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Abstract

This article examines the evolution of computational paradigms in architecture through
the articulation of a diachronic framework and a comparative analytical matrix. Mov-
ing beyond linear narratives centred on technological progress, the study proposes an
interpretation of architectural computation as a layered ecology in which distinct regimes—
symbolic, representational, informational, generative, and probabilistic— interact simul-
taneously. Based on a critical review of historical, theoretical, and technical sources, the
study comparatively examines five major paradigmatic moments in the development of
architectural computation. Instead of proposing these paradigms as discrete or sequential
stages, the article interprets them as interdependent computational layers that continue to
coexist within contemporary architectural practice. The findings indicate that the transition
from rule-based deterministic systems to learning-based systems introduces a fundamental
shift in the nature of architectural computation, moving design processes from controlled
execution toward probabilistic exploration. In this context, artificial intelligence does not
merely extend existing technical capabilities but reconfigures the relationships between
designer, tool, and knowledge. The article concludes that contemporary architecture op-
erates within a layered computational ecology in which multiple paradigms overlap and
interact. This perspective allows computation to be understood not only as a set of tools
but as an epistemological infrastructure that profoundly transforms architectural practice,
its processes, and its critical frameworks.
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Over recent decades, architecture has been profoundly reconfigured by the acceleration

distributed under the terms and into design, production, and the management of the built environment [1-3]. What initially
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progressively evolved into a complex computational ecosystem, in which algorithmic de-
sign approaches [4], parametric modelling systems [5,6], information-based environments
such as Building Information Modelling (BIM) [7], and, more recently, artificial intelligence
techniques [8,9] actively intervene in the formulation of architectural design.

This transformation cannot be reduced to the mere introduction of new technical
instruments; rather, it entails a structural shift in the projectual process itself. Draw-
ing is no longer understood as the graphic translation of a predefined intention, but
increasingly operates as a relational system based on rules, parameters, and data-driven
interactions [5-7,10]. Within this framework, the architect progressively assumes the role
of author of processes and systems rather than of closed, singular objects, signalling an
epistemological displacement that challenges fundamental notions of authorship, control,
decision-making, and creativity [4,5].

Despite the extensive body of research dedicated to digital, computational, and algo-
rithmic architecture, much of the existing literature remains fragmented, often focusing on
specific technologies, isolated historical moments, or particular formal outcomes [2,3,11].
Less attention has been given to long-term historical and critical syntheses capable of
articulating continuities and ruptures between early post-war computational paradigms
and contemporary practices grounded in data-driven and learning-based systems [3,12].
As a result, the broader cultural and disciplinary implications of computation in archi-
tectural design remain insufficiently integrated into a coherent analytical framework. To
address this gap, the study adopts a comparative and diachronic interpretive framework
designed to analyse long-term continuities, transformations, and interdependencies across
computational paradigms in architecture.

This article addresses this gap by proposing a critical and comparative framework for
analysing the long-term evolution of computational paradigms in architecture. The study
interprets digital development as a sequence of isolated technological substitutions, the
study examines how distinct computational regimes—from early experimental systems
to parametric design [5,6], Building Information Modelling [7], digitally driven design
and production processes [13], and artificial intelligence and machine learning in design
processes [9]—continue to coexist, overlap, and interact within contemporary architectural
practice. In doing so, the article also engages broader debates concerning automation,
computational agency, and the future trajectories of architectural computation [12].

In doing so, this article contributes: (i) a comparative analytical matrix synthesising
five major computational paradigms in architecture, and (ii) the notion of a “layered compu-
tational ecology” as a framework for understanding the coexistence and interdependence
of computational systems beyond linear narratives of technological replacement. In this
study, the notion of “computational ecology” refers to a condition in which multiple compu-
tational paradigms coexist through relations of interoperability, infrastructural dependency,
operational overlap, and cumulative integration, forming heterogeneous computational
environments in which distinct computational logics remain simultaneously operative.

Rather than approaching technology as a neutral or deterministic force, this study
frames computation as a cognitive and cultural infrastructure that actively shapes archi-
tectural knowledge and practice [11,12]. By situating digital tools within their historical
and epistemological genealogy, the article contributes to a more nuanced understand-
ing of architectural computation and provides a critical basis for assessing the implica-
tions of artificial intelligence and contemporary computational systems for the future of
the discipline.
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2. Theoretical Background: Computation and Architecture

The theoretical foundations of computation and computer architecture can be under-
stood within the broader evolution of logical and mathematical thought. While Aristotelian
logic represents an initial milestone in the formalisation of reasoning, it was George Boole’s
development of Boolean algebra that enabled the representation and manipulation of logi-
cal operations in binary form [14]. This formalisation became the mathematical basis for
digital circuits and contemporary computational processing [15].

This development was further advanced by pioneers such as Leibniz and Pascal, who
conceived mechanical devices for performing arithmetic operations, and, more decisively,
by Charles Babbage and Ada Lovelace [16]. Their collaboration anticipated the principle of
programmable machines capable of executing general sequences of instructions. Babbage’s
designs for the Difference Engine and the Analytical Engine, articulated with Lovelace’s
algorithmic formulation, introduced, for the first time, the concept of automating calcula-
tions through the application of abstract formal rules [17]. This conceptual framework was
later revisited in the twentieth century, underpinning the emergence of computer-aided
design and subsequently influencing architectural design methodologies [10].

In 1936, Alan Turing made a decisive contribution to the formalisation of compu-
tation theory through his paper On Computable Numbers, with an Application to the
Entscheidungsproblem, which introduced the abstract model of the a-machine (automatic
machine), later known as the Turing Machine [18]. Turing established the formal limits of
computability, demonstrating that any effective algorithmic procedure can be expressed
as a finite sequence of elementary operations on symbols, while simultaneously proving
the unsolvability of the Entscheidungsproblem. The development of the first computers in
the post-Second World War period, as well as Turing’s later formulation of the “Imitation
Game” (1950), shifted the discourse from mechanical calculation to the prospect of intelli-
gent behaviour in artificial systems [19]. This theoretical shift contributed to the conceptual
foundations of later developments in Artificial Intelligence [20].

During this period, the appearance of large-scale electronic computers such as the
ENIAC (1945), developed by John Eckert and John Mauchly, demonstrated the computa-
tional capacity to address highly complex mathematical and scientific problems [21]. In
parallel, programmable electromechanical machines such as the ASCC/Harvard Mark I
(1944), designed by Howard Aiken in collaboration with IBM, confirmed the feasibility
of sequentially controlled computational systems [22]. These technological advances es-
tablished the conceptual and operational foundations that, decades later, supported the
integration of digital technologies into architectural design and representation.

This convergence became particularly evident in initiatives such as the Architecture
and the Computer conference (Boston Architectural College, 1965) [23], and subsequently
in the Architecture Machine Group at MIT (1967), led by Nicholas Negroponte, which
developed the first experimental systems of computer-aided design (CAD) [13].

The intersection of computation and architecture became increasingly pronounced
with the development of early interactive graphic systems, notably Ivan Sutherland’s
Sketchpad (1963) [24]. This system introduced real-time geometric manipulation through
the use of a light pen, implemented formal parameterisation mechanisms, and established a
new paradigm of human—computer interaction supported by intuitive visual interfaces [25].
Subsequent projects, including URBAN II, URBAN V, and GENERATOR—developed
within the MIT Architecture Machine Group [13]—as well as Frei Otto’s investigations
for the Munich Olympic Park, integrating physical and computational processes [26],
demonstrated that the computer could function not only as a representational tool but also
as a generative and analytical system.
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As aresult, a conceptual framework emerged in which digital design is understood
as an algorithmic process based on formal rules, parametric relations, and computational
operations [27]. This conceptual framework established the conditions for the emergence
of multiple computational paradigms in architecture, including CAD, BIM, and parametric
design [4-7]. Rather than replacing one another, these systems progressively accumulated
and interacted, forming increasingly interconnected computational environments that later
enabled the integration of artificial intelligence into architectural practice [8,9,12].

