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Hesaplamali Tasarimda Tolerans

Editorden

Hesaplamali tasarimda “tolerans”, sadece bir 6l¢u ya da muhendislik terimi
olmanin otesinde, belirsizliklerle bas etme, farkliliklara aciklik ve kusurla
uzlagsma kulturinu de iginde barindirmaktadir. Geometrik hassasiyetin,
Uretim dogrulugunun, sistem esnekliginin ve malzeme davranislarinin ara
kesitinde yer alan bir kavram olarak tolerans, kesinlik ve kontrol ilkelerinin
Otesine gecen yeni bir bakis agisiyla ele alinmayi gerektirmektedir. Deleuze
ve Guattari farklilik, akiskanlik ve katmanlilik kavramlari ile toleransi, yeni
bir ontolojik zemin Uzerinde ele almaya davet etmektedir. Soyutlamanin
dogasinda yer alan indirgeme ile dijital ortamda verinin temsilinde yasanan
kayiplar kesinlik hedefine ulasmayi guclestirmektedir. Bununla birlikte dijital
dogrulukla fiziksel Uretim gergekligi arasinda ortaya ¢ikan farklarin yarattigi
bosluk, Uretken bir tasarim alani olarak karsimiza ¢ikmaktadir. JCoDe'un
on uguncu sayisl, dijital araglarin sundugu kesinlik ilkesine karsin, fiziksel
Uretim dunyasinin belirsizlikleriyle kurulan iliskiyi anlamaya ve yeniden
tartismaya agmaktadir.

Hesaplamali tasarim, yUksek dogrulukta modelleme, Uretken algoritmalarla
bicim olusturma, performans optimizasyonu ve dijital Uretim teknikleri ile
yeni olanaklar sunarken; fiziksel gergeklikteki Uretim suregleri, gogu zaman
bu soyutlamalara ve dijital ideallere karsi belirli sinirlar koymaktadir. Sayisal
modelleme ve Uretim sureglerinde hata paylarini sifirlamak ¢ogu zaman
gergekgi olmamaktadir. Dijital fabrikasyon araclarinin hassasiyetinden, 3B
yazicilarin malzeme akis hizina; ahsabin nem degiskenliginden, betonun
priz sUresine kadar uzanan bu Uretim gercekligi, dijital olarak modellenen
sistemlerin esnekliklerini, hataya dayanikliliklarini ve uyarlanabilirliklerini
test etmektedir. Tam da bu noktada, tolerans yalnizca “izin verilen hata
pay!” degil, ayni zamanda dijital ile fiziksel arasindaki ara yUzUn Uretken
bir bileseni, tasarimi olasl kilan bir aralik, hata ile olan yaratici diyalogun bir
temsilidir.

Ozellikle parametrik modelleme ve genetik algoritmalar gibi optimizasyon
sUreclerinde, tekil sabitler yerine belirli araliklarla tanimlanan parametrelerle
calismak; ornegin, yerel optimumda sikisan bir genetik algoritmanin
belirli hata marjlarini tolere ederek daha verimli sonuglara ulasmasi gibi
durumlarda, sistemin esnekligini artirmaktadir. Benzer sekilde, insan-makine
etkilesimi baglaminda fiziksel Uretim ortamlarinda fabrikasyon araglari
ve robotlarla kurulan isbirliklerinde, ya da artirlmis gergeklik ve yapay
zeka destekli tasarim sUreclerinde insanin sezgisel, kimi zaman belirsiz ve
ongorulemez kararlari ile makinenin deterministik isleyisi arasinda bir ara
yUz gorevi goren tolerans, bu iki 8znenin verimli ve esnek bicimde birlikte
calisabilmesini mumkUn kilan bir muzakere alani sunmaktadir.



Bu cercevede JCoDe'un onUguUnclU sayisinda, hesaplamall tasarim
sUreclerinde toleransin  kuramsal acilimlari, malzeme ve algoritmik
yaklasimlari, model ve sUrecin esnekligi, malzeme davranislariyla etkilesim,
optimizasyonsuUreglerinde esneklik,insan-makine etkilesiminde uyumlanma
ve isbirligi ile kentsel ve ¢evresel dlcekteki uygulamalari gok yonlu bicimde
ele alinmaktadir. DELEREL ve TAN BAYRAM'In ¢alismasi, tolerans kavramini
kontrol ve kesinlikten olasiliga dogru kaydirarak dijital mekanin Uretiminde
farkllik ve etkilesimin rolUinU tartismaya acarken, etkilesimli ve karmasik
sistemler araciligiyla belirsizligin tasarimin Uretken bir pargasi haline gelisini
glndeme getirmektedir.

Malzeme ve algoritmik yaklasimlara odaklanan iki makale ise hesaplamali
modeller ile fiziksel gerceklik arasindaki iliskinin tolerans kavramiyla nasil
donusturllebilecegini ele almaktadir. Gozde Damla TURHAN HASKARA,
bakteriyel selllozun buUyUmesini simuile ederek biyomimetik tasarim
sUreclerinde malzeme davranislarinin dngorulemezligini retken bir girdiye
doénustirmektedir. Zehra GULOGLU ve Sevil YAZICI ise genisleyebilen
(auxetic) metamateryal tasarimlari Uzerinden geometrik parametreler,
modelleme ve prototiplemenin toleransla kurdugu iliskiyi incelemekte,
esnek ve uyarlanabilir sistemlerin nasil gelistirilebilecedini tartismaktadir.

Uygulama ve kent olcegine yonelen calismalar ise toleransin toplumsal
ve cevresel boyutlarina isik tutmaktadir. Fadime DIKER ve ilker ERKAN,
pandemi sonrasi egitim mekanlarinda sinif kapasitelerinin belirlenmesinde
veri odakli bir yaklasim sunarken; Gizem OZCIDEM SUMEN, ilayda Sevval
ALIS, Goktlrk BOSTANCI, Baris Mert KARASU ve Ozgir EDIZ, afet sonrasi
toplanma alanlarinin Voronoi diyagramlari ve mekan dizimi yontemleriyle
nasil degerlendirilebilecegini ortaya koymaktadir. Zuhal CAN ve Kubra
OZTURK'Un galismasi ise yapay zeka ve nesnelerin interneti tabanli tahmin
sistemleri Uzerinden hava kalitesi dngorulerini ele alarak toleransin gevresel
belirsizliklerle kurdugu iliskiyi gindeme tasimaktadir.

Sayl, Burcu KISMET CONK ve Meryem Birgil COLAKOGLUnun kapsamli
derlemesiyle tamamlanmaktadir. Dijital cagda dongusel yapi cevresine
odaklanan bu galisma, surdurulebilirlik, kaynak yonetimi ve hesaplamali
tasarim iliskisini disiplinlerarasi bir perspektiften yeniden degerlendirmekte
ve sayinin tartismalarini butUncul bir cercevede birlestirmektedir.



Tolerance in Computational Design

Editorial

In computational design, “tolerance” is not merely a metric or engineering
term—it embodies a culture of dealing with uncertainty, embracing
difference, and negotiating with imperfection. As a concept situated at
the intersection of geometric precision, production accuracy, system
flexibility, and material behavior, tolerance calls for a new perspective
that goes beyond the principles of exactitude and control. Deleuze
and Guattari, with their concepts of difference, fluidity, and multiplicity,
invite us to rethink tolerance on a new ontological ground. The inherent
reductionism of abstraction and the inevitable loss in data representation
within digital environments challenge the pursuit of precision. However,
the gap between digital accuracy and physical production reality opens
up a generative space for design. The thirteenth issue of JCoDe aims to
examine and question the relationship between the precision promised by
digital tools and the uncertainties of the physical world of making.

While computational design enables new possibilities through high-
precision modeling, form generation with generative algorithms,
performance optimization, and digital fabrication techniques, physical
production processes often impose constraints on these abstractions and
digital ideals. Attempting to eliminate error margins in digital modeling and
manufacturing processes is often unrealistic. The realities of production—
ranging from the sensitivity of digital fabrication tools and the material flow
rate of 3D printers to the moisture variability of wood and the curing time
of concrete—test the flexibility, fault tolerance, and adaptability of digitally
modeled systems. At this point, tolerance is not only the “acceptable
margin of error,” but also a generative component of the interface between
digital and physical; it is a range that enables design, a representation of
the creative dialogue with error.

Especially in optimization processes such as parametric modeling and
genetic algorithms, working with parameters defined within specific
ranges instead of fixed constants enhances system flexibility. For instance,
allowing a genetic algorithm that is stuck in a local optimum to tolerate
certain error margins can lead to more efficient outcomes. Similarly, in
the context of human-machine interaction, tolerance acts as an interface
between the intuitive, sometimes ambiguous and unpredictable decisions
of humans and the deterministic functioning of machines—particularly
in collaborative settings involving fabrication tools and robots in physical
production environments, or in design processes supported by augmented
reality and artificial intelligence. In these cases, tolerance provides a space
of negotiation that enables these two agents to work together productively
and flexibly.



In this context, the thirteenth issue of JCoDe addresses the multifaceted
reflections of tolerance in computational design processes, including
theoretical inquiries, material and algorithmic approaches, model and
process flexibility, interactions with material behaviors, adaptability
in optimization processes, human-machine collaboration, as well as
urban and environmental applications. The study by DELEREL and TAN
BAYRAM shifts the concept of tolerance from control and precision
toward contingency, opening a discussion on the role of difference and
interaction in the production of digital space, while also foregrounding
how uncertainty becomes a productive component of design through
interactive and complex systems.

Two articles focusing on material and algorithmic approaches explore
how the relationship between computational models and physical reality
can be reframed through the lens of tolerance. Gézde Damla TURHAN
HASKARA simulates the growth of bacterial cellulose, transforming the
unpredictability of material behavior into a productive input within
biomimetic design processes. Zehra GULOGLU and Sevil YAZICI, on
the other hand, examine auxetic metamaterial designs, discussing how
geometric parameters, modeling, and prototyping intersect with tolerance
in the development of flexible and adaptive systems.

The studies oriented toward application and urban scale shed light on
the social and environmental dimensions of tolerance. Fadime DIKER and
llker ERKAN present a data-driven approach to determining classroom
capacities in the post-pandemic context, while Gizem OZCIDEM SUMEN,
llayda Sevval ALIS, Goktlrk BOSTANCI, Baris Mert KARASU, and Ozgr
EDIZ demonstrate how Voronoi diagrams and space syntax methods can
be used to evaluate emergency assembly areas. The study by Zuhal CAN
and Kibra OZTURK, meanwhile, addresses air quality predictions through
Al- and loT-based forecasting systems, foregrounding the relationship
between tolerance and environmental uncertainties.

The issue concludes with a comprehensive review by Burcu KISMET CONK
and Meryem Birgtl COLAKOGLU, which focuses on the circular built
environment in the digital age. This work re-examines the interrelations
of sustainability, resource management, and computational design from
an interdisciplinary perspective, weaving together the discussions of the
issue within a holistic framework.
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Rethinking Tolerance through Interactive and Complex

Architectural Systems

Zehra Delerel’, Funda Tan Bayram?
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This study redefines tolerance within computational design, shifting it from a
margin of error toward an interactive, uncertainty-driven, and context-sensitive
design strategy. Two custom Python scripts developed in Rhino 3D demonstrate
how tolerance operates across dual-wall systems responsive to attractor points.
Code 1 produces spatial contrast and topological tension through opposing wall
behaviors, while Code 2 generates coherence and porosity through synchronized
responses. The comparative analysis reveals that tolerance functions on multiple
levels: uncertainty (randomized attractors and micro-variation), bounded
variability (extrusion ranges between 15-60 units), behavioral contrast (Code 1),
behavioral coherence (Code 2), permeability (aperture scaling), and semantic
flexibility (4-bit threshold-based encoding). Scenario testing confirmed these
distinctions: Code 1 generated greater variability and contrast across runs, while
Code 2 exhibited more consistent and homogeneous fields. These findings
resonate with McVicar’s (2016) definition of tolerance as a “range of opportunity,”
showing that identical inputs can yield divergent spatial outcomes. The results
demonstrate that tolerance is not a passive technical allowance but an active
design agent embedded within coding logic. By transforming uncertainty into
structured variability, tolerance enables architectural surfaces to evolve beyond
optimized fagades into dynamic, data-rich, and temporally adaptive systems. The
study highlights the capacity of digital environments to act as design participants,
where codes and their generative ranges interact with context to produce new
spatial possibilities. Future research should extend this approach through broader
software platforms, larger datasets, and physical prototyping, enabling tolerance
to be examined at more comprehensive experimental and applied levels.

Keywords: Computational design, Complexity, Interactive architecture, Parametric
surfaces, Tolerance.

