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A systematic shape rules repertoire in architectural design:
A proof-of-concept

Abstract. The aim of this study was to identify, structure, and empirically validate a systematic repertoire of elementary
form-transformation rules that accurately depicted sketch-based architectural design processes and can be directly
implemented in computational environments. To address the lack of a systematically organised, detailed repertoire
of shape transformation operations in architectural design research, 48 shape rules were developed through literature
review and refined through empirical observation of sketching sessions conducted by two experienced architects. The
rules were assigned to two operational categories (Plastic, Structural), one meta-category (Figurative), and 14 rule
classes. Protocol analysis confirmed that the repertoire captured the full range of observed form manipulations across
23 sketches and 267 coded transformations, with high intra-coder reliability (Cohen’s Kappa: 0.85-0.87), confirming the
robustness and clarity of the proposed classification. Structural rules made up 74% of the observed transformations,
highlighting the predominance of configurational exploration in early-stage design, whereas Plastic and Figurative rules
accounted for 15% and 11%, respectively. Statistical analyses, including principal component analysis and hierarchical
cluster analysis, showed a consistent bipartite structure across both designers: structural rules formed a distinct cluster,
while plastic and figurative rules grouped, with PC1 explaining 97-99% of the total variance. The practical significance
of this research lies in providing a transparent and reusable transformation framework that supports the analysis of
architectural sketching behaviour and facilitates the development of rule-based computational design tools

Keywords: architectural sketching; form manipulation; shape grammar; protocol analysis; design cognition

INTRODUCTION
Studies in architectural design confirmed the enduring iterative transformations, through which architects ex-
relevance of rule-based approaches for representing and plored and developed design alternatives. By explicitly
generating architectural form. Among these, shape gram-  encoding form manipulations as rule-based operations,
mars remained a foundational paradigm for modelling the  shape grammars provided a formal bridge between design
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cognition, visual reasoning, and computational imple-
mentation. Parametric and computational implementa-
tions have demonstrated how rule-based systems can sup-
port early design exploration by systematically controlling
transformations such as translation, rotation, scaling, and
subdivision. For instance, A.F.P. Sondakh & A. Indraprast-
ha (2023) proposed a parametric method combining shape
grammar and generative components within a Grasshop-
per environment to guide spatial and functional reason-
ing during early-stage residential design. Similarly, X.-
H. Xie et al. (2025) showed how parametric shape grammar
rules implemented in Grasshopper environments enabled
controlled, rule-driven form variation through explicit
transformation operations.

Shape grammar approaches have also been applied to
the analysis and generation of architectural form within
specific spatial and cultural contexts. S. Celik & Z. Sahin
Cagli (2024) also applied shape grammar as an analytical
and generative tool for facade design, identifying forma-
tion rules for detached houses on Ankara’s Cinar Street
through Boolean operations (join, intersect, differ) and
transformation commands (rotate, mirror, shift, scale).
Research demonstrated how extracted rules can be com-
putationally implemented in CAD systems (AutoCAD,
Showcase) to generate new facade designs for high-rise
residences, while maintaining urban texture continuity.
These bidirectional applications — analysing existing forms
to extract rules, then applying those rules to generate new
designs — exemplified the analytical and synthetic capa-
bilities of shape grammar methodologies. It illustrated
the capacity of grammars to encode complex formal log-
ics, while remaining adaptable to contextual constraints.
F.A.Linas & K. Chithra (2024) documented a wide diversity
of shape grammar applications across architectural design,
computational modelling, and spatial analysis. The authors
also noted substantial variation in how transformation
rules were defined, structured, and operationalised, limit-
ing methodological consistency and comparability across
studies. Parallel research streams have sought to expand
the expressive power of grammar-based systems through
bio-inspired models and hybrid computational pipelines.
M. Kleiss et al. (2025) explored bio-inspired generative
grammars for complex spatial configurations, while A. Plo-
charski et al. (2025) integrated grammar rules with machine
learning techniques for facade generation. Although these
approaches produced sophisticated generative outputs,
it tended to embed transformation logic within complex
computational workflows, making the underlying opera-
tions less explicit and more difficult to interpret or reuse.