3. Methodology

This article adopts a qualitative, historical-critical methodology, situated within the
constructivist paradigm (Groat & Wang) [28], based on the assumption that modes of
computation in architecture are cultural, technical, and epistemological constructs rather
than neutral technological evolutions. The approach is neither empirical nor quantitative;
it focuses on the conceptual and interpretive analysis of digital technologies applied to
architectural design. This interpretive positioning aligns with historiographic and theory-
driven research traditions in architectural scholarship [10,11].

The research is structured as a systematizing review [29]. The review process com-
bined structured bibliographic searches with theoretical sampling strategies appropriate
to qualitative historical-critical research. Literature was identified through searches con-
ducted in Scopus (Elsevier B.V., Amsterdam, Netherlands), Web of Science (Clarivate,
London, United Kingdom), Google Scholar (Google LLC, Mountain View, CA, USA), and
major architectural publishers using combinations of keywords such as “architectural
computation”, “CAD”, “BIM”, “parametric design”, “algorithmic architecture”, “artifi-
cial intelligence in architecture”, and “computational design theory”. Selection criteria
privileged publications that played a significant theoretical, historical, or operational role
in the development of computational paradigms in architecture, including foundational
theoretical texts, historically influential projects or systems, and widely cited disciplinary
contributions. Sources focused exclusively on software implementation, purely technical
optimisation, or unrelated engineering applications were excluded unless directly relevant
to architectural design methodologies.

Rather than pursuing exhaustive bibliometric coverage, the review adopted a the-
oretically oriented interpretive strategy aimed at identifying the major computational
logics, epistemological transformations, and infrastructural relationships shaping the evo-
lution of architectural computation. The methodology combines three main components:
(i) diachronic mapping of computational paradigms; (ii) comparative analysis; and (iii)
theoretical categorization. Accordingly, the method operates at three interconnected levels,
a diachronic mapping that situates technologies and practices within their technical and
cultural contexts; a transversal comparative analysis applied consistently across digital
paradigms; and a theoretical categorization that organizes the findings into interpretive
models. Rather than evaluating the technical performance of digital tools, the study
seeks to understand how different computational regimes coexist, interact, and reconfig-
ure processes of conception, representation, automation, control, and decision-making in
architectural design [4,12].

The temporal scope extends from the first human-machine interactions in architecture
in the 1950s and 1960s [25] to contemporary approaches based on machine learning and
artificial intelligence (AI) [8,9]. In a first stage, the material is organized through a diachronic
framework combining temporal periods and analytically distinct computational paradigms.
While some paradigms overlap chronologically, they are differentiated according to their
epistemological logic, operational structure, and modes of computational interaction.

The analysis identifies five major computational paradigms:
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(1) foundations of computation and early applications in architecture (1950-1970);

(2) consolidation of CAD and the emergence of informational models (1970-1990);

(3) dissemination of BIM (1990-2010);

(4) development of parametric and algorithmic design (1990-2010);

(5) integration of Al, machine learning, and data-driven computational systems (2010-2025).

Although BIM and parametric design overlap temporally within the 1990-2010 period,
they are treated as analytically distinct paradigms rather than as a single chronological
phase. BIM consolidates an object-oriented informational logic centered on coordination, in-
teroperability, and lifecycle integration, whereas parametric and algorithmic design operate
through rule-based generative systems focused on formal variation and performance-
driven exploration. Their differentiation is therefore epistemological and operational rather
than strictly chronological.

Vertically, the matrix is structured around analytical axes capturing epistemological,
operational, and disciplinary implications, including:

Nature of computation

Type of digital model
Human-machine relationship
Degree of automation
Learning/adaptivity

Role of data

Authorship and agency
Contribution to the design process
Impact on professional practice

Risks and limitations

Rather than functioning as a chronological taxonomy of digital tools, the matrix is con-
ceived as a comparative interpretive framework for analysing the coexistence, operational
logic, and epistemological implications of computational paradigms in architecture.

The matrix is read both diachronically and transversally. Diachronic reading allows
the identification of long-term structural transformations in architectural computation,
while transversal reading enables the comparison of paradigms across specific analytical
criteria. By explicitly defining comparative criteria and interpretive logic, this framework
grounds the analysis developed in subsequent sections and is synthesised in Table 1. The
overall methodological structure adopted in this study is illustrated in Figure 1.

Table 1. Comparative Analytical Matrix.

Consolidation of

Foundations of Al Integration &

Computation & CAD & Dissemination Param‘e trlc‘& Data-Driven
. . Emergence of Algorithmic .
Analytical Axis Early . of BIM . Computational
L. Informational Design
Applications Models (1990-2010) (1990-2010) Systems
(1950-1970) (1970-1990) (2010-2025)
Nature of Symbolic, logical, Graphical, Rule-based, Algorithmic, Data-driven,
computation deterministic procedural object-oriented rule-based probabilistic
Informational . .
Type of digital Abstract, Geometric model with Generatn{e Trained models
. . parametric (ML/DL,
model experimental (2D/early 3D) parametric .
. systems generative)
objects
Humzfm— Exploratory, Supervision and  Designer as rule Curation,
machine research- Operator—tool o .
. . . coordination author supervision
relationship oriented
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Table 1. Cont.

Foundations of

Consolidation of

Al Integration &

Computation & CAD & Dissemination Paramf: tl‘lC'&: Data-Driven
. . Emergence of Algorithmic .
Analytical Axis Early . of BIM . Computational
L Informational Design
Applications Models (1990-2010) (1990-2010) Systems
(1950-1970) (1970-1990) (2010-2025)
Degree of . Low (drafting Mec‘.hun"l Medium-High High (sometimes
. None or minimal . (coordination, (controlled
automation efficiency) e . near total)
verification) generation)
Learning/adaptivity None None None None (explicit  Present (rpachme
rules only) learning)
Negligible Implicit Central, Limited Foundational
Role of data gHgIble, pucit, . structured, (parameters, not (datasets, bias,
unstructured non-semantic .
interoperable datasets) provenance)
Authorship and Human, Hybrid (human +  Deeply hybrid,
agency Fully human Fully human distributed algorithm) contested
0 Efficiency, Coordination, Forma.l Generation,
Contribution to Conceptual .. . exploration, L.
. . precision, lifecycle optimisation,
design process foundations L . . performance o
standardisation integration A prediction
optimisation
ImpacF on Marginal H1gh ‘ Very high (AEC High (ad'vanced Emergmg,
professional (academic) (Practice-wide transformation) practices, potentially
practice adoption) academia) disruptive
Risks and Technological Illusion of Standardisation, = Over-formalism, Opacity, bias, IP,
limitations immaturity intelligence rigidity opacity loss of control

O © © O

IDENTIFICATION
OF DIGITAL
PARADIGMS
(1950-2025)

COMPARATIVE
ANALYTICAL
MATRIX

LITERATURE THEORETICAL

REVIEW SYNTHESIS

Review of Identification of Cross-paradigm

Synthesis into a
analysis across

historical, five key

layered
epistemological

theoretical, and computational

computational
and operational

technical sources paradigms in

|
architecture dimensions ecology
o e I

Figure 1. Methodological framework. The study adopts a four-stage methodological structure com-
bining historical-critical review, diachronic identification of computational paradigms, comparative
analytical interpretation, and interpretive synthesis. The framework integrates literature review,
cross-paradigm analysis, and epistemological categorisation in order to interpret the long-term
evolution of architectural computation as a layered computational ecology.
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Table 1 operationalises the comparative framework by mapping the five temporal
paradigms against key epistemological, operational, and disciplinary dimensions, enabling
both diachronic and transversal interpretation. The matrix is intended to reveal both conti-
nuities and transformations across paradigms, emphasising how distinct computational
logics remain active and interconnected within contemporary architectural workflows.
Each analytical axis presented in the matrix is further examined and interpreted throughout
Sections 5 and 6, allowing the table to function not merely as a classificatory summary but
as a synthetic representation of the comparative arguments developed in the article.