211

Received: 30.06.2025
Accepted: 26.09.2025

Corresponding Author:
zehra.delerel2017 @gtu.edu.tr

Delerel, Z. & Tan Bayram, F. (2025).
Rethinking tolerance through
interactive and complex architectural
systems. JCoDe: Journal of
Computational Design, 6(2), 211-234.
https://doi.org/10.53710/jcode.1728
523

JCoDe | Vol 6 No 2 | September 2025 | Tolerance in Computational Design| Delerel, Z., Tan Bayram, F.


https://doi.org/10.53710/jcode.1728523
https://doi.org/10.53710/jcode.1728523

Interaktif ve Karmasik Mimari Sistemler Uzerinden
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Bu calisma, tolerans kavramini hesaplamali tasarim baglaminda yeniden ele
almakta; onu hata payl olmaktan cikarip etkilesim, belirsizlik ve baglamsal
duyarliliga dayali Uretken bir stratejiye donlstirmektedir. Rhino 3D’de
gelistirilen iki 6zel Python betigi, cekim noktalarina yanit veren ikili duvar
sistemleri Uzerinden toleransin farkli bigcimlerde nasil isledigini ortaya
koymustur. Kod 1, ylzeyler arasinda karsitlik ve topolojik gerilim Gretirken; Kod
2, senkronize davraniglarla daha butlinliklU ve gegirgen alanlar olusturmustur.
Karsilagstirmali analiz, toleransin ¢ok katmanl isledigini gbstermektedir:
belirsizlik (rastlantisal g¢ekim noktalari, mikro-varyasyon), sinirlandiriimis
degiskenlik (15—60 birimlik ekstrizyon araliklari), davranissal karsitlik (Kod 1),
davranigsal uyum (Kod 2), gecirgenlik (agiklik 6lgekleri) ve anlamsal esneklik (4-
bitlik kodlama). Senaryo testleri bu katmanlari dogrulamis; Kod 1 daha yiksek
cesitlilik ve kontrast, Kod 2 ise daha tutarli ve homojen davraniglar Gretmistir.
Boylece toleransin, McVicar'in (2016) tanimladigi gibi, “firsat araligl” sundugu
ve ayni girdilerin farkli mekansal ¢iktilar dogurabildigi gosterilmistir. Sonuglar,
toleransin yalnizca teknik bir kisit degil, kodlama sireclerine gomulu Gretken
bir tasarim aktorl oldugunu ortaya koymaktadir. Bu baglamda tolerans, mimari
yuzeylerin optimize edilmis cephelerden Gteye gecerek veri ve baglamla
sekillenen, tepki verebilen ve zamansal olarak evrilen sistemlere dontsmesini
saglamaktadir. Calisma, dijital ortamin tasarimda aktif bir rol Gstlenebilecegini
ve toleransin gelecekte daha kapsamli, deneysel ve uygulamali dizeylerde
mekansal etkilesimlerle sinanabilecegini ortaya koymaktadir.

Anahtar Kelimeler: Hesaplamali tasarim, Karmasiklik, interaktif mimarlik,
Parametrik ylzeyler, Tolerans.
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1. INTRODUCTION

The concept of tolerance in architecture has historically been
associated with engineering precision, fabrication errors, and
dimensional deviations. However, with the advent of computational
and parametric design thinking, tolerance carries the potential to
become a generative strategy that embraces uncertainty, openness,
variability, and systemic adaptability within design processes. As
Banihashemi et al. (2025) argue, parametric design offers critical points
in the formation of design knowledge by establishing generative
mechanisms and enabling the production of variants.

In this expanded sense, tolerance facilitates a shift from deterministic
solutions toward probability-based systems, transforming the role of
the designer from that of an absolute controller into a mediator of
parametric thresholds. As Fattahi Tabasi et al. (2024) note, design
strategies grounded in tolerance and parametric thresholds allow
parametric design to develop its own methods for producing novel
solutions and alternatives. Parametric design, thus acknowledged as a
new approach in architectural practice, provides a unique
methodological framework for generating diverse design outcomes and
alternatives.

This shift—abandoning the pursuit of absolute precision at the core of
computational design and instead embracing tolerance—
acknowledges material, environmental, and human variability as
inseparable elements of both design and production. Applied in this
way, tolerance leads to the design of spaces open to personalization
and reinterpretation. Aesthetically, this move signifies a departure from
the pursuit of impossible precision toward an aesthetic that embraces
variation and deviation (Kolarevic, 2014).

Surfaces, as the fundamental components of spatial articulation, can
also be reconsidered within this context. Building envelopes—
particularly facades—that surround everyday environments are often
designed either with an emphasis on aesthetics or performance. In
both cases, contemporary design practice increasingly aims to achieve
“the most optimal facade formation.” Current research even attempts
to situate aesthetic preference within measurable frameworks through
multi-objective optimization and expert systems, simultaneously

Rethinking Tolerance through Interactive and Complex Architectural Systems



enhancing daylight performance and aesthetic perception in facade
design (Yi, 2009).

This raises the following question: can a surface, beyond merely being
“optimal,” also  enable interaction, personalization, and
reinterpretation through a tolerance-oriented design approach? In this
regard, the present study aims to reframe the architectural concept of
tolerance through computational tools. Instead of seeking singular
optimized solutions, the computational process developed here is
structured to generate variations that are body-referenced, interactive,
tolerance-adaptive, and complexity-based.

The research investigates how interactive surfaces can be designed as
variable, contextual, and responsive systems using two custom Python
scripts developed in the Rhino 3D environment. These scripts produce
dual-wall parametric systems in which extrusion and aperture values
respond to attractor points, thereby generating topological variability.

In this context, the study demonstrates how tolerance can operate not
merely as a technical constraint but as a performative, interactive, and
context-sensitive design principle in architecture.

2. THEORETICAL BACKGROUND: INTERACTIVE ARCHITECTURE,
COMPLEXITY, AND TOLERANCE

Interactive architecture presents a new design paradigm that moves
away from producing static environments toward creating systems
responsive to parameters such as environment, time, and uncertainty.
This approach establishes a framework in which flows themselves
become design decisions, enabling multiple possibilities rather than
singular solutions. While flow constitutes the primary aim of interaction
design, stability remains a fundamental goal of architecture—two
objectives that converge (McCullough, 2005). Similarly, Fox and Kemp
(2009) define interactive architecture as a hybrid between embedded
computation (intelligence) and its physical counterpart (kinetics), which
adapts through human—environment interaction. Oosterhuis (2007)
further emphasizes that interactive architecture is not merely passively
responsive but forms a system of two-way communication that
requires two active participants.
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The design and production stages of interactive architecture, being
dependent on parameters, can be associated with parametric design.
As Oxman (2017) states, parametric design develops diversified,
discoverable, and context-based strategies for generative and
performative design tied to specific goals. When such strategies of
variation intersect with interactivity, differentiations emerge. For
Oxman (2017), differentiation in architecture can be understood as the
local specialization of a repetitive formation. The purpose of
specializing part of a regular system is to produce new formal,
functional, performative, and structural features as well as material
behaviors.

Flows move beyond fixed conditions and instead generate real-time
scenarios, thereby opening new fields of design. These openings are
closely tied to the concept of tolerance. According to McVicar (2016),
tolerance in design refers to a margin of opportunity that enables the
negotiation of constructional difficulties—opportunities that are
immediate and unanticipated. Bates and Sergison (1999) similarly
describe tolerance as a technological framework that allows
components of a system to be used in unconventional ways.

Rather than operating within temporally fixed states, interactive
environments produce emergent, unexpected, and complex conditions
that, in turn, generate perceptible fields of experience. As Yicel and
Okten (2020) argue, “The most significant factor obstructing the body’s
need for experience is the pursuit of comfort and ease.” By contrast,
the unpredictable conditions produced through tolerance create a
form of disorder that is inherently more practical. For De Certeau
(2008), space is defined as a practiced place.

Everyday life is directly tied to time and is continuous. Tolerance is not
only limited to the moment of construction but can also be reproduced
in alternative scenarios emerging within ongoing flows. Each temporal
state thus yields a new condition of tolerance. Jules Moloney (2009)
asserts that rather than a fixed design, the outcome is the kinetic
system itself, within which countless permutations unfold over time.
The temporality, variability, and generative potential of interaction
produce new forms of productive tolerance. Through the integration of
such variables, the concept of articulation becomes interchangeable
with tolerance itself.

Rethinking Tolerance through Interactive and Complex Architectural Systems



Two practical forms of tolerance may arise. First, tolerance can be
anticipated and accommodated through predesigned parameters
controlled by the designer. Second, it may emerge unpredictably from
the actions of bodies within everyday life. Both scenarios remain open
to the unexpected: the first allows for generative deviations and new
algorithmic formulations, while the second permits disappearance and
spatial reconstitution depending on bodily engagement.

When tolerance manifests in unexpected moments, it may result in
flawed outputs. While such outcomes are often perceived as
undesirable or structural defects in contemporary practice, Venturi
(2005) counters this view: “A structure without flaw has no virtue, for
it is contrast that supports meaning.” Oppositions create tensioned
spatial relationships between bodies and architecture, giving rise to
new interactive scenarios of experience.

In everyday life, the triad of body—space—technology is continuously
experienced, and this interaction can be inscribed into spatial
geometries. In this context, Michael Fox (2009) identifies the growing
driving force behind interactive architecture as stemming from the
increasingly technology-mediated interactions between humans and
the built environment. The built environment today does not merely
host human actions it becomes reconfigurable through them.

Architecture’s adaptive capacity lies in rethinking the relationships
between body and space. Understanding space not solely through
geometric definitions, but also through the disproportionate,
perceptual, and experiential relationships the body establishes with it,
reveals the potential for surfaces to transform into a new form of skin
one that is dynamic rather than passive. Park et al. (2011) regard such
skins as interactive, kinetic surfaces integrating physical and content
layers.

Digitally augmented surfaces that respond to stimuli such as light,
sound, or motion are no longer simply facades or interior partitions;
they become responsive, communicative, and transformative living
textures. In this regard, Marcos Novak’s (2001) concept of transactive
intelligence is crucial for conceptualizing the potential of such surfaces.
Transformability and variability foster complex interactions. According
to Bundy (2007), increasing environmental complexity necessitates the
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development of computational methods informed by complexity
theory—a concern shared across disciplines. The importance here lies
in the everyday nature of complex systems and their theoretical
relevance to architecture.

In interactive systems, actions and reactions define systemic
relationships. These interactions function through positive and
negative feedback loops. While actions are initiated by human bodies
and experiences, reactions may be architectural—or vice versa. In such
scenarios, tolerance becomes dynamic and continuously mutable. The
system logic here aligns with Norbert Wiener’s mathematical models of
feedback, where positive loops amplify change and negative loops
suppress it. As Jaskiewicz (2013) argues, the design process should not
be understood as producing a fixed final product but as an intervention
within an evolving complex system. In this way, the designer’s role
shifts toward establishing systems that can accommodate and respond
to variation—revealing systemic authorship capacity.

Contemporary parametric modeling approaches predominantly focus
on formal variation and geometric control; however, they lack a
framework that addresses tolerance as a dynamic threshold—one that
can generate both constraints and creative opportunities.
Theoretically, parametric design, by applying both generative and
logical approaches, replaces the manual development of design
alternatives with a design logic (Tabadkani, Banihashemi et al., 2018).
Generative algorithmic modeling draws from both relational and
productive modeling. As Nasir and Kamal (2023) emphasize, the term
“algorithm” in this context underlines that objects are generated
through algorithms, and their subsequent outputs for later design
stages are likewise produced algorithmically.

Moreover, the complex behaviors of interactive and responsive
systems must be reconciled with the real-time capacities of
computational environments. Current models rarely address how
surfaces can negotiate environmental interaction and algorithmic
variability simultaneously within a generative system logic. This study
fills this gap by repositioning tolerance as a data-driven, performative,
and interactive design parameter. In doing so, tolerance is rendered
both computationally measurable and analyzable through custom
algorithmic tools. This approach moves away from deterministic

Rethinking Tolerance through Interactive and Complex Architectural Systems



control, instead proposing a design framework that encodes systemic
uncertainty and adaptability as integral qualities of architecture.

3. METHODOLOGY: DEVELOPMENT OF THE PARAMETRIC
SCRIPTS

This research adopts a computational design methodology (Step 1,
Framework and Data Setup) grounded in the principles of parametric
modeling, data-driven variation, and tolerance-based adaptation. The
dual-wall system is selected as the design focus, with attractor-based
spatial conditions defining the primary inputs. Within this framework,
randomized attractors introduce tolerance to spatial uncertainty, while
the normalization of distance (t) and its processing through a sigmoid
function (k parameter) establish tolerance bands and smooth
sensitivity ranges (Figure 1).

Building on this foundation, two custom Python scripts were developed
within the Rhino 3D environment (Figure 1). Code 1 encodes a dual-wall
extrusion logic with opposing responses (left vs. right), while Code 2
implements a dual-wall aperture transformation with symmetric
behaviors. At this stage, opposing wall logic defines a behavioral
tolerance field, min—max extrusion ranges (15-60) set generative
tolerance  zones, and micro-variation  (¥0.012) introduces
computational tolerance through controlled uncertainty. Aperture
scaling further embeds permeability tolerance. The third stage focuses
on exploring how these scripts generate local adaptation to attractors,
behavioral contrast across wall surfaces, and semantic encoding of
spatial conditions. Tolerance manifests as the system’s capacity to
accommodate uncertainty and variability while maintaining structural
coherence. Iterative runs allow the observation of topological
variability and emergent spatial effects.

