance requirements of
the house and transfer them to the planning and design of the house.
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Figure 17. FPL 016.

Genetic code of FPL 016.

40328 4 1 09 537 20 U CBIW1B2BW KG {[—U] € [C — (BIW1B2B — (W))] ¢
(K — (G)]}.

0628500 0747500 0009760 0003370 0000980 0000290 0000710 0000000.

Figure 18. FPL 167.

Genetic code of FPL 167.

59755 2 2 13 501 17 U CFB1W1B2BPW KGSW4 {[—U] € [C — (FBIW1B2B —
(PW))] € [K — (G — (SW4))]}.

1139800 1300500 0015133 0004149 0000890 0000665 0001085 0000000.

15. Discussion

The LEQC meta-model is structured based on data collected from FPLs about
apartments located in buildings with basic typologies: isolated towers, centralized
vertical circulation, a reinforced concrete structure, and buildings constructed with
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facade walls and internal walls of ceramic bricks with holes. The global optimiza-
tion parameters of the FPL geometric solution are used to define and evaluate the
functional physical performance of the apartment/house, and are established by
maximizing the capture of sunlight, minimizing the geometric cost (Au) of
circulation, optimizing the functional dimensioning, and maximizing the use/
functionality. Under these conditions, the LEQC meta-model acts as a global
optimization model. The use of the GPS-ARLE tool in spatial planning and the
evaluation of FPLs in buildings with different constructive typologies (such as
closed high-density urbanization, consisting of contiguous sets and blocks, and
low-density open urbanization, consisting of isolated towers), as presented here,
can be carried out in the same way. However, the solution space for this typology
tends to establish different limits in its value space in relation to the value space of
the typology studied here, with displacement of the high-performance regions of
the FPLs. In this case, the target should be positioned according to this value
space.

An important issue in the spatial planning of apartments is the positioning of
the rooms in relation to the solar orientation and the exterior view/landscape.
However, in the case of isolated towers with centralized vertical circulation and a
configuration with several apartments per floor, it is not possible for the architect to
totally solve this problem. Thus, the architect will position the rooms of the
apartment according to their functionalities, the orientation and position of the
building’s main fagade (access to circulation routes), the connections between
the rooms, and the axes of symmetry between the apartments, which make it
possible to reproduce the other units symmetrically. This tool works in the same
way as the one presented here for the planning and design of detached houses; the
only difference between these two uses is that in the case of a house, the values of the
symmetry and condominium perimeters are equal to zero. The tool is structured by
assuming the functionality, the order of assembly, and the connections between the
rooms of the apartments of the design space, although these parameters can
be modified in the Excel spreadsheet according to the different functionalities of
the rooms of the candidate apartments. The Gfunction gene captures and transfers
this information from the positioning and naming of the rooms in the Excel
spreadsheet. A change to the use of the rooms, if they are topologically compatible,
i.e., belonging to the same functional zone, does not imply a change in the coding of
the spreadsheet; this is illustrated in the example presented in item 13, with the
replacement of the home theater room and its nomenclature (H) by the gourmet
balcony (R). The spreadsheet is built using open-source code, which allows for
modifications to suit specific local situations. Data are input into the Excel
spreadsheet by filling in the yellow cells, and the output data is represented by
the blue cells.

15.1. Future work

The design space studied here consists of 180 FPLs of apartments, which were
designed and built in large and midsize cities in the late 1990s and early 2000s. It
represents a sample of dwellings whose functionalities are arranged in 23
functional rooms that structure the Excel spreadsheet of the tool. The current
designs of apartments with similar characteristics (three bedrooms) to the
apartments of the design space studied here show changes in the functional
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zoning, particularly in relation to the contraction of the service area, with the
elimination of the laundry room (through integration with the kitchen), pantry,
service dormitory, and service bathroom, and the expansion of the social area,
with the integration of the kitchen and gourmet balcony (with barbecue) with
the living/dining room. These and other changes in the functionality of the
dwellings will require future work, particularly in terms of updating the design
space of the apartments to reflect these new configurations. Segmentation of the
design space based on the structuring of family groups with greater affinities,
both in terms of the group (formation/number of apartments per floor) and the
family (use/functionality), constitutes another avenue for future work. Simi-
larly, at the global level, there is a need for future work to create the respective
local design spaces.

16. Conclusion

The ARLE GPS tool offers architects and students a user-friendly form of com-
putational support, with a focus on the designer’s behavior rather than on the
project, which can help them to solve spatial planning problems and generate
computer-aided designs. This is done using the physical-biological and cost model
provided by the tool to structure and solve the problem in a simple way and with
low costs for simulation and computational processing, using Excel spreadsheet
software, which is already routinely used by architects. A scientific method is
applied that facilitates the mathematical modelling of the decision problem and can
help users to build and find a solution to the problem using computational thinking
to make decisions and implement actions. ARLE GPS acts in an unprecedented
way to carry out an objective (mathematical) evaluation of the geometric solution
of the FPL (that is, the functional physical performance of the house) and to define
the monetary cost of the conversion of the FPL into a house artifact through the
geometric variables that structure the FPL. This enables the designer to manage the
cost of design decisions. The support provided by the tool to the designer, in regard
to the solution to the spatial planning problem and the generation of the design of
the house, differs from the traditional process of solving this type of problem
through an inversion of the architectural design process. The traditional process
begins with the drawing of a topological sketch, without the dimensions of the
rooms, whereas ARLE GPS begins with the assembly of a virtual geometric
prototype, structured/dimensioned and created by ARLE GPS, which is used to
evaluate the prototype in relation to the assumptions of the problem and the
required performance of the house. This prototype provides dimensional data on
the rooms of the house (width and length) and the topological information of the
FPL assembly, defined by the connections and the order of assembly of the rooms
into the FPL structure. The transformation of this virtual prototype into a graphical
prototype is then processed by the designer in a computer environment. The
graphical prototype is modeled and refined by the designer and evaluated by ARLE
GPS in a continuous process until the designer has generated an FPL that meets the
requirements, constraints, and goal of the problem. In this way, the ARLE GPS
model removes the main obstacles to the rejection of the systematic model
proposed by Archer. A computer-aided design tool is created that provides a
robust design model based on physical-biological and cost approaches, which is
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capable of dealing with the complexity of the interrelationships of the structuring
variables of the FPL, through:

o Helping the designer to find and use good physical and genetic data and
information to solve the problem;

« Enabling a review of the design program and changes to the structure of the FPL
throughout the design process;

o Transforming the poorly structured problem of spatial planning into a well-
structured problem by removing the perversity of the problem;

« Making available bottom-up, top-down and case study strategies for assembling
the FPL structure;

« Exploring the state of the FPL solution, modeling it, and progressively refining
the result of this exploration.

ARLE GPS also offers the prospect of applying Archer’s systematic model in
other areas of design besides the architectural domain. Support for ARLE GPS as a
simulation, evaluation and optimization system over a long period of time in the
field of architectural design education has led, according to feedback from students,
to the extension of their domains in the architectural design process, as well as to
the establishment of a level of knowledge, skills, creativity and computational
practice that has enabled them to successfully solve the problem of spatial planning
and design generation with a level of performance of the houses that matches or
exceeds that required for the prescribed problems, as well as in relation to the
houses located in the high-performance region of the explored design space. The
students highlighted the role played by the tool as an assistant, the attitude adopted
by the user as a decision maker and implementer of actions, and the exercise of self-
evaluation as important aspects of achieving this relevant position in the architec-
tural design process.
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