S. Yiannoudes (2025) emphasised that, despite rapid
advances in deep learning, rule-based form generation re-
mained critical for maintaining transparency, interpreta-
bility, and designer control. Similarly, T. Ber¢ic¢ (2024) iden-
tified challenges in translating parametric and algorithmic
innovations into standardised, interpretable transforma-
tion frameworks that aligned with architects’ actual de-
sign practices, highlighting the importance of integrating
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shape grammars into parametric design tools to support
systematic form manipulation. So, these works confirmed
that rule-based transformation systems remained central
to architectural design research. Also, it was revealed a per-
sistent shortcoming: transformations were often defined at
high levels of abstraction, tailored to specific domains, or
embedded within opaque computational pipelines. What
remained insufficiently addressed was the articulation of
a fine-grained, systematically organised repertoire of ele-
mentary transformation operations that can accurately de-
scribe how architects manipulate form during design, while
remaining directly implementable in computational sys-
tems. Despite advances in shape grammar methodologies
and hybrid generative approaches (2023-2025), there was a
lack of a systematically organised, fine-grained repertoire
of shape transformation operations capable of accurately
capturing designers’ manipulations in a way that support-
ed direct computational implementation. Broad categories
such as “outline transformation” or “form modification”
were insufficient for algorithmic mapping, whereas explicit
operations — like rotation, translation, subdivision, bend-
ing, insertion, and replacement — can be directly translated
into computational procedures.

MATERIALS AND METHODS
Methodology of this study involved a focused sample of
two experienced architects, deliberately selected to test
whether the repertoire can successfully capture the full
range of transformations observed in residential design
activities. The transformation repertoire was developed
through a two-stage process combining theoretical syn-
thesis and empirical observation. Stage 1- literature
synthesis: a systematic review of the literature on shape
grammars, sketching, and design transformation was con-
ducted to ensure alignment with modern research trends,
including bio-inspired generative grammars, paramet-
ric extensions, and hybrid computational approaches,
while seminal works were referenced for historical con-
text. Transformation operations were extracted at a fine-
grained, operational level, including rotation, translation,
scaling, subdivision, aggregation, and deletion. Similar
operations described with varying terminology were con-
solidated, while operations rarely observed in sketches
were excluded. Stage 2 — empirical refinement: the pre-
liminary rule set was iteratively refined through obser-
vation of two architects performing residential design
tasks. Transformations not adequately captured by lit-
erature-derived rules led to additional categories, while
redundant or indistinguishable rules were merged or
removed. The final repertoire comprised 48 clearly de-
fined shape rules, organised into 14 operational classes
and grouped under three higher-level categories: plastic
transformations: modify external appearance or outline
(size, form, or texture); structural transformations: alter
spatial or topological relationships; figurative transfor-
mations: affect representational visualisation without
changing design outcomes.



This hierarchical structure enabled identification of
recurring patterns, while preserving operational detail for
computational implementation. By grounding the reper-
toire simultaneously in established theory and observed
design behaviour, this approach balanced formal rigor with
empirical validity. The resulting transformation system
was sufficiently detailed to capture nuanced sketch-based
manipulations, yet structured enough to support computa-
tional implementation and comparative analysis across de-
signers and design tasks. Having developed the repertoire
through literature synthesis, its content and structure were
validated through empirical observation of design activi-
ties using protocol analysis. Protocol analysis enabled sys-
tematic capture of design behaviours through recordings
of verbalisations and sketching activities. The think-aloud
technique, in which participants vocalised their thoughts,
while designing, was adopted. The analysis comprised three
steps: data collection, protocol description (segmentation
and coding), and data processing (Bouhelis & Arrouf, 2024).
Three architects initially participated in the study, with
two selected for analysis based on protocol completeness
and verbalisation clarity. Both participants (Architect 1 and
Architect 2) had over 20 years of professional experience
in residential design and had completed multiple residen-
tial projects. This focused sample size aligned with proof-
of-concept studies in design research and with the study’s
objective of testing the repertoire’s descriptive adequacy
rather than achieving statistical generalisation.
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The experiment comprised two phases totalling 55
minutes. Participants designed a house for a plot within a
residential subdivision, producing freehand sketches, while
thinking aloud. Two video cameras captured the activity:
one recording the designer’s gestures and facial expres-
sions, the other documenting sketch production and de-
tailed manipulations. Video recordings allowed for detailed
analysis of both verbal protocols and graphical transfor-
mations performed during the design process (Bouhelis
& Arrouf, 2024). Following data collection, protocols were
segmented into analysis units. Each sketch was treated as
a distinct segment, as graphical outputs directly revealed
shape rule applications. Video recordings and verbalisations
aided rule identification. Sketches were sequenced chrono-
logically and organised into transformation tables for pair-
wise comparison between successive sketches. Each sketch
was compared with its predecessor to identify form trans-
formations, which were then coded using the shape rules
repertoire. The protocols were coded following a test-retest
coding procedure with adjudication: the same coder per-
formed initial coding, then recoded all protocols after com-
pletion, and finally compared the two versions to establish
the final codification through adjudication of discrepancies.
Intra-coder reliability was assessed using two measures:
percentage agreement between coding rounds (Architect 1:
95%; Architect 2: 93%), and Cohen’s Kappa coefficient cal-
culated on the independent coding rounds before adjudi-
cation (Architect 1: k=0.87; Architect 2: k=0.85) (Table 1).

