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Abstract:This article presents a comprehensive chronological and technological 

analysis of architectural design and building modelling methodologies, tracing their 

evolution from the earliest Neolithic spatial representations to the sophisticated 

cyber-physical systems of the 21st century. Drawing upon historical records, 

archaeological evidence, and contemporary engineering literature, the study 

examines key paradigm shifts: the emergence of geometric modelling in ancient 

Mesopotamia and Egypt; the mathematical sophistication of Islamic Golden Age and 

Timurid architecture in Central Asia; the Renaissance invention of linear perspective; 

the standardisation of mechanical draughting during the Industrial Revolution; the 

revolutionary transition to Computer-Aided Design (CAD); and finally the 

transformative advent of Building Information Modelling (BIM), Digital Twins, 

Generative Design, and Artificial Intelligence. The article demonstrates that each 

technological transition was driven by converging socio-economic, material, and 

intellectual pressures, and argues that the present moment — characterised by the 

integration of AI, IoT sensors, and sustainability imperatives — represents the most 

consequential inflection point in the five-millennia history of architectural design 

technology. Special attention is paid to the Timurid architectural heritage of Central 

Asia as an under-studied precursor to modern parametric and quasi-crystalline 

design principles. 
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Introduction 

Architecture is among humanity's most ancient, complex, and consequential 

disciplines, embodying the cultural, economic, social, and technological trajectory of 

every civilisation it has served. The architectural environment is not merely a 

collection of individual buildings or structures; it constitutes a multidimensional spatial 

system — a synthesis of artificially constructed and natural landscape elements — 

within which the totality of human life unfolds [1]. At the heart of every such 

environment lies the act of modelling: the transformation of abstract spatial ideas into 

communicable, testable, and ultimately buildable representations. 
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The history of architectural modelling spans more than ten thousand years, from 

the rudimentary clay maquettes of Neolithic settlements to today's cyber-physical 

systems incorporating real-time sensor data, machine-learning algorithms, and 

immersive virtual reality [2,3]. This extraordinary arc — encompassing ancient 

Mesopotamian ground plans incised on clay tablets, the Islamic Golden Age's quasi-

crystalline girih tile systems, Brunelleschi's discovery of linear perspective, the 

standardised working drawings of the Industrial Revolution, and the parametric 

intelligence of contemporary BIM — constitutes one of the most revealing long-term 

narratives in the history of technology [3]. 

Despite abundant specialist literature on individual periods and technologies, 

comprehensive cross-era analyses that situate contemporary digital tools within their 

full historical lineage remain comparatively rare [2]. This article addresses that gap by 

providing a structured, chronologically ordered examination of architectural design 

technology from its prehistoric origins to its cutting-edge present. Central Asian — 

and specifically Timurid — contributions to the history of geometric modelling receive 

particular emphasis, reflecting both their intrinsic significance and their relative under-

representation in Western architectural historiography. 

1.1 Research Objectives 

The objectives of this study are fourfold: [1] to document the principal 

technological transitions in architectural modelling from antiquity to the present; [2] to 

identify the socio-economic and intellectual drivers of each transition; [3] to evaluate 

the geometric and computational sophistication of Timurid and Islamic Golden Age 

architectural practice in a modern scientific frame; and [4] to assess the implications 

of current AI, BIM, and sustainability-driven technologies for the future of architectural 

design education and professional practice. 

1.2 Scope and Structure 

The article is organised according to the IMRAD convention. The Methods 

section describes the documentary and comparative analytical approach employed. 

The Results section presents the historical findings chronologically, from prehistoric 

origins through to contemporary digital innovations. The Discussion section interprets 

these findings thematically and draws cross-era comparisons. The Conclusion 

identifies pedagogical and professional implications. All figures are original 

reconstructions or schematic illustrations created for this study unless otherwise 

attributed [5]. 

