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This paper introduces a computational framework that bridges the gap between qualitatively driven architec-
tural intent and quantitatively grounded engineering optimization in the context of building facade design.
At the core of the framework is a Morphological Index (M) based on fuzzy inference, which synthesizes
measurable attributes of the facade layout into a single, interpretable score. This index, in turn, serves
as the objective of an optimization algorithm tasked with shaping the facade’s morphology according to
designers’ preferences. A series of numerical investigations illustrates the framework’s adaptability to diverse

morphological design goals. Ultimately, the conversion of optimized layouts into expressive representations via
artificial-intelligence-powered visualizations confirms the framework’s applicability to automated conceptual

design of building facades.

1. Introduction

This section provides an overview of the study’s conceptual frame-
work and structure. It presents the building facade as a system in
which morphological factors remain challenging to integrate into au-
tomated design processes (Section 1.1). Section 1.2 discusses the sug-
gested framework and introduces how subjective architectural intent is
integrated into a optimization procedure.

1.1. Motivation

The facade' of a building is more than just its outer skin; it serves
as the interface between interior spaces and the surrounding con-
text. It is essential in defining the building’s aesthetics? [5] while
also influencing its structural behavior [6], acoustic [7], thermal and
daylight performance [6,8,9], as well as its environmental impact [8,
10]. Morphology® also plays a fundamental role, encompassing the
arrangement, shape, and relative positioning of components such as
walls, windows, balconies, loggias, and decorative elements [11,12].

* Corresponding author.

A significant distinction exists, however, between morphology and
other facade properties. In fact, facade characteristics such as struc-
tural behavior, acoustic insulation, thermal and daylight performance,
and environmental impact can be relatively easily quantified. This
quantifiability enables their direct integration into automated design
processes and optimization problems. Morphology, however, still lacks
a quantifiable measure. This makes it challenging to formalize and
incorporate morphological aspects as a singular metric within algo-
rithmic design workflows. As a result, the morphological aspect of
facades is often modeled indirectly or treated qualitatively a posteriori,
thereby limiting the holistic consideration of design alternatives within
automated design procedures.

To address this gap, the present study adopts a perspective grounded
in Human-Computer Co-Creativity (HC3), following Hoffmann’s view
of computational systems as creative partners capable of expanding the
design space, evaluating design alternatives, and supporting communi-
cation within the design workflow [13]. Building on these principles,
we introduce a fuzzy-logic-based method that embeds subjective archi-
tectural intent directly within automated facade optimization. A Fuzzy

E-mail addresses: carlottapia.contiguglia@uniroma3.it (C.P. Contiguglia), giuseppe.quaranta@uniromal.it (G. Quaranta), cristoforo.demartino@uniroma3.it

(C. Demartino), bfs@illinois.edu (B.F. Spencer Jr).

1 The term “facade” originates from the French word for “frontage” or “face” [1,2]. The term “facade” is derived from the Vulgar Latin term “facies” or
“facia”, meaning “front” or “face”, which corresponds to the English term “appearance” [3].
2 Aesthetics pertains to the visual perception of the facade. It encompasses the subjective qualities that make a building facade visually appealing.

3 The word “morphology” is derived from the Greek terms popeT (morph), meaning “form”, and Aovio (-ology), which refers to “treatise”, “study”, or
“science” [4]. It denotes the physical form and structure of the facade, encompassing the arrangement of its elements and its geometric properties.
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Number of storeys in the facade grid
Number of bays in the facade grid

Block matrix representing the entire facade
layout

Block matrix of attributes for the field at
storey i and bay j

Height of the ith storey and length of the
Jjth bay

The complete inventory of available wall
types

Total number of unique wall types in the
inventory 7

Integer identifier for the wall type at field
@)

Area of the facade field at position (i, j)
Function mapping wall type 7 to its verti-
cally reflected counterpart

Function mapping wall type 7 to its horizon-
tally reflected counterpart

Morphological Index (i.e., the final aggre-
gated score for fagcade morphology)
Generic morphological metric

Balance metric

Continuity metric

Density metric

Edge Density metric

Ground Floor Density metric

Pattern metric

Rhythm metric

Vertical Symmetry metric

Horizontal Symmetry metric

Uniformity metric

Fuzzy set representing a qualitative cate-
gory (e.g., ‘high’, ‘low’)

Membership Function for metric m in set M
The universe of discourse for a metric m
Triangular norm (t-norm) and co-norm
(s-norm) for fuzzy logic

Design vector containing the wall type
identifiers for all fields

The rth objective function

Weight assigned to the rth objective func-
tion

Raw (un-normalized) value of embodied
carbon

Unit value of embodied carbon for the wall
type at field (i, j)

Unit embodied carbon for glass and CLT
Crossover and mutation probabilities in the
Genetic Algorithm

Distribution index for polynomial mutation
in the Genetic Algorithm

Transparency level of field (i,j), ranging
from O (transparent) to 1 (opaque)
Standard deviation and mean, respectively
Parameters for left and right halves of the
facade in the Balance metric

Counting function for sub-patterns of type
t and size w

DFS Depth-First Search algorithm used for the
Continuity metric

V(i,J) Binary flag indicating if field (i, j) has been
visited in DFS

Fox Total number of filled (non-empty) fields in
the facade

P, Size of the dominant sub-pattern in the
facade

S ax Size of the largest connected path of fields

w The set of all sliding window sizes for
pattern detection

Wy, Wy Height and width of the sliding window in

the pattern metric

Inference System (FIS) is used to translate designers’ linguistic prefer-
ences into a single evaluative score — the Morphological Index (M I)
— which aggregates multiple morphological attributes into a unified
measure. This score becomes the objective guiding the optimization of
facade layouts. By allowing designers to express qualitative judgments
through linguistic rules that explicitly steer the search, the framework
permits solutions to be informed both by performance targets and
by creative insight. Through extensive numerical investigations, we
demonstrate that this approach empowers designers to explore innova-
tive, high-performance solutions that also align with their architectural
vision.

1.2. Outline and proposed framework

Fig. 1 schematically illustrates the proposed framework for the auto-
matic conceptual optimization of building facade morphology, with the
paradigm shift it introduces highlighted through comparison with the
state-of-the-art review in Section 2. Section 3 elaborates on the method-
ology introduced above. Section 4 then demonstrates its application
through a series of numerical investigations of increasing complexity,
followed by Section 5, which reports and discusses the corresponding
results. Finally, Section 6 summarizes the key findings, discusses the
main limitations, and outlines potential directions for future research.

The workflow of the proposed framework, based on the concept
of fuzziness (Section 3.1), begins with the definition of the inputs
(1), where the designer specifies the geometry of the facade and the
inventory of available wall types (Section 3.2). A set of morphological
metrics (Section 3.3, with detailed formulations in Appendix A) is
computed to describe the facade composition quantitatively. In the next
stage (2), the FIS processes the computed metrics using a knowledge
base that contains designer-defined qualitative rules and associated
fuzzy sets (Section 3.4). This stage translates quantitative metric values
into linguistic assessments, combining them through fuzzy reasoning
to produce a single crisp output (i.e., the MI). The MI serves as
the objective function for the design optimization carried out via a
Genetic Algorithm (GA) in the following stage. During the optimiza-
tion stage (3), the GA evaluates each candidate solution based on its
corresponding M1 value, applies genetic operators to generate new
configurations, and iteratively evolves the population until a termi-
nation criterion is reached (Section 3.5). In the final stage (4), the
optimized fagade layouts are presented to the designer for final selec-
tion, ensuring that creative and critical judgment remain central to the
process (Section 3.6). The selected design is subsequently subjected to
automated rendering through Al algorithms for refinement and visual
presentation.
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Fig. 1. Workflow of the proposed design framework for automatic conceptual optimization of the building facade.

2. Related work

A critical review of previous research provides insight into how
morphology is typically addressed in building facade design and eluci-
dates the dichotomy between morphological aspects and other facade
characteristics with respect to their quantifiability, thereby uncovering
how this divergence influences the advancement of holistic automated
design methodologies.

Digitalization has increasingly shaped the way facade morphology
is conceived and developed. Early parametric modeling approaches
demonstrated the capability of digital tools to generate large sets
of alternative facade solutions rapidly [14,15]. For instance, Rapone
and Saro [16] and Bao et al. [17] showed how parametric proce-
dures and procedural modeling can create systematic facade varia-
tions, while Moghtadernejad et al. [2] highlighted the role of digital
workflows in accelerating exploratory design.

Multi-objective optimization (MOO) has become a dominant
paradigm for facade design decisions. A chronological trend analy-
sis by Shan and Junghans [18] shows that the number of studies
on facade optimization has grown exponentially: early research fo-
cused mainly on energy performance [19,20], whereas more recent
studies increasingly include cost [21,22], daylight [23,24], and ther-
mal comfort [25,26]. Environmental and sustainability criteria are
also emerging, although still underrepresented. Despite this evolution,
most of these contributions treat morphology as a secondary effect of
performance-oriented optimization rather than as a first-class design
objective.

Some early studies have attempted to formalize morphological in-
tent within computational workflows. Pugnale and Sassone [27] ex-
plored the use of evolutionary algorithms to generate and optimize
free-form shell geometries, highlighting the role of the designer as a
decision-maker within multi-objective trade-offs. Gaspar-Cunha et al.
[28] proposed an interactive multi-objective optimization strategy to
incorporate aesthetic criteria — typically non-quantifiable — into the
search process, expanding the range of designer-relevant solutions. Sim-
ilarly, Byrne et al. [29] developed an evolutionary framework in which
structural constraints guide the exploration of conceptual forms orig-
inally shaped by aesthetic rules. Despite these advances, comprehen-
sive reviews [30-35] consistently report that facade geometry remains

rarely treated as an explicit, quantifiable design objective, and typically
emerges only as a byproduct of performance-driven optimization.

Parallel to optimization research, automated facade generation us-
ing AI has gained attention. Techniques employing generative adver-
sarial networks, variational autoencoders, and diffusion models have
been proposed for facade synthesis or stylistic translation. For in-
stance, Kuang et al. [12] demonstrated the use of diffusion models for
reconstructing historical facades, while the reviews by Duran et al. [36]
and Li et al. [37] comprehensively examined how Al-driven generative
tools are currently applied in architectural workflows. However, as
clarified by Duran et al. [36], most Al-based facade generation remains
image-oriented and cannot yet be integrated into parametric or opti-
mization pipelines due to the absence of a quantifiable morphological
descriptor.