4. Computational Paradigms in Architecture: A Diachronic Framework
4.1. Digital Paradigms as Coexisting Computational Regimes

The concept of “computational paradigm” adopted in this study does not imply a
strictly linear technological progression, nor a deterministic succession of tools replacing
one another. Rather, it refers to historically situated but epistemologically structured
regimes of computation that configure distinct modes of thinking, designing, modelling,
and interacting with digital systems [30-32].

In this sense, the notion of paradigm resonates partially with Kuhn’s understanding
of scientific paradigms as coherent constellations of practices, assumptions, and problem-
solving frameworks [33]. However, architectural computation does not evolve through
abrupt paradigm shifts in the strict Kuhnian sense. Instead, it operates through layered
coexistence, hybridization, and gradual reconfiguration. Earlier regimes persist within
contemporary practice, even as new computational logics emerge.

For instance, rule-based drafting systems developed during the consolidation of
CAD remain operative within BIM environments; parametric logics coexist with object-
oriented informational models; and algorithmic scripting continues to function alongside
data-driven Al systems [12,13]. The discipline therefore operates within a stratified compu-
tational ecology rather than a linear technological timeline.

Understanding digital paradigms as coexisting computational regimes allows us to
interpret architectural computation not as a unidirectional narrative of progress, but as a
dynamic field in which symbolic, procedural, parametric, informational, and probabilistic
systems overlap and interact. This perspective prevents reductive technological deter-
minism and foregrounds the cultural, disciplinary, and epistemological implications of
computational integration in architecture [11,16].

4.2. Analytical Axes: Automation, Agency, Authorship, Data, Control

To analyze these regimes comparatively, it is necessary to move beyond descriptive
accounts of software evolution and instead focus on structural dimensions that redefine
architectural practice. The analytical axes adopted in this study—automation, agency,
authorship, data, and control—capture these transformations at an epistemological and
operational level [10,11].

Automation refers to the degree to which computational systems execute predefined
operations, generate formal variations, coordinate information, or produce outputs au-
tonomously. In early symbolic regimes (1950-1970), automation was minimal and primarily
calculative. With CAD, automation enhanced drafting efficiency. BIM introduced coordi-
nated object-based automation. Parametric systems enabled controlled generative automa-
tion. Contemporary Al systems, by contrast, incorporate probabilistic and learning-based
automation capable of producing outputs not explicitly predefined by the designer [6,15,25].

Agency concerns the distribution of decision-making between human and machine.
In early computational experiments, the architect remained the sole cognitive agent. With
parametric systems, agency became partially delegated to rule-based generative procedures.
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In Al-driven environments, agency becomes hybrid and negotiated, raising questions about
machine participation in design reasoning [12,34].

Authorship evolves accordingly. The transition from drawing as representation to
modelling as rule-definition shifts the architect’s role from form-maker to system-author [9].
In AI contexts, authorship becomes deeply hybrid, involving dataset curation, prompt
engineering, model training, and output selection. This produces contested notions of
intellectual ownership and creative responsibility [34,35].

Data plays a progressively central role across paradigms. In early computational
regimes, data was negligible or unstructured. CAD treated geometry primarily as graphical
information. BIM formalized structured object-based data and lifecycle integration [4].
Parametric systems operate on relational parameters but not necessarily large datasets. Al
regimes, however, are fundamentally data-dependent, with performance conditioned by
training corpora, bias structures, and model architectures [6,25].

Finally, control shifts from deterministic symbolic manipulation to increasingly proba-
bilistic and opaque systems. Whereas early computational systems were fully transparent
and rule-governed, contemporary Al models introduce stochastic processes and black-box
dynamics that complicate predictability and accountability [36].

These axes do not merely describe technological attributes; they articulate trans-
formations in epistemology, professional identity, and disciplinary culture. They there-
fore provide the conceptual scaffolding for interpreting the five temporal moments
articulated below.

4.3. Overview of the Five Temporal Moments

Based on the diachronic framework introduced in Section 3, five major temporal
configurations of architectural computation can be identified. These are not mutually
exclusive stages but analytically distinct regimes that partially overlap and coexist:

1.  Foundations of computation and early applications (1950-1970)—characterized by
symbolic, logical, and experimental uses of computation, primarily within academic
and research contexts. The computer functioned as a calculative and exploratory
instrument rather than a professional drafting tool [13,24].

2. Consolidation of CAD and emergence of informational models (1970-1990)—marked
by the diffusion of computer-aided drafting systems, increased professional adoption,
and the procedural stabilization of digital drawing. During this period, geometry
became programmable and standardized, but remained largely representational [4,10].

3.  Dissemination of BIM (1990-2010)—defined by object-oriented modelling, interoper-
ability, and lifecycle integration. Here, the digital model evolved into an informational
infrastructure central to coordination and professional transformation across the
AEC industry [7].

4.  Development of parametric and algorithmic design (1990-2010)—temporally overlap-
ping with BIM but conceptually distinct. Parametric systems foreground rule-based
generative logic, formal exploration, and performance optimization, positioning the
architect as author of relational systems rather than static forms [4-6].

5. Integration of Al and advanced automation debates (2010-2025)—characterized by
machine learning, generative models, predictive analytics, and emerging discussions
on advanced automation. In this regime, probabilistic reasoning, data dependency,
and adaptive systems redefine the boundaries of design agency and automation [8,9,34].

The separation of these moments serves analytical clarity rather than chronological
rigidity. Their coexistence reflects the layered structure of contemporary practice, in which
CAD drawings, BIM coordination, parametric scripting, and Al-assisted generation may
operate simultaneously within a single project environment.
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The five temporal moments outlined above constitute the historical and conceptual
structure of the study. Each is examined as a distinct yet coexisting computational regime,
allowing for a deeper understanding of its internal logic, operative mechanisms, and
disciplinary implications. The temporal overlap and coexistence of these computational
paradigms are illustrated in Figure 2.

1950 1970 1990 2010 2025

5. Al & Data-Driven

Computational Systems
Inferential and probabilistic logic.
Learning, prediction, and

non-deterministic generation.

4. Parametric Design

Algorithmic and generative logic.
Rule-based systems enabling variation,
coordination, and generative exploration.

3.BIM

Informational and object-oriented logic.
Data-rich models enabling coordination,

ity, and lifecycle i

2. CAD =
Representational and graphical logic.

Digitisation of drawing processes,

improving precision and efficiency. -

1. Foundations

Symbolic and logical computation.

Early computational applications framing
architecture as structured information.

Figure 2. Diachronic overlap of computational paradigms in architecture (1950-2025). The diagram
illustrates the temporal coexistence and partial overlap of five major computational paradigms
in architecture: computational foundations, CAD, BIM, parametric design, and Al-based systems.
Rather than representing a linear succession of technological replacements, the figure emphasises the
persistence, interoperability, and simultaneous operation of multiple computational logics within
contemporary architectural practice.

5. The Five Digital Paradigms of Architecture
5.1. Foundations of Computation and Early Applications in Architecture (1950-1970)

The emergence of computation in architecture between 1950 and 1970 must be situated
within the broader post-war transformation of science, engineering, and systems theory.
Rather than constituting an immediate digitalization of architectural practice, this period
represents an epistemological shift in how architectural problems were conceptualized,
structured, and processed [15,37].