Table 1. Intra-coder reliability measures

Measure Architect 1 Architect 2 Interpretation
Percentage agreement 95% 93% Excellent (>90%)
Cohen’s Kappa 0.87 0.85 Almost perfect

Source: based on J.R. Landis & G.G. Koch (1977)

To validate the structural coherence of the reper-
toire, both Principal Component Analysis (PCA) and
hierarchical cluster analysis using Ward’s method with
Euclidean distance were performed on the coded pro-
tocols. These statistical methods tested whether the
proposed three-category classification system (Plastic,
Structural, and Figurative rules) corresponded to em-
pirically observable patterns in how architects deployed
shape transformations. The study received ethical ap-
proval from the laboratory’s Scientific Council LEM-
PAU-2023-HRP-037 (Bouhelis & Arrouf, 2023). Also, the
study was conducted in accordance with the norms of
The Declaration of Helsinki (2013). All participants pro-
vided written consent and were informed of their right
to withdraw at any time.

RESULTS AND DISCUSSION
Analysis of the empirical data confirmed that architects’
shape transformations can be systematically captured
using the proposed repertoire of 48 rules, organised
into a hierarchical system comprising two operation-
al categories (Plastic and Structural), a meta-category

(Figurative), and fourteen classes of operative rules. The
theoretical grounding and empirical validation of each
category have been presented, followed by an examina-
tion of the statistical patterns that emerged from their
deployment across designers and design tasks. Plastic
shape rules related to the first strategy identified by
F.D.K. Ching (2007) as a “slug”. This strategy was de-
fined as transformation by “metamorphosis” or “plastic
transformation” (Wetzel et al., 2006). The term “plas-
tic” pertained to the external appearance and outline
of an element or a form, to the set of lines, shapes, or
colours. Plastic shape rules were most commonly uti-
lised to refine and enhance architectural forms (Prats et
al., 2009). For instance, bending a volume’s outline or
changing its proportions were plastic transformations
that modified appearance, while maintaining overall
organisation. This category of shape rules was decom-
posed into four different classes. These classes describe
shape transformations that affected the visual properties
of a form or an element as: conformation, size, colour,
and texture. The second strategy, corresponded to what
F.D.K. Ching (2007) metaphorically likened to a “lobster”
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(Fig. 1). It was the process of producing forms through
adjustment and combination. The term “structure” re-
ferred to the “internal constitution” and the “internal
relations” within the architectural form, as well as the
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relationships among shapes and elements — specifically
geometrical and topological relations (Borie et al., 2006).
These transformations were termed “structural transfor-
mations” or “transformations by composition”.
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Figure 1. Examples of plastic form in architecture

Note: a - architectural form “lobster”
Source: based on F.D.K. Ching (2007)