Some recent studies have explicitly aimed to incorporate designer
preference or aesthetic intent into algorithmic processes. Yi [24] in-
troduced an inference engine to embed facade appearance preferences
alongside daylight criteria within a MOO setting. Ochoa et al. [38]
merged combinatorial equilibrium models with machine-learning clas-
sification to learn aesthetic preferences, while Guo et al. [39] used natu-
ral language processing to translate semantic input into structured mor-
phological configurations. These contributions mark significant steps
toward capturing architectural intent computationally, though they
stop short of defining a generalized, quantifiable measure of facade
morphology. This gap represents the key constraint in the explicit
integration of morphology into conceptual optimum facade design.

3. Methodology

This section describes the proposed framework’s components and
how they operate together within an integrated workflow. It provides
a conceptual foundation for transforming qualitative morphological
intent into a measurable objective using fuzzy sets and fuzzy inference
(Section 3.1). It then formalizes the facade representation and wall in-
ventory (Section 3.2), presents the morphological metrics used as inputs
(Section 3.3), and explains how the morphological index (Section 3.4)
is implemented in an optimization procedure (Section 3.5). Finally, it
describes the Al-based visualization process that translates optimum
layouts into design renderings (Section 3.6).
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3.1. Conceptual basis

This study introduces the M I as a fundamental tool for assessing
how effectively a facade fulfills the designer’s morphological intent
and, ultimately, for identifying configurations that are morphologically
consistent with the designer’s vision within an optimization-based para-
metric design exploration process. The M I is formulated to account for
the relevant morphological aspects of the facade. In doing so, the M I
is designed to bridge the gap between subjective morphological pref-
erences regarding facade appearance and objective design parameters,
fostering the development of automated tools that closely reflect expert
knowledge.

In principle, the M I can be assessed using classical logic, which
employs a binary approach to evaluate the degree to which design
criteria are fulfilled. In this approach, a layout that fully complies with
a certain design criterion is assigned a value of 1, while a noncompliant
layout is given a value of 0. These values represent the degree of
membership in a classical (or crisp) set, indicating complete inclusion
(1) or complete exclusion (0) [40]. Taking vertical symmetry as an
example of morphological feature, Fig. 2(a) illustrates that, out of three
alternative facade layouts, two do not strictly meet the requirement
(i.e., have a degree of membership of 0 in the target design criterion),
while only one is fully compliant, with an associated degree of mem-
bership of 1. Although straightforward, the binary approach is limited
by its rigidity, often conflicting with the subjective nature of mor-
phological criteria and, ultimately, with the human-based reasoning
process implemented in building facade design. Layouts that partially
fulfill a design criterion can still be valuable, especially when multiple
objectives must be balanced, even if they are not as preferable as
fully compliant solutions. Furthermore, as the design process involves
refining initially non-compliant solutions to accommodate multiple
preferences, rejecting all unfeasible layouts during the exploratory
stage would limit the effectiveness of automated design processes.
Therefore, this study proposes a flexible approach using fuzzy sets
and fuzzy logic to evaluate facade morphology, which better supports
the automatic exploration of optimal configurations [41-43]. While
fuzzy logic has been previously applied to spatial analysis [44] and
aesthetic evaluation [45], its potential as a core component of design
optimization remains underexplored.

Unlike the rigid binary approach, fuzzy sets enable a graduated
evaluation of how well a design criterion is met. A fuzzy set allows ele-
ments to have partial degrees of membership, typically represented by
a value between 0 (no membership) and 1 (full membership) [43,46].
This degree of membership is quantified by a membership function,
which maps each element of the universe of discourse (the range of
possible values for a variable) to a real number in the interval [0,
1]. In Fig. 2, three alternative layouts are considered, differing in the
degree to which they meet the morphological feature (moving from
left to right: very low vertical symmetry, medium vertical symmetry,
and high vertical symmetry). Fig. 2(a) demonstrates a binary eval-
uation, where the layout is either fully compliant (output equal to
1) or non-compliant (output equal to 0). Fig. 2(b) uses a continuous
approach, assigning intermediate values between 0 and 1 based on the
level of symmetry. The three representative facade layouts are then
assessed based on how well the design criterion related to vertical
symmetry is fulfilled, closely mimicking a human-based evaluation and
facilitating their proper consideration throughout the design process.
Beyond individual criteria, fuzzy logic further enables the modeling of
the complex interdependencies among multiple morphological features,
enabling the conversion of the typical evaluation process driven by
expert judgments into automated design procedures.

Automation in Construction 182 (2026) 106750

3.2. Fagade definition and wall inventory

The implementation of the proposed M I requires a formal defini-
tion of the building facade. In the context of the present study, a planar
facade consisting of N x M square or rectangular fields is considered,
as shown in Fig. 3.

This facade is intended to represent a typical multi-storey building
exterior. The height and length of each field composing the facade
are denoted as H; and L s respectively, where i = 1,...,N and j =
1,..., M. The facade is fully characterized by a block matrix F, where
each block f; j collects relevant attributes for the (i, j)th field. In this
study, a limited set of attributes is considered for each field, such that
£, =[H, L; t; e|, wheret; represents the wall type of the
(i, j)th field and can take any value from the wall inventory 7 = {t} =
{0 1 .. T} cN. Without loss of generality, 7, ; = 0 corresponds to
a field without a wall, #; ; = 1 represents a solid wall, and ¢; ;=2,....T
denotes walls with openings of different geometries and/or positions
(the number of wall types is thus equal to T). Moreover, e; ; represents
the unit value of the embodied carbon dioxide equivalent of the (i, j)th
field, which is determined by materials and geometric configuration of
the specific wall type 1, ;. Furthermore, this wall inventory 7 is a highly
extensible input that is completely user-defined and problem-based.
Instead of being limited by a predetermined set, designers are free to
create any number of unique wall types, each with a variety of features
pertaining to geometry (both in plan and out of plane), material, partic-
ular functions, shading characteristics, and other performance-related
factors.

3.3. Morphological metrics

The visual and spatial organization of the facade is often determined
not by a single feature but by multiple, possibly conflicting aspects. As
evaluating all relevant features is essential for automatically designing
the facade morphology, a set of metrics is proposed in Table 1, focusing
on key aspects of the facade morphology. For visual interpretation, see
the illustrative examples of facade layouts in Fig. 4, which correspond
to high values for each morphological metric.

The generic metric, denoted as m, quantifies a specific morpho-
logical aspect of the facade based on its characteristics, which are
collected in F. The detailed mathematical formulation for each metric
can be found in Appendix A. A concise description of each metric
is also reported in Table 1, highlighting the specific facade charac-
teristic it measures. Although not exhaustive, these metrics capture
key visual and spatial characteristics that are influential in the design
process of facades. As for the wall inventory, the specification of
metrics is a highly expandable input that is completely user-defined and
problem-based. Additionally, the framework supports the construction
of customized metrics that go beyond the morphological features shown
in Table 1. This versatility makes it possible to create metrics that are
sensitive to aspects like a building’s functional program or the morpho-
logical effects of 3D element combinations, where spatial linkages and
volumetric interactions are crucial.

Fig. 4 also presents illustrative examples of facade layouts that
rank among the best according to each of the morphological metrics
described in Table 1, facilitating their interpretation. In the example
relative to my;, the red numbers to the left and on the bottom indi-
cate how many fields are filled in the corresponding row or column.
Dashed red lines highlight the axis used to calculate the symmetry for
some metrics, such as mg, and mgy, or specific areas related to the
calculation of other metrics like m¢, mg, and mg.

When combined, these metrics allow for the efficient measurement
of the facade’s many visual and spatial characteristics and empower
designers to optimize their designs for solutions that are both visually
appealing and functionally viable.
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Fig. 2. Comparison between (a) sharp-edged and (b) continuous evaluation of a morphological feature (e.g., vertical symmetry of a building facade).
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Fig. 3. Schematic representation of the facade encoding: (a) facade with N x M fields; (b) block matrix F representing the facade divided into N x M blocks, each
associated with a wall type identifier; (c) inventory of available wall types, including void field (z; ;=0), solid panel (7; ;=1 and various openings (7; ;=2....7).

Table 1
Summary of the proposed morphological metrics.

Metric Symbol Equation Short description

Pattern mp Eq. (A.3) Evaluation of recurring sub-patterns in the facade.

Continuity me Eq. (A.6) Assessment of the visual coherence by identifying the largest connected region in the facade.
Vertical symmetry mg, Eq. (A.7) Quantification of the facade symmetry relative to the vertical axis (including possible flips).
Horizontal symmetry mg, Eq. (A.8) Quantification of the facade symmetry relative to the horizontal axis (including possible flips).
Balance mg Eq. (A.11) Analysis of the distribution of filled areas between the left and right halves of the facade.
Rhythm mp Eq. (A.14) Examination of the periodic repetition of facade elements across storeys or bays.

Uniformity my Eq. (A.18) Rating the even distribution of wall types across all storeys and bays of the facade.

Density mp Eq. (A.19) Rating the overall opacity of the facade.

Ground floor density mg Eq. (A.20) Appraisal of the transparency level of the facade at the ground floor only.

Edge density mg Eq. (A.21) Appraisal of the transparency level of the facade at the lateral edges only.

3.4. Fuzzy inference system for facade morphology assessment

Since ambiguity and perceptual variability are inherent in assessing
facade appearance, designers may interpret the same morphological
feature in different ways. For instance, in a conventional binary ap-
proach, a facade might be described as either ‘solid’ or ‘transparent’.
Fuzzy sets provide a more nuanced framework, allowing the facade
to be characterized more realistically as ‘solid’, ‘semi-transparent’, and
‘transparent’, each to a certain degree. In fuzzy logic, morphological
features are therefore expressed through linguistic categories that cap-
ture these gradual transitions. Rather than forcing a metric value into
exactly one category, it can belong to several categories at once, each to
a certain degree of membership between 0 (meaning it does not fit the

category) and 1 (meaning it fits perfectly) [47-49]. These degrees are
determined by simple curves, known as membership functions, which
map a numerical feature value to how well it corresponds to each
descriptive label.