5.1.1. From Numerical Calculation to Structured Problem-Solving

Early digital computers were primarily developed for military and scientific applica-
tions, including ballistics, cryptography, and structural engineering [23]. In architectural
contexts, their first uses were linked to numerical analysis, structural calculations, opti-
mization of load distribution, and environmental performance simulations [1].

Programming languages such as FORTRAN enabled engineers to encode mathematical
procedures into executable sequences [38]. Although graphical interfaces were not yet
available, the conceptual implications were significant: architectural problems could now be
decomposed into variables, constraints, and iterative procedures. This alignment between
architecture and formalized computation echoed developments in operations research and
decision theory, particularly Herbert Simon’s theory of bounded rationality [39].

Herbert A. Simon’s notion of design as a problem-solving activity profoundly in-
fluenced early computational design thinking. In The Sciences of the Artificial, Simon

https://doi.org/10.3390/architecture6020089


https://doi.org/10.3390/architecture6020089

Architecture 2026, 6, 89

10 of 25

framed design as a search process within a structured problem space—an approach highly
compatible with computational logic [39].

Thus, even before graphical CAD systems emerged, computation had begun to rede-
fine architecture as a domain of structured information processing.

5.1.2. Cybernetics and Systems Theory

The theoretical foundations of early computational architecture were deeply informed
by cybernetics and systems theory. Norbert Wiener introduced feedback, control, and
adaptive behaviour as central concepts for understanding complex systems [40]. These
ideas were rapidly absorbed into architectural discourse during the 1960s [41,42].

Architecture began to be interpreted as a dynamic system composed of interrelated
subsystems—structural, environmental, and social—regulated through feedback loops.
Gordon Pask’s work on conversational theory influenced experimental architectural think-
ing, notably in Cedric Price’s Fun Palace project [41,42].

Reyner Banham reframed buildings as environmental control systems rather than
purely formal compositions [42]. This systems-based perspective laid the intellectual
groundwork for later computational modelling and parametric dependency structures.

Cybernetics introduced a conceptual continuity that persists across digital paradigms,
architecture could be modelled as a system of information flows rather than a static object.

5.1.3. The Design Methods Movement and Algorithmic Thinking

The 1960s also witnessed the rise of the Design Methods Movement, which sought to
rationalize and systematize architectural design [43]. Christopher Alexander proposed de-
composing design problems into structured diagrams of relationships and constraints [44].
Although not computational in execution, Alexander’s method exhibited algorithmic logic.

Similarly, J. Christopher Jones advocated structured design procedures based on
analysis, generation, and evaluation cycles [45]. These approaches paralleled computational
sequencing and anticipated rule-based workflows [1].

While critics later warned against excessive rationalization [46], the formalization of
design logic created fertile ground for digital implementation [1].

Thus, computation during this period operated not merely as hardware but as an
emerging epistemic model.

5.1.4. Early Interactive Computer Graphics

A decisive milestone occurred with Ivan Sutherland’s Sketchpad (1963), which intro-
duced interactive graphical manipulation, constraint-based geometric relationships, object
hierarchies, and parametric dependencies [25].

Sketchpad demonstrated that geometry could be defined relationally rather than
statically. Constraints ensured that changes in one element propagated through the system,
a principle that would later underpin parametric modelling and BIM environments [9].

Although hardware limitations prevented immediate architectural adoption, Sketch-
pad marked the transition from numerical to graphical computing and initiated a shift from
representational drawing to computational modelling [5].

5.1.5. Experimental Architectural Cybernetics

Beyond analytical computation, late-1960s architectural experiments began to ex-
plore computation as an interactive and adaptive medium. Cedric Price’s Fun Palace
(1961-1964), developed in collaboration with Gordon Pask, proposed an architecture capa-
ble of spatial reconfiguration through user participation and feedback mechanisms [47].
Although technologically unrealised, the project embodied a proto-computational logic
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in which architecture was conceived as a dynamic system regulated by information flows
rather than fixed geometry.

In parallel, Nicholas Negroponte’s Architecture Machine Group at MIT investigated
human—computer interaction in design processes [13]. Rather than treating the computer
as a drafting instrument, Negroponte envisioned it as an intelligent assistant capable of
engaging in a dialogue with the designer. This speculative shift—from tool to partner—
prefigures later debates on Al-assisted design and machine agency.

These experiments introduced a crucial conceptual displacement, computation began
to be understood not only as a mechanism for calculation or representation but as a
cognitive interface capable of mediating decision-making processes.

5.1.6. Constraints and Institutional Limits

Despite profound conceptual advances, the practical adoption of computational tech-
nologies in architectural offices remained extremely limited. The high cost of mainframe sys-
tems, restricted institutional access, programming complexity, and rudimentary graphical
output constrained experimentation to research laboratories and academic institutions [15].

As Picon observes, the gap between conceptual innovation and professional imple-
mentation persisted for decades, with computation functioning primarily as an intellectual
horizon rather than a normalized technical instrument during this period [15].

5.1.7. Epistemic Foundations of Later Paradigms

Although the 1950-1970 period did not yet produce fully digital architecture in practi-
cal terms, it established the epistemic infrastructure upon which subsequent paradigms
would be constructed:

Architecture conceived as an information system
Design understood as structured problem-solving
Geometry interpreted as relational and rule-governed

Feedback recognised as a regulatory mechanism

These conceptual shifts constituted a proto-paradigm, a cognitive transformation
preceding technical normalization. As Carpo argues, digital architecture did not begin with
software adoption but with the gradual reconceptualization of architecture as code, data,
and system [6].

In this sense, the foundational era represents not a technological revolution in built
output, but a paradigmatic reorientation in architectural knowledge—one that redefined
how architectural problems could be structured and processed [15].

5.2. Consolidation of CAD and the Emergence of Informational Models (1970-1990)

The period between 1970 and 1990 marks the transition from experimental and concep-
tual uses of computation to its gradual integration into professional architectural practice.
This phase is characterized by the consolidation of Computer-Aided Design (CAD) as a
representational and drafting tool, enabling the digitization of drawing processes and the
standardization of graphic production [1,23].

5.2.1. From Experimental Computing to Professional Tool

Advances in hardware, including the development of minicomputers and later per-
sonal computers, significantly expanded access to computational technologies beyond
research institutions [23]. At the same time, the emergence of interactive graphic systems
and commercial software made digital tools increasingly viable within architectural offices.

Early CAD systems such as Intergraph and AutoCAD (Autodesk, Inc., San Francisco,
CA, USA), released in 1982, introduced digital drafting environments that replicated and
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enhanced traditional drawing practices. These systems allowed for increased precision,
editing flexibility, and reproducibility, reducing the time required for documentation and
facilitating iterative design processes [1].

Despite these advances, CAD remained fundamentally representational, geometry
was encoded digitally but retained the logic of conventional drawing. The computer
functioned primarily as an instrument for visualization and documentation rather than as
an active generator of form.

5.2.2. Procedural Logic and Early Computational Workflows

Although CAD systems were largely used for drafting, they also introduced pro-
cedural logic into design workflows. Layers, blocks, and coordinate systems enabled a
structured organization of geometric information, anticipating later developments in object-
oriented modelling.

This period also witnessed early experiments in algorithmic design and shape genera-
tion, particularly in academic contexts. However, these remained marginal to mainstream
professional practice, which was primarily focused on efficiency and standardization [43].

Thus, while computation began to influence architectural production processes, its
epistemological impact remained limited compared to the conceptual transformations
initiated in the previous period.

5.2.3. Standardization and Professionalization

One of the most significant contributions of CAD was the standardization of archi-
tectural representation. Digital drafting facilitated consistency across projects, improved
coordination between disciplines, and supported the emergence of shared conventions in
drawing production.