2. Methods 

This study employs a qualitative, multi-source historical and comparative 

methodology. Primary and secondary sources were gathered across five domains: 
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Table 1. Source categories and representative examples used in this study 

 

Source Category Representative Examples 

Archaeological 

records 

Clay tablets from Babylon (c. 2000 BCE); Tarxien 

temple models (Malta, c. 3000 BCE); Gudea of Lagash 

statuary (c. 2100 BCE); Pompeii artefacts (eruption 79 

CE) 

Historical treatises Vitruvius, De Architectura (c. 25 BCE); Al-Kashi, Key of 

Arithmetic (1427); Alberti, De Pictura (1435); Dürer, 

Underweysung der Messung (1525) 

Archaeological & art-

historical surveys 

Topkapi Scroll (15th–16th c.); Samarqand monument 

surveys; Cordoba mosque documentation 

Engineering and 

computing literature 

Sutherland (1963); Hanratty (1950s–70s); Tolman 

(1992); Lu & Steinhardt (2007); Eastman et al. (2011) 

Contemporary 

technical reports 

Autodesk BIM impact reports (2023–24); U.S. EIA 

carbon statistics (2024); AIA Technology in Practice 

surveys (2022–24) 

 

Primary source materials were cross-referenced against peer-reviewed 

secondary scholarship. The Timurid architectural evidence was examined using the 

Harvard University study by Lu and Steinhardt (2007) on quasi-crystalline geometry, 

alongside on-site documentation previously conducted at Samarqand monuments by 

co-author S. Usmonov (TTPU, 2023). For contemporary BIM performance data, 

empirical case studies and manufacturer-independent academic assessments were 

prioritised over vendor-issued materials [20]. 

A comparative thematic framework was applied to identify technological drivers 

across each era, evaluating: (a) representational accuracy; (b) information density; 

(c) collaborative capacity; (d) economic efficiency; and (e) ecological impact. This 

framework permits coherent comparison between periods that differ radically in 

material conditions and institutional context [6,7,8,9]. 

3. Results 

3.1 Prehistoric and Ancient Origins of Architectural Representation 

Archaeological evidence confirms that deliberate spatial planning preceded by 

millennia the written word. In the Neolithic period (c. 10,000 BCE), once communities 

transitioned from cave habitation to constructed settlements, the cognitive capacity 

for architectural pre-visualisation rapidly materialised in physical form [9,10]. The 

world's earliest surviving architectural models — small clay maquettes recovered 

from the ruins of the Tarxien temples in Malta (c. 3000 BCE, now in the National 
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Museum of Archaeology, Valletta) — demonstrate that three-dimensional 

representation of intended structures preceded their construction [11]. 

  
Figure 1. Schematic reconstruction of Neolithic and Mesopotamian spatial 

planning tools: clay ground-plan tablet (left) and early settlement model (right). 

A comparable clay house model recovered from Gumelnitsa, Bulgaria (c. 4600 

BCE) reinforces the evidence for early three-dimensional spatial cognition, even if 

some scholars interpret these objects as ritual rather than purely functional artefacts. 

The distinction matters less than the shared implication: pre-construction spatial 

modelling was a consistent feature of early complex societies [12]. 

Mesopotamian civilisation produced perhaps the most unambiguous early 

architectural drawings: a baked clay tablet depicting a bird's-eye plan of a palace at 

Babylon (c. 2000 BCE) [12,13], and — most strikingly — a diorite statue of the 

Sumerian ruler Gudea of Lagash (c. 2100 BCE) depicting the ruler with a stone tablet 

on his lap bearing the detailed ground plan of a temple, accompanied by a stylus and 

a scale rule. These artefacts confirm not merely the existence of architectural 

drawing but its social and political significance: the ruler as patron-designer, in 

command of spatial representation. 

In Egypt and Greece, physical maquettes served as precision instruments for 

testing proportions and structural logic. Roman practice, systematised by the 

architect and theorist Vitruvius (De Architectura, c. 25 BCE), required the architectus 

to master geometry, engineering, optics, history, and philosophy, and to be a skilled 

draughtsman (peritus graphidos) [16]. The 2007 discovery at Pompeii of a complete 

set of bronze drawing instruments — compasses, set squares, and measuring rules 

— confirms the material sophistication of Roman architectural design practice. 
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Figure 2. Drawing instruments from Pompeii (79 CE), National Museum of 

Archaeology, Naples. 