As an example, consider the ground-floor density metric evaluated
through three categories as in Fig. 5. An input value of m; = 0.33 has
degree 0.30 in the ‘low’ category, a stronger degree 0.81 in ‘medium’
category, and 0.00 in ‘high’ category. In plain terms, this means that the
ground floor is mostly semi-transparent, while exhibiting a relatively
low solid appearance, but clearly not a high degree of density.

This operation exemplifies the fuzzification stage, in which nu-
merical inputs are translated into linguistic categories through their
associated membership functions. Several input—fuzzification strategies
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have been proposed in the literature [e.g.,50,51], and although orig-
inally developed in other domains, these strategies can be adapted to
the assessment of building facade morphology.

To ground the fuzzification stage in a formal framework, we in-
troduce the mathematical definition of a fuzzy set. Let 2,, denote the
universe of discourse for a morphological variable. A fuzzy set M C @,
is defined as the collection of ordered pairs [52]:

M= {(m up (m) | me,}, (€))

where p,,(m) is the membership function (MF) of m in M, taking values
in the interval [0, 1]. A value of u,,(m) close to 1 indicates a high
degree of membership of m in M, whereas values near 0 correspond
to non-membership. In other words, y,,(m) in Eq. (1) quantifies the
extent to which the numerical feature m belongs to the linguistic
category represented by M. A FIS builds upon these fuzzified inputs
by using a collection of fuzzy rules to map them to an output [53]. In
general terms, each rule links a set of linguistic conditions on the input
variables to a linguistic conclusion. A rule p takes the standard IF-THEN
form [48]:

Rulep : IF (antecedentp> THEN <consequentp> R 2)

where <antecedentp> specifies the fuzzy conditions on one or more
input variables, and <consequen1p> provides the resulting fuzzy output.
A rule may involve multiple linguistic statements in both its antecedent
and consequent. In the present framework, these rules are central
because they encode the design intentions behind facade assessment:
they determine how different morphological attributes interact and
how their combined fuzzy evaluations produce an overall assessment.

(e.g., ground floor density of a building facade).

Different types of FIS can then be constructed depending on how
the consequents of the rules are formulated. Two main approaches
are commonly used: the Mamdani method [54], in which the out-
put is expressed as a fuzzy set, and the Takagi-Sugeno-Kang (TSK)
method [55], in which the output is a mathematical function of the
input variables (typically a constant or a linear expression). Mam-
dani’s approach is preferred here, as it is suitable for dealing with
human-centric and interpretation-based decision-making applications,
while the Takagi-Sugeno—Kang’s method is more common for control
problems [53].

The problem of mapping from multiple input fuzzy sets to a single
fuzzy output through the pth fuzzy rule in Eq. (2) (so-called multi-
input-single-output Mamdani fuzzy rule) can be rewritten in the fol-
lowing general form [56]:

Rulep : IFm, € M, AND/OR/NOT m, € M, AND/OR/NOT ...AND/OR/

NOTm, € M, THEN n, € N, 3
M

where my,my,...,m, are the inputs, M,;, M, ..., M, are the fuzzy
sets representing the conditions for each input, n, is the output of the
pth fuzzy rule, and WV, denotes the fuzzy set representing the pth output.
Moreover, common fuzzy logic operators have been introduced, namely
AND (intersection), OR (union), and NOT (complement).

For two fuzzy sets M, and M,, the logical AND (or intersection
operator N) in Eq. (3) is defined such that [52,57]:

Hatyety (s ) =pag (m) g, () < min (s, (m. s, () )

Vm, € 2, .Vm; € Q (C)]

mg>
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Fig. 6. Illustration of a Mamdani-type FIS applied to calculate the M 1.

where t is the t- or triangular norm. The logical OR (or union operator
v) in Eq. (3) is instead defined such that [52,57]:

Hatgum, (Mgsmp) =ppg (mg) s pyq, (my) < max (,umg (my,), ﬂMf(mf))
Vm, € 2, .VGm; € Q,,. ()]

where s is the s- or triangular co-norm. Both t-norm and s-norm are non-
decreasing (monotonically) in each argument; they are commutative,
associative, and satisfy boundary conditions. The most common t-
norms are the intersection and the algebraic product, while the most
common s-norms are the union and algebraic sum. The relation be-
tween s- and t-norms is given by the equivalent of the De Morgan’s
laws in set theory. In Eq. (3), the logical NOT operator (corresponding
to the complement) of a fuzzy set M, is defined such that [52,57]:

Hyy, (mp) = 1=y, (mp) forvm, € Q,, . (6)

Fuzzy logic operators can be implemented depending on the project
targets and/or the designer’s preferences.

The outputs of all pth fuzzy rules derived from Eq. (3) are
then combined to obtain a single fuzzy output set
Now = {(nou,, HA (Mowr) ) | Mow € 2, } This aggregation is accom-
plished by using the fuzzy logic operator OR. After fuzzy conclusions
are combined, the so-called defuzzification step is performed [58]. The
center-of-area method is used for defuzzification, taking the output as
the balance point of the aggregated membership function, which pro-
vides a crisp value known as the centroid [58,59]. This step transforms
the fuzzy output distribution into a crisp value that represents the final
result of the FIS, which is the M I value.

Fig. 6 illustrates the general workflow of the Mamdani approach
applied to the computation of the M I, using vertical symmetry and
ground floor density as input features.

Each numerical input is first mapped into linguistic categories
(e.g., low’, ‘medium’, ‘high’) through the fuzzification stage. The fuzzy

rules then evaluate these linguistic inputs through logical operators
such as AND or OR, resulting in an activation degree for each rule.
Through the Mamdani implication method, this activation degree is
applied to the corresponding consequent fuzzy set, typically by trun-
cating its membership function. Consequent sets are described using
membership functions defined independently of the input membership
functions. These sets reflect the semantics of the consequent and may
differ in scale or shape from the input domains, as shown in Fig. 6.
In the first rule, one of the input memberships is zero, and the AND
operator therefore yields a zero activation degree. Under the Mamdani
implication method, the consequent fuzzy set is truncated at this
activation level, which collapses it to the zero membership function.
This is why the resulting output of Rule 1 appears as a flat line along
the horizontal axis in the figure. Rule 2’s antecedent includes only a
condition on the first input variable, in contrast to Rule 1. This indicates
that the only factor influencing Rule 2’s activation is Input 1’s degree
of membership in the relevant linguistic category. The strength of this
rule is unaffected by Input 2 since it is excluded from the antecedent. In
fact, using rules that rely on different subsets of inputs is a typical way
to represent context-sensitive relationships in fuzzy models. Finally,
Rule 3 has a nonzero activation degree, so its consequent fuzzy set
is only partially truncated, preserving its shape and contributing to
the final aggregated output. After all rule consequents are computed,
they are aggregated using the fuzzy OR (maximum) operator. The crisp
output shown in Fig. 6 (M1 = 0.83, in this example) corresponds to
the centroid of the aggregated fuzzy distribution. More precisely, the
value 0.83 is the abscissa of the center-of-area of the combined output
sets after applying the contributions of the rules.
for this FIS, outlining the steps from input fuzzification to output
defuzzification, is provided in the Supplementary Material (Algorithm
S1).

The pseudocode
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Fig. 7. Illustration of Al-powered conceptual visualization.

3.5. Morphology-based optimal design of the facade

The output of the FIS provides a crisp value that reflects the facade
morphology according to designers’ preferences. Hence, it can be em-
ployed to incorporate the morphology into the automated optimal
design of the facade, potentially alongside other relevant — and pos-
sibly conflicting — objectives. To achieve this, the design problem
involves selecting wall types from the user-defined wall inventory for
each field of the facade. Under the assumption that the heights H;
and lengths L; of each field in the fagade are a priori constant values
Vij, let x = [t .. 1 ty.u] denote the design vector
that collects the type of wall assigned to each field. By converting
the MOO problem into a single-objective one using the weighted sum
approach [60-62], the facade design can be generally formalized as
follows:

min (Zwrfabj.xx)) -
x e TNM,

where f,,; . is the rth objective function referring to a specific design
goal (such as morphology, energy efficiency, cost, environmental im-
pact, thermal comfort, acoustic comfort, and structural performance),
while w, is a factor introduced to weight their relative importance.
The condition in Eq. (7) aims at obtaining an optimal layout of the
facade by selecting the panel type from the assigned inventory 7. As a
consequence, Eq. (7) represents a discrete optimization problem, with
TNXM denoting the Cartesian product of 7 with itself (N x M) times,
which defines the discrete (N x M)-dimensional search space where
each component of x is an element of the inventory 7.

3.6. Al-powered visualization

The final step of the proposed framework is dedicated to translating
the abstract, optimized layouts into tangible visualizations. This step
aims to show that solutions generated as a result of an optimization
procedure can form the basis for compelling design concepts. The
process employs a generative Al model capable of performing a multi-
modal translation, guided by several key inputs and parameters set by
the designer. These include three primary inputs (see Fig. 7): (1) the op-
timized 2D fagade layout, which defines the fundamental arrangement
of solid and void elements; (2) a stylistic reference image that provides

a stylistic target; and (3) a descriptive text prompt to specify materials,
atmosphere, and context.

In addition to these inputs, the designer sets a crucial control
parameter, the render type, which modulates the model’s interpretive
freedom. This setting offers modes such as ‘precise’, ‘balance’, or ‘cre-
ative’. A ‘precise’ setting instructs the model to adhere strictly to the
inputs, while a ‘creative’ setting allows for greater artistic license and
deviation. The ‘balance’ mode provides a trade-off between fidelity and
innovation. The underlying technology, as exemplified by platforms
like the LookX AI Cloud platform [63], uses these combined directives
to condition advanced generative models. The model synthesizes a
high-fidelity rendering that is immediately intelligible to designers and
stakeholders, thereby facilitating the effective connection of compu-
tational logic with creative representation and informing subsequent
design decisions, in a process where human input remains essential also
for final judgment and design selection.

4. Numerical investigations setup

This section describes the numerical setup adopted to apply the
proposed framework in a series of design scenarios. It specifies the con-
figuration of the fuzzy inference system and the optimization strategy
(Section 4.1), defines the wall inventory and design data (Section 4.2),
and outlines the set of test cases used to explore the behavior of the
method under increasing levels of complexity (Section 4.3).