Structural transformations were primarily used to
explore different spatial relationships between elements
and to investigate the variety of solutions concerning
the organisation, the layout, and the composition of a
design. Structural shape rules were more likely to re-
sult in significant changes in shape compared to plastic
transformations (Prats et al., 2009). For example, adding
a new volume to an existing configuration, or rotating
an element, changes the overall design organisation and
spatial relationships. A. Borie et al. (2006) noted that it
included three classes of shape rules, namely: topolog-
ical relations (position), geometrical relations (orienta-
tion), and constitution. The category of figurative shape
rules occupied a distinct theoretical position within the
repertoire, functioning as a meta-category rather than as
a third equivalent category alongside plastic and struc-
tural rules. This distinction stemmed from a fundamen-
tal ontological difference: while plastic and structural
rules directly transformed the architectural form itself,
figurative rules operated at a representational level,
transforming how the form was visualised, explored, and
evaluated without modifying the design solution itself.
This meta-categorical status was justified by several ob-
servations: first, figurative rules exhibited an asymmet-
ric relationship with transformational rules. Plastic and
structural transformations can be visualised through
various representational modes (e.g., a structural change
can be examined through plans, sections, or 3D views),
but changes in representation do not produce formal
transformations. Rather, it facilitated the application of
transformational rules by enabling designers to select
the most appropriate view for exploring or evaluating
specific aspects of their design. Second, figurative rules
served a mediating function between the designer and
the design artifact. They do not generate new design al-
ternatives but rather provide different perspectives on
existing solutions, supporting the cognitive processes of
form exploration and evaluation.
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For instance, switching from a plan view to a section
(a figurative transformation) does not alter the build-
ing but revealed spatial relationships that may inform
subsequent structural or plastic transformations. Figu-
rative rules were primarily utilised to enable designers
exploring and visualising the shape transformations
they perform. Their role was thus to test and detail vis-
ually-figured solutions generated by architects. This
meta-category concerned transformations of the type of
representation, the change of the rule’s space or object,
the change of the rule’s space or floor (de Biasi, 2000),
the point of view (Prats et al., 2009), the direction of
view, the size of the sketch, and finally its level of com-
plexity (Rodgers et al., 2000). This meta-categorical
conceptualisation had methodological implications
for protocol analysis. The frequency and sequencing of
figurative rules can reveal designers’ exploration strat-
egies: a high rate of view changes may indicate com-
plex spatial reasoning, while the temporal relationship
between figurative and transformational rules can illu-
minate how designers prepared, executed, and verified
their form manipulations. This hierarchical structure -
with figurative rules at a meta-level supporting plastic
and structural transformations at the operational level -
provided a more nuanced understanding of the sketch-
ing process and offered a conceptual framework for both
design process analysis and computer-aided-design
tools development. Figure 2 summarised the final struc-
ture of the repertoire. The repertoire encompassed both
elementary and composite transformations identified
in residential architectural sketching tasks. Table 2 pre-
sented the distribution of these transformations across
operational classes and higher-level manipulation cat-
egories, as observed throughout the experimental work.
Notably, Plastic and Figurative transformations pre-
vailed during later compositional stages, while Struc-
tural transformations emerged predominantly in early
exploratory design phases.
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Repertoire of shape rules
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Figure 2. Global structure of the shape rules’ repertoire
Source: developed by the authors

Table 2. The final constitution of the repertoire of shape rules
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Direction of view
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Source: developed by the authors
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Sequential analysis of sketches revealed consistent pat-
terns in rule deployment. Across both participants, Struc-
tural rules accounted for 74% of observed transformations,
Plastic rules 15%, and Figurative rules 11%, reflecting the
dominance of structural reorganisation in initial residential
designs. Plastic transformations were frequently combined
with Structural rules, producing compound manipulations
without altering the hierarchy of operations. Figurative

Sketch 3

transformations were primarily applied for clarifying design
intent or adjusting visual readability. Figure 3 illustrated
selected transformations from Architect 1, showing exam-
ples of Plastic (scaling), Structural (translation and aggre-
gation), and Figurative (sketch overlay and annotation)
rules applied to successive sketches. This figure demon-
strated how the repertoire provided a consistent, opera-
tional framework for mapping observed design behaviours.

Figure 3. Example of coding process: transformations from Sketch 3 to Sketch 4 required 36 shape rules (Architect 1)

Source: developed by the authors

To validate the content of the repertoire, the iden-
tified shape rules were applied to the sketches pro-
duced by the two subjects. Two parameters were then
observed: their “completeness”, and their “relevance”.
“Completeness” meant the rules captured all the trans-
formations performed by the architects, while “relevance”

meant it was all involved. Following the coding proce-
dure, sketches were analysed using the shape rules rep-
ertoire. The coding of the segments was recorded for
each subject in an “objects/attribute” table. Table 3 rep-
resented the objects, and the categories of shape rules
serve as attributes.

Table 3. An excerpt of the quantification table of the protocols of Architect 2

Categories of shape rules

e Plastic (PL) Structural (ST) Figurative (FIG)
Sketch 2 0 5 0
Sketch 3 1 5 1
Sketch 4 0 1 1

Source: developed by the authors

Across both subjects, a total of 23 sketches were pro-
duced, yielding 267 coded shape transformations (Ta-
ble 4). Two temporal references guided the coding: the
immediately preceding sketch (chronological reference)
and the sketch containing the element before modification
(referential sketch). For example, if an element was added
in Sketch 5, modified in Sketch 7, and deleted in Sketch
10, the referential sketch for the deletion in Sketch 10
was Sketch 5 (where the element was created), not Sketch
7 or Sketch 9. This approach ensured accurate track-
ing of element lifecycles throughout the design process.

Structural rules were most frequent (74%, n = 198), fol-
lowed by plastic rules (15%, n=40) and figurative rules
(11%, n=29). This distribution reflected the exploratory
nature of early-stage design, where organisational deci-
sions (Structural) dominated over refinement (Plastic) and
representational adjustments (Figurative). The similarity
in rule distribution between subjects (Architect 1: 73% ST,
15% PL, 12% FIG; Architect 2: 79% ST, 17% PL, 4% FIG),
suggested consistency in how architects deploy shape
rules during early-stage design, though the small sample
size (n=2) limited generalisability.