3.2 Islamic Golden Age and Timurid Architecture: Mathematical Modelling at its 

Apex 

The emergence of Islam in the 7th century CE and the rapid expansion of 

Islamic polities across the Middle East, Central Asia, North Africa, and Iberia created 

new architectural demands on a continental scale. The theological principle of 

aniconism — the prohibition of figurative representation in religious contexts — 

compelled Islamic architects and craftsmen towards abstract, geometric, and 

mathematical forms of visual expression. By the 8th century, this constraint had 

catalysed the most systematic engagement with abstract geometry in the pre-modern 

world [12]. 

The architectural exchange networks of the early Islamic world were remarkable 

in their reach. The stylistic convergences between the Great Mosque of Kairouan 

(Tunisia, 9th c.) and the Great Mosque of Aleppo (Syria, 11th c.) — separated by 

more than 2,400 km and two centuries — demonstrate that standardised design 

conventions were transmitted through trade and postal (barid) networks spanning the 

entire Islamic world. Specialist craftsmen and master builders (mu'allim al-banna') 

were recruited from across the Mediterranean and Central Asia to work on prestige 

commissions. 
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Figure 3. Comparison of hypostyle court configurations: Great Mosque of 

Kairouan (Tunisia, left) and Great Mosque of Aleppo (Syria, right).  

The Timurid period (1370–1507 CE) represents the apex of pre-modern 

geometric architectural modelling. Amir Timur (1336–1405) and his successors 

assembled the most accomplished craftsmen and architects of the age in 

Samarkand, Bukhara, Herat, and Shakhrisabz [14]. The resulting monuments — the 

Gur-e-Amir mausoleum, the Bibi-Khanym mosque, the Shah-i-Zinda necropolis 

complex, and the Registan ensemble — are distinguished not only by their visual 

grandeur but by the mathematical rigour and engineering innovation embedded in 

their design [15]. 

 
Figure 4. Timurid architectural ensemble in Samarkand: (a) Gur-e-Amir 

mausoleum; (b) Bibi-Khanym mosque facade; (c) Shah-i-Zinda portal; (d) Registan 

Tilya-Kori madrasa. 
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The central modelling instrument of Timurid architecture was the girih ('knot' in 

Persian) system — a framework of five standardised geometric tile shapes 

(pentagon, decagon, hexagon, rhombus, and bowtie) whose edges could be joined 

with complete precision to generate infinitely complex non-repeating surface patterns 

[17]. The girih system was not merely decorative: it constituted a parametric design 

language, enabling master architects to prototype facades, vaults, and domes at 

small scale before transferring designs to full-scale execution in glazed tile (kashi) or 

carved stucco. 

Table 2. The five standard girih tile shapes and their geometric properties 

Tile Shape Geometric 

Properties 

Design Function 

Pentagon 5 equal sides, 

108° interior angles 

Used in pentagonal and 

decagonal star compositions 

Decagon 10 equal sides, 

144° interior angles 

Central element of 10-fold 

symmetric patterns 

Hexagon 6 equal sides, 

120° interior angles 

Bridging element between 

decagons and pentagons 

Rhombus 

(bowtie) 

4 sides with 

36°/144° angles 

Filler element; creates 

apparent 'negative space' 

Elongated 

hexagon 

6 sides with 

72°/108° angles 

Secondary bridging element 

in complex compositions 

In 2007, Peter Lu and Paul Steinhardt of Harvard University published a 

landmark analysis demonstrating that Timurid-era architects had independently 

discovered quasi-crystalline tiling patterns — geometric structures with perfect 5-fold 

and 10-fold symmetry that do not repeat periodically — more than five centuries 

before their formal mathematical description by Roger Penrose (1974) and the Nobel 

Prize-winning discovery of physical quasi-crystals by Dan Shechtman (1982). The 

Topkapi Scroll (15th–16th c., Topkapi Palace Museum, Istanbul) — a continuous 

parchment roll containing architectural templates and geometric construction 

sequences — is the primary documentary evidence that these designs were 

transmitted as modelling instruments between generations of master architects [9]. 
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Figure 5. Quasi-crystalline girih panel at the Darb-i Imam shrine, Isfahan (1453 

CE) — identified by Lu & Steinhardt (2007) as exhibiting Penrose-type tiling five 

centuries before its mathematical discovery. 