4.1. Inference engine configuration and optimization strategy

For the following numerical applications, the FIS was configured
using the scikit-fuzzy library [64]. The MFs for the antecedents
and the consequent (i.e., the M I) are shown in Fig. 8. Decreasing and
increasing stepwise linear functions were used for the ‘low’ and ‘high’
sets, while a triangular function was employed for the ‘medium’ set.
The fuzzy operators involved in the rules of the FIS were the minimum
t-norm for the AND conjunction and the maximum s-norm for the OR
disjunction.

Regarding the optimization problem, in the following applications,
the general MOO formulation in Eq. (7) is limited to a single-objective
problem to focus on maximizing the M. Accordingly, the design
problem takes the following form:

max (MI(x)). ®
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Fig. 8. Configuration of the FIS: MFs for (a) all input variables (antecedents) and (b) the output variable, namely the M (consequent).

The optimization problem defined in Eq. (8) involves a discrete
search space and is solved using a GA. The pseudocode for this GA
is provided in the Supplementary Material (Algorithm S2). It is im-
plemented using the pymoo framework [65] and configured with
specific settings (e.g., a 4-point crossover operator with probability
p. = 0.4 [66] and a polynomial mutation with probability p,, = 0.5 and
parameter 1 = 3 [67,68]) that were selected for their efficiency and
speed in solving a test optimization scenario. For an assessment of the
algorithm’s sensitivity to these and other parameters, including their
impact on computational time and convergence, refer to the Supple-
mentary Material (Table S1). Since the design variables — representing
wall types — are integers, they are managed within the real-valued GA
using a rounding repair mechanism to ensure feasibility [69].

The initial population size was scaled in proportion to the number
of design variables and the complexity of the scenario. For instance,
for a baseline 6 x 6 facade, a population of 1440 individuals (40
times the length of the design vector) was used. A hybrid initialization
strategy is employed to balance exploration and exploitation from the
outset [70-72]. Specifically, 40% of the initial population is generated
using latin hypercube sampling and refined with 100 local search
iterations. The remaining 60% is generated using a Sobol sequence,
seeded from the refined individuals. This approach is designed to create
a diverse initial population that is also biased toward high-performance
regions of the search space, accelerating convergence.

At the end, the environmental performance of the facade is assessed
as a secondary outcome. This allows for the evaluation and ranking
of the top-performing solutions that emerge from the morphology-
driven optimization. The environmental impact is quantified by the raw
embodied carbon dioxide equivalent, E,,, (x):

N M

Er® =),

i=1 j=
where A;; = H,; - L; is the area of the (i, j)th field and e; ;(x) is the
embodied carbon dioxide equivalent of the wall in the (i, j)th field.

A;je; ;(X) (€)]
1

4.2. Set of wall types

Fig. 9 illustrates the complete wall inventory 7 considered in the
following numerical investigations. It is important to note that this
specific inventory is illustrative; the framework’s design allows for
the definition of any custom wall types and associated properties by
the user. The inventory explores a range of morphological features,
beginning with basic states — an empty field and a solid panel — and
progressing to more complex arrangements. These configurations in-
clude variations in window placement (e.g., centered, corner, shifted),
quantity (single, double), and aspect ratio (square, tall, long), as well as
a central door. A key aspect is the treatment of the symmetry condition.
As detailed in Table 2, this is determined not only by the own symmetry
of the wall but also by its relationship to the counterpart generated
via pre-defined flipping functions, namely flipy(#) and flipy (7). These

functions map a given wall type ¢ to its horizontally or vertically
reflected pair within the inventory, allowing the symmetry metrics
(Egs. (A.7) and (A.8)) to evaluate matched asymmetric elements. For
instance, the left-shifted window (+ = 3) is the vertical counterpart of
the right-shifted window (¢ = 4), such that flipy (r = 3) = 4.

To assess the environmental performance of the facade as in Eq. (9),
embodied carbon dioxide equivalent values are also listed in Table 2
and are determined based on the Environmental Product Declaration
(EPD). The calculations consider life-cycle stages A1-A3 (covering raw
material supply through manufacturing) and D (benefits and loads
beyond the system boundary). For the solid panels, Rubner-XLAM [73]
Cross-Laminated Timber (CLT) is selected. Based on its EPD from the
IBU platform [74], the resulting embodied carbon dioxide equivalent
value, converted to a per-square-meter basis for a 9-cm thick panel,
is ec;r = —93.0 kgCO,e/m?. This negative value is significant, as it
reflects the biogenic carbon sequestered during the wood’s growth.
For glazed elements, the extreme-aluminum top double-glazing variant
(F3) [75] is used. This module yields an embodied carbon equivalent
value of ey, = 96.99 kgCO,e/m? per functional unit (defined as 1 m?
over a 30-year service life).

4.3. Design data and scenarios

To demonstrate the effectiveness and versatility of the proposed
framework, seven Design Scenarios are analyzed. Through this set of
applications, the feasibility and adaptability of the proposed approach
are systematically demonstrated. These scenarios feature progressively
increasing complexity to test the framework’s performance under di-
verse morphological requirements. As detailed in Table 3, the scenarios
vary in key parameters, including facade dimensions, the customiz-
able inventory of available wall types, and designers’ fuzzy rule sets
embodying architectural intent, thereby providing a comprehensive
assessment of the methodology across a range of design challenges.

By considering relatively simple building facade geometries and a
limited set of morphological requirements, case studies from DSO to
DS4 enable the assessment of the overall validity of the automated
optimization process guided by the proposed M I under controlled con-
ditions. The initial scenarios, DSO and DS1, establish a baseline with 36
design variables (on a 6 x 6 grid) and a minimal inventory of just two
wall types (¢ € [0, 1]), creating a search space of 23¢ possible fagades.
Subsequent scenarios, DS2 and DS3, vary the facade dimensions (up to
a 5 x 8 grid) while progressively expanding the wall inventory to three
and then five types, respectively. The complexity culminates in DS4,
which, despite returning to a 6 x 6 grid, utilizes the full inventory of
12 wall types. This dramatically increases the discrete search space to
123 configurations, creating a more challenging optimization defined
by numerous competing morphological requirements. Finally, DS5 acts
as a controlled study to demonstrate stylistic differentiation using larger
grid sizes. This scenario models a pair of ‘twin towers’ with 125
variables (5 x 25 grid for DS5a) and 100 variables (5 x 20 grid for
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Fig. 9. Wall inventory: (a) general wall layout with opening geometry; (b) proposed wall types (¢ = 0-11) illustrating variations in window and door configurations
(red dot indicates the window origin).

Table 2
Wall inventory: wall types (¢), symmetry mappings (flipj, flip,,), window dimensions (/, h), window origin coordinates (x, y), and associated embodied carbon
values.

t Description flipy (1) flipy, (1) Window size Window origin C4lass ecrr
I [cm] h [em] x [cm] y [em] [kgCO,e] [kgCOze/mz]
0 Empty field =0 =0 N/A N/A N/A 0
1 Full field t= t= N/A N/A N/A
2 Square window in the middle t=2 t=2 140 120 L, - (1/2) 100 162.9
3 Square window on the left t=4 t=3 140 120 20 100 162.9
4 Square window on the right =3 t=4 140 120 L;—(+20) 100 162.9
5 Two square windows =5 t=5 120 120 20 100 139.6
6 Door in the middle t=6 N/A 90 215 L;-(/2) 0 187.7 -93.0
7 Small square window in the top-left corner t= N/A 60 60 20 100 34.9
8 Small square window in the top-right corner t=17 N/A 60 60 L, —(+20) 100 34.9
9 Tall thin rectangular window on the left t=10 t=9 60 140 20 H, —(h/2) 81.5
10 Tall thin rectangular window on the right t=9 t=10 60 140 L; - (I +20) H; - (h/2) 81.5
11 Long horizontal rectangular window t=11 t=11 140 60 L,-/2) 100 81.5
Table 3
Design scenarios for different building facades together with assigned geometric data, wall types, and design rules.
Design NxM H 1 Rules
scenario L
DSO 6 X6 H=1gx30m t,; €10,1] Pattern (high)
L=14x60m Continuity (low)
DS1 6 X6 H=14x30m 1, €10,1] Vertical symmetry (high)
L =1[3.0,6.0,6.0,6.0,6.0,3.0] m Pattern (high)
Continuity (low OR medium)
DS2 5x8 H=15%x30m t;; €10,1,2] Rhythm (high)
L =1[6.0,6.0,3.0,6.0,6.0,3.0,6.0,6.0] m Balance (high)
Density (medium)
DS3 7 X5 H=1,x40m 1, €10,1,....4] Horizontal symmetry (high)
L=15x50m Uniformity (high)
Ground floor density (low OR medium)
DS4 6 %6 H=1,%x30m 1, €10,1,...,11] Density (medium OR high)
L =1[3.0,3.0,3.0,6.0,6.0,6.0] m Continuity (high)

Ground floor density (low OR medium)
Balance (low)
Edge density (medium)

DS5a 5x 25 H=1)x30m t,; €10,1] Pattern (medium)
L=15x60m Density (medium)
Ground floor density (low)
Continuity (medium OR high)
Balance (high)
Vertical symmetry (low OR medium)
Edge density (medium)

DS5b 5 x 20 H=1,,x30m t;; €10,1] Pattern (high)
L=15x60m Density (medium OR low)
Ground floor density (low)
Continuity (low)
Balance (high)
Vertical symmetry (high)
Edge density (low)

10
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Fig. 10. Design scenario DSO: (a) fuzzy rules; (b) visualizations of the M 1.

DS5b). Despite the larger scale, these scenarios revert to the simple two-
type wall inventory to highlight the framework’s capacity to produce
unique architectural expressions — one emphasizing balanced massing
and the other a lighter, more symmetrical appearance — only through
the manipulation of the designer’s preferences.

5. Results

This section reports the outcomes of the numerical investigations
introduced in Section 4. For each design scenario (DS0-DS5), we
present representative high-scoring facade layouts together with con-
vergence behavior and the corresponding values of the M1 and rel-
evant morphological metrics. Environmental performance is reported
as a secondary indicator to support comparison among solutions with
similar morphological scores.

5.1. Pattern and continuity (DS0)

The first design scenario, DSO, serves as a baseline to evaluate the
framework’s core functionality in a controlled setting. This scenario
uses a simple 6 x 6 grid with a minimal inventory of only two wall
types (;; € [0, 1]), representing solid and void panels. The main goal
is to generate highly fragmented facades by applying fuzzy rules that
reward high pattern and low continuity. The interaction between these
two metrics, as defined by the fuzzy rules (Fig. 10(a)), is visualized in
Fig. 10, which illustrates how the M I score changes based on the input
metric values (Fig. 10(b)).