This standardization aligned with broader transformations in the architecture, engi-
neering, and construction (AEC) industry, where increasing project complexity demanded
more efficient documentation and communication systems [1].

However, this efficiency-oriented paradigm also reinforced a separation between
design thinking and representation. The computer was predominantly used to execute
predefined decisions rather than to actively participate in design generation.

5.2.4. Limits of Representational Computation

Despite its widespread adoption, CAD did not fundamentally alter the underlying
logic of architectural design. The absence of embedded data, relational dependencies, and
integrated performance feedback limited its capacity to operate as a true computational
design environment.

As aresult, CAD can be understood as a transitional paradigm, it digitalized represen-
tation without fully transforming the epistemological structure of design processes. This
limitation would later motivate the development of BIM and parametric systems, which
sought to overcome the separation between geometry, information, and process [4,12].

5.2.5. Transitional Role in the Computational Ecology

Within the broader diachronic framework proposed in this study, the CAD paradigm
occupies a transitional position. It establishes the technical and professional infrastructure
necessary for subsequent developments while maintaining strong continuity with pre-
digital representational practices.

Rather than constituting a radical epistemological rupture, CAD can be understood as
a phase of translation, the migration of analogue drawing into a digital environment. Its
primary contribution lies in the digitization and standardization of representation, rather
than in the transformation of design logic itself.
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This transitional condition explains both its widespread adoption and its limita-
tions. While CAD significantly increased efficiency and precision, it did not yet inte-
grate information, relational dependencies, or generative processes. These limitations
would later motivate the emergence of BIM and parametric systems as more advanced
computational regimes [4,12].

The legacy of CAD persists in contemporary practice, where drafting-based workflows
continue to coexist with information-based and generative paradigms, reinforcing the
layered and non-linear nature of architectural computation.

5.3. Dissemination of BIM (1990-2010)

The period between 1990 and 2010 marks a fundamental transformation in archi-
tectural computation, characterized by the transition from representational systems to
information-based modelling environments. Building Information Modelling (BIM) intro-
duced a new paradigm in which geometry is no longer treated as isolated graphical entities
but as part of an integrated system of data-rich objects [7].

5.3.1. From Representation to Information

Unlike CAD, where drawings encode geometry without embedded meaning, BIM
systems structure architectural elements as parametric objects containing both geometric
and semantic information. Walls, slabs, and components are no longer lines or surfaces but
entities defined by attributes, relationships, and behaviours.

This shift enables the model to function as a shared informational database rather than
a static representation. As Eastman et al. argue, BIM integrates design, construction, and
lifecycle management into a unified digital environment, fundamentally altering workflows
across the AEC industry [7].

5.3.2. Object-Oriented Modelling and Interoperability

BIM is grounded in object-oriented logic, where elements are defined through classes,
properties, and relational dependencies. This allows for coordinated updates, consistency
across views, and the automation of documentation processes.

Interoperability becomes a central concern in this paradigm. Standards such as IFC
(Industry Foundation Classes) facilitate data exchange between different software platforms,
enabling multidisciplinary collaboration and integrated project delivery [7].

This capacity for coordination distinguishes BIM from earlier computational systems
and positions it as a central infrastructure in contemporary architectural practice.

5.3.3. Integration and Lifecycle Thinking

A key innovation of BIM lies in its ability to integrate multiple phases of the building
lifecycle within a single model. Design, analysis, construction, and facility management are
interconnected through shared data structures.

This lifecycle-oriented approach reflects broader shifts toward systems integration
and information management in the AEC industry. It also aligns with emerging demands
for sustainability, performance analysis, and long-term asset management.

However, this integration is not purely technical; it also entails organizational and
professional transformations, redefining roles, responsibilities, and workflows within
architectural practice [1].

5.3.4. Limits of Informational Modelling

Despite its transformative impact, BIM remains constrained by its underlying logic.
While it integrates information and coordination, it does not inherently generate form or
enable exploratory design processes.
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The model is typically defined through predefined object libraries and standardized
components, which may limit formal experimentation and creative variation. As a re-
sult, BIM can be seen as a system optimized for coordination and control rather than for
generative design.

This limitation explains the parallel emergence of parametric and algorithmic design sys-
tems, which address precisely the absence of generative capacity within BIM environments [4,5].

5.3.5. BIM Within the Computational Ecology

Within the diachronic framework proposed in this study, BIM represents a consolida-
tion of information-based computation in architecture. It establishes a stable and widely
adopted paradigm centered on coordination, interoperability, and lifecycle integration.

However, rather than replacing previous systems, BIM coexists with CAD-based
workflows and overlaps with parametric design practices. This coexistence reinforces
the notion of a layered computational ecology, in which multiple paradigms operate
simultaneously within architectural production [12].

Thus, BIM should be understood not as an endpoint but as a central layer within a
broader and evolving computational landscape.

5.4. Development of Parametric and Algorithmic Design (1990-2010)

Parallel to the dissemination of BIM, the period between 1990 and 2010 witnessed the
emergence of parametric and algorithmic design as a distinct computational paradigm.
While BIM focused on information integration and coordination, parametric systems intro-
duced rule-based generative processes that fundamentally transformed the relationship
between geometry, logic, and design [5,6].

5.4.1. From Static Geometry to Relational Modelling

Parametric design is based on the definition of relationships between elements rather
than on fixed geometric entities. Instead of modelling forms directly, architects define
parameters, constraints, and dependencies that govern the behaviour of the system.

This relational approach allows for continuous variation, adaptation, and iteration.
Changes in one parameter propagate throughout the system, generating families of forms
rather than singular solutions. As Schumacher argues, parametricism represents a shift
toward a logic of differentiation, correlation, and continuous transformation [5].

5.4.2. Algorithmic Thinking and Generative Processes

Closely linked to parametric modelling, algorithmic design introduces scripting and
computational procedures as central design tools. Architects increasingly operate through
sequences of instructions, defining rules that generate geometry rather than manually
constructing it.

This shift aligns architectural design with computational logic, where form emerges
from processes rather than being predefined. Terzidis describes this transition as a
move from composition to computation, emphasizing the role of algorithms as drivers of
design thinking [4].

Algorithmic approaches enable not only formal exploration but also performance-
driven design, where environmental, structural, or material criteria inform the generation
of form [6].

5.4.3. Material Computation and Performance

A key development within this paradigm is the integration of material behaviour
and performance criteria into the design process. Menges argues that computation allows
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for a higher level of integration between material properties, fabrication processes, and
geometric definition [6].

This approach shifts design from representation toward simulation and optimiza-
tion, where digital models operate as predictive systems capable of evaluating multiple
design scenarios.

5.4.4. Expanded Agency and Control

Parametric and algorithmic systems redistribute agency between the architect and
the computational model. While the designer defines rules and parameters, the system
generates multiple possible outcomes, introducing a controlled form of automation.

This hybrid condition transforms the architect’s role into that of a system designer or
process author. However, unlike Al systems, parametric models remain fully deterministic
and transparent, allowing for complete control and traceability of design decisions [4].

5.4.5. Limits and Critiques

Despite its generative capacity, parametric design has been subject to criticism.
Some authors argue that it risks privileging formal complexity over social, cultural, or
contextual considerations.

Furthermore, the emphasis on continuous variation and differentiation may lead
to stylistic homogenization, as similar computational logics produce comparable formal
outcomes across different contexts [12].

These critiques highlight the need to situate parametric design within broader disci-
plinary frameworks rather than treating it as a purely technical advancement.

5.4.6. Parametric Design Within the Computational Ecology

Within the diachronic framework proposed in this study, parametric and algorith-
mic design represent a paradigm centered on generative logic, relational modelling, and
performance-driven processes.