Timurid architects also employed a sophisticated system of standardised 

measurement modules. The primary unit was the gaz (approximately 61 cm in early 

Timurid construction), to which all structural dimensions — wall thickness, window 

width, room height, and dome radius — were related as rational multiples. This 

modular system is functionally equivalent to the parametric modelling logic employed 

in contemporary BIM software, where all elements are related to a base module and 

changes to one parameter automatically propagate through the model [9,10]. 

The muqarnas — a three-dimensional geometric system of stacked niches used 

in the transition from square room plans to spherical domes — required complete 

modelling in two-dimensional geometric projection before execution in three 

dimensions by specialist craftsmen working in carved plaster (ganch), brick, or 

ceramic [10]. The Gur-e-Amir muqarnas dome (1404, Samarkand) remains among 

the most geometrically complex examples of pre-modern three-dimensional 

architectural modelling in the world. 

3.3 Renaissance Linear Perspective and the Mechanisation of Vision 

The European Renaissance (14th–16th centuries) introduced a second major 

paradigm shift in architectural representation: the invention of geometrically 

consistent linear perspective by the Florentine architect Filippo Brunelleschi (c. 

1413–20), and its systematic mathematical formulation by Leon Battista Alberti in De 

Pictura (1435). Before Brunelleschi, European architectural drawings were largely flat 

projections without consistent spatial recession; after him, the architect possessed a 

rigorous optical instrument for communicating three-dimensional spatial experience 

on a two-dimensional surface [7]. 
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Figure 6. Alberti's 'velo' (gridded veil) device, from De Pictura (1435) — the first 

systematic drawing machine for perspective projection. 

Alberti's associated invention, the gridded veil (velo), functioned as the first 

systematic drawing machine: by interposing a grid between the draughtsman and the 

subject, it enabled precise proportional transfer of three-dimensional space onto a 

two-dimensional sheet. Albrecht Dürer (Underweysung der Messung, 1525) further 

developed mechanical perspective-drawing apparatus, and the invention of the 

pantograph (1608) enabled proportional scaling of architectural drawings for the first 

time [5-7]. 

Brunelleschi's crowning physical modelling achievement was the double-shell 

dome of Florence Cathedral (completed 1436): so large that conventional timber 

scaffolding was structurally and economically impossible, it required the construction 

of a precise physical maquette to test its herringbone brick structural system — a 

direct precursor of the structural physical modelling used by Antoni Gaudí four 

centuries later [7]. 

3.4 Industrial Revolution: Standardisation and Mechanical Draughting 

The Industrial Revolution (from c. 1760 in Britain) fundamentally restructured 

both the building material supply chain and the representational requirements of 

architectural practice [18]. Mass-produced cast iron, structural steel, Portland 

cement, and plate glass created new building typologies — railway termini, 

suspension bridges, glasshouses, factories, and multi-storey commercial buildings — 

whose assembly from industrially manufactured components demanded a new 

standard of precise, transferable technical drawing. 
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Figure 7. Evolution of mechanical draughting instruments: from T-square and 

drawing board (left) to Vemco V-Track mechanical drafting machine (centre) and 

Kuhlmann parallel motion track system (right). 

The Parisian École des Beaux-Arts codified professional drawing standards and 

established architectural draughtsmanship as a core pedagogical discipline. Two 

reproduction technologies were decisive: lithography (invented by Alois Senefelder, 

1796), which enabled multiple-copy print runs of architectural drawings on 

specialised stone surfaces; and the blueprint (cyanotype) process (from c. 1880) [19], 

which produced inexpensive, light-sensitive copies of drawings as the dominant 

medium of architectural communication until the advent of digital plotters in the 

1990s. 