Finally, a comparative evaluation was conducted between the two
scenarios. Criteria such as spatial adaptability, performative potential,
and semantic depth were defined to assess the outcomes. The analysis
revealed that tolerance operates at multiple levels: as uncertainty
(randomized attractors, micro-variation), as bounded variability
(extrusion ranges), as behavioral contrast (opposing wall logic), and as
semantic flexibility (thresholds) (Figure 1).
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Figure 1: Methodological
schema (Generated by the
authors).
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Code: min_extrude = 15, max_extrude =
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-
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Code: hole_scale = 0.1 + 0.6*(1-sigmoid(t,
k=10))

Tolerance as adaptive permeability,

openings adjust to attractor proximity

(light, air, visibility).

Thresholds + Bitcodes
Semantic Tolerance States

Code: extrude_threshold,
hole_scale_threshold, t_threshold;
[is_left, is_extrude_high, is_near,
is_hole_big]

Thresholds define tolerant semantic

states.
A

The synthesis of these findings underscores the relevance of tolerance-
based adaptation in computational design and highlights its potential
to articulate spatial systems that are both geometrically responsive and

semantically encoded.
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4. FINDINGS

In this study, tolerance is redefined as a generative design principle.
Within this framework, two custom Rhino Python scripts were
developed to examine how tolerance operates on architectural
surfaces through attractor-based variation, micro-scale uncertainty.
The following section presents the models and scenarios generated,
demonstrating how computational tools articulate responsiveness,
ambiguity, and performative differentiation in architecture.

4.1 Code 1: Parallel Opposing Response

Code 1 establishes a computational system that generates parametric
variations between two parallel walls based on the positions of
attractor points. Its core strategy lies in orchestrating opposing
responses from the two walls: as one wall volumetrically expands when
approaching an attractor, the other reduces its growth as it moves
away. This reciprocal behavior produces a topographical tension field
between the two surfaces. As outlined in the theoretical framework,
such reciprocity resonates with Wiener’s (2019) notion of feedback
loops, where positive responses amplify while negative ones suppress
change, thereby situating tolerance as a dynamic mediator rather than
a fixed constraint. The interpretation of this behavior goes beyond
formal differentiation: it demonstrates how tolerance operates as a
field condition that mediates between contrasting spatial logics,
producing adaptable yet coherent configurations.

The originality of Code 1 lies in its integration of tolerance into dual-
wall dynamics, where variability is generative design condition. Unlike
conventional parametric models that often rely on uniform attractor
responses, this system explicitly encodes reciprocity and divergence as
a design principle. tolerance aligns with McVicar's (2016) view of a
margin of opportunity and with Bates and Sergison’s notion of
unconventional use, since the bounded extrusion and aperture ranges
create spaces for variation within control. By positioning tolerance as
both a spatial mediator and a computational driver, Code 1 contributes
a novel framework for reading and constructing architectural surfaces
that are simultaneously adaptive, differentiated, and semantically
encoded.
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The primary intention of this script is to demonstrate the presence and
legibility of the tolerance concept within a computational framework,
using a dual-wall system inspired by responsive facade examples. In this
setup, tolerance is embodied in the attractors’ spatial positions and
their influence on dynamic extrusion and aperture scaling. These
behavioral differences between the two walls produce interactive
spatial conditions. The attractor points, randomized and embedded
within the space between the walls serve as spatial inputs that impact
the system’s behavior. Tolerance is positioned as spatial uncertainty:
attractor placement acts as a variable input that challenges
determinism and ensures adaptability. The randomness simulates
unpredictable real-life conditions and reveals the potential for design
to evolve through such uncertainty.

Extrusion values are developed along the normal surface and bounded
by predefined minimum and maximum values (ranging from 15 to 60
units) (Figure 3). These limits define the extent of designer control yet
they are intentionally left open to variability. As theorized, such
bounded ranges function as tolerance zones producing unique
configurations through attractor influence. These ranges create
generative tolerance zones, where each attractor-driven variation
results in a unique configuration. In this sense, tolerance is defined by
the range of variations that operate within these limits (Figure 2). This
reflects tolerance as bounded variability, where designer-defined
thresholds create room for controlled openness.

For each grid cell, the shortest distance to any attractor point is
calculated and normalized relative to the overall grid dimensions,
resulting in a scalar value t. A t value closer to O indicates proximity to
an attractor, while a value closer to 1 indicates greater distance (Figure
3). This distance serves as the foundation for all subsequent variations
and determines the computational sensitivity of the spatial system.
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The script processes it through a sigmoid function, which compresses t

between 0 and 1, generating smooth transitions rather than abrupt
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In the script, the sigmoid function is defined as:

1
k) = emieom W

where x is the normalized distance (0-1) and k controls curve
sharpness: higher k yields sharper transitions, lower k smoother
gradients. This shows tolerance as adjustable thresholds and shifting
sensitivities rather than fixed limits (Equation 1).

The extrusion logic of the two walls is intentionally inverse: Left Wall:
Extrusion magnitude is directly proportional to sigmoid(t). As the cell
approaches the attractor, its extrusion increases. Right Wall: Extrusion
is determined by sigmoid(1-t). This wall expands more as it moves away
from the attractor (Figure 3). This opposing wall logic operationalizes
tolerance as behavioral contrast, encoding divergence as a generative
design principle.

Although the system behavior is primarily defined at the level of the
walls, an additional layer of algorithmic complexity is introduced: small-
scale randomness (+0.012) is added to the extrusion values. These
micro-variations break the determinism of the pattern and encode
computational tolerance into the system. Such micro-level uncertainty
prevents the formation of strictly repetitive units, enhancing the
unigueness of the surface. Each extruded unit also includes a central
aperture (hole), with its scale calculated using the formula. This ensures
that apertures are larger in regions closer to the attractors and smaller
farther away. These perforations can serve as performance metrics—
affecting spatial permeability, light transmission, or environmental
integration (Figure 2).
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P #-*- coding: utf-8 -*-

import rhinoscriptsyntax as rs
import math

import random

def sigmoid(x, k=10):
return 1/ (1 + math.exp(-k * (x - 0.5)))

def map_turquoise_to_magenta(val, min_val, max_val)
t = max(0.0, min(1.0, (val - min_val) / float(max_val - min_val)))

r=int(255 * t)
g=int(255 " (1-1))
b=255

return [r, g, b]

def generate_dual_walls(grid_size_x=50, grid_size_y=200, grid_size_z=200,
step=10, attractor_count=6):

pr min_extrude = 15

max_extrude = 60

wall_offset = 20

wall_x1=0

wall_x2 = wall_x1 + 2 * wall_offset + max_extrude * 2
micro_variation_strength = 0.012

red_color = [255, 0, 0]

# Thresholds
extrude_threshold = 37.5
hole_scale_threshold = 0.4
t_threshold = 0.5

# Create layer for bitcodes if it doesn't exist
if not rs.IsLayer("bitcodes”):
rs.AddLayer("bitcodes”, color=red_color)

# Generate attractors
attractors =[]
for i in range(attractor_count):
height = random.uniform(110, 180)
pt=[
random.uniform(wall_x1 + wall_offset + max_extrude, wall_x2 -
wall_offset - max_extrude),

height

attractors.append(pt)
rs.AddPoint(pt)
rs.AddTextDot("A{}" format(i + 1), pt)

def closest_distance(point):
return min([rs.Distance(point, attr) for attr in attractors])

def draw_square_frame_and_extrude(base_x, normal, extrude_amt,
hole_scale, color):
p1=[base_x, y.2]
p2 = [base_x, y + step, 2]
p3 = [base_x, y + step, z + step]
p4 = [base_x, y, z + step]
outer = rs.AddPolyline([p1, p2, p3, p4, p1])

©x = base_x
cy=y+step/2

s = (step * hole_scale)/ 2
q1=[cx,cy-s,cz-s]
q2=[cx,cy+s,cz-s]

q3=[cx,cy +s,cz+s]
qé4=[cx,cy-s,cz+s]

inner = rs. AddPolyline([q1, 42, 43, g4, q1])

surface = rs.AddPlanarSrf([outer, inner])
rs.DeleteObject(outer)
rs.DeleteObject(inner)

if surface:
vec = rs.VectorScale(normal, extrude_amt)
path = rs.AddLine([0, 0, 0], vec)
extr = rs.ExtrudeSurface(surface[0), path)
rs.CapPlanarHoles(extr)
rs.ObjectColor(extr, color)
rs DeleteObject(surface(0])
rs.DeleteObject(path)

4 ——a

P—> the continuation of the code

for y in rs.frange(0, grid_size_y - step, step):
for z in rs.frange(0, grid_size_z - step, step):
center = [(wall_x1 +wall_x2) / 2,y + step / 2, 2 + step / 2]
dist = closest_distance(center)
max_dist = math.sqrt(grid_size_y**2 + grid_size_z"*2)
t = min(dist / max_dist, 1.0)

#Hole scale

hole_raw = 1 - sigmoid(t, k=10)
hole_raw = max(0.0, min(1.0, hole_raw))
hole_scale = 0.1 + 0.6 * hole_raw

# Left wall extrusion
left_scale = sigmoid(t, k=12)
left_scale = math.pow(left_scale, 1.1)

F S left_scale += random.uniform(-micro_variation_strength,

micro_variation_strength)
left_scale = max(0.0, min(1.0, left_scale))
left_extrude_amt = min_extrude + (max_extrude -
min_extrude) * left_scale
left_color = map_turquoise_to_magenta(left_extrude_amt,
min_extrude, max_extrude)

# Right wall extrusion

right_scale = sigmoid(1 - t, k=12)

right_scale = math.pow(right_scale, 1.1)

right_scale += random.uniform(-micro_variation_strength,
micro_variation_strength)

right_scale = max(0.0, min(1.0, right_scale))

right_extrude_amt = min_extrude + (max_extrude -
min_extrude) * right_scale

right_color =
map_turquoise_to_magenta(right_extrude_amt, min_extrude,
max_extrude)

# Draw geometry
draw_square_frame_and_extrude(wall_x1, [1, 0, 0],

left_extrude_amt, hole_scale, left_color)
draw_square_frame_and_extrude(wall_x2, (-1, 0, 0],

random.uniform(0, grid_size_y), A\ right_extrude_amt, hole_scale, right_color)

# Binary logic
is_near = 1ift < t_threshold else 0
is_hole_big = 1 if hole_scale > hole_scale_threshold else 0

# Left wall bitcode

is_left=1

is_extrude_high = 1 if left_extrude_amt > extrude_threshold
else 0

bitcode_left = " § { {" format(is_left, is_extrude_high,
is_near, is_hole_big)

dot_pos_left = [wall_x1 + left_extrude_amt /2,y +step /2,2
+step/2-1]

dot_left = rs. AddTextDot(bitcode_left, dot_pos_left)

rs.ObjectLayer(dot_left, "bitcodes")

rs.ObjectColor(dot_left, red_color)

# Right wall bitcode
is_left=0
is_extrude_high = 1 if right_extrude_amt >

b cz=z+step/2 A . irude_threshold else 0

bitcode_right = “(} {} {} (}".format(is_left, is_extrude_high,
is_near, is_hole_big)

dot_pos_right = [wall_x2 - right_extrude_amt /2, y + step /
2,z+step/2-1)

dot_right = rs. AddTextDot(bitcode_right, dot_pos_right)

rs ObjectLayer(dot_right, "bitcodes”)

rs.ObjectColor(dot_right, red_color)

rs.Redraw()

def frange(start, stop, step):
while start <= stop:
yield start
start += step

rs.frange = frange
generate_dual_walls()

4.2 Code 2: Synchronously Diverging Surfaces

Code 2 represents the second scenario of a dual-wall system generated
through attractor-based parametric variation. In this case, both the left
and right walls exhibit identical behavior: they increase in volume and
reduce aperture size as they move away from the attractor points.
While maintaining synchronized parametric responses across both
surfaces, the code embeds tolerance into the system through micro-
variations and semantic encodings. Code 2 frames tolerance as

Figure 3: Code 1 Rhinoscript
(Generated by the authors).
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synchronized adaptation, demonstrating how coherence and regularity

Figure 4: Code 2 Rhinoscript
and 3d geometry (Generated

can themselves serve as generative margins within parametric systems.

by the author).
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The architectural generation process unfolds through the following
steps: The foundational structure of Code 2 mirrors that of Code 1. The
script begins by constructing a three-dimensional grid, within which
grid sizes along the x, y, and z axes define the bounds of the design
domain and its zones of tolerance (Figure 5). Attractors are placed
randomly within the space between the two walls, and their positions
establish spatial intervals that trigger morphological transformation. As
in the theoretical discussion of flows, these attractors embody spatial
uncertainty, functioning as unpredictable inputs that generate
openings for variation (McCullough, 2005).