Rather than replacing BIM, parametric systems often operate in parallel or in integra-
tion with informational models, contributing to a multi-layered computational environment.
This coexistence reinforces the understanding of architectural computation as a stratified
ecology of interacting paradigms [12].

5.5. Integration of Al and Data-Driven Computational Paradigms (2010-2025)

The most recent phase in the evolution of computational paradigms in architecture
is characterized by the integration of artificial intelligence (AI), machine learning (ML),
and data-driven design processes. Unlike previous paradigms based on deterministic and
rule-based systems, Al introduces probabilistic models capable of learning patterns from
data and generating outputs that are not explicitly predefined [8].

This shift represents a significant epistemological transformation. Computation is no
longer limited to executing instructions but increasingly involves inference, prediction, and
adaptive behaviour. As a result, architectural design processes are progressively influenced
by systems that operate through statistical reasoning and pattern recognition rather than
explicit rule definition [8,9].

Al applications in architecture currently operate across multiple domains, including
generative design, spatial layout optimization, image-based conceptualization, and per-
formance prediction. These systems rely on large datasets, neural network architectures,
and training processes that fundamentally reshape the relationship between data, model,
and output [8,25].
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5.5.1. Generative Spatial Production and Machine Learning Models

One of the most significant developments within this paradigm is the emergence of
generative models capable of producing architectural layouts, images, and spatial configura-
tions. Generative Adversarial Networks (GANSs), diffusion models, and transformer-based
architectures have enabled new forms of design exploration based on data-driven synthesis
rather than explicit modelling procedures [8,48].

Research such as ArchiGAN demonstrates how trained neural networks can gen-
erate floor plans from spatial requirements using conditional generative frameworks.
These systems operate by learning statistical correlations between programmatic in-
puts and spatial configurations, effectively translating architectural knowledge into
latent representations [48].

Recent developments in large language models and generative Al systems have fur-
ther expanded the role of artificial intelligence within architectural workflows. Beyond
image generation, contemporary Al systems are increasingly integrated into conceptual
ideation, early-stage design exploration, spatial organisation, programmatic analysis, and
human-AI collaborative design processes. Emerging research on co-design environments
suggests that Al is progressively functioning not only as an optimisation tool, but as an in-
teractive computational collaborator capable of participating in iterative and conversational
design exploration [9,49-52].

At the same time, these developments intensify concerns regarding authorship, epis-
temic opacity, dataset bias, and the homogenisation of spatial solutions generated through
recurrent dataset logics and statistically dominant architectural patterns [49-51].

Beyond experimental research environments, Al-driven generative approaches are
increasingly being integrated into applied architectural workflows. For example, recent
studies on Al-assisted layout generation and urban-scale design optimisation have demon-
strated how machine learning systems can generate spatial configurations based on environ-
mental, regulatory, and programmatic constraints, producing multiple design alternatives
for evaluation [50,52].

Platforms such as Spacemaker (now integrated into Autodesk Forma, Autodesk, Inc.,
San Francisco, CA, USA) exemplify this transition at the urban and architectural scale,
where generative algorithms and machine learning techniques are used to optimise building
massing, daylight access, noise exposure, and spatial distribution in early design stages.
In these contexts, designers engage with probabilistic outputs rather than predefined
geometries, evaluating and refining machine-generated scenarios [51,52].

This shift illustrates a fundamental transition from deterministic modelling to proba-
bilistic exploration, reinforcing the notion that Al operates not only as a representational
tool but as an active computational agent within the design process [5,6,50].

Similarly, recent diffusion-based models and Al-assisted platforms have demon-
strated the capacity to generate architectural imagery and conceptual proposals from
textual or visual prompts. While some of these tools remain experimental or com-
mercially oriented, they illustrate the rapid expansion of generative capabilities within
architectural workflows [49,51].

As Leach argues, Al-driven design introduces a new paradigm in which architec-
tural production is increasingly mediated by datasets, training processes, and algorithmic
inference, rather than by direct geometric control [9].

5.5.2. Data Dependency, Bias, and Epistemological Implications

A defining characteristic of Al-based systems is their dependence on data. Unlike
parametric or algorithmic models, which operate through explicitly defined rules, Al
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systems derive their behaviour from training datasets. This introduces new challenges
related to data quality, representativeness, and bias [8,49].

Bias embedded in training data can lead to systematic distortions in generated outputs,
raising critical ethical and disciplinary questions. In architectural contexts, this may affect
spatial typologies, cultural representation, and design assumptions embedded within
generative systems [49].

Furthermore, the opacity of many machine learning models—often described as
“black-box” systems—complicates issues of transparency and control. Designers may not
fully understand how specific outputs are generated, challenging traditional notions of
authorship, responsibility, and decision-making [8].

These conditions mark a fundamental shift in the epistemology of architectural com-
putation: from deterministic and interpretable systems toward probabilistic, data-driven,
and partially opaque processes.

5.5.3. Hybrid Agency and the Transformation of Authorship

The integration of Al into architectural workflows produces a hybrid model of agency
in which human and machine contributions are deeply intertwined. Designers increasingly
operate through processes of selection, curation, and evaluation of machine-generated
outputs rather than direct form creation.

This transformation extends and intensifies tendencies already present in parametric
design, but with a crucial difference: Al systems introduce elements of unpredictability
and autonomy that exceed rule-based generative logic [12].

As a consequence, authorship becomes distributed across multiple actors, including
the designer, the dataset, and the computational model. This raises complex questions
regarding intellectual ownership, creative responsibility, and the role of the architect within
Al-mediated design processes [9,49-51].

5.5.4. Toward a Probabilistic Paradigm of Architectural Computation

Within the diachronic framework proposed in this study, Al represents a distinct
computational paradigm characterized by probabilistic reasoning, data dependency, and
adaptive behaviour. Rather than replacing previous paradigms, Al systems coexist with
CAD, BIM, and parametric models, contributing to an increasingly complex and layered
computational ecology.

This paradigm extends the trajectory of architectural computation toward systems
capable not only of modelling and generating form, but also of learning, predicting, and
interacting with uncertain and dynamic conditions. In this sense, Al does not simply
introduce new tools, but fundamentally redefines the cognitive and operational foundations
of architectural design.

The transition from deterministic computational paradigms to Al-based learning
systems introduces a fundamental transformation in how architectural design processes
are structured, controlled, and interpreted. While previous paradigms—such as CAD, BIM,
and parametric design—operate through explicit rules and fully traceable procedures, Al
systems rely on probabilistic inference, data-driven training, and partially opaque models.

To synthesize these differences, Table 2 presents a comparative framework contrasting
deterministic and learning-based computational regimes across key analytical dimensions
introduced in Section 4.2.
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Table 2. Comparative framework contrasting deterministic computational systems (CAD, BIM,
parametric design) and Al-based learning systems across key analytical dimensions, including rule
transparency, causal traceability, adaptivity, data dependence, and agency distribution.

Analytical Dimension

Deterministic Systems

(CAD/BIM/Parametric) Learning Systems (AI)

Rule transparency

Explicit, rule-based, fully defined Implicit, model-based, partially opaque

High; processes are traceable

Causal traceability and reproducible Limited; outputs emerge from trained models
Adaptivity Fixed unless manually redefined Dynamic; capable of learning and adaptation
Data dependence Low to moderate; parameter-driven High; performance depends on training data
Agency distribution Primarily human-controlled Hybrid; shared between human and machine

This comparison highlights a critical shift from transparent and deterministic systems
toward adaptive and data-dependent computational models. Rather than representing
a simple technological progression, this transformation reconfigures the epistemological
foundations of architectural design. Control becomes distributed, authorship hybridized,
and decision-making processes increasingly mediated by statistical inference.