The mechanical drafting machine — patented by Charles H. Little (1901) and 

subsequently refined by Vemco (USA) and Kuhlmann (Germany) — integrated 

parallel rule, protractor, and scale rule into a single board-mounted apparatus, 

dramatically increasing draughting speed and accuracy [19,20]. However, pre-CAD 

mechanical draughting remained physically arduous: a single error or client-

requested design change could necessitate complete redrawing of an A0-format 

sheet, and the cumulative physical strain on draughtsmen's musculoskeletal systems 

was well documented by occupational health studies from the mid-20th century [20]. 

3.5 Physical Scale Modelling in the 20th Century 

Alongside the development of two-dimensional draughting, three-dimensional 

physical modelling underwent significant transformation in the 19th and 20th 

centuries. Antoni Gaudí's structural catenary models for the Sagrada Família 

(Barcelona, begun 1882) are the most celebrated example: by suspending weighted 

chains and cords from an inverted framework and photographing the result in a 

mirror, Gaudí derived structurally optimised parabolic arch geometries that could not 

have been reached by analytical calculation with the tools available to him [21,22]. 
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Figure 8. Gaudí's inverted catenary model for the Sagrada Família (c. 1908): 

weighted cords form structurally optimal parabolic arches when reflected vertically. 

After World War II, the rapid growth of large-scale public construction and the 

emergence of high-rise building typologies professionalised the model-making 

discipline. Traditional plaster and clay maquettes were progressively replaced by 

plastics and epoxy resins. In architectural pedagogy — exemplified by Kenneth 

Frampton's Columbia University studios — physical model-making was elevated from 

a presentation tool to a primary medium for developing what Frampton termed 

'tectonic consciousness': an embodied understanding of structural and material logic. 

The advent of CNC routers, laser cutters, and 3D printers subsequently transformed 

model production from a multi-week hand craft into an overnight automated process 

[23]. 

3.6 The CAD Revolution 

The digitalisation of architectural design — the transition from graphite on paper 

to algorithms in digital space — represents the most radical discontinuity in the five-

thousand-year history of architectural representation. Two figures are central to its 

origin: Patrick Hanratty, whose PRONTO numerical-control programme (General 
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Electric, late 1950s) established the conceptual foundations of computer-aided 

design for manufacturing; and Ivan Sutherland, whose Sketchpad system (MIT, 

1963) demonstrated for the first time the possibility of direct graphical interaction with 

a digital computer via a light pen on a cathode-ray tube display [4]. 

 
Figure 9. Ivan Sutherland demonstrating Sketchpad at MIT (1963): the first 

interactive graphical computer interface, establishing the object-oriented 

programming paradigm. 

The democratisation of CAD for architectural practice was achieved by 

Autodesk's AutoCAD (1982), which brought 2D draughting capability to IBM personal 

computers at a price accessible to small and medium architectural offices. The 

draughting table, the Kuhlmann track machine, and the cyanotype blueprint were 

progressively displaced from professional studios through the late 1980s and 1990s. 

The introduction of NURBS (Non-Uniform Rational B-Splines, Ken Versprille, 1975; 

widely implemented in CAD from the late 1980s) enabled the representation of 

complex, doubly-curved surfaces — opening architectural form-making to the 

biomorphic geometries of Zaha Hadid, Frank Gehry, and their contemporaries [23]. 

Table 3. Key milestones in the development of CAD technology 

Year Milestone 

1957–63 Hanratty's PRONTO / Sutherland's Sketchpad — conceptual 

foundations established 

1971 ADAM (later renamed CADRA) — first commercial CAD system for 

manufacturing 

1977 CATIA (Dassault Aviation) — CAD for aerospace industry 
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Year Milestone 

1982 AutoCAD 1.0 — first PC-based 2D CAD for architectural practice 

1987 Pro/ENGINEER — first parametric solid modeller 

1993 3D Studio (early 3D visualisation for architects) 

1995 SolidWorks — PC parametric solid modelling 

Late 

1990s 

Widespread adoption of 3D CAD in architectural studios 

2000s Rhinoceros 3D / Grasshopper — NURBS surface and parametric 

scripting for architecture 

Despite its transformative impact, CAD retained a fundamental epistemological 

limitation: it modelled geometry without embodying information. An AutoCAD wall 

was two parallel lines on a screen; it carried no data about thermal resistance, 

structural capacity, material cost, or fire rating [23]. This 'information vacuum' created 

the intellectual and economic conditions for the next paradigm shift. 