As in Code 1, the grid serves as the base from which extrusion occurs
along the surface normal, with each cell’s shortest distance to the
nearest attractor normalized into a scalar value .This value is processed
through a sigmoid function to generate performative parameters such
as extrusion height and aperture size, where tolerance operates as a
sensitivity band: the sharpness coefficient k determines how smoothly
or abruptly surfaces adapt to attractor proximity, framing tolerance as
a tunable threshold of responsiveness. Unlike Code 1, both walls in
Code 2 share the same extrusion logic, establishing a synchronized field
of variation in which they expand simultaneously as they move away
from attractors. This coordinated response embeds tolerance as
bounded coherence, demonstrating adaptability through repetition
and alignment rather than divergence, while added micro-variations
prevent determinism and encode tolerance as micro-level uncertainty.

The relationship to hole scale mirrors that of Code 1, where aperture
size increases as proximity to the attractor decreases. This inverse
relationship creates context-sensitive porosity, shaped by spatial
proximity to attractor fields (Figure 4). In this sense, permeability
tolerance is inscribed in the surface logic, producing adaptable
openings that mediate between light, air, and visibility—aligning with
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Figure 5: Code 2 Rhinoscript
(Generated by the author).

P # -*- coding: utf-8 -*-

import rhinoscriptsyntax as rs
import math
import random

def sigmoid(x, k=10):
return 1/ (1 + math.exp(-k * (x - 0.5)))

def map_turquoise_to_magenta(val, min_val, max_val)
t = max(0.0, min(1.0, (val - min_val) / float(max_val - min_val)))
r=int(255 *t)
g=int(255 " (1-1))
b =255
return [r, g, b]

def generate_dual_walls(grid_size_x=50, grid_size_y=200, grid_size_z=200,

step=10, attractor_count=6):

pr min_extrude = 15

max_extrude = 60

wall_offset = 20

wall_x1=0

wall_x2 = wall_x1 + 2 * wall_offset + max_extrude * 2
micro_variation_strength = 0.012

red_color = [255, 0, 0)

# Thresholds
extrude_threshold = 37.5
hole_scale_threshold = 0.4
t_threshold = 0.5

# Create layer for bitcodes if it doesn't exist
if not rs.IsLayer("bitcodes”):
rs.AddLayer("bitcodes”, color=red_color)

# Generate attractors
attractors =[]
for i in range(attractor_count):
height = random.uniform(110, 180)
pt=[
random.uniform(wall_x1 + wall_offset + max_extrude, wall_x2 -
wall_offset - max_extrude),
random.uniform(0, grid_size_y),
height

1

attractors.append(pt)
rs.AddPoint(pt)

rs.AddTextDot("A{}" format(i + 1), pt)

def closest_distance(point):
return min([rs.Distance(point, attr) for attr in attractors])

def draw_square_frame_and_extrude(base_x, normal, extrude_amt,
hole_scale, color):
p1=[base_x,y.2]
p2 = [base_x, y + step, 2]
p3 =[base_x, y + step, z + step]
p4 = [base_x, y, z + step]
outer = rs.AddPolyline([p1, p2, p3, p4, p1])

cx = base_x

+step /2

cz=z+step/2

s = (step * hole_scale) / 2
ql=[cx,cy-s,cz-5s]

g2=[cx,cy +s,cz-8]

q3=[cx,cy +s,c2+5]

g4 =[cx,cy-s,cz+s]

inner = rs. AddPolyline([a1, 42. 3, ¢4, q1])

surface = rs.AddPlanarSrf([outer, inner])
rs.DeleteObject(outer)
rs.DeleteObject(inner)

if surface:
vec = rs.VectorScale(normal, extrude_amt)
path = rs.AddLine([0, 0, 0], vec)
extr = rs.ExtrudeSurface(surface[0), path)
rs.CapPlanarHoles(extr)
rs.ObjectColor(extr, color)
rs.DeleteObject(surface[0])
rs.DeleteObject(path)

—

Behavior

y

the notion of interactive skins as dynamic, reconfigurable membranes
(Park et al., 2011).

p—P the continuation of the code

for y in rs.frange(0, grid_size_y - step, step):
for z in rs.frange(0, grid_size_z - step, step):
center = [(wall_x1+wall_x2) /2,y +step/2,z+step/2]
dist = closest_distance(center)
max_dist = math.sqrt(grid_size_y**2 + grid_size_z"*2)
t = min(dist / max_dist, 1.0)

# Hole scale

hole_raw = 1 - sigmoid(t, k=10)
hole_raw = max(0.0, min(1.0, hole_raw))
hole_scale = 0.1 + 0.6 * hole_raw

# Left wall extrusion

left_scale = sigmoid(t, k=12)

left_scale = math.pow(left_scale, 1.1)

h left_scale += random.uniform(-micro_variation_strength,

micro_variation_strength)

left_scale = max(0.0, min(1.0, left_scale))

left_extrude_amt = min_extrude + (max_extrude -
min_extrude) * left_scale

left_color = map_turquoise_to_magenta(left_extrude_amt,
min_extrude, max_extrude)

# Right wall extrusion

right_scale = sigmoid(1 - t, k=12)

right_scale = math.pow(right_scale, 1.1)

right_scale += random.uniform(-micro_variation_strength,
micro_variation_strength)

right_scale = max(0.0, min(1.0, right_scale))

right_extrude_amt = min_extrude + (max_extrude -
min_extrude) * right_scale

right_color =
map_turquoise_to_magenta(right_extrude_amt, min_extrude,
max_extrude)

# Draw geometry
draw_square_frame_and_extrude(wall_x1, [1, 0, 0],
left_extrude_amt, hole_scale, left_color)
draw_square_frame_and_extrude(wall_x2, [-1, 0, 0],
S right_extrude_amt, hole_scale, right_color)

# Binary logic
is_near = 1ift <t_threshold else 0
is_hole_big = 1 if hole_scale > hole_scale_threshold else 0

# Left wall bitcode

is_left=1

is_extrude_high = 1 if left_extrude_amt > extrude_threshold
else 0

bitcode_left = "(} { {} (" format(is_left, is_extrude_high,
is_near, is_hole_big)

dot_pos_left = [wall_x1 + left_extrude_amt /2, y + step / 2, 2
+step/2-1]

dot_left = rs.AddTextDot(bitcode_left, dot_pos_left)

rs.ObjectLayer(dot_left, "bitcodes")

rs.ObjectColor(dot_left, red_color)

# Right wall bitcode
is_left=0
is_extrude_high = 1 if right_extrude_amt >
h extrude_threshold else 0
bitcode_right = *{} {} { ()" format(is_left, is_extrude_high,
is_near, is_hole_big)
dot_pos_right = [wall_x2 - right_extrude_amt / 2, y + step /
2,z+step/2-1)
dot_right = rs.AddTextDot(bitcode_right, dot_pos_right)
rs.ObjectLayer(dot_right, "bitcodes")
rs.ObjectColor(dot_right, red_color)

rs.Redraw()

def frange(start, stop, step):
while start <= stop:
yield start
start += step

rs.frange = frange
generate_dual_walis()

4.3: Code 1 vs. Code 2 Matris — Response Logics and Tolerance

The comparative structure of Code 1 and Code 2 illustrates how
interactive architecture can generate distinct design strategies through
system-based responses. Within the scope of this study, it has been
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discovered that the everyday spatial scenarios emerging between
geometric complexity and attractors are, in fact, generated through
calculable tolerance ranges. Both scripts are grounded in a shared set
of base parameters—wall orientation, extrusion magnitude, attractor
proximity, and hole scale—which define specific threshold intervals.
These intervals constitute the framework of generative tolerance;
however, the behavioral characteristics are embedded within the
scripts themselves. Since the extrusion direction is defined by the
designer’s intervention, the orientation and behavior of the two scripts
differ accordingly.

Code 1 produces oppositional surface behaviors in response to
attractor points, establishing a spatial field of tension through the
contrasting tendencies of the two walls. This duality resonates directly
with Venturi’s (2005) emphasis on the productivity of imperfection and
the meaning-generating power of contrast. In this context, surfaces
engage conceptually, forming a reciprocal relationship. In contrast,
Code 2 proposes a synchronized system wherein both walls react in
parallel as they move away from the attractors.

The key distinction between the two scripts lies in the extrusion logic.
In Code 1, the left wall responds with increasing extrusion as sigmoid(t),
while the right wall behaves inversely through sigmoid (1 - t), creating
an inherent “dialectical” interaction within the system. Design
parameters such as aperture and opacity are derived from this contrast.
In Code 2, both walls share the same extrusion function, sigmoid(t),
revealing the possibility of co-evolving response patterns within
interactive systems. The attractor proximity parameter introduces
divergent behavior in Code 1, with one wall expanding while the other
contracts. This dynamic reflects McVicar's (2016) definition of
generative tolerance as a range of opportunity that allows different
responses to the same input. In Code 2, the same proximity results in
lower extrusion and larger apertures across both walls, generating a
permeable scenario in which interactive surfaces respond collectively
to contextual conditions (Table 1).
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Table 1: Code 1 and Code 2
Rhinoscripts Matris
(Generated by the author).

Feature

Code 1: Parallel Opposing
Response

Code 2: Parallel
Synchronous Divergence

Response Orientation

Contrasting variation —
surface behaviors are
inversely oriented
relative to the attractor.

Synchronous variation —
both surfaces respond
similarly by increasing as
they move away from the
attractor.

Extrusion Value
Calculation

The left wall uses
sigmoid(t), while the
right wall uses sigmoid (1
- t) to generate opposite
behaviors.

Both walls use sigmoid(t)
to produce identical
directional behavior.

Proximity to Attractor

Divides the system:
proximity increases
volume on one wall while
decreasing it on the
other.

Proximity results in low
extrusion and large
apertures on both walls.

Aperture Generation
(Hole Scale)

hole_scale=0.1+0.6 *
(1 - sigmoid(t)); apertures
are larger near
attractors.

Uses the same equation;
apertures increase near
attractors, leading to
lower opacity.

Micro Variation and Bit
Encoding

+0.012 random variation
in extrusion adds micro
uncertainty

The same level of
variation is applied
appears synchronously
on both walls for
matching units.

The scenarios illustrate the distinct spatial behaviors generated by the
two codes. In the scenarios of Code 1 (1.1-1.4), attractor points are
reassigned randomly at each execution, leading to opposing responses
between the walls: as one wall expands volumetrically when
approaching an attractor, the other contracts as it moves away. This
produces varying topological tension fields and generates diversity
across scenarios. In contrast, the scenarios of Code 2 (2.1-2.4) follow a
synchronized logic, with both walls expanding or contracting
simultaneously in relation to attractor positions. As a result, the
surfaces exhibit more coherent, continuous, and homogeneous

behaviors (Figure 6).
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This study redefines the concept of tolerance within the context of
computational design, transforming it into a productive strategy that
embraces uncertainty, openness, diversity, and system-level
adaptability. The aim is to position tolerance not merely as a technical
allowance but as a computational language capable of generating new
spatial potentials. The two custom-developed Rhino Python scripts
demonstrate this potential by integrating generative tolerance ranges

into a performative, interactive, and context-sensitive design method.

The process moves away from singular and deterministic
understandings of architecture, instead proposing a design logic based
on attractor-referenced, tolerance-enabled variations. Through these
two scripts, different surface behaviors were tested, showing how
architectural elements can evolve from static components into
dynamic, data-driven spatial interfaces. As these surfaces begin to
generate semantic responses, their behaviors emerge from within the
system itself. Rather than producing fixed outputs, the scripts embody
a probabilistic and open-ended system capable of generating new
architectural conditions.

Figure 6: Codes Scenarious
(Generated by the author).
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Everyday spaces are inherently complex systems, shaped by
instantaneous and interactive situations. For such systems to be
translated into computationally designed environments, the concept of
tolerance must define a new set of operational design conditions. This
study rearticulates the concept of tolerance through the role of coding
in the design process and situates it in relation to the position of the
designer. The digital environment, with its capacity for simulation and
production, emerges as an active agent within design. In this
framework, design is no longer confined to a single moment in the
designer’s mind, but unfolds as a process that can be reproduced over
time and tested under varying conditions. Codes and the ranges of
variation they generate come alive through interaction with the
environment, giving rise to dynamic spatial possibilities. In this process,
spatial interaction acquires a tangible dimension, creating a new
interactive domain between the digital and the physical. The findings
demonstrate that digital and computational design environments are
positioned asintegral and generative actors within architectural design.