Importantly, this distinction does not imply the replacement of deterministic
paradigms by Al systems. Instead, it reinforces the notion of a layered computational
ecology in which multiple regimes coexist, interact, and operate simultaneously within
contemporary architectural practice. This coexistence provides the conceptual basis for the
comparative analysis developed in the following section.

6. Comparative Analysis

The analysis developed in this section builds upon the analytical matrix and diachronic
framework established in the methodology. By applying a consistent set of analytical axes
across the identified computational paradigms, the study examines structural continuities,
transformations, and interdependencies within architectural computation. The following
subsections develop the principal analytical dimensions synthesised in Table 1, particu-
larly the transformation of control, agency, data structures, adaptivity, and computational
interdependence across paradigms.

Table 2 provides a synthetic comparison between deterministic systems—such as
CAD, BIM, and parametric design—and Al-based learning systems. This comparison is
not intended to establish a binary opposition, but to reveal fundamental shifts in how
computation operates within architectural design processes.

6.1. Transformation of Control and Transparency

One of the most significant transformations concerns the nature of control. In de-
terministic systems (as synthesised in Table 1 under “nature of computation” and “logic
of control”), control is explicit, rule-based, and fully traceable. Design processes can be
reconstructed step by step, and outcomes are directly linked to predefined instructions. By
contrast, Al-based systems introduce probabilistic inference, in which outputs are generated
through learned patterns rather than explicit rules.

This transformation reduces transparency and introduces epistemic opacity. While
parametric models remain interpretable, Al systems often operate as black-box processes,
complicating the verification and validation of design decisions. As a result, control
becomes indirect and mediated, relying on training data and model behaviour rather
than explicit authorial intent. This shift complicates the long-standing assumption that
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architectural design can be fully controlled through explicit rule-based systems, introducing
forms of partial autonomy that redefine the scope of design responsibility.

6.2. Reconfiguration of Agency and Authorship

The redistribution of control is closely linked to changes in agency. In earlier
paradigms, the architect retains primary authorship, even when working through paramet-
ric or algorithmic systems. In Al-based workflows, however, agency becomes hybrid and
distributed, as reflected in the “authorship and agency” axis of Table 1.

Design outcomes are co-produced by the designer, the dataset, and the computational
model. The architect’s role shifts from direct form generation toward processes of curation,
selection, and evaluation. This transformation challenges traditional notions of authorship,
raising questions about responsibility, ownership, and creative attribution.

Importantly, this condition does not eliminate human agency but redefines it within
a broader socio-technical system. Rather than a loss of authorship, this transformation
suggests a redistribution of creative responsibility across human and computational actors,
requiring new frameworks for understanding design intention and accountability.

6.3. Data as a Design Driver

Another key distinction lies in the role of data. Deterministic systems operate pri-
marily through parameters, rules, and structured inputs. While BIM introduces data-rich
environments, this data remains explicitly defined and controlled.

In contrast, Al systems are fundamentally data-dependent, as outlined in the “role of
data” dimension in Table 1. Their performance and outputs are conditioned by the quality,
structure, and biases of training datasets. Data thus becomes not merely a support for
design but a primary driver of form generation and decision-making.

This transformation introduces new epistemological and ethical challenges, including
issues of bias, representational limits, and the implicit encoding of cultural assumptions
within datasets. Consequently, data can no longer be assumed to function as neutral input,
but as an active agent shaping design outcomes and disciplinary knowledge.

6.4. Adaptivity and Open-Ended Processes

Deterministic systems are inherently stable and predictable. Adaptation requires
explicit modification of parameters or rules. Al systems, however, enable adaptive
and open-ended processes, in which models can evolve through training, feedback, or
iterative interaction.

This capacity for adaptivity expands the design space but also introduces uncertainty.

6.5. From Linear Evolution to Layered Computational Ecology

Taken together, these transformations demonstrate that computational paradigms in
architecture do not evolve through simple technological substitution. Contemporary prac-
tice instead operates through the interaction of multiple computational logics, combining
representational systems, informational models, generative processes, and data-driven
inference within increasingly hybrid workflows.

In practice, CAD drafting, BIM coordination, parametric scripting, and Al-assisted
generation are frequently deployed simultaneously within the same project environment,
each contributing distinct operative capacities and epistemological assumptions. This
condition reflects not a unified technological paradigm, but a heterogeneous computational
ecology shaped by coexistence, interdependence, and partial overlap between systems.
These interactions are not merely conceptual but operational. Al-assisted systems fre-
quently rely on structured BIM datasets, parametric environments generate geometries
later coordinated through BIM platforms, and CAD-based drafting workflows continue to
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support documentation and representational processes within hybrid digital environments.
Contemporary architectural computation therefore depends on relations of data exchange,
workflow interoperability, and infrastructural layering between paradigms rather than
on isolated technological systems. The resulting layered computational ecology and the
relationships between the different computational paradigms are synthesised in Figure 3.

DETERMINISTIC COMPUTATION PROBABILISTIC COMPUTATION
rule-based, explicit, controlled EPISTEMOLOGICAL CONTINUUM data-driven, emergent, adaptive
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Figure 3. Layered computational ecology of architectural computation. The diagram illustrates the
coexistence and interaction of five computational paradigms across an epistemological continuum
extending from deterministic to probabilistic computation and through a parallel transformation of ar-
chitectural agency from operational execution toward hybrid and curatorial forms of human-machine
interaction. Rather than representing a linear technological succession, the framework emphasises
layered interdependencies, interoperability, data exchange, and cross-paradigm enrichment between
CAD, BIM, parametric systems, and Al-based computational environments operating simultaneously
within contemporary architectural practice.

Rather than signalling the disappearance of previous paradigms, recent developments
in Al reconfigure existing computational relationships while intensifying questions sur-
rounding control, agency, authorship, and responsibility. In this sense, the comparative
framework proposed in this study provides a structured basis for interpreting architectural
computation beyond technology-centered narratives, positioning computation as a cultural,
epistemological, and operational infrastructure within contemporary architectural practice.

7. Discussion

The comparative analysis developed in this study suggests that contemporary architec-
tural computation is increasingly shaped by the interaction of heterogeneous computational
logics rather than by discrete technological substitutions. This section discusses the im-
plications of this condition through three interrelated dimensions: the transition from
deterministic computation to adaptive intelligence, its consequences for architectural prac-
tice and education, and the ethical tensions associated with increasingly autonomous
computational systems.

7.1. From Deterministic Computation to Adaptive Intelligence

A central finding of this research is that the most significant rupture in architec-
tural computation does not lie in geometric complexity or representational sophistica-
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tion, but in the transition from rule-based systems to learning-based inference. Earlier
paradigms—CAD, BIM, and parametric modelling—operate within deterministic or ex-
plicitly scripted environments. Even when optimisation routines are involved, their logic
remains traceable and human-authored [4,5,7].

Artificial intelligence introduces a qualitatively different computational logic. Machine
learning systems derive internal representations from data rather than from predefined
rules, enabling adaptive behaviour and probabilistic synthesis [6]. This transformation
alters not only how architecture is produced, but how computational knowledge is consti-
tuted. Design decisions increasingly emerge from statistical correlations rather than explicit
procedural logic.

This does not imply that architecture becomes autonomous or that designers relin-
quish control. Rather, agency is redistributed. Designers define datasets, curate outputs,
and establish evaluation criteria, while learning systems explore solution spaces beyond
explicitly scripted dependencies [9,12]. The shift is therefore conceptual and operational
rather than merely technical. Architectural computation increasingly shifts from executing
formal instructions toward negotiating probabilistic tendencies. Rather than indicating
a loss of disciplinary control, this shift suggests a reconfiguration of architectural agency
within a broader computational ecosystem.