Fig. 11(a) shows that the population’s fitness rapidly improves, with
the best solutions stabilizing at a high M value of approximately
0.93 by generation 25. The progression of the individual metrics for
the best-found solution, plotted in Fig. 11(b), reflects the design rules:
the pattern metric is maximized, reaching its theoretical optimum of
1.0, while the continuity metric is minimized, declining to a value
of approximately 0.1. This progression is typical of the algorithm’s
convergence across all design scenarios, thus it is presented here for
illustrative purposes only.

From a pool of 1440 individuals in the final generation, 307 (21.3%)
achieved the maximum M1 of 0.93, indicating robust convergence
toward a specific morphological solution. This M I value of 0.93 was
consistently achieved by the optimization procedure across multiple
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runs, denoting the global optimum for this scenario. However, the algo-
rithm identified multiple distinct facade layouts that yielded the same
optimal value of the objective function. The final optimized layouts,
presented in Fig. 12, exhibit a distinct architectural character consistent
with the targeted requirements. Within this large pool of optimal solu-
tions, a recurrent configuration emerges, consisting of 14 solid panels,
which corresponds to an embodied carbon value of —20.47 tonCO,e.
The optimized facades in Fig. 12 reflect the strategic resolution of the
two competing morphological requirements. To illustrate the variation
in environmental impact, here and henceforth the optimal layouts were
grouped into four CO, emission quantiles, with four random layouts
sampled from each group. Each row in the figure corresponds to one
quantile, arranged from most environmentally favorable (top) to least
favorable (bottom). The requirement for a high pattern score was met
by establishing and repeating a minimal sub-pattern — typically an
arrangement of solid panels spanning two adjacent bays. This modular
unit was then shifted horizontally between storeys, a strategy that
effectively breaks up vertical and horizontal alignments, thus satisfying
the requirement for low continuity. While the solutions in Fig. 12
achieve the same M I, they exhibit significant variation in environmen-
tal performance (sequestered tonCO,e), providing the designer with a
set of high-performing layouts for a final, informed selection.

5.2. Vertical symmetry, pattern, and continuity (DS1)

The second design scenario, DS1, investigates the impact of adding
a strong geometric constraint to the baseline problem. While retaining
the same 6 x 6 grid and the minimal two-type wall inventory of DSO,
the fuzzy rules set is updated to require high vertical symmetry in
addition to high pattern while the continuity requirement is slightly
relaxed to allow for low-to-medium values. This scenario is designed
to test how the optimization process navigates the interplay between
the existing and new morphological requirements.

It is evident that the morphological outcome is altered when vertical
symmetry is included, leading to a different set of optimized solutions
as shown in Fig. 13. The convergence toward the optimal solution
is notably tighter in this case: out of 1800 individuals in the final
generation, only 59 (3.3%) achieved the maximum M7 of 0.87. The
top-performing layouts for DS1 are all now characterized by a strongly
symmetrical organization. The optimization process satisfied this re-
quirement through two primary strategies: either by forming centrally
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Fig. 11. Optimization performance for design scenario DSO: (a) evolution of population fitness over 50 generations; (b) evolution of the M I and its contributing

metrics for the best individual in each generation.
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Fig. 12. Top-performing facade layouts for design scenario DSO.

aligned (solid or empty) strips that span multiple bays or by mirroring
the minimal two-bay modular unit across the facade’s central axis. The
requirement for low-to-medium continuity is primarily fulfilled by in-
troducing horizontal breaks, using empty storeys to interrupt otherwise
continuous vertical strips. Since enforcing vertical symmetry requires
more solid panels to achieve balanced compositions, a larger potential
for sequestered carbon dioxide compared to the sparser, non-symmetric
solutions from DSO0 is obtained.

5.3. Rhythm, balance, and density (DS2)

Design Scenario DS2 advances the complexity. The problem is de-
fined on a larger 5 x 8 grid with alternating bay widths, a geometric

12

setup that discourages simple symmetry. The wall inventory is ex-
panded to include a centered window unit (z; ; €10,1,2]), allowing for
greater variation in transparency. The fuzzy rules for this scenario tar-
get a sophisticated expression by requiring high rhythm, high balance,
and medium density.

The optimization results, shown in Fig. 14, reveal that the algorithm
successfully navigated this highly constrained problem. The conver-
gence is tight, with only 34 individuals of 1800 individuals (1.9%)
achieving the maximum M of 0.76, indicating a sparse distribution
of optimal solutions within the vast search space. The analysis of these
top-performing layouts reveals the specific strategies the GA discovered
to meet the tripartite requirements. The requirement for high rhythm
is consistently met through the formation of vertical bands, where
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Fig. 13. Top-performing fagade layouts for design scenario DS1.
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Fig. 14. Top-performing facade layouts for design scenario DS2.
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Fig. 15. Top-performing facade layouts for design scenario DS3.

columns of windowed panels create a strong visual pulse across the
facade, a direct response to the irregular bay widths. The need for high
balance is achieved through two distinct approaches. Some solutions,
such as Layout 2, exhibit near-perfect symmetry. Others, like Layouts
1 and 4, achieve an asymmetric condition by carefully distributing
infilled and void elements across the horizontal axis. At the same
time, the medium density is satisfied by interspersing panels with
the transparent window units, resulting in facades that are neither
monolithic nor overly glazed.

5.4. Horizontal symmetry, uniformity, and ground floor density (DS3)

Design Scenario DS3 features a facade configured as a 7 x 5 grid
with constant bay widths and variable storey heights. The complexity
is further increased by expanding the wall inventory to five types
(; ;€10,... ,41), which includes progressively more opaque panels. The
fuzzy rules are designed to enforce a stable, orderly composition by
requiring high horizontal symmetry and high uniformity, along with
low-to-medium ground floor density.

The optimization results for DS3, presented in Fig. 15, reveal a
robust convergence toward the desired architectural character. From
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the final generation of 5250 individuals, only 31 (0.6%) achieved the
maximum M1 of 0.85, indicating that the optimal solution lies in a
highly specific and narrow region of a complex search space. The visual
output confirms the success of the optimization. The layouts consis-
tently exhibit strong, though not always perfect, horizontal symmetry,
often with only a few panels deviating from a pure mirrored state.
Similarly, the high uniformity is evident in the even distribution of
elements across both storeys and bays. The final M I score remains
below the theoretical maximum because of the inherent trade-offs:
for instance, achieving perfect uniformity can conflict with achieving
perfect horizontal symmetry.

5.5. Density, continuity, balance, ground floor density, and edge density
(DS4)

Design Scenario DS4 represents the most complex challenge, de-
signed to test the framework’s ability to synthesize a wide range
of competing constraints into a coherent architectural solution. It is
defined on a 6 x 6 grid with varied bay widths and utilizes the full
inventory of 12 wall types, creating a vast space. The fuzzy rules for
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Fig. 16. Top-performing facade layouts for design scenario DS4.

this scenario intentionally omit any rules related to formal ordering
principles like symmetry, rhythm, or pattern. Instead, it imposes a
multifaceted set of five simultaneous requirements: medium-to-high
density, high continuity, low balance, medium ground floor density,
and medium edge density.

The optimization results, presented in Fig. 16, demonstrate a re-
markable convergence towards a specific and unconventional archi-
tectural concept. Despite the problem complexity, 32 out of 7200
individuals (0.4%) from the final generation achieved the highest M I
of 0.76. An analysis of these top-performing layouts reveals a clear
design strategy that satisfies all five morphological requirements si-
multaneously. The exclusion of formal ordering rules results in visu-
ally irregular window arrangements. These outcomes demonstrate the
framework’s ability to emulate a design strategy of intentional asymme-
try. The resulting facades are not merely irregular but exhibit composed
arrangements. While not replicating the complex compositional hi-
erarchy of specific architectural precedents, these arrangements can
resonate with certain stylistic qualities, such as the deliberate asym-
metry and varied fenestration seen in examples from Le Corbusier’s
Ronchamp Chapel (Ronchamp, France) to more contemporary designs
(Fig. 17), thereby validating the framework’s capacity to generate
required morphologies.
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The requirement for low balance is achieved through a pronounced
asymmetric massing, where the majority of solid wall panels are con-
centrated on one side of the facade. This massing is pushed toward
one of the vertical boundaries to satisfy the medium edge density rule,
while the high continuity requirement ensures these panels form a
large, connected surface. Accordingly, the resulting facades exhibit a
strong duality: one side reads as a solid, heavy mass that dissolves into
an open, transparent field on the other.

5.6. Twin high-rise towers (DS5)

The final case study, DS5, is designed as a definitive test of the
framework’s versatility and its capacity for nuanced stylistic control.
This scenario conceptualizes a pair of ‘twin’ high-rise towers with
distinct proportions: a tall, narrow tower (DS5a: 5 x 25) and a wider
one (DS5b: 5 x 20). The core of this controlled experiment lies in its
constraints: both towers are built from an identical, simple inventory
of only solid and void panels (¢;; € {0,1}) and are evaluated using
the same set of seven morphological metrics. The only difference is
related to the fuzzy rules, which convey two contrasting architectural
philosophies. The first tower is guided by rules emphasizing a balanced,
moderately dense composition with high continuity. The second is
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Fig. 17. Kornerstone International Academy by hyperSity Architects pho-
tographed by Weiqi Jin in 2018 [76].

driven by a stricter logic prioritizing strong vertical symmetry and
pattern repetition, while suppressing continuity.

The results of the optimization problem are illustrated in Fig. 18.
The resulting facade layouts exemplify the divergence in the morpho-
logical expression. The first tall tower (Fig. 18(a)) exhibits a well-
balanced and evenly distributed mass, resulting in a strong yet porous
appearance with high carbon sequestration performance (e.g., —89.34
tonCO,e) due to the material density. The second tall tower (Fig. 18(c))
is characterized by a strong commitment to symmetry and structured
repetition, which, combined with low continuity, produces a lighter,
more open, and highly ordered composition. This comes at the cost of
lower carbon sequestration (e.g., —39.84 tonCO,e).