The study presents a limited scope as it has been conducted within a
specific digital platform (Rhino 3D) and through two custom Python
scripts.  Broader implementation across different software
environments, larger datasets, or physical prototyping could increase
the generalizability of this approach. Future research may focus on
integrating tolerance with spatial interactions, testing the behaviors of
geometry and the reproducibility, variability, and temporality of
constructed spaces, thereby enabling a more comprehensive
examination of the concept at both experimental and applied levels.
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Bacterial cellulose (BC), with its self-organizing fiber networks, provides a
compelling model for sustainable and bio-inspired material design. This study
introduces a code-driven simulation of BC growth using the Diffusion-Limited
Aggregation (DLA) algorithm, implemented in JavaScript to replicate the stochastic
processes of branching, density formation, and radial expansion. The model
integrates nutrient diffusion and Brownian motion principles, producing networks
that mirror experimental features such as nodal density and branching angles,
while also revealing emergent behaviors, including loop formation, not easily
observed in physical samples. Laboratory cultivation of BC was subsequently
conducted to compare and validate the computational results, highlighting both
the fidelity and the exploratory capacity of simulation. Quantitative and qualitative
analyses demonstrate that DLA can approximate biological fiber organization while
offering new insights for design applications. This approach bridges microbial
processes and computational design, suggesting applications in regenerative
architecture where ecological intelligence and adaptive material systems are
prioritized.
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Kendi kendini organize eden lif aglariyla bakteriyel seliloz (BS), strdirilebilir ve
biyomimetik malzeme tasarimi igin glgli bir model sunmaktadir. BS'nin dogal
blylme sireci, minimum enerjiyle karmasik ve dayanikh aglar olusturma kapasitesi
sayesinde malzeme bilimi ve mimarlk icin dikkat ¢ekici bir 6rnek olmaktadir. Bu
calisma, JavaScript ile uygulanmis Diflzyonla Sinirli Birikim (DLA) algoritmasina
dayal kod tabanli bir simtlasyon gelistirerek BS liflerinin blytime dinamiklerini
yeniden Uretmeyi amaclamaktadir. Model, besin difizyonu ve Brown hareketi
prensiplerini entegre ederek, deneysel ¢alismalarla uyumlu digim yogunlugu ve
dallanma agilari  Gretmis, ayni zamanda fiziksel 0©rneklerde kolaylikla
gozlemlenemeyen halka olusumu gibi yeni davranislari da ortaya cikarmistir.
Simulasyon sonuglarini karsilastirmak ve dogrulamak amaciyla laboratuvar
ortaminda BS Uretimi gergeklestirilmis ve elde edilen biyofilm 6rnekleri Gzerinden
analiz yapilmistir. Bu karsilastirmalar, modelin biyolojik gercekligi yaklasik olarak
temsil edebildigini ve ayni zamanda kesif potansiyeli sundugunu gostermektedir.
Nicel ve nitel degerlendirmeler, DLA'nin lif organizasyonunu basariyla yansittigini
ve oOzellikle besin yogunlugu ile difiizyon hizlarinin ag yapisina etkilerini ortaya
koydugunu gostermektedir. Bu yaklasim, mikrobiyal sireglerle hesaplamal
tasarimi bir araya getirerek ekolojik zeka kavramini 6ne c¢ikarmaktadir. BS
fiberlerinin gevresel parametrelere duyarllgl, adaptif cepheler, dinamik filtreleme
sistemleri veya biyomimetik habitatlar gibi uygulamalar icin potansiyel
sunmaktadir. Ayrica farkh kiltar bilesenleri ya da hibrit biyomalzemelrle yapilacak
calismalar, gelecekte rejeneratif mimarlik icin yeni stratejiler gelistiriimesine katki
saglayacaktir.

Anahtar Kelimeler: Bakteriyel seliloz, Rejeneratif tasarim, Hesaplamali tasarim,
Diflizyonla sinirli kimelenme.

Teslim Tarihi: 12.01.2025
Kabul Tarihi: 06.09.2025

Sorumlu Yazar:
gozde.turhan@ieu.edu.tr

Turhan Haskara, G. D. (2025).
Malzeme inovasyonu ve mimarlikta
ekolojik zeka igin  kod tabanl
bakteriyel seliloz blayime
simllasyonu. JCoDe: Journal of
Computational Design, 6(2), 235-254.
https://doi.org/10.53710/jcode.1618
503

236

JCoDe | Cilt 2 Sayi 2 | Eylul 2025 | Hesaplamali Tasarimda Tolerans | Turhan Haskara, G. D.


https://doi.org/10.53710/jcode.1618503
https://doi.org/10.53710/jcode.1618503

237

1. INTRODUCTION

Bacterial cellulose (BC) is a natural biopolymer produced by
microorganisms, notable for its high tensile strength, biocompatibility,
and biodegradability (Turhan et al., 2022). These properties position BC
as a promising material for a wide range of ecological applications, from
medical devices to environmental sustainability initiatives (Gregory et
al., 2021). One of the most fascinating aspects of BC is its ability to form
intricate, self-organizing fiber networks that exhibit remarkable
complexity and adaptability (Jin, Jin and Wu, 2022). These networks,
formed through the microbial growth of Acetobacter xylinum, serve as
an example of nature’s efficiency in creating sustainable structures
(Kongruang, 2008). The potential to harness such networks presents a
significant opportunity for the development of bio-inspired and
biobased materials that can contribute to regenerative design
practices.

Despite the growing interest in bacterial cellulose, there is still limited
understanding of how its fiber networks grow and develop at a
computational level. Traditional approaches to studying BC have relied
on experimental methods, focusing on material properties and
applications. However, the complex and dynamic nature of BC fiber
formation has not been fully captured through code-driven simulations.
To address this gap, this study aims to explore the computational
growth of BC fiber networks using the diffusion-limited aggregation
(DLA) algorithm, which simulates the process of particle aggregation in
a random environment. DLA, known for its ability to model the
formation of natural patterns, provides an ideal framework for studying
the emergence of BC's fiber structures and their regenerative
properties.

The research question driving this study is: How can the code-driven
modeling of BC fiber growth inform the development of regenerative
materials? By simulating the self-organization of BC fibers through the
DLA algorithm, we seek to better understand the underlying principles
of fiber formation and their potential applications in regenerative
design. Specifically, this research aims to explore how BC fiber
networks, when modeled computationally, can be optimized for
material performance in the context of material design and
regenerative systems.
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This study advances the integration of biological processes into
computational design by developing a novel simulation framework for
bacterial cellulose (BC) fiber growth. Using Diffusion-Limited
Aggregation (DLA) principles that was first introduced by Witten and
Sander (1981), the model simulates how BC fibers self-organize into
complex networks, reflecting natural growth behaviors observed in
microbial cellulose production.

The study adopts a computational workflow through adaptive growth
mechanisms. The simulation incorporates nutrient diffusion fields to
influence particle movement; mirroring how bacterial cellulose
responds to environmental conditions. Additionally, parameter
adjustments allow for variations in fiber density and branching,
simulating how real BC networks adapt under different mechanical and
chemical stimuli. These features enable the model to replicate
biological resilience, where fiber networks optimize structural stability
through self-reinforcing aggregation patterns.

Beyond biological fidelity, the research offers practical applications for
bio-inspired material design. The adaptive growth model can inform
sustainable fabrication strategies, such as optimizing material
distribution in biobased composites or guiding regenerative design
processes that leverage self-organizing principles. By embedding
ecological intelligence in computational workflows, this approach
provides a framework for designing materials that are more efficient,
resilient, and responsive to environmental inputs, paving the way for
innovations in biomaterials and regenerative design.

2. THEORETICAL FRAMEWORK

The literature review covers properties and potential of BC as a
biobased material, its current applications, the role of computational
design in biobased material development, and the integration of
biological processes and simulations into architecture.

2.1 Bacterial Cellulose as a Biobased Material

(Bacterial cellulose (BC), produced by bacteria such as Acetobacter
xylinum, has unique characteristics that make it a promising alternative
to conventional materials (Turhan et al., 2022). BC differs significantly
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from plant-based cellulose due to its higher purity, crystallinity, and the
ability to form a three-dimensional fibrous network (Wu et al., 2023).
These properties enable BC to be used in diverse applications, from
biomedicine (wound dressings, tissue engineering) to sustainable
materials for architecture and product design (Liu et al., 2021,
Shrivastav et al., 2022). Its biodegradability and renewability make it an
environmentally friendly choice, which is essential as industries seek
sustainable alternatives to petroleum-based materials (Gazit, 2016).

BC's environmental advantages have driven its exploration for
architectural applications, where it can be used in building materials
that minimize ecological impact. Its potential for use in lightweight
structures, water filtration systems, and bio-composite materials has
been discussed in the context of reducing the carbon footprint of
construction (Turhan et al., 2022). Research suggests that BC can be
used to create efficient, environmentally integrated designs that
respond dynamically to environmental conditions (El Gazzar, Estevez
and Abdallah, 2021).

2.2 Biological Simulations in Material Growth

Computational design has seen growing use in material development,
especially in architecture (Yazici and Tanacan, 2020). Algorithms and
simulations allow for the optimization of materials and structures,
making them more adaptable to environmental conditions and more
efficient in terms of performance. The use of computational tools such
as generative design patterns or structural optimization algorithms
provides new ways of designing and manufacturing materials like BC
(Turhan et al., 2022). These methods enable precise control over the
growth of BC fibers, potentially improving their mechanical properties
and adapting them to specific functional requirements in architectural
design.

The application of computational tools to biological processes has also
been explored in other fields such as microbiology, where simulations
help model the growth of bacterial colonies and optimize the
production of BC. This approach provides insight into how factors such
as temperature, nutrient and oxygen availability, and pH influence BC
synthesis, allowing for the creation of more efficient and controlled
manufacturing processes (Derme, Mitterberger and Di Tanna, 2016).
The integration of computational design and BC could pave the way for
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creating smarter, more sustainable building materials that respond to
environmental stimuli.

Biological simulations are a key aspect of this research, as they can help
model the processes that govern the growth of BC fibers through
various models to predict bacterial behavior, fiber alignment, and
material properties under different conditions. In the context of BC
growth, simulations have been used for a long time to simulate the
growth of fiber networks, control the formation of nanofibrils, and
optimize the production process in terms of scalability and material
properties (Papageorgakopoulou and Maier, 1984).

Hornung, Biener, and Schmauder (2009) utilized a dynamic modeling
approach in MATLAB to simulate bacterial cellulose production. Their
model incorporated stiff differential equations, differential-algebraic
equations, and a variable-order differentiation formula, allowing for a
detailed analysis of the process. The simulation results were then
compared with experimental data to validate the model's accuracy.
Derme, Mitterberger and di Tanna (2016) developed BC membranes
with diverse growth patterns and thicknesses. To analyze their
structural behavior, they applied a particle-spring system based on a
tension-only funicular modeling approach, which allowed them to
simulate the mechanical response of the membranes under different
conditions. Knott et al. (2016) utilized molecular dynamics simulations
and free energy calculations to investigate the translocation
mechanism of nascent cellulose chains across the plasma membrane
by bacterial cellulose synthase. Rincén, Hoyos & Candelo-Becerra
(2024) assessed various kinetic models to describe BC production,
substrate consumption, and biomass growth in a batch-stirred tank
bioreactor under different agitation rates. The researchers fitted
models to experimental data and compared them using the Akaike
Information Criterion (AIC).

The growing interest in biofabrication and bioinspired design has led to
an increasing focus on developing computational models that simulate
the biological processes involved in material production. Such studies
contribute to a deeper understanding of the potential of BC as a self-
organizing, adaptive material that could be used to create dynamic,
responsive architecture (Gazit, 2016).
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2.3. Integration of Ecological Intelligence into Design Processes
Ecological intelligence refers to the capacity of a system to adapt and
evolve based on environmental feedback, which is a key principle in
both biology and sustainable design (Steiner et al., 2013). By combining
BC’s ecological intelligence with computational design, materials and
systems can be created, which not only minimize environmental impact
but also enhance the adaptability and resilience of structures. Research
has shown that integrating ecological intelligence into design processes
can lead to more sustainable, adaptable, and resilient systems (Yazici
and Tanacan, 2020). In the case of BC, this approach could enable the
design of self-repairing, energy-efficient materials that respond to
environmental conditions, promoting both ecological sustainability and
resource optimization in building practices (Turhan et al., 2022).

The intersection of computational design, biological simulations, and
sustainable materials is a rapidly evolving field. Combining
computational methods with biological processes such as a
computational generation of a scaffold for bacteria to deposit on, or
computational structural optimization for catenary structures (Turhan,
Varinlioglu ve Bengisu, 2023) allows for the optimization and fine-
tuning of BC’s properties, making it a more viable material for
specifically tailored architectural and industrial applications. While
previous studies have used computational methods like dynamic
modeling and particle-spring systems to simulate bacterial cellulose
(BC) growth and membrane behavior, these approaches predominantly
focus on structural and mechanical aspects. This study, however, offers
a unique contribution by integrating Diffusion-Limited Aggregation
(DLA) simulations to model the actual growth process of BC fibers at a
microstructural level, which allows for a more detailed understanding
of fiber formation.