Table 4. Descriptive statistics of the outputs of the coding process of the two Architect’s

Descriptive statistics Architect 1 Architect 2 Total
Total number of sketches 19 4 23
Total number of shape rules 219 48 267
Plastic shape rules (PL) n=32 n=8 n=40
Count percentage 15% 17% 15%
Structural shape rules (ST) n=160 n=38 n=198
Count percentage 73% 79% 74%
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Table 4. Continued

Descriptive statistics Architect 1 Architect 2 Total

Figurative shape rules (FIG) n=27 n=2 n=29
Count percentage 12% 4% 11%
Mean of shape rules/sketch 11.53 12 11.60

Source: developed by the authors

The description and codification demonstrated that
shape rules, categories, and classes within the reper-
toire were fully utilised to describe and codify the shape
transformations executed by the participating archi-
tects. Moreover, the repertoire supported all operations
performed by the subjects in this proof-of-concept. Con-
sequently, it can be asserted that all shape rules were
necessary and sufficient for a complete description of
the form manipulation and generation process observed
within the architectural design activity of the two par-
ticipating architects. Preliminary saturation was con-
sidered to have been reached under the following con-
ditions: 1) all observed shape transformations could be
coded using the existing repertoire without requiring
new rule creation; 2) the two operational categories
(Plastic, Structural) and the meta-category (Figurative)
consistently captured all transformation types across
participants; and 3) no unclassifiable transformations
emerged from the protocol analysis. While preliminary

saturation was achieved within this exploratory sample,
demonstrating the internal coherence and applicability
of the repertoire, theoretical saturation would require
validation across a larger, more diverse population of
architects with varying experience levels, design styles,
and task types. The current repertoire should be consid-
ered as providing coverage for the observed design ac-
tivities in this proof-of-concept, establishing a founda-
tion for future validation studies rather than claiming
universal completeness at this stage. PCA was performed
on the coded protocols from both architects, extracting
components that explained 100% of total variance in
both cases. The first principal component (PC1) account-
ed for 97.64% of variance for Architect 1 and 99.58% for
Architect 2, indicating a highly unidimensional struc-
ture where virtually all discrimination occurs along a
single dimension. Figure 4 presented biplots of the first
two components (PC1: horizontal and PC2: vertical) for
each architect.

Architect 1

0.15

-0.88

-1.62

-2 .36

-9.82%:545 -1.08 3.29 7.66 12.03 16.40

Architect 2

0.50
0.32

0.13.¢

-0.06
-0.25

0.44

0.3 PE—

6 i
-10.10 -7.30 -4.50 -1.70 -1.11 *"391 6.71

Figure 4. Factor analysis biplots
Note: green triangles — Figurative rules (FIG), red circles — Structural rules (ST), blue rectangles — Plastic rules (PL). Axes
represent principal components with percentage of variance explained

Source: developed by the authors

The analysis revealed clear differentiation among the
three rule categories along PC1, though with opposite
orientations between subjects — a common and interpre-
tatively neutral feature of PCA. Both architects showed a
consistent bipartite structure: ST formed an isolated clus-
ter at one extreme of PC1, while PL and FIG rules clus-
tered together at the opposite extreme. This consistent
pattern demonstrated the distinctiveness of each rule
category, and the closer functional association between

Plastic and Figurative rules relative to structural rules —
supporting the hierarchical classification system. Figure 5
provided comparative overlays that highlighted the struc-
tural consistency across subjects. Shape rule categories
(ST, PL, FIG) projected on first two components for Archi-
tect 1 (top left) and Architect 2 (top right). Bottom pan-
els showed comparative overlays (black = reference; red/
blue = subject-specific). Ul explained 97.64%/99.58% of
variance; U2 explained 2.36%/0.42%.
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Figure 5. Principal component analysis biplots
Note: a — shape rule categories for Architect 1; b — shape rule categories for Architect 2

Source: developed by the authors

This classification was further validated by hierarchi-
cal cluster analysis using Ward’s method with Euclidean
distance, illustrated in the graphs in Figure 6. The dendro-
grams revealed a consistent bipartite structure across both
architects. Structural rules (ST) formed an isolated cluster,
separating at a linkage distance of approximately 23.7 for
Architect 1 and 5.6 for Architect 2. In contrast, Plastic (PL)
and Figurative (FIG) rules clustered together, suggesting

functional similarity despite their ontological difference.
This clustering pattern supported the conceptualisation of
figurative rules as a meta-category that operated in parallel
with plastic rules during vertical transformations (refinement
and detailing), while structural rules drove lateral transfor-
mations (exploration of alternative configurations). The con-
sistency of this pattern across both participants strength-
ened the validity of the three-level classification system.