3.7 Building Information Modelling (BIM): The Intelligent Digital Prototype 

Building Information Modelling is most precisely understood not as a software 

category but as a process: the collaborative creation and management of a digital 

representation of a building's physical and functional characteristics throughout its 

entire lifecycle. The theoretical foundations of BIM were laid in the 1970s by 

researchers including Charles Eastman (Carnegie Mellon University), who described 

a 'building description system' integrating geometric and attribute data in 1974. The 

term 'BIM' was formalised by F.P. van Nederveen and F. Tolman in 1992, and 

became the dominant professional standard through the 2000s and 2010s [18]. 

 
Figure 10. BIM dimensionality framework: from 3D geometric model through 4D 

(time), 5D (cost), 6D (sustainability), and 7D (facility management) information layers. 

The fundamental distinction between CAD and BIM is semantic: in BIM, every 

element is an intelligent object linked to a database of parameters. A BIM door object 

contains not merely its geometric dimensions but its manufacturer, material 
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specification, fire rating, acoustic performance, hardware schedule, maintenance 

interval, and procurement cost. The practical consequences of this intelligence are 

far-reaching [23]. 

BIM's most economically significant capability is automated clash detection: the 

algorithmic identification of spatial conflicts between design disciplines (structural, 

mechanical, electrical, and plumbing systems) before construction begins. Research 

across multiple large projects consistently documents that manual review of 2D CAD 

drawings identifies fewer than 10% of the coordination conflicts that automated BIM 

clash detection finds in the equivalent 3D information model. 

 
Figure 11. BIM clash detection: three-dimensional visualisation of a hard clash 

(structural beam intersecting HVAC duct) identified by Autodesk Navisworks. 

A documented case study of the Aquarium Hilton Garden Inn (Atlanta, USA, 

construction value USD 46 million) demonstrated that BIM clash detection identified 

approximately 500 critical coordination conflicts at the design stage, yielding 

construction-phase savings estimated at USD 10 million — a return on BIM 

investment of approximately 22:1 for the clash-detection function alone [22]. 

Empirical research conducted at Tashkent State Technical University (2022–23) 

on social-infrastructure building projects found that BIM workflow reduced design-

documentation time by 41% compared with equivalent CAD processes, with a quality 

improvement index — measured by reduction in drawing errors and compliance non-

conformities — of 200% (i.e., error rates three times lower). These figures are 

consistent with findings reported in the broader international literature [18,22]. 

3.8 Digital Twins, AI, and Generative Design 

The integration of Internet of Things (IoT) sensor networks into occupied 

buildings has given rise to the Digital Twin — a continuously updated virtual replica of 

a physical structure that receives real-time data feeds from embedded sensors 

monitoring temperature, humidity, structural deformation, energy consumption, 

occupancy patterns, and equipment health. The Digital Twin is not a static BIM model 
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but a dynamic, bidirectional simulation system [24]: it both receives data from its 

physical counterpart and generates predictive analytics that inform maintenance 

decisions and operational optimisation. 

 
Figure 12. Digital Twin ecosystem: real-time bidirectional data flows between 

physical building (IoT sensors) and virtual BIM model, enabling predictive 

maintenance and operational optimisation. 

Generative Design represents a fundamental reorientation of the designer's role: 

rather than authoring specific geometric configurations, the architect defines a 

parametric design space — constraints, objectives, and performance targets — and 

delegates the search for optimal solutions to AI algorithms [24]. The system 

generates thousands or millions of design variants through iterative evolutionary or 

gradient-based optimisation, and the architect selects from the resulting solution 

space based on aesthetic, cultural, and contextual criteria that the algorithm cannot 

assess independently. 