Unlike the aforementioned studies, which primarily focus on the
mechanical or kinetic properties of BC, this approach simulates BC's
morphological development and interaction with its environment,
bridging the gap between biological and computational design. This
model can also be further used to investigate the interaction between
BC and different environmental factors, facilitating the design of
adaptive, ecologically intelligent materials by optimizing culture
conditions like carbon, nitrogen, pH, temperature, precursor, and
(bio)polymer additives. This integration could lead to the development
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of smarter, self-sustaining materials that grow in response to
environmental cues, advancing both ecological and computational
design practices.

3. METHODOLOGY

This study employs a structured research design to simulate and
analyze the computational growth of bacterial cellulose (BC) fiber
networks using Diffusion-Limited Aggregation (DLA) on Javascript
coding platform. The methodology is divided into four stages:
Experimental observation, computational modeling, parameter
calibration, simulation experiments (Figure 1). The study first observes
BC growth in a controlled lab setting, identifying key environmental
factors affecting its formation. A culture is prepared in a nutrient-rich
medium, allowing BC to form over seven days. The biofilm is then
harvested and purified for analysis. To simulate BC growth
computationally, a JavaScript-based Diffusion-Limited Aggregation
(DLA) algorithm that uses Brownian motion principle for particle
movement is developed. Brownian motion is the random movement of
particles suspended in a fluid (liquid or gas) due to constant collisions
with molecules in the surrounding medium (Durrett, 1984). Randomly
moving "walkers" represent diffusing nutrient particles, which attach to
a central cluster upon contact, mimicking BC fiber aggregation. Key
parameters such as attachment radius, walker density, and movement
dynamics are calibrated to align with real-world BC growth. Simulation
experiments test specific environmental conditions by adjusting
nutrient availability, physical constraints, and growth duration. The
results demonstrate the model’s ability to replicate natural BC
branching and density patterns, offering insights into biobased material
design.
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Figure 1: Methodology. 3.1. Experimental Observation

To establish the foundational parameters of BC growth, initial
experiments were conducted to observe bacterial cellulose production
under controlled laboratory conditions. The material formulation
(Figure 2) is adapted from a previous study (Turhan et al., 2022): A
culture was prepared by dissolving 6 grams of green tea in 1 liter of
water and infusing it for 10 minutes at 100°C, followed by the addition
of 50 grams of sucrose and 20 milliliters of fermented liquid for
acidification involving Acetobacter xylinum. The culture was
maintained at 18 + 2°C with 65 + 5% humidity in a static environment
for 7 days. After the cultivation period, it was seen that there is a radial
diffusion of nutrients and oxygen and the aggregation dynamics of
bacterial activity (Figure 3). After the biofilm formed on the surface of
the container was harvested, residual growth media was removed by
immersing the biofilm in an alkaline solution for 8 hours, with the
solution being replaced at the first, second, and fourth hours to ensure
sterilization of the biofilms.

CisH1005 C22H1801 C7H1aN204 CaHioN4O: NaOH
D——O
o
. . . incubation Hlizati
Figure 2: This figure shows the magnetic sirrer: 10 mins, 100°C harvesting o Soriization
. . . ) incubation: 7 days, 20 + 2 °C, 65 * 5% MC NoOH solution, by 4 hours
material formulation used in 8

the incubation and sterilization
process.

CHsCOOH Cr2Hz201
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Figure 3: This figure shows the
radial diffusion of nutrients and
oxygen, and radial aggregation
dynamics of bacterial activity,
observed in experimental
studies.

3.2. Code-driven Modeling

This section outlines how bacterial cellulose (BC) fiber growth is
simulated using JavaScript. This simulation employs Diffusion-Limited
Aggregation (DLA) principles to mimic the natural processes of cellulose
network formation. Witten and Sander (1981) proposed this method in
which a new cell is initially placed at a random location and then
undergoes a random walk across the lattice. The walk continues until
the cell encounters a site next to an existing cell, at which point it
becomes fixed. Alternatively, the moving cell can be seen as a nutrient
particle that is absorbed by an existing cell upon contact, triggering the
reproduction of that cell and the placement of a new cell in an adjacent
site. From this perspective, the DLA model simulates colony growth in
a way that the outer branches “screen” the inner sites, leading to faster
growth of the outer branches.

The model in Javascript involves randomly moving particles "walkers”
in a diffusion field until they adhere to a growing cluster. This approach
simulates how BC fibers aggregate into dense, branched networks in
natural and experimental settings (Figure 4).

0 Figure 4: Walkers in different
P seed‘_point minutes of simulation:

s

 freeparticles g, 02 a)Step1_00.00.00,
(nutrients or precursors) o, b)Step147_00 19.00.

|Il

The simulation starts with a central “seed point” at the canvas center
“*width/2, height/2"”, representing the nucleation site where cellulose
fibers begin to form. Randomly distributed “walkers” around it
represent free particles (nutrients or precursors) diffusing in the
medium. When the colony gets dense around a node, oxygen level also

decreases and colonies tend to move away. This mimics the biological
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Figure 5: Temporal and spatial
representation of growth:
Step168 21.00.00

process in a way that the walkers move using “random vectors”
“*p5.Vector.random2D()™”, simulating nutrient diffusion influenced by
random thermal forces and oxygen level. This function captures the
biological reality of particle motion in a nutrient field. The
“*checkStuck()™ function enables walkers to adhere to an existing
cluster when within a specified proximity. This distance corresponds to
the fiber diameter and clustering properties seen in BC networks (10—
50 um in real-world dimensions). Once stuck, the walker becomes part
of the cluster, contributing to network growth.

Attached particles are visualized using a hue scale “’setHue()"”, offering
a temporal and spatial representation of growth (Figure 5). This helps
analyze patterns such as branching density or directional bias. The
simulation uses a scale factor “\(104\)” to map micrometer-sized fibers
into a computational canvas. For instance, a walker’s attachment radius
in the code (10-50 units) corresponds to 0.001-0.005 cm in reality
(Chunyan, 2020). The randomness in walker movement and proximity-
based attachment creates natural variability, resulting in realistic

branching structures observed in experimental cellulose growth.

representa
(0: Oldest -

3.3. Parameter Calibration

To ensure the simulation reflects biological realism, key parameters
were iteratively calibrated. For attachment radius, the proximity
distance ““checkStuck()™” is adjusted to 10-50 units, aligning with the
observed interaction range in BC networks. For the number of walkers,
adjusting the initial density of walkers impacts nutrient availability and,
consequently, growth rates and network density. Lastly, for the growth
speed and boundary effects, simulation step size “*step™” and boundary
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handling are tuned to ensure stable and biologically plausible growth
dynamics.

3.4. Simulation Experiments

The JavaScript implementation enables exploration of growth scenarios
under varying conditions. For the nutrient availability, increasing or
decreasing the number of walkers in the simulation alters nutrient
density, simulating nutrient-rich or nutrient-poor environments. For
the environmental constraints, canvas boundaries act as physical
constraints, impacting fiber network expansion. For the growth
duration, the simulation runs iteratively for 500 steps, providing
sufficient time for stable cluster formation under different scenarios.

This JavaScript-based DLA simulation (Figure 6) effectively mirrors the
dynamics of bacterial cellulose aggregation. In terms of fiber formation,

proximity-based attachment models the clustering of cellulose fibers.

Figure 6: Temporal and spatial
representation of growth:
Step1_00.00.00 to
Step168_21.00.00

For the branching and density, random motion introduces variability,
representing branching influenced by environmental factors like
agitation or nutrient depletion.

Lastly, for the scalability, by adjusting simulation parameters, the model
can replicate different biological and environmental conditions,
offering insights into the mechanics of BC fiber network formation. This
JavaScript simulation offers a simplified yet powerful framework for
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studying bacterial cellulose growth, supporting experiments and
applications in biobased material design. Future iterations could
incorporate additional environmental feedback systems for greater
ecological fidelity.

3. RESULTS

The results of this study outline the outcomes of the simulations
through a quantitative and qualitative analysis. Each category provides
in-depth insights into the computational growth of bacterial cellulose
(BC) fiber networks using the DLA approach.

4.1. Quantitative analysis

The JavaScript-based DLA simulation produced BC fiber networks with
rich, dynamic characteristics across both spatial and temporal
dimensions, which were measured and analyzed to validate the
simulations and explore their potential applications. Key quantitative
findings include branching angles, node density, and structural stability.
As visualized in Figure 6, the simulation ran from Step 1 (00:00.00) to
Step 168 (21:00.00), incrementally building a complex network
structure based on proximity-based walker adhesion. Temporal metrics
were extracted from the JavaScript-based DLA simulation and plotted
for Steps 1-168 (Figure 7). Node count and edge count increased
monotonically, with a noticeable acceleration after Step 60. Radial
extent converged to approximately 210 units by the end of the run. The
branching angle remained stable within 40-45°, comparable to
fluorescence microscopy.

Key quantitative findings include node growth over time; initial
aggregation begins sparsely, with new nodes attaching slowly until
around Step 60. After this point, a visible acceleration in nodal
clustering occurs, suggesting a threshold effect in walker density or
attachment radius. The final visualization in Figure 6 (bottom) uses a
color gradient (blue-green-yellow-orange-red) to represent temporal
node formation. Early-forming nodes (blue/green) cluster near the
center, while later nodes (orange/red) extend radially and laterally;
supporting the temporal fidelity of the simulation. This final structure
at Step 168 includes an estimated 95-110 nodes with a dense central
region and four primary outward clusters. By the end of the simulation,
the fiber network contains multiple cross-links and loops, with
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approximately 120-140 unigue edges connecting nodes. These edges
vary in length but maintain overall consistency due to proximity-limited
attachment (between 10-50 units, or 0.001-0.005 cm). From the
sequence of snapshots (e.g., Step 21, 47, 85), major branching events
occur approximately every 20-25 steps, especially when local node
saturation increases. The average branching angle remains stable
between 40°-45°, closely matching experimental BC growth. Lastly,
based on visual comparison, the radial expansion from the center to the
outermost node at Step 168 covers around 200-230 units (=2.0-2.3
mm), aligning with real BC biofilm spread under static conditions. These
results validate the simulation’s ability to not only reproduce realistic
fiber structures, but also to simulate spatial-temporal dynamics under
programmable environmental conditions.

DLA simulation: node growth over time DLA simulation: edge formation over time

DLA simulation: radial expansion over time DLA simulation: branching angle stability

4.2. Qualitative analysis

In addition to quantitative accuracy, the simulation demonstrates key
morphological and behavioral traits observed in experimental BC
biofilms and even reveals emergent patterns absent from physical
samples; in a way that the simulation produced looped paths and
backward-linking connections which is an emergent behavior not
visible in biofilm imaging. This is likely due to the absence of oxygen
depletion constraints in the simulation; recursive walker attraction to
dense regions after edge saturation or prolonged simulation steps
allowing full diffusion field traversal. This behavior hints at self-
organizing tendencies under unconstrained digital conditions,
potentially useful in speculative material design. It also shows the value
of simulation not only for replication but for exploration beyond
experimental limits.

Figure 7: Temporal metrics,

extracted from the JavaScript-

based DLA simulation and
plotted for Steps 1-168.
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Figure 8: Time-lapse
fluorescence microscopy:
Chaining bacterial biofilms.

As shown in Figure 6, the DLA-generated network exhibits clear radial
growth, hierarchical node formation, and consistent directional
branching, closely resembling fiber patterns captured in experimental
images (Figure 8). In microbiological terms, isolated strain refers to a
single, spatially separated bacterial colony, whereas chaining biofilms
describe a connected growth pattern where cells adhere in elongated,
sequential arrangements. These distinctions are relevant for
interpreting bacterial cellulose (BC) growth, as they represent different
modes of colony organization and aggregation. In the left panel of
Figure 7, isolated strain colonies can be observed as discrete clusters,
while chaining biofilms appear as elongated, connected formations.

B 'solated strain (core)

B Chaining biofilms (branches)

Radius (mm)

0.20

010

0.00

Time (h)

These categories provide a clearer basis for comparing experimental
fluorescence microscopy with the simulated networks. Color-coded
time layers in the simulation on the other hand, emphasize how fibers
aggregate over time, mimicking natural BC accumulation in a nutrient-
depleting environment. When qualitatively compared to chaining
bacterial colonies observed under fluorescence microscopy (Table 1),
the simulated network displays similar features such as a central
nucleation site, mimicking the initial biofilm seed point; a radial
expansion with anisotropic bias, due to walker screening, and branch
clusters, forming layered outer branches that screen inner regions; a
DLA hallmark also seen in dense BC growth.
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Feature Biological Simulated Interpretation

Central. Yes Yes Match; origin captured in both
nucleation

Radial Stron Moderate to Match; radial spread reproduced
expansion & strong via sharp edges in simulation
Branching Moderate (£10°) Moderate to Partial match; hAlgher symmetry
symmetry high due to walker bias

Loop . Rare but present Frequent lefere.nce.; cr.oss—lln'kmg
formation amplified in simulation

. . Match; t | patt
Time-layered Visible in time-  Color-coded, emporal pattern

growth lapse sequence  spatio-temporal present in both; different Table 1. Comparison between
visualization experimental and simulated
networks.