Architect 1

711

59.3

47.4

35.6

23.7:

11.9

0.0

ST PL FIG

Architect 2

111

9.3

7.4

5.6

3.7

1:9

0.0

ST PL FIG

Figure 6. Hierarchical cluster analysis dendrograms for Architect 1 and Architect 2
Note: green colour - Structural rules (ST), purple colour - Plastic rules (PL) + Figurative rules (FIG). Red line indicates

clustering threshold
Source: developed by the authors

Finally, the highly unidimensional structure revealed
by PCA (PC1 explaining 97-99% of variance) suggested
that a single underlying dimension - interpreted here as
a lateral-vertical transformation continuum - captured
most of the variation in rule deployment. This parsi-
mony was significant in relation to contemporary com-
putational design research. In machine learning-based
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generation, X. Zhuang et al. (2025) emphasised that over-
ly complex models can reduce transparency and control.
Results of this research suggested that a relatively simple
operational continuum may be sufficient for capturing
the dominant structure of transformation behaviour in
early design, supporting the feasibility of interpretable
computational tools.
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Table 5. Summary of empirical patterns and theoretical interpretations

Pattern Finding

Bipartite structure (PCA + cluster)

ST isolated; PL +FIG together

Interpretation

Two operational modes: exploration vs. refinement

Rule clustering

PL~FIG despite ontological difference Representational refinement coupled with plastic transformation

Frequency distribution

74% ST, 15% PL, 11% FIG

Early-stage design dominated by configurational exploration

Dimensionality PC1: 97-99% variance

Lateral-vertical continuum sufficient

Source: developed by the authors

So, this study identified the shape transformations
performed by architects during the form manipulation and
generation phase of architectural design activity, and pro-
posed a systematic framework capable of capturing them.
To achieve this, research on grammar-based generation,
performance-driven form exploration, and Al-assisted
design workflows was gathered and compared, providing
a contemporary basis for understanding how design rules
can be formalised and operationalised during early-stage
architectural design. S. Jang et al. (2025) highlighted that
contemporary Al-based systems increasingly depended
on data quality, evaluation protocols, and methodologi-
cal transparency. While such systems can generate high-
ly coherent formal outputs, they often lacked explicit in-
terpretability in terms of step-wise transformation logic.
Similarly, Y. Huang et al. (2025) argued that generative Al
workflows reshaped design practice but still struggle to
represent design reasoning as a sequence of explicit and
meaningful operations. In this context, this work contrib-
uted a complementary approach: rather than replacing
design operations with black-box generation, it formalised
and classified the transformations themselves, preserving
interpretability and aligning with human-centred compu-
tational design. The contributions of this study in relation
to existing research were multifaceted. A primary contri-
bution was the identification and definition of 48 distinct
shape rules, enabling a detailed and operational descrip-
tion of shape manipulation and transformation actions
carried out by architects in early design. Unlike many con-
temporary generative frameworks that focused on produc-
ing optimised outcomes or increasing output diversity, this
study foregrounded fine-grained transformation seman-
tics, providing an explicit inventory of micro-operations
that can be directly mapped to computational procedures.

A.A.C. Al-Hashim & C. Alalouch (2025) demonstrated
how shape grammar can support early design learning by
structuring creativity through explicit rule systems. Their
contribution confirmed the educational value of grammars,
yet their focus remained primarily on pedagogy rather
than on constructing a comprehensive and systematically
classified repertoire of transformation rules. In contrast,
this study contributed a more detailed operational taxon-
omy intended for both analytical and computational im-
plementation. At the level of performance-driven design,
L. Chen et al. (2025) proposed a design-grammar-based
framework for high-rise office towers in early-stage design,
integrating grammar generation with performance objec-
tives. It was equally, what had been performed by S.M. El-
gohary et al. (2023), who introduced a performative-driven

form-finding framework that combined shape grammar
with evolutionary genetic algorithms to generate building
forms optimised for energy performance. Applied to the
Sakan Masr prototype housing project in Cairo, this meth-
odology implemented shape operations through addition
and subtraction rules, while encoding environmental vari-
ables - including spatial daylight autonomy (SDA) and an-
nual sunlight exposure (ASE) - as fitness functions. These
works supported the idea that grammars can be integrated
into optimisation workflows. However, such approaches
often treat grammar rules as design constraints or gen-
erative heuristics rather than as an empirically grounded
repertoire of transformations observed in actual designer
activity. This study complemented performance-driven
grammar research by supplying the missing layer of explic-
it transformation granularity, which can strengthen the in-
terpretability and implementability of performance-based
generative systems.