Importantly, Al-based systems continue to rely on existing computational infrastructures,
including BIM environments, parametric frameworks, and rule-based simulations [4,7]. Con-
temporary architectural computation therefore operates through the interaction of multiple
digital frameworks rather than through the replacement of previous paradigms.

The long-term implication is that architectural computation increasingly resembles a
hybrid computational environment in which symbolic logic, relational dependencies, and
statistical inference operate simultaneously. Understanding this condition is essential for
maintaining disciplinary coherence in the face of accelerating automation.

7.2. Implications for Architectural Practice and Education

The redistribution of computational agency has significant consequences for profes-
sional practice. As learning-based systems integrate into workflows, architects transi-
tion from direct form-givers to orchestrators of complex socio-technical systems. Design
increasingly involves configuring constraints, curating data, and evaluating machine-
generated alternatives.

These transformations require new competencies. Beyond geometric modelling or
scripting proficiency, practitioners must develop literacy in data structures, model training
processes, evaluation metrics, and infrastructural dependencies. Architectural expertise
becomes partly infrastructural and epistemic: understanding how models are trained, how
bias propagates, and how inference mechanisms operate [6].

Educational institutions therefore face a structural and curricular challenge. Traditional
curricula organised around drawing, modelling, and representational skills must expand
to include computational ethics, Al literacy, data governance, and critical algorithmic
thinking. At the same time, foundational disciplinary knowledge—spatial reasoning,
material logic, and environmental understanding—remains indispensable. The objective
is not technological substitution but cognitive augmentation. Failing to address these
transformations may result in a disciplinary gap between technological capability and
critical architectural practice.

Moreover, the integration of Al demands renewed emphasis on critical reflection.
Students must learn not only how to use generative systems but how to interrogate
their assumptions, limitations, and socio-technical implications. Without such reflex-
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ivity, architectural education risks producing operators of opaque systems rather than
critical designers.

The profession is thus entering a phase in which design competence includes managing
uncertainty, negotiating hybrid agency, and exercising judgement within probabilistic
environments. Rather than diminishing architectural expertise, this evolution may redefine
it as the capacity to synthesise computational outputs within broader cultural, spatial, and
ethical frameworks.

These transformations also reflect the broader professional impacts synthesised in
Table 1, including the transition from drafting efficiency toward increasingly adaptive and
data-driven forms of architectural practice.

7.3. Risks, Limitations, and Ethical Considerations

While Al-driven systems expand generative capabilities, they also introduce a paradox
within architectural production. The same systems that promise creativity and optimisation
are fundamentally dependent on historical datasets, existing typologies, and inherited spa-
tial conventions. As a result, generative Al may simultaneously increase formal variation
while reinforcing dominant architectural norms embedded within training data. This ten-
sion suggests that technological innovation does not necessarily produce epistemological
or cultural transformation.

The transition toward adaptive computational systems introduces structural risks that
extend beyond technical performance. Three clusters of concern are particularly relevant.

First, opacity and explainability. Learning-based models often operate as black boxes,
complicating traceability and accountability in design decisions [6]. In professional contexts
involving safety, compliance, and public responsibility, opaque inference mechanisms raise
governance challenges.

Second, bias and representational politics. Al systems trained on historical datasets
may reproduce embedded social, cultural, or spatial inequalities [49]. Architectural outputs
generated through such systems risk normalising existing biases in urban morphology,
housing typologies, or environmental prioritisation.

Third, infrastructural dependence and control. Al tools increasingly rely on proprietary
platforms, cloud-based infrastructures, and corporate ecosystems [11,49]. This dependency
can shift power away from design actors toward technology providers, raising questions
about intellectual autonomy, data ownership, and long-term professional sovereignty.

Additionally, adaptive systems are subject to instability, including model drift, dis-
tribution shifts, and unpredictable generalisation behaviours. In architecture—where
performance failures have material consequences—such conditions cannot be treated as
purely experimental issues.

This study also acknowledges its own limitations. The five-paradigm framework is
interpretive and conceptual rather than empirical. It should therefore be understood as
a heuristic analytical model rather than as a fixed historical taxonomy. While grounded
in extensive literature review, it does not quantify adoption rates, productivity impacts,
or performance metrics across paradigms. Future research may expand the comparative
matrix through case studies, empirical analysis of workflows, or quantitative evaluation
of Al integration. Future research may also investigate how Al-generated spatial systems
influence architectural authorship, professional liability, aesthetic homogenisation, and
decision-making processes in practice. Further empirical studies could examine how
architects negotiate trust, control, and interpretability when interacting with probabilistic
design systems.
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Similarly, the risks synthesised in Table 1 vary across computational paradigms, rang-
ing from technological immaturity and procedural rigidity in earlier systems to opacity,
infrastructural dependency, and algorithmic bias in Al-based environments.

Ultimately, the integration of Al into architecture may represent not only a techno-
logical transition but a redefinition of how architectural knowledge itself is produced,
validated, and exercised. The central challenge is therefore not whether Al will replace
architectural judgement, but how the discipline will preserve critical agency within increas-
ingly autonomous computational environments.

8. Conclusions

This study has demonstrated that the evolution of computational paradigms in ar-
chitecture cannot be adequately understood as a linear sequence of technological inno-
vations, but rather as a layered transformation in the epistemological and operational
foundations of the discipline. Through the articulation of a diachronic framework and a
comparative analytical matrix structured around five major paradigms—early computation,
CAD, BIM, parametric design, and Al integration—the research examined how distinct
computational regimes reconfigured the relationship between design, knowledge, and com-
putation. Rather than rendering previous systems obsolete, these paradigms accumulate
and interact, forming the layered computational ecology that characterises contemporary
architectural practice.

The analysis developed through the five structural axes—automation, agency, au-
thorship, data, and control—reveals that each paradigm introduces not only new tech-
nical instruments but also distinct modes of reasoning, representation, and professional
agency. In particular, the transition from deterministic and rule-based systems toward
probabilistic and data-driven models marks a significant epistemological transformation
in architectural computation, redefining the relationship between human judgement and
computational processes.

The integration of Al intensifies these transformations by introducing adaptive and
data-driven forms of computation based on learned inference rather than explicit rule-
following. This condition expands the design space while simultaneously raising concerns
regarding opacity, bias, and the governance of computational decision-making within
architectural practice.

A central contribution of this research is the notion of a layered computational ecology,
which frames contemporary architectural practice not as dominated by a single paradigm
but as constituted through the interaction of multiple computational logics linked through
relations of interoperability, infrastructural dependency, and operational coexistence.

The implications of these findings extend to the redefinition of architectural expertise
and professional identity. As computational systems become more adaptive and generative,
the architect’s role is increasingly defined by the capacity to exercise critical judgement
across heterogeneous computational environments. This includes the ability to curate and
evaluate data, to assess machine-generated outputs against spatial, cultural, and ethical
criteria, and to maintain accountability in design decisions even when computational
processes are not fully transparent. Rather than diminishing architectural knowledge, this
transformation repositions it as a form of critical and ethical judgement within increasingly
complex computational environments.

From this perspective, the ecological condition of architectural computation lies not
only in the coexistence of paradigms, but in the continuous exchange of data, processes,
and representational logics across interconnected computational systems.

In conclusion, architectural computation is best understood not as a succession of tools
but as an evolving epistemological infrastructure that shapes how architecture represents,
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generates, evaluates, and governs design processes. The framework of layered computa-
tional ecology proposed in this study provides a structured basis for critically interpreting
this condition beyond technology-centred narratives. The future of architectural computa-
tion depends less on the dominance of a single paradigm than on the discipline’s capacity
to critically engage heterogeneous computational systems while maintaining responsibility
for the spatial, cultural, and human dimensions of the built environment.
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