The convergence plots in Fig. 18 also reveal the distinct paths taken
to satisfy the design requirements. For the first tall tower, the M T
rapidly converges to a high value of 0.87 (Fig. 18(b)). This is primarily
driven by strong gains in the pattern, density, and balance metrics,
which stabilize around generation 30. In sharp contrast, the second tall
tower converges to a slightly lower M T of 0.84 (Fig. 18(d)), following a
more volatile trajectory. Its optimization is dominated by a clear trade-
off: vertical symmetry and pattern are maximized while continuity and
edge density are suppressed. These distinct metric trajectories are a
direct reflection of the different priorities imposed for each scenario.

5.7. Al-powered conceptual visualization

To demonstrate the visualization process, the methodology was
applied to the two highest-ranked layouts from the DS5 case study
(Figs. 18(a) and 18(c)). The translation was performed on June 12,
2025, using the LookX Al Cloud platform [63]. For each layout, the 2D
grid served as the structural input, supplemented by a stylistic reference
image available in LookX Al Cloud and a unique text prompt. To ensure
the model respected the integrity of the input layouts while allowing
for stylistic interpretation, the ‘precise’ render type was selected for
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both renderings. The text prompts were tailored to produce distinct
architectural characters.

For the first concept (Fig. 19(a)), a descriptive, scene-based prompt
was used: “Modernist office building with multiple levels, utilizing con-
crete and glass materials. The architecture exudes modernity and futurism,
suitable for high-tech companies or creative enterprises. Photorealistic, in
an urban environment with surrounding activity, including pedestrians and
vehicles”. For the second tower (Fig. 19(b)), the prompt consisted of
keywords referencing a specific architectural language: “Distant shot,
office building group, high rise, modern style, Mies van der Rohe, linear
form, geometric form, glass curtain wall, marble, vertical frame, sunny,
streets, landscape, commercial atmosphere”.

The resulting renderings (Fig. 19) show how the model integrated
the foundational grid of each layout with the specified stylistic cues.
The process yielded distinct architectural concepts that adhere to the
optimized patterns while being enriched with materiality and context.
This final step illustrates how the framework’s abstract outputs can
be developed into detailed visual proposals, bridging the gap between
computational analysis and design representation.

This visualization component is critical for the framework’s real-
world applicability in early conceptual design. By transforming abstract
computational results into tangible, perceptible architectural concepts,
it provides immediate feedback to designers, facilitating rapid stylis-
tic iteration and the validation of optimized morphologies against
a broader architectural vision. Moreover, these high-fidelity render-
ings serve as powerful communication tools, enabling architects to
effectively convey design intent to clients and non-specialist stake-
holders, thus ensuring that computationally generated solutions are
both aesthetically compelling and practically understandable within a
collaborative design process.

6. Conclusions

This research arises from the observation that, among the multiple
characteristics of a building facade, morphology still lacks a systematic
and operational way of being quantified in relation to explicitly stated
design intentions. This gap limits the integration of morphological con-
siderations into automated design and optimization processes, where
morphology typically emerges as a byproduct rather than a controllable
objective.

The main contribution of this paper is the formulation of a rigorous
fuzzy logic-based methodology that translates high-level morphological
preferences — expressed through customizable linguistic rules — into
a quantitative measure, the Morphological Index (MI). A thought-
provoking aspect of the present work is that the proposed methodology
effectively enables designers to encode architectural intent directly into
the optimization process, allowing morphology to be steered deliber-
ately rather than implicitly. Across multiple scenarios, the conceptual
design optimization identified solutions that reconciled competing mor-
phological attributes in unexpectedly effective ways, underscoring the
framework’s capacity to reveal non-obvious design opportunities.

A sequence of numerical investigations of increasing complexity —
ranging from controlled validation scenarios to a realistic twin-tower
case study — demonstrated the versatility and reliability of the ap-
proach. In the latter, the workflow was further validated by translating
optimized abstract grids into architectural concepts using Al-assisted
rendering, showing that the optimized facades can be meaningfully
interpreted at an architectural level.

The current framework is subject to some limitations. First, the
formulation is two-dimensional and grid-based, an abstraction that
offers computational tractability but does not yet represent volumetric
interactions or the spatial depth of real facades. Second, the wall inven-
tory and morphological metrics, while adaptable, remain abstractions
of full architectural richness; surface attributes such as texture, color, or
material transitions are not yet incorporated. Third, the fuzzy rule sets
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Fig. 18. Two top-performing facade layouts and convergence behavior for design scenarios DS5a and DS5b: (a) and (c) show the highest-M I layouts while (b)
and (d) illustrate the progression of the M I and contributing metrics over 40 generations.

Fig. 19. Al-generated architectural visualizations of the two highest-ranked layouts for design scenario DS5: Layout 1 (a) and Layout 2 (b).
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rely entirely on designer specification, which preserves interpretability
but may require careful tuning for complex projects or large rule bases.

Building on these limitations, several promising avenues for future
research can be identified.

» Extending the framework to three-dimensional facade geometries,
which requires defining volumetric morphological metrics and
expanding wall attributes to include depth, extrusions, recesses,
and other spatial properties.

Enriching the morphological vocabulary by incorporating addi-
tional surface-level attributes such as color, texture, or material
transitions. Similarly, metrics linked to a fagade’s inner functional
program or its relationship with the surrounding context can be
developed.

Developing mechanisms for semi-automatic calibration of fuzzy
rule sets, combining designer input with data-driven or inter-
active learning approaches to enable more adaptive, iterative
refinement.

Embedding the M I into multi-objective optimization workflows
that balance morphology with other performance criteria — such
as daylight, energy, and embodied carbon - thus broadening
applicability to later design stages.
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Appendix A. Formulation of the morphological metrics

This appendix provides the detailed mathematical formulation for
each of the morphological metrics summarized in Table 1. Each sub-
section is dedicated to a single metric and is structured to provide:
(i) the underlying conceptual rationale, (ii) the complete mathematical
formulation, and (iii) a set of simple, illustrative examples to aid
interpretation. These examples are intentionally simplified using basic
solid and void layouts to isolate and clarify the specific morphological
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characteristic that each metric is designed to quantify. Collectively,
these formal definitions establish a rigorous numerical foundation upon
which the FIS operates, translating the abstract qualities of facade
design into computable inputs for the optimization framework.

A.l. Pattern

The pattern metric mp is introduced to quantify the relative im-
portance of recurring, uniform square or rectangular sub-patterns com-
posed of identical wall types. It is calculated through sliding windows
of varying size that scan the entire facade to identify both the ex-
istence and frequency of recurring sub-patterns. In particular, each
window scans the block matrix representing the facade starting from
the top-left corner and sliding horizontally and vertically across all
possible positions. For each position, the fields of the facade within
the window are then inspected to check whether they form a uniform
square or rectangular block of identical non-empty wall types. Once
such a sub-pattern is identified, the corresponding fields are marked
to exclude them from overlapping regions of subsequent windows to
prevent double-counting. Heights and widths of the moving windows
are assigned a priori and collected in the set W = {w} = {(wy,w;)} =
{(L2y (1.3) @D @G (M,N)} (i.e., the size vari-
ables wy and w; represent the number of storeys and bays, respec-
tively, of the moving window). For each window size w = (wy,w;) €
W, a counting function ¢,(w) is then evaluated over all possible window
positions. This function provides the number of occurrences of a sub-
pattern of size w € W composed entirely of a wall type t € {T \ 0}.
The dominant sub-pattern is identified over the facade as the one
corresponding to P,,., defined as follows:

ax?

= max (max (wH Swy - c,(w))) . (A1)

max 1e{T\0} \wew

If the corresponding total number of filled fields in the facade is
denoted as

F =

max

(A.2)

M=
M=

Lis, %005
1

~
I

where 1y, is a function that returns 1 if the condition given by {-} holds
and 0 otherwise, then the pattern metric mp is evaluated as follows:

P,

max

F,

max

mp = (A.3)

If a significant portion of the facade is composed of a single square
or a rectangular repeating sub-pattern, this metric will yield a value
closer to 1, indicating a strong and consistent repetitive visual appear-
ance. Conversely, if the facade features minimal repetition and consists
of diverse sub-patterns, the metric will produce a value closer to 0.

For example, consider the three facade layouts shown in Fig. A.20,
each consisting of only a single wall type, where F,,,, is equal to 17,
16 and 18 for Figs. A.20(a), A.20(b) and A.20(c), respectively. For
w = (1,2), ¢p(1,2) is equal to 3, 4 and 2 for Figs. A.20(a), A.20(b) and
A.20(c), respectively. The value of ¢;(2, 1) corresponding to w = (2, 1) is
also equal to 3 and 4 for Figs. A.20(a) and A.20(b), respectively, while
it is 6 for Fig. A.20(c). If it is assumed w = (1, 3), then ¢y (1,3) = 1 for all
layouts but if a window size of w = (3, 1) is considered instead, c¢;(3, 1)
results equal to 1, 4 and 6 for Figs. A.20(a)-A.20(c), respectively.
Moreover, it can be noted that it is possible to assume w = (2,2) for
Figs. A.20(b) and A.20(c) only, where ¢;(2,2) = 1 for both, while
w = (3,3) as well as such that either wy or w; are larger than 3 are
not feasible for all the layouts in Fig. A.20(a). This implies that the
layout of Fig. A.20 leads to the lowest value of the pattern metric mp
since P,,. = 1-2-3 = 6, corresponding to w = (1,2), from which
mp = 0.35. The central layout of Fig. A.20(b) attains an intermediate
value of the pattern metric mp for w = (3,1), with P, =3-1-4 =12
corresponding to mp = 0.75. The layout of the facade on the right
achieves the maximum pattern metric score for w = (3,1), as it leads
P,.x =3-1-6=18, corresponding to mp = 1.

max
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Fig. A.20. Illustration of the pattern metric m, computed for three facade layouts with increasing regularity: (a) irregular layout with low pattern metric
(mp = 0.35); (b) intermediate regularity resulting in a higher pattern metric (m, = 0.75); and (c) highly regular layout achieving the maximum pattern metric

(mp =1).