X. Zhuang et al. (2025) reviewed advancements and
challenges in machine learning for generative architectur-
al design, noting that modern research must balance auto-
mation with designer control and interpretability. Overall,
studies confirmed that grammar-based and Al-assisted
generative approaches were rapidly expanding. However,
this work addressed a persistent gap: the lack of a system-
atically organised, fine-grained repertoire of shape trans-
formations grounded in empirical observation of design-
ers’ operations. This contribution was particularly relevant
for interpretability, pedagogy, and tool development. Be-
yond these conceptual contributions, the empirical anal-
yses revealed several patterns that warrant theoretical in-
terpretation. First, the bipartite structure observed in both
PCA and cluster analysis — with structural rules forming
an isolated cluster and plastic-figurative rules grouping
together — suggested that early-stage architectural design
was dominated by two distinct operational modes.

Results if this research indicated that early design
transformations were structured and interpretable, and
that computational systems may benefit from explicitly
representing these two operational modes. Also, the clus-
tering of plastic and figurative rules together, despite their
ontological difference (transformative vs. representation-
al), revealed a functional similarity in how architects de-
ployed them during refinement. This was consistent with
the observation that AI-based workflows often excel at pro-
ducing refined visual outputs but struggle to distinguish
representational operations from transformational ones.
S. Yiannoudes (2025) highlighted that deep learning mod-
els can generate convincing architectural imagery, yet it
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frequently blur the distinction between “form transforma-
tion” and “representation enhancement”. Empirical pattern
of this study supported the need for a meta-category of fig-
urative rules, clarifying that representational actions were
not secondary but structurally integrated into early design
refinement. The predominance of structural rules (74% of
total transformations) in early-stage design task aligned
with the configurational nature of conceptual design.
This finding complemented grammar-based performance
workflows such as L. Chen et al. (2025), where early-stage
generation of tower forms was primarily concerned with
organisational logic before detailed refinement. Results of
this study provided empirical support for this sequencing:
designers prioritise structural transformations during ear-
ly exploration, while Plastic and Figurative rules became
more prominent during later refinement. The repertoire di-
rectly enhanced design pedagogy. While A.A.C. Al-Hashim
& C. Alalouch (2025) demonstrated that grammars can
structure creativity and guide early design learning, and
D. ElI-Mahdy (2022) showed how they can be used to im-
prove learning through practice, repertoire of this research
built on these contributions by offering a richer, more de-
tailed inventory of transformational actions that can be
explicitly taught, thereby helping students to expand their
operational design vocabulary. Finally, the repertoire may
also support generative morphology workflows by offering a
general and systematically organised set of transformations
that can be adapted to diverse morphological contexts.

CONCLUSIONS
This study addressed a fundamental gap in design research
by developing a comprehensive, empirically validated rep-
ertoire for systematically categorising shape transforma-
tions in architectural design. The research successfully
demonstrated the feasibility of encoding all observed form
manipulations using 48 shape rules organised into two
operational categories (Plastic, Structural), a meta-cat-
egory (Figurative), and 14 rule classes. Empirical valida-

coherence was validated through statistical analysis re-
vealing a bipartite pattern supporting the theoretical
distinction between lateral and vertical transformations.
Principal Component Analysis showed PC1 explaining
97.64%/99.58% of variance across subjects, demonstrating
clear differentiation among rule categories. Hierarchical
cluster analysis confirmed consistent structural patterns:
structural rules forming isolated clusters, while plastic and
figurative rules grouped together, validating the three-cat-
egory classification system. The distribution of rule use
(74% Structural, 15% Plastic, 11% Figurative) reflected the
exploratory nature of early-stage design and showed con-
sistency across both subjects. The results demonstrated
that architects’ shape transformations can be systematical-
ly described, providing a reproducible framework for both
descriptive and computational applications, with potential
for three complementary domains: analysing sketching
activity to uncover cognitive processes, developing ped-
agogical tools to enhance design education, and creating
computational systems to support early-stage design ex-
ploration. Small sample size (n=2 architects) limited the
generalisability of findings, and while sufficient to test the
viability and internal coherence of the repertoire, it can-
not establish universal applicability across all architects,
design contexts, or architectural styles. Beyond these lim-
itations, the findings suggested that the repertoire can be
integrated into a computational tool. Future research aims
to develop a computer-assisted-design software based on
the obtained repertoire to support designers and architects
during the process of form generation and manipulation.
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CucTteMaTUYHUM penepTyap npaBun TpaHchopmMauii popm
Yy apXiTeKTypHOMY AU3alMHi: KOHUENTya/lbHe AO0BeAeHHS