In order to provide a clearer comparison between biological and
computational growth patterns, the fluorescence microscopy image
was post-processed through skeletonization on JavaScript (Figure 9).

Figure 9. Skeletonized BC
biofilm with geodesic distance
mapping.

The microscopy data were binarized and reduced to a one-pixel-wide
topological skeleton, which preserves the connectivity and branching
structure of the biofilm while removing thickness information. This
skeleton was then represented as a network graph, enabling the
calculation of geodesic distances from the nucleation point. The
resulting structure was color-coded along a red-to-blue gradient, where
red corresponds to central, older branches and blue to outer, newly
formed branches. This visualization makes the temporal layering and
radial organization of bacterial cellulose growth visible in a way that is
directly comparable to the JavaScript-based DLA simulation -although
the visualization technique is different, producing similarly branching
and expanding networks.
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3. CONCLUSION AND DISCUSSION

This study demonstrates the potential of bacterial cellulose (BC) fiber
networks as programmable, adaptive materials for regenerative design.
By employing a JavaScript-based Diffusion-Limited Aggregation (DLA)
simulation, the natural growth behavior of BC was computationally
modeled and compared directly with time-lapse fluorescence
microscopy. Through skeletonization and geodesic distance mapping,
the biological samples were reduced to one-pixel-wide topologies,
enabling a more precise comparison with the simulation. Both
approaches revealed radial expansion, branching symmetry, and
temporal layering, while the simulation additionally generated
emergent features such as frequent loop formation and recursive
lateral growth.

The findings indicate that BC networks, governed by decentralized and
proximity-based rules, can serve as a framework for investigating
material efficiency, spatial organization, and self-organizing logics in
design contexts. Their parameter-responsive behavior, modulated by
nutrient diffusion and walker density, suggests opportunities for
context-specific adaptation in architectural applications, including self-
structuring facades, living filtration membranes, biodegradable
acoustic panels, and modular bio-based composites. This process
challenges conventional centralized optimization strategies by
foregrounding stochasticity, growth memory, and emergent form,
qualities often overlooked in traditional architectural systems but
aligned with the principles of biodesign. At the same time, challenges
remain in translating these insights into fabrication at architectural
scales, particularly in controlling BC production under environmental
constraints. Nevertheless, the integration of computational simulation
with biological visualization emphasizes the value of interdisciplinary
methods that bridge microbial processes, computational design, and
digital fabrication. Importantly, both the biological system and the
simulation exhibit a form of tolerance, since biological growth tolerates
environmental variability while computational modeling tolerates
stochastic fluctuations, suggesting that adaptive resilience can be
understood as both a biological and a design principle. Ultimately, BC-
based systems modeled through DLA and validated through
experimental setting offer a compelling path toward adaptive and
expressive design strategies, inviting designers to treat emergent
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complexity as both a source of ecological intelligence and a driver of
aesthetic innovation.
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To develop sustainable material systems, modern industries must create new,
lighter systems using less materials without compromising their performances.
Over the past thirty years, researchers from various disciplines have turned
metamaterials as alternatives to natural materials. Among these materials,
auxetics stand out due to their mechanical properties. Despite the fact that
these materials have been experimentally used in architectural projects over
the past two decades, design outcomes have predominantly relied on existing
auxetic structures, limiting the use of them in architectural design solutions.
This research aims to create a novel auxetic material system by focusing on the
geometry of auxetic materials and their smart transformations, embedded
within the morphological structures of these materials. The methodology of
the study consists of four stages, including identifying geometrical parameters
of auxetic metamaterials, setting the computational model, digital fabrication,
and physical experiments. This study has progressed based on feedback from
computational and physical models to evaluate the behavior of the system,
which is passively activated by the applied forces. To evaluate the results,
physical prototypes were produced for obtaining empirical data. Experiments
applied on physical prototypes were conducted on two different materials,
including biopolymer polylactic acid and thermoplastic polyurethane. Thus, the
auxetic behavior of different materials were observed and compared. In the
future, the integration of the proposed system with responsive materials will
enable the development of adaptable systems for large-scale architectural
applications.

Keywords: Auxetic materials, Computational design, Metamaterials, Prototyping,
3D printing.
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Surddrdlebilir malzeme sistemleri gelistirmek icin, modern endustriler
performanslarindan 6diin vermeden daha az malzeme kullanarak yeni, daha
hafif sistemler yaratmalidir. Son otuz yilda, cesitli disiplinlerden arastirmacilar
dogal malzemelere alternatif olarak metamalzemelere yonelmistir. Bu
malzemeler arasinda, mekanik Ozellikleri nedeniyle esnetildiginde
genisleyebilen(auxetics) malzemeler 6ne ¢ikmaktadir. Son yirmi yil icerisinde
bu tir malzemeler, mimari projelerde deneysel olarak kullaniimis olsa da
tasarim giktilari genellikle mevcut yapi tiplerine dayanmaktadir. Bu durum, ilgili
malzemelerin mimari tasarim ¢ozimlerindeki kullanimini sinirlandirmaktadir.
Bu arastirma, genisleyebilen malzemelerin geometrisi ile bu malzemelerin
morfolojik yapilari icinde gomull olan akill déntstimlerine odaklanarak, yeni
bir genisleyebilen malzeme sistemi olusturmayi amaglamaktadir. Calismanin
metodolojisi genisleyebilen metamalzemelerin geometrik parametrelerinin
belirlenmesi, hesaplamali modelin olusturulmasi, sayisal Uretim ve fiziksel
deneyler olmak Uzere dort asamadan olusmaktadir. Bu calisma, uygulanan
kuvvetle pasif olarak etkinlesen sistemin davranisini degerlendirmek igin
hesaplamali ve fiziksel modellerden alinan geri bildirimlere dayali olarak
gelistirilmistir. Sonugclari degerlendirmek icin, ampirik veriler elde etmek Uzere
fiziksel prototipler Uretilmistir. Fiziksel prototiplerle yapilan deneyler,
biyopolimer polilaktik asit ve termoplastik politiretan olmak Uzere iki farkh
malzeme Uzerinde gerceklestirilmistir. Boylece farkl malzemelerin davranislari
gdzlemlenmis ve karsilastirilmistir. Gelecekte, 6nerilen sistemin tepkimeli
malzemelerle entegrasyonu sayesinde buyuk 6lgekli mimari uygulamalara
yonelik uyarlanabilir sistemlerin gelistirilmesi mimkin olabilecektir.
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1. INTRODUCTION

Production strategies developed by modern industries have led to
unsustainable systems due to the perception and utilization of natural
materials as inexhaustible resources (Jalkh, 2020). Today, the growing
awareness of these limited resources has triggered a paradigm shift,
prompting designers to critically question what they design, produce,
and how they go about doing so. In this context, modern industries
must develop new and lighter material systems that reduce material
consumption without compromising mechanical performance (Parente
& Reis, 2024). Establishing a sustainable system and developing
innovative solutions are only possible through an integrated and
interdisciplinary approach (Delikanli & Cagdas, 2021). Over the past
thirty years, researchers from various disciplines, through
interdisciplinary collaboration, have turned to metamaterials as
alternatives to natural materials (Naboni & Pezzi, 2016; Papadopoulou
et al.,, 2017; Lu et al, 2022; Qu et al, 2024). Among these
metamaterials, the most intriguing ones are “auxetics” due to their
extraordinary mechanical properties.

The term auxetic originates from the Greek word “auxetikos” meaning
tending to expand or increase. Auxetics were first defined by Evans in
1991 as materials with a negative poisson's ratio (NPR). The Poisson’s
ratio, introduced by the French scientist Simeon Denis Poisson, is a
constant that characterizes a material’s elasticity (Uzun, 2010). This
ratio is defined quantitatively as the ratio of transverse contraction to
longitudinal extension in a material. Most materials known today
exhibit a behavior, where they become thinner when stretched and
expand when compressed (Figure 1). However, auxetic materials
display a counterintuitive behavior: they expand when stretched and
contract when compressed (Liu & Hu, 2010; Park et al., 2015). This
behavior enables different areas of application at architectural scale as
a material system. These types of materials reduce the amount of
energy required to create a three-dimensional (3D) form and
distributes the internal mechanical forces of the system, ensuring a
balanced form, similar to natural systems that achieve maximum
performance with minimal energy input (Vivanco et al.,, 2023).
However, this largely depends on the design of the material system and
its usage scenario.
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The deformation mechanisms of auxetic materials are primarily
attributed to their cellular arrangements and geometric structures
rather than their chemical composition (Carneiro et al., 2013; Naboni &
Mirante, 2015). These structures consist of the periodic repetition of
specific unit cells, characterized by significant transformations in pore
size. Due to their nonlinear twisting and ability to adjust porosity and
negative Poisson’s ratio, these systems are widely studied in materials
science (Naboni & Pezzi, 2016; Mesa et al., 2017). Classifying these
geometric structures is essential for researchers to understand “how
auxetic effects can be achieved, how auxetic materials can be produced,
and how their properties can be optimized and predicted” (Oner et al.,
2020). Auxetic structures are mainly divided into four subgroups as (1)
chiral structures, (2) rotating structures, (3) re-entrant structures, and
(4) foldable structures (Figure 2). These transformations bring out the
auxetic properties by altering the material's inherent characteristics
(Dong & Hu, 2023).

Interest in auxetic materials has increased over time in terms of
exploration of their material behavior and transformational properties.
In the following sections, the gap in the literature will be identified by
focusing on the potential applications of auxetics, which continue to be
experimentally developed across various disciplines, and the recent
advancements in their use within the field of architectural design.

Figure 1: The deformations of
materials with positive (a) and

negative (b) poisson's ratios

under force, adapted from the

work of Nasiri (2024).

258

JCoDe | Vol 6 No 2 | September 2025 | Tolerance in Computational Design| Guloglu, Z., Yazici, S.



259

Auxetic Metamaterial
Patterns

Chiral Structure

Rotating Structures

Re-entrant Structures

v

Foldable Structure

v

[ a_ Chiral structure ) [

g Foldable structure
b. Rotating triangle J [ d. Re-entrant triangular structure J [

Bl Y ‘
AP 3880 - KKK I

t

tttt
3833

v v

Figure 2: Classification of
auxetic metamaterial patterns,
adapted from the work of
Dong and Hu (2023).

c. Rotating square ] [
L4

[ f Re-entrant hexagonal structure ]

1
™

1.1 Applications of Auxetics as a Novel Material System
Interest in such materials historically began in 1987 with Lakes'
production of auxetic foam through triaxial compression, heating, and
cooling processes applied to polyurethane foams. In subsequent years,
various auxetic materials have been engineered and produced,
including cubic metals, zeolites, silicates, hydrogels, aerogels, auxetic
fibers, and molecular-level auxetic polymers (Tripathi, 2024). "Auxetics"
at the molecular level, such as liquid crystalline polymers (LCPs), are
specifically engineered through nanoscale chemical synthesis. In
contrast, "auxetic fibers" can be produced at the nano-, micro-, and
macro-scales, depending on the intended application (Liu & Hu, 2010).
Glynn et al. (2018) describe these materials as the man-made of the
future, exhibiting superior properties that are not yet found in nature.
Compared to traditional materials, they demonstrate resistance to
indentation, higher fracture toughness, synclastic curvature formation
capacity, energy absorption, variable permeability, and shear
resistance. These advanced characteristics make them prime
candidates for numerous potential applications.
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Among these applications are impact/ballistic protection, acoustics,
automotive, shape-memory polymers, wearable strain sensors,
electromagnetic shielding, smart filters, rehabilitation, biomedical, and
sports applications. Another significant application of auxetic materials
is their potential use in building systems as more sustainable materials
(Nasiri, 2024). Due to their morphological structure, these materials are
force-sensitive, flexible, and adjustable. They can be activated with less
energy, offering a sustainable alternative to complex and costly kinetic
systems (Tibbits, 2017; Papadopoulou et al., 2017). In recent studies, a
dual-layer sample was produced by bonding auxetic foam with a
polyurethane film; when immersed in hot water, this sample bent into
a ring shape and quickly reverted to its original form upon removal
(Tripathi, 2024; section 6.4). Given the advantages offered by this
material system, researchers and professionals from various disciplines
such as materials science, engineering, and architecture will continue
to develop diverse strategies for its design and production. This, in turn,
will give rise to a new material practice where designers are actively
involved in the manufacturing process (Oxman, 2015).