Current applications of Generative Design in architecture include structural 

topology optimisation (minimising material use for a given load case), facade 

configuration (maximising daylighting while controlling solar heat gain), and urban-

scale massing studies (optimising residential density against sunlight access, wind, 

and transport connectivity) [24]. The Design for Manufacture and Assembly (DfMA) 

paradigm — in which AI-optimised component geometries are directly linked to CNC 

cutting schedules for off-site fabrication — is reducing material waste in prefabricated 

construction by up to 30% in documented case studies. 

Augmented Reality (AR) and Virtual Reality (VR) environments — such as 

Vectorworks Odyssey and Autodesk Tandem — are now routinely used to immerse 

clients and stakeholders in BIM models of unbuilt structures, transforming design 

review and community engagement processes. 
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3.9 Sustainability and Adaptive Reuse 

The imperative of climate change mitigation has fundamentally restructured the 

priorities of architectural technology. Buildings in the United States alone accounted 

for 551 million metric tonnes of CO₂-equivalent emissions in 2024 — approximately 

11.5% of national greenhouse gas output (U.S. Energy Information Administration, 

2024). In water-scarce and rapidly warming regions such as Uzbekistan and broader 

Central Asia, the ecological stakes of architectural design decisions are 

correspondingly acute [25]. 

The Net-Zero building concept — structures that generate as much energy as 

they consume over an annual cycle — requires the integration of energy simulation, 

daylighting analysis, passive ventilation modelling, and photovoltaic yield calculation 

within the BIM environment. 6D BIM (sustainability-integrated BIM) provides the 

modelling infrastructure for these analyses, enabling architects to test the whole-

lifecycle carbon performance of design alternatives before any material is committed. 

 
Figure 13. 6D BIM sustainability analysis: solar radiation map on building 

envelope, used to optimise facade shading device geometry and photovoltaic panel 

placement. 

Adaptive reuse — the conversion of obsolete industrial, commercial, or historic 

structures to new functions — represents a complementary strategy for reducing 

embodied carbon [25]. Rather than demolishing and reconstructing, adaptive reuse 

retains the embodied carbon already invested in existing structural fabric. Point cloud 

scanning (terrestrial LiDAR), which generates dense three-dimensional 

representations of existing structures as 'clouds' of surveyed coordinate points, is 

now the standard method for creating as-built BIM models of existing buildings as the 

basis for adaptive reuse design. 

Regenerative architecture — the design of buildings that actively restore rather 

than merely reduce harm to ecosystems — and biophilic design — the intentional 



 PEDAGOGICAL SCIENCES AND TEACHING METHODS / 2026 – PART 57/ 

 

202 

integration of natural elements, light, and living systems into built environments — 

are among the fastest-growing design paradigms globally, both operationalised 

through 6D BIM simulation tools. 

4. Discussion 

4.1 The Recurrent Pattern of Technology-Driven Paradigm Shifts 

Across the five millennia examined in this study, a consistent structural pattern 

emerges: each major technological transition in architectural modelling was preceded 

by the accumulation of unmet representational, communicative, or economic 

demands that existing tools could not satisfy. The invention of the clay ground plan 

responded to the need to pre-coordinate large-scale communal construction. The 

girih tile system responded to the need for scalable, reproducible surface patterning 

without figurative representation. Linear perspective responded to the need for 

experientially convincing three-dimensional communication in two dimensions. The 

working drawing responded to the need for precise inter-disciplinary coordination 

across industrially manufactured components. CAD responded to the need for rapid, 

reversible, and perfectly accurate two-dimensional documentation. BIM responded to 

the need for integrated multi-disciplinary data management across the building 

lifecycle. 

This pattern suggests that the current trajectory towards AI-integrated, IoT-

linked, sustainability-optimised architectural modelling is not a contingent 

technological fashion but a structural response to the demands of the present 

moment: the need to design for dramatic reductions in embodied and operational 

carbon, to manage radically increasing building system complexity, and to do so at 

the speed of global urbanisation. 