A.2. Continuity

The continuity metric m evaluates the visual coherence of a build-
ing facade by detecting the largest connected paths of uniform wall type
while considering its transparency. This accounts for the fact that walls
with openings contribute less to the overall facade continuity compared
to solid panels. The size of each connected portion is calculated using
a depth-first search (DFS) type algorithm that recursively explores all
neighboring fields with the same wall type, taking into account the
transparency level. The pseudocode for this Depth-First Search (DFS)
algorithm, which explicitly accounts for cell opaqueness during its
recursive exploration, is provided in the Supplementary Material (Al-
gorithm S3). Accordingly, the following index DFS (i, j) is calculated
for each (i, j)th field:

DFS (i, )) =
0 V@, j)=1
P, )+ Z(i+d,,]+d/)Eneighbors(i,j) P (i +dpj+d; g g, = t[.j) otherwise

(A.4)

Here, V (i, j) = 1 if the (i, j)th field has already been visited to avoid
double counting whereas neighbors(i, j) represents the set of indices
denoting the fields connected to the (i, j)th field (i.e., the fields that
share at least one edge with another field). Herein, d; and d ; are integer
numbers that allow for indexing the fields connected to the (i, j)th field
by moving in all orthogonal directions (i.e., up, down, left, or right).
Moreover, p(i,j) quantifies the contribution of the (i, j)th field as a
function of its transparency level, assigning p(i,j) = 1 if the (i, j)th
field consists of a solid panel, an intermediate value between 0 and 1
when an opening is present, and p (i, j) = 0 if the (i, j)th field is empty.
For instance, p (i, j) can be conveniently defined as the complementary
value of the ratio of the opening area to the total area of the (i, j)th
field. The largest connected path of fields is identified over the facade
as the one corresponding to .S, defined as follows:

max>

Spax = max DFS(, /). (A5)
1<j<M

Finally, given the total number of fields F,,,, as per Eq. (A.2), the
continuity metric m takes the following expression:

S,

max

F,

max

me = (A.6)

This formulation allows for the quantification of the continuity in a
way that accounts for the visual interruptions caused by openings, high-
lighting the contribution of solid, well-connected zones of the facade. A
high value of m¢ (close to 1) indicates that the largest connected zone
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makes up a significant portion of the filled fields. Conversely, a low
value of m¢ (closer to 0) suggests that the filled fields are fragmented
into smaller, less connected portions.

For example, consider the three facade layouts shown in Fig. A.21,
each consisting of only a single wall type. It is evident that S,,,, =1 in
Fig. A.21(a) as no field is connected to any other (i.e., no field shares
an edge with another), and, since F,,,, = 11, mc = 1/11 = 0.09. For
Fig. A.21(b), each field is connected to no more than two other fields
having the same wall type, and thus S,,, = 3 and, for F,, = 10, it
can be inferred that mc = 3/10 = 0.30. Finally, each solid field in the
layout of Fig. A.21(c) is connected to other 15 fields of the same type
and then S, = 16 from which, considering F,,,. = 16, it turns out that

me = 1.

ax

A.3. Symmetry

Symmetry is often a desirable feature in a rectangular or square
facade and relates to its vertical axis, horizontal axis, or both. The
symmetry of a facade depends on the arrangement of its panels, as
a symmetrical facade features filled fields positioned symmetrically.
Furthermore, the inherent geometry of the panels themselves is an
important factor influencing the facade overall symmetry. For example,
two walls on a facade placed symmetrically relative to the vertical
axis and both featuring a centered square opening (e.g., a window)
contribute positively to the overall vertical symmetry. Suppose these
walls each have a lateral rectangular opening (e.g., a door). In that
case, they also contribute positively to the vertical symmetry of the
facade, provided the opening is left-sided on one wall and right-sided
on the other. If this is not the case, a simple flipping operation along
the vertical axis of one wall field may be sufficient to restore the
overall vertical symmetry of the facade. However, there are instances
where this flipping operation alone is inadequate to achieve full vertical
symmetry.

With this premise, the vertical symmetry metric mg, is introduced
to quantify the degree of symmetry of the facade relative to its vertical
axis, defined as follows:

%]
1

j=

M
max <Z,N1 Z,Lzlj Lt 700 e ZZ[% 1{r,,,¢0}>

PSR ;
i=1 {tij=tin—je1 Vi =flipy (1 p—j1 )11 j70}

mSV =

(A7)

where flipy (¢) is the vertical flipping operator applied to a given wall
type t+ € T to produce its vertical mirrored layout. Similarly, the
horizontal symmetry metric mg, is introduced to quantify the degree
of symmetry of the facade relative to its horizontal axis, defined as
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Fig. A.21. Illustration of the continuity metric m- computed for three facade layouts exhibiting different degrees of visual coherence: (a) fragmented layout with
minimal continuity (m- = 0.09); (b) layout with moderate continuity (m. = 0.30); and (c) highly continuous layout attaining the maximum continuity metric

(me =1).

ms, = 0.20

m, = 0.71

]| |
—

]

(b)

(©)

Fig. A.22. Illustration of the vertical symmetry metric mg, computed for three fagade layouts with varying degrees of symmetry relative to their vertical axes:
(a) asymmetric layout with minimal vertical symmetry (mg, = 0.20); (b) layout with partial vertical symmetry (mgs, = 0.71); and (c) perfectly symmetrical layout

attaining the maximum vertical symmetry (mg, = 1).

follows:
sl sv -
_ i=1 j=1 =N i Vi =lip gy (T )11, #0)
(5]
M N M
s (25T 22 1 22 B2 )
2

where flipj; (r) is the horizontal flipping operator applied to a given
wall type ¢t € T to produce its horizontal mirrored layout.

Therefore, if the two vertical (horizontal) halves of the facade
are mirror images of each other, possibly after applying a vertical
(horizontal) flipping operation to some fields, then mg, (mg,) equals
to 1. Conversely, when m Sy (m SH) is close to 0, it indicates that either
the walls are not positioned symmetrically relative to the vertical (hor-
izontal) axis of the facade, or the vertical (horizontal) flipping operator
is insufficient to restore the facade’s vertical (horizontal) symmetry.
It is noted that both horizontal and vertical symmetry are assumed
to rely on wall positions and types, which implies that empty walls
(ie., 1;; = 0) do not count toward mg, or mg, .

For instance, consider the three facade layouts shown in Fig. A.22,
each consisting of only a single wall type. In Fig. A.22(a), the vertical
symmetry condition for one half of the facade is satisfied by only one
field out of 4 and 5 walls in the left and right vertical halves of the
facade, resulting in mg, = 1/5 = 0.20. For the facade layout plotted
in Fig. A.22(b), the vertical symmetry condition for one half of the
facade is met by 5 walls in the left and right vertical halves, yielding
mg, =5/7 = 0.71. Finally, the perfect vertical symmetry of the facade
layout in Fig. A.22(c) leads to mg, =5/5=1.

(A.8)

20

Consider the three facade layouts shown in Fig. A.23, each consist-
ing of only a single wall type. In Fig. A.23(a), the horizontal symmetry
condition for one half of the facade is satisfied by two fields out of 4
and 6 walls in the lower and upper halves of the fagade, resulting in
mg, = 2/6 = 0.33. For the facade layout plotted in Fig. A.23(b), the
horizontal symmetry condition for one half of the facade is met by 4
out of 6, yielding mg, = 4/6 = 0.66. Finally, the perfect horizontal
symmetry of the facade layout in Fig. A.23(c) leads to mg, =8/8 =1.

A.4. Balance

The balance metric mp measures the uniformity in the distribution
of filled fields between the left and right halves of the facade. The
contribution of each field to the facade balance is influenced by both
transparency and size. For the left and the right half, the parameters
B; and By are first calculated:

2]

N
L= 2 pGj)- L+ H, (A.9)
i=1 j=1
N M
R=D, O pGj)-L;-H, (A.10)
i=1 _[M]
j=
Therefore, the balance metric my is determined as follows:
in(B;, B
my = 2By Br). (A.11)
max(B;, Bg)
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Fig. A.23. Tllustration of the horizontal symmetry metric mg, computed for three facade layouts with varying degrees of symmetry relative to their horizontal
axes: (a) asymmetric layout with minimal vertical symmetry (mg, = 0.33); (b) layout with partial vertical symmetry (mg, = 0.66); and (c) perfectly symmetrical

layout attaining the maximum vertical symmetry (mg, = 1).

mg = 0.06

my = 0.45

mp=1

| [ [ ]

(a)

(©)

Fig. A.24. Illustration of the balance metric m computed for three fagade layouts with different levels of uniformity in filled-field distribution between the left
and right halves: (a) strongly unbalanced layout with most fields concentrated in one half (myz = 0.06); (b) moderately balanced layout with partial unevenness
in the distribution of fields (m, = 0.45); and (c) perfectly balanced layout with equal distribution of fields between the facade halves, achieving the maximum

balance metric (my = 1).

Balance metric mp provides a value between 0 and 1, where mp =1
indicates perfect balance (i.e., filled fields are evenly distributed among
the left and right halves of the facade) while mp = 0 indicates maximum
imbalance (i.e., filled fields are in only one half of the facade while the
other half is empty).

For instance, consider the three facade layouts shown in Fig. A.24,
each consisting of only a single wall type and assume that L; - H; =
LH is constant. The layout in Fig. A.24(a) exhibits a strongly uneven
distribution of filled fields, with B; = 17LH and By = 1LH, resulting
in mg = 1/17 = 0.06. The layout in Fig. A.24(b) shows a moderate
imbalance of the filled fields between the two sides of the facade, with
B; = 11LH and B; = 5LH, and then mp = 5/11 = 0.45. The layout
in Fig. A.24(c) displays the best balance of the filled fields, which is
confirmed by the fact that B, = By = 6LH, corresponding to mgz = 1.