AHoTaUif. MeTo10 11bOTO IOCTiIKEeHHS 6Y/I0 BUSBIIEHHS, CTPYKTYPHU3allisi Ta eMITIipMYHa TepeBipKka CUCTEMATUYHOTO
periepTyapy eleMeHTapHUX MpaBwI TpaHchopmalii GopMm, 1[0 TOYHO BiZoO6paskaloTh MPOIeCH apXiTeKTyPHOTO AU3aiiHy
Ha OCHOBi ecKi3iB Ta MOXyTb OyTM 6Ge3rocepeqHbO BIIPOBA[KEHI B 0OUMCIIOBAJIbHI cepemoBuiia. Ijisi BUPilIeHHS
Mpo6IeMU BiZCyTHOCTi CMCTEMaTH30BaHOI0 Ta IeTAIbHOTO periepTyapy onepaiiii tpancopmariii bopm y ocmigKeHHSIX
apxiTeKTypHOTO Au3aiiHy 6y/o po3pobieHo 48 npasui TpaHchopmalii hopm uepes OIS IiTepaTypy Ta YTOUHEHO 3a
JIOTIOMOTO0I0 eMITiDMYHMX CIIOCTepeXkeHb 3a ceciIMy Mall0BaHHS, IPOBeJeHMMY IBOMA JOCBiAUeHUMM apXiTeKTOPaMN.
ITpaBuia 6ynu po3MoiiieHi Ha ABi omepaliiiHi kKaTeropii (IV1IaCTUYHi, CTPYKTYPHi), ONHY MeTa-KaTeropito (pirypatusHi)
Ta 14 knaciB npaBwi. [IpOTOKOIbHMIL aHami3 MiATBEPAMB, 110 penlepTyap OXOIUIIOBAB YBECh CIIEKTP CIIOCTePeKyBaHUX
MaHimyssii 3 opmamu uepes 23 ecki3u Ta 267 3aKof0BaHUX TpaHChHOpMalliii, 3 BUCOKOIO BHYTPIIIHBOIO Y3TOIKEHICTIO
kopepis (Kamnma Korena: 0,85-0,87), o migTBepAWIO HAAI/HICT Ta YiTKiCTh 3aIIpONIOHOBaHoi kinacudikarii. CTpyKTypHi
MpaBwia CTaHOBWIM 74 % crocTepeskyBaHuxX TpaHcdopmariiit, migkpeciaioouM IOMiHYBaHHSI KOH®irypariifHoro
OOCTi/>KeHHSI Ha PaHHIX eTanax MPOEKTYBaHHS, TOLI K MaacTu4Hi Ta ¢irypatusHi npaswia ckaaganm 15 % i 11 %
BianoBinHO. CTaTUCTMUHI aHasi3y, BKIOYAKOUYM aHali3 FOJOBHMX KOMIIOHEHT Ta i€papXiuHmMii KjiacTepHMUIl aHasis,
TOKa3aJIu MOCJIiOBHY IBOLONbHY CTPYKTYPY Y 000X IM3aiiHepiB: CTPYKTYPHi TpaBuiia yTBOPIOBAJIM OKPEeMMUit KilacTep, B
TOJ yac SIK IIacTU4IHi Ta dirypaTmBHi mpaBmiia rpymysanucs, npu npomy PC1 nosicHioBaB 97-99 % 3aranbHoi gucmnepcii.
ITpakTHUYHe 3HAYeHHSI I[bOTO TOCTiIKeHHS MTOJIATa€e B HaJaHHI MPo30poi Ta 6araTopasooi riaTdopmu TpaHchopmariiit,
SIKMI TIATPUMYE aHaMi3 TOBeIiHKM IPU apXiTeKTyPHOMY MaJIlOBaHHI Ta CIIPUsIE PO3BUTKY 3aC00iB 06UMCIIOBAIBHOTO
MIPOEKTYBAHHS Ha OCHOBI ITPaBUI

KniouoBi cnoBa: apxiTekTypHe MajioBaHHS; MaHimy/siis ¢dopMamu; rpamaTuka (Gopm; MpPOTOKOJbHMIT aHasIi3;
IMi3HaHHS B AM3aitHi
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