4.2 The Timurid Contribution: A Reassessment 

The findings of Lu and Steinhardt (2007) regarding quasi-crystalline geometry in 

Timurid architectural decoration require careful contextualisation. The Timurid 

masters did not formulate an abstract mathematical theory of quasi-periodicity; 

rather, through the practical application of the girih tile system, they developed a 

design technology capable of generating geometries whose full mathematical 

implications were not understood until the late 20th century [19,20]. This is not a 

diminishment of their achievement — it is, arguably, an enhancement of it. The girih 

system was a practical parametric modelling tool of extraordinary generativity, 

capable of producing non-repeating yet visually coherent surface patterns of arbitrary 

complexity from a small set of standardised components. 

The module-based (gaz) design system employed in Timurid construction is 

functionally equivalent to the parameter-linked object model at the heart of 

contemporary BIM [20]. In both cases, a single base unit governs the proportional 

relationships among all building elements, and a change to one parameter cascades 

through the model. That Timurid masters achieved this through empirical craft 
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tradition rather than algorithmic computation does not make the underlying logic less 

modern — it makes the intellectual achievement more remarkable. 

Limitations and Future Research 

This study has three principal limitations. First, the documentary record for 

architectural modelling practice in sub-Saharan Africa, pre-Columbian Americas, and 

South and East Asia before 1500 CE is not systematically reviewed; comprehensive 

global coverage would require a dedicated multi-volume study. Second, quantitative 

BIM performance data are drawn primarily from studies conducted in North American 

and European professional contexts; Central Asian BIM adoption data remain 

sparse, and the TTPU empirical study reported here, while consistent with 

international findings, represents a single institutional context. Third, the pace of AI 

development in architectural design is such that any account written in 2025 will 

require revision within a short timeframe. 

Future research priorities include: (1) systematic comparative studies of BIM 

adoption trajectories in Central Asian construction sectors; (2) detailed analysis of the 

relationships between Timurid geometric modelling techniques and contemporary 

parametric design software capabilities; and (3) lifecycle carbon assessments of AI-

optimised versus conventionally designed buildings in the Uzbek climate context. 

Conclusion 

This article has traced the history of architectural design technology from 

Neolithic clay maquettes to contemporary Digital Twins and Generative Design 

systems, identifying six major paradigm shifts driven by converging socio-economic, 

material, and intellectual pressures. Several overarching conclusions emerge from 

this analysis. 

First, the modelling of buildings before their construction has been an unbroken 

practice in complex societies for at least ten thousand years, demonstrating that the 

pre-construction digital prototype is not an invention of the computer age but the 

latest instantiation of a deeply ancient cognitive and practical imperative. 

Second, the Timurid architectural tradition of Central Asia — particularly its girih 

tile modelling system and gaz-based modular design logic — constitutes an 

historically under-recognised contribution to the global history of parametric and 

quasi-crystalline design, with demonstrable connections to the conceptual 

foundations of contemporary BIM and generative design. 

Third, the transition from CAD to BIM represents not merely a software upgrade 

but a fundamental epistemological shift: from the modelling of geometry to the 

modelling of information. This shift has measurable economic consequences — 

documented savings of up to 22:1 on clash-detection costs alone — and is 

transforming the economic logic of architectural practice globally. 

Fourth, the integration of AI, IoT, Digital Twins, and sustainability performance 

modelling is accelerating the obsolescence of design practices predicated on static 
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geometric representation, and is creating a new professional paradigm in which the 

architect's primary skill is the definition and navigation of generative design spaces 

rather than the direct authorship of specific forms. 

For architectural education in Uzbekistan and Central Asia more broadly, these 

findings carry direct implications. The Timurid heritage provides not merely aesthetic 

inspiration but a mathematically sophisticated modelling tradition whose deep 

structure is directly relevant to contemporary parametric design. BIM adoption in the 

regional construction sector — currently lagging behind global benchmarks — offers 

substantial and empirically documented gains in design efficiency, coordination 

quality, and lifecycle cost management. And the rapidly growing demands of climate 

adaptation in a water-scarce, heat-stressed regional context make sustainability-

integrated 6D BIM not a luxury but a professional necessity. 
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