A.5. Rhythm

The rhythm metric my measures the extent to which a (non-empty)
scheme of fields recurs periodically in the same positions across the
storeys and bays of the facade. A 2-periodic scheme is considered,
implying the search for a repeating scheme considering pairs of odd-
indexed or even-indexed storeys or bays of the facade. Therefore, the
following index is determined for the storeys, quantifying the num-
ber of odd-indexed and even-indexed storeys matching the target kth

21

odd-indexed or even-indexed storey:

N
MaXye(ala=2n—1<N ne({N\0}} Z;:l 1{,21.71'1.::,“, leZ,"i, 1y j#0}

N
¢ , (A12)

N
M plp=2n<N e (W\01) Zimt Ny =iy v, 10,701

Ny

R

storeys =

+

where N, and N, are the number of odd-indexed and even-indexed
storeys, respectively. A similar definition can be applied to quantify
the rhythm of the bays. In this case, the following index is determined
for the bays, quantifying the number of odd-indexed and even-indexed
bays matching the target kth odd-indexed or even-indexed bay:

max M 1
AX e (ala=2n—1<M ne{N\0}} 24j=1 {271 =t VLN | 1470}

M
¢ ,  (A13)

Py
MaX e (blo=2n<M.n€{N\0}} Luj=1 * (1, 5;=1;, VI[N, 1;,,#0)
M,

Rbays =

+

where M, and M, are the number of odd-indexed and even-indexed
bays, respectively. Therefore, the rhythm metric my is determined as
follows:

(A14)

1
mp = Emax(Rstoreys’ Rbays)’
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Fig. A.25. Illustration of the rhythm metric m; computed for three facade layouts exhibiting different degrees of periodic repetition: (a) layout with limited
rhythm and low periodic repetition (my = 0.25); (b) layout with moderate rhythm, partially recurring schemes across storeys or bays (my = 0.71); and (c) perfectly
rhythmic layout, characterized by a fully periodic repetition of schemes across the fagade, achieving the maximum rhythm metric (my = 1).

A value of my equal to 1 indicates high rhythm, meaning that all
even-indexed storeys (or bays) are identical to each other, and all odd-
indexed storeys (or bays) are identical to each other. On the other hand,
if mp tends to O, then it indicates a deficiency of rhythm in the facade,
meaning that there are no periodically repeating schemes neither in the
storeys nor in the bays. Intermediate values between 0 and 1 reflect
partial rhythm, where some but not all storeys or bays replicate the
same scheme.

For instance, consider the three facade layouts in Fig. A.25, each
consisting of only a single wall type. On one hand, for the layout
depicted in Fig. A.25(a), it can be observed that a single scheme recurs
only for two odd-indexed storeys of the facade, and thus Ry, =
2/4+0/3 = 0.5 while Ry,,; = 0. On the other hand, for the layout shown
in Fig. A.25(c), the odd-indexed and even-indexed storeys exhibit the
same scheme, and thus Ry, = 4/4 +3/3 = 2 while R,,,; = 0.
Within the layout illustrated in Fig. A.25(b), one scheme recurs for two
even-indexed storeys, whereas another scheme appears once for three
odd-indexed storeys, and thus Ry, = 3/4+2/3 = 1.42 while R;,,,; = 0.
These observations are reflected in the values of my, which are 0.25,
0.71 and 1.00 for Figs. A.25(a), A.25(b), and A.25(c), respectively.
This example also illustrates that a facade scoring well in terms of
pattern may lack rhythm. For instance, while mp = 16/18 = 0.90 for
Fig. A.25(a) indicates a strong pattern score due to the high frequency
of the occurrence of the sub-pattern w = (2,1), the value mp =
0.25 highlights poor rhythm, attributable to the insufficient number of
periodic repetitions of a given scheme.

A.6. Uniformity

The rhythm metric my establishes strict conditions on the spatial
repetition of wall types across storeys and bays of the facade. To
introduce a more flexible and type-agnostic approach, we define the
uniformity metric my, which evaluates the evenness of wall presence
without distinguishing between different types of walls. Unlike mp, this
metric focuses solely on the distribution density of non-empty fields
(t # 0) across the facade grid, regardless of the specific wall type.

Let the binary indicator B;; be 1 if the field at storey i and bay j
contains any wall type (r # 0), and O otherwise. Define M; = Zj‘i 1 Bij
as the number of wall-containing fields at storey i, and M; = le\; 1\ Bij
as the number of wall-containing fields at bay ;.

The standard deviations of the row and column distributions are
then:

1
Ostoreys — J N
i

M,

i

M=
M=

2 1
(Mi - ”storeys) > HMstoreys = N (A.15)
i

1 1

22

1

M

M;

M=

Obays = (A.16)

™M=

2 1
1 (Mj - ﬂbays) > Hbays = M :

J

These values capture the variation in the number of wall-containing
fields along each axis. Maximum expected standard deviations occur
when all walls are concentrated in a single row or column:

1 1 1 1
max — max __
Ostoreys — M N (1 - N>7 bays — N M (1 - M) (A17)
The uniformity metric is then computed as:
1 [ Ostoreys  Cbays
my =1- z < max T smax (A.18)
storeys bays

Values of my; close to 1 indicate a balanced and evenly populated
facade, whereas lower values reflect clustering or voids, even when wall
types vary.

For example, consider the three layouts in Fig. A.26, each with
a binary distribution of filled (non-zero) and empty (zero) panels.
Layout (a) concentrates walls in one storey, yielding low uniformity.
Layout (b) spreads walls across rows but with some irregularities across
columns, resulting in moderate uniformity. Finally, layout (c) achieves
a more evenly filled distribution in both directions, leading to a high
uniformity score.

The values Of oggreys and opays for Fig. A.26(a) are 2.25 and 0.5,
respectively. In this layout, the low value of m; = 0.35 indicates a
highly non-uniform distribution. This outcome is mainly due to one
storey being almost entirely filled, while others contain few or no
filled fields. For the layout in Fig. A.26(b), the standard deviations are
Ostoreys = 0.64 and op,ys = 1.10. Here, the condition oggreys < Opays
suggests a greater variation across the bays than across the storeys. The
resulting metric of m;; = 0.64 indicates moderate uniformity, reflecting
a design that is quite regular horizontally but has a strong vertical
stripe in one bay. Finally, for the layout in Fig. A.26(c), the standard
deviations are oggreys = 0 and opays = 0.5. The zero deviation for the
storeys signifies a perfectly uniform vertical distribution. The value of
my = 0.90 highlights the high overall uniformity of the facade, which is
not a perfect 1.0 only because of the small remaining variation across
the bays.

A.7. Density

The density metric mj, is introduced to quantify the overall trans-
parency level of the facade. The effective contribution of each field
is determined by its size and transparency level. The overall density
metric my, is then defined as the ratio of the total contribution of all
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Fig. A.26. Illustration of the uniformity metric m;, computed for three facade layouts with increasing evenness in the distribution of wall elements: (a) clustered
walls in one storey (m; = 0.35); (b) more balanced with some irregularity (m; = 0.64); (c) evenly spread across the grid (m; = 0.90).

mp = 0.05

mp = 0.29

mp = 0.78

(a)

(b)
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Fig. A.27. Illustration of the density metric m,, for three facade layouts exhibiting different levels of overall opacity: (a) predominantly transparent layout with
few filled fields (m, = 0.05); (b) moderately dense layout with more filled fields (m, = 0.29); and (c) high-density layout featuring a large proportion of filled

fields (mp = 0.78).

fields in the facade to the maximum possible contribution, assuming
all fields were fully opaque:

N M PR
Z,‘=1 Zj:l p(l,j) : Lj : Hi
Mmp = N M
Zi=1 Zj:l Lj : Hi

yielding a value of m; between 0 and 1, where m;, = 1 indicates a
totally filled facade while m;, = 0 represents a completely transparent
facade.

For instance, consider the three facade layouts in Fig. A.27, each
consisting of only a single wall type and assume that L, - H; = LH
is constant. The layout in Fig. A.27(a) corresponds to an almost fully
transparent facade, as m; = 2/42 = 0.05. The layout in Fig. A.27(b)
shows a facade with rather low transparency level, as m, = 12/42 =
0.29. The layout in Fig. A.27(c) displays a facade with a high filling
ratio, corresponding to mj = 33/42 = 0.78.

(A.19)

A.8. Ground floor density

The ground floor density metric m; plays a key role in determining
the transparency level at the base, which may be different from that
of the overall facade. Specifically, the design can be possibly oriented
toward a nearly filled facade where only the ground floor is transpar-
ent. To effectively achieve this goal in the facade design process, mg
is defined by taking into account the transparency level of the fields at
the ground floor as follows:

pATIIN)
v
where M is the total number of fields at the ground floor. This metric
reflects the filling rate of the ground floor of the facade, with m; = 0

mg = (A.20)

23

and mg = 1 indicating empty and filled ground floor fields, respectively.
It is noted that m; is based solely on the transparency of the fields, as a
distinct separation from the ground is expected to be visually apparent
regardless of their size.

For instance, consider the three facade layouts in Fig. A.28, each
consisting of only a single wall type and the same transparency level
of the facade, except for the ground floor: in such cases, the value of
mg for Figs. A.28(a), A.28(b) and A.28(c) is equal to 1/6 = 0.17, 4/6
= 0.67, and 6/6 = 1, respectively, reflecting a transition from a fully
transparent to an almost fully opaque ground floor.

A.9. Edge density

The edge density metric my is considered to drive the design of
the transparency level of the lateral bays of the facade. The design for
transparency of the facade may be oriented toward opposite features,
such as a facade that is nearly filled with only the lateral edges remain-
ing transparent to distinctly separate it from adjacent constructions. In
these design scenarios, the size of the lateral edge fields is irrelevant,
while their level of transparency is crucial to ensure the required visual
separation. The edge density metric is then estimated as follows:

XL pG D+ T G M)
E- 2N ’
where 2N is the total number of edge fields. This metric reflects the
filling rate of the edges of the facade, with mp = 0 and my = 1
indicating totally empty and filled edge fields, respectively.
For instance, consider the three facade layouts in Fig. A.29, each
consisting of only a single wall type and the same transparency level of
the facade, except for the lateral edges: the value of mp for

(A.21)
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Fig. A.28. Illustration of the ground floor density metric m for three facade layouts with different degrees of opacity at the base: (a) mostly transparent ground
floor (mg = 0.17); (b) partially filled ground floor (mg = 0.67); and (c) fully opaque ground floor (mg = 1).

mg = 0.14

mg = 0.57

mg=1

(b)

(©)

Fig. A.29. Illustration of the edge density metric m; for three facade layouts with different degrees of opacity along their lateral edges: (a) low edge density
(my = 0.14), indicating mostly transparent edges; (b) moderate edge density (m; = 0.57); and (c) fully opaque edges (my = 1).

Figs. A.29(a), A.29(b) and A.29(c) is equal to 0.14, 0.57, and 1,
respectively, denoting a transition from almost fully transparent to fully
opaque edges.

Appendix B. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.autcon.2025.106750.

Data availability

Data will be made available on request.
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