1.2 Recent Advances in Auxetic Material Applications in
Architecture

The application of these material systems in the field of architecture
began in the 2010s. In 2013, Themistocleous from UCL developed a
methodology for the design of pneumatically activated auxetic systems
and focused on their simulation (Themistocleous, 2013). In 2015,
Naboni and Mirante from ACTLAB examined existing auxetic patterns
and explored their use in bending-active shell structures, although no
new auxetic structures were proposed (Mirante, 2015). Also in the
same vyear, Park et al. (2015) attempted to create morphological
variations of the most commonly used re-entrant honeycomb structure
in the literature. They combined 2D sheet structures to produce simple
3D compositions and theoretically proposed multi-material additive
manufacturing for transitions between hard and soft materials in 3D
cubes. Zaha Hadid Architects also utilized auxetic cutting patterns on
2mm steel plates in the Volu dining pavilions to achieve double
curvature without molds (Louth et al., 2017; Albag, 2021). Unlike smart
transformations in auxetic structures, their study primarily focused on
generating curvature. Later in 2018, topologically optimized and
functionally graded cable networks were produced and applied to a
chair (Tish et al., 2018).
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In the same year, Belanger et al. (2018) used auxetic patterns to
produce a slumped glass structure and examined the acoustic effects
within the glass. However, in this study, the movable auxetic geometric
structure was locked and fixed in the glass. The following year,
Pertigkiozoglou (2019) utilized auxetic slits in aluminum sheets to
create free-form deformable surfaces. However, instead of auxetic-
driven transformations, slits have been utilized to generate curvature
on the surface.

As the present day is approached, explorations of these material
systems have persisted. Martinez (2021) produced porous sheet
structures using parametric growth processes through coding. After
optimizing these structures, Negative Poisson's Ratio (NPR) was
indirectly observed. However, since tensile and compression tests were
not performed in a physical environment, clear information about the
auxetic behavior of the produced structure could not be obtained. Later
on, Ozdemir et al. (2022) at ICD Stuttgart produced a self-shaping
metamaterial shell using a re-entrant honeycomb auxetic structure.
Hygrosensitive wood actuators were placed between the shell layers
and left to dry, completing a self-shaping process after 152 hours.
Although this approach was innovative, the wood actuators did not
integrate well with the existing structure, and as the shell did not shape
as desired, it was supported from its center of mass to facilitate the
shaping process after 72 hours. In this study, auxetic behavior guided
by patterns did not occur; instead, the transformation was achieved
through the wood bilayers. Lastly, Nasiri (2024) focused on generating
existing auxetic geometries using the Shape Machine tool, a generative
shape grammar tool, through simple initial shapes and rules. Since no
physical production was undertaken in this study, an integrated system
of form and material behavior was not observed.

Upon reviewing the conducted studies, it is evident that most of the
designs and productions in the literature predominantly utilize existing
auxetic structures. Additionally, many studies address auxetic patterns
solely as fixed surface coatings, without observing the intelligent
transformations embedded morphologically within the material.
Accordingly, this paper aims to make an original contribution to the
literature by presenting the proposed methodology for developing
novel auxetic systems and their practical applications in architectural
design contexts.
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In the following section, the methodological process will be introduced
to address key questions: What are the critical parameters of an auxetic
system? Which materials and manufacturing methods can be used to
produce auxetic structures? How can the behavior of these structures
be tested?

2. METHODOLOGY

The auxetic behavior is achieved through an integrated approach
involving specific unit cell arrangements, appropriate material
selection, and the direction of the applied forces. Considering all these
factors, the methodology is built upon a workflow based on feedback
from both computational and physical models, and consists of four
stages: (1) identifying geometrical parameters of auxetic
metamaterials, (2) setting the computational model, (3) digital
fabrication, and (4) physical experiments (Figure 3).

1. ldentifying geometrical parameters of auxetic metamaterials:
The selected auxetic design is examined and the parameters
that constitute the behavior of the system are extracted.

2. Setting the computational model: Using these parameters, a
custom-designed auxetic pattern is created in algorithmic
design environment. Subsequently, a three-dimensional (3D)
shell structure is created through coding to observe its
transition from a planar to an out-of-plane state and to explore
the potential architectural applications of a customized auxetic
structure.

3. Digital fabrication: For the production of the designed auxetic
structure, additive manufacturing, 3D printing more
specifically, is chosen, and Biopolymer Polylactic Acid (PLA) and
Thermoplastic Polyurethane (TPU) are selected as materials for
prototyping.

4. Physical experiments: Prototypes are produced to test the
auxetic behavior in physical environment. The smart
transformations of the material under tensile and compressive
forces are observed and measured.
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Step1 | Identifying Geometrical Parameters

of Auxetic Metamaterials

Step2 | Setting the Computational Model:
Custom Auxetic Patterns and Shells

Step3 | Digital Fabrication

Stepd | Physical Experiments

Figure 3: Methodology
of the research.
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2.1 Identifying Geometrical Parameters of Auxetic
Metamaterials

One of the most studied auxetic geometries in the literature is the re-
entrant honeycomb structure (Jalkh, 2020; Parente & Reis, 2024; Bol et
al., 2024). The reasons for selecting this geometry by various
researchers include its high deformation capacity, geometric simplicity,
and the absence of the need for additional processing such as cutting.
Furthermore, it exhibits spontaneous hinge behavior without the use
of traditional hinges. However, the extensive use of only this geometry
has limited diversity. Considering the advantages of this geometry, the
re-entrant honeycomb structure is chosen as the first step to create a
new auxetic structure from the existing one. The selected auxetic
pattern is modeled in a computational design environment, and its
deformation is simulated (Table 1).

The auxetic behavior in these structures arises from the displacement
of two opposite corner points of a hexagonal unit, which move inward
and outward under applied forces. Subsequently, three parameters—
u, v, and t—are defined to generate any re-entrant cell arrangement.
Among these, one of the most critical parameters is the t-angle
parameter, which leads to concavity within the cell. This parameter
governs the movement of the ribs, enabling the units to function as
hinges and achieve auxetic behavior. The u and v parameters segment
the structure along the y- and x-axes, respectively. The auxetic behavior
is primarily controlled by the t-angle parameter, which ranges between
0 and 1 and determines the concavity in the cell geometry. Figure 4
depicts the unit cell structure and its tessellation, where t denotes the
angle between the concave ribs, and [ and h correspond to the unit's
horizontal and vertical dimensions, respectively.
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Figure 4: Schematic

representation of a re-entrant

hexagonal pattern, adapted

from the work of Ghiasvand et

al. (2023).
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Table 1: Auxetic behavior of
the re-entrant hexagonal
structure, proposed by Evans
(Jalkh, 2020), simulated by the
authors.

Parameters Top view Perspective view

t=0.40"
u=5 unit
v=5 unit
w=0.03m
h=0.3m

t=0.60"°

u=5 unit

v=>5 unit

w=0.03m

h=0.3m
< —>
<« —>»
«— —»

t=0.80"°
u=5 unit
v=5 unit
w=0.03m
h=0.3m

Where tis defined as the angle between the concave ribs, u as the total
number of divisions along the Y-axis, and v as the total number of
divisions along the X-axis, w as the width of the ribs, h as the height of
the ribs.

2.2 Setting the Computational Model: Custom Auxetic Patterns
and Shells

The parameters u, v, and t are derived from the previous section after
understanding the behavior of the system. At this stage, a new auxetic
pattern is proposed as an alternative to existing auxetic models using
these parameters. The newly created pattern is intended to exhibit
concave to convex behavior without requiring additional processing,
such as cutting or traditional hinging, as seen in re-entrant structures.
In this context, a pattern with concave features is initially considered,
and its geometric representation is abstracted before the algorithm is
developed. To create the pattern, the first step involves dividing a
square unit into eight parts and drawing an arc from the diagonal of the
square. In the second step, a curve is drawn connecting this arc with
the y-axis. In the third step, a mirror operation is applied to the shape
obtained in the second step, and the three created curves are
combined to form a corner of the pattern. Finally, a polar array process
is applied to this created unit, completing the final pattern (Figure 5).
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The formation stages of the customized pattern

U\

Existing pattern found
in the literature

Step1.Creating an arc. Step 2. Creating a curve from Step 3. Mirroring the second Step 4. Completing the pattern Re-entrant hexagonal pattern

the arc to the y-axis created curve with polar array

To explore potential architectural applications of the customized
auxetic structure, a three-dimensional (3D) shell structure is created
from the proposed auxetic pattern. Due to limitations in the visual
programming language (such as a high number of vertices and
extended computation time) when generating a shell-like form from
this model, a custom code is written in the C# programming language
(Figure 6). The input values in this code are as follows: interval UT = the
total value of the shell structure on the y-axis, interval VT = the total
value of the shell structure on the x-axis, int NU = the total number of
customized pattern units created along the y-axis (taken as 10 in the
created example), and int NV = the total number of customized pattern
units created along the x-axis (taken as 15 in the created example). The
generated code creates U and V lists by dividing the lengths of two
vectors named UT and VT into NU and NV ranges, respectively. The U
and V lists are thereby created to contain a specific number of intervals,
with each interval dividing the vector lengths into equal parts.

Figure 5: Steps to create a new
auxetic pattern.
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Script component: C#

private void RunScript(Interval UT, Interval VT, int NU, int NV, ref object U, ref object V)
{

double dU = UT.Length / NU;
double dV = VT.Length / NV;

List<Interval> u = new List<Interval>();
List<Interval> v = new List<Interval>();

Interval ulnterv = new Interval(0, dU);

for(int j = 0; j < NV; j++)
{

for(int i = 0; i < NU; i++)
{
u.Add (ulnterv);
uInterv = new Interval (uInterv.Max, ulnterv.Max + dU);

}
ulnterv = new Interval(0, dU);

}
U=u;
Interval vinterv = new Interval(0, dv);

for(int j = 0; j < NV; j++)
{

for(int i = 0; i < NU; i++)
{

v.Add (vinterv);
}

Figure 6: Script created in C# vinterv = new Interval (vinterv.Max, vInterv.Max + dv);
programming language to }
create a 3D shell structure. ViR

2.3 Digital Fabrication

Additive manufacturing processes such as FDM (Fused Deposition
Modeling) and SLS (Selective Laser Sintering) are good alternatives for
producing auxetic designs with geometric complexity (Bol et al., 2024).
In this study, the FDM technique will be used to save time and quickly
produce parts, as 3D parts are directly heated and extruded through a
nozzle from a CAD file. At this stage of the study, two materials with
different mechanical properties are selected to examine auxetic
behavior: one flexible and one rigid. First of all, thermoplastic
polyurethane (TPU) is chosen as the flexible material due to its superior
elasticity compared to other available thermoplastic polymers
(Elmrabet & Siegkas, 2020). Secondly, polylactic acid (PLA) is chosen as
a rigid material due to its ability to be processed at lower temperatures
while maintaining high dimensional accuracy (Ramirez-Revilla et al,,
2022), compared to alternatives such as acrylonitrile butadiene styrene
(ABS), acrylonitrile styrene acrylate (ASA), and polyethylene
terephthalate glycol (PETG). Figure 7 illustrates the digital fabrication
stages of models created.
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2.4 Physical Experiments

Simulations conducted solely in computational environments are
insufficient for accurately capturing auxetic effects. Therefore, the
relationship between material behavior and the proposed cellular
arrangement should rather be empirically tested. Auxetic behavior is
influenced by factors such as geometric design (special cellular
arrangements), material type, and the direction of the applied force. In
this regard, the impact of applied forces is examined following the
digital fabrication process. Given that auxetic structures are highly
sensitive to external forces, as illustrated in the methodological
framework, an exploratory investigation is conducted by manually
applying force along different axes. This experimental approach
provides a deeper understanding of material responses and smart
transformations. Subsequently, displacement is measured with a ruler
by marking reference points at the sample’s edges before and after
force application. Thus, the study systematically analyzes the impact of
two materials with distinct properties on auxetic behavior.

3. RESULTS & DISCUSSION

In this study, design parameters were defined to a system exhibiting
auxetic behavior, and the system’s behavior was tested in both
computational and physical environments. The findings will be
discussed based on prototypes made from different materials and
geometric variations.

Figure 7: lllustrating the digital

fabrication stages of the
designed auxetic structures.
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3.1 Prototype Comparisons

To test whether the initially developed design parameters meet
geometric and behavioral relationships in a physical environment,
small-scale prototypes were produced and physical experiments were
conducted. Small-scale prototypes were developed by printing grid-
structured samples with dimensions of 150x150x3 mm. Subsequently,
in-plane and out-of-plane forces were applied to observe the
morphological effects as well as limitations and potentials of different
material types.

The results of physical experiments conducted using two different
materials—rigid (PLA) and flexible (TPU)—are presented below (Table
2). First, the sample created with Biopolymer Polylactic Acid showed no
deformation when an in-plane tensile force was applied, and no auxetic
behavior was observed. Additionally, when the magnitude of the force
was further increased, fractures occurred between the unit cells. This
material was deemed unsuitable for further studies due to issues such
as brittleness, stiffness, and lack of flexibility.

The sample made from Thermoplastic Polyurethane, although slower
and requiring more time to print, was found to be successful in
exhibiting auxetic behavior (Table 3). When in-plane tensile force was
applied to this material, two separate shape deformations were
observed, and these displacements were measured and recorded as 2.5
cm and 6 cm, respectively. When out-of-plane force was applied to the
samples, the Biopolymer Polylactic Acid showed less capacity for
curvature formation compared to the Thermoplastic Polyurethane.
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Material Biopolymer Polylactic Acid Thermoplastic Polyurethane

Top
View
Front
View
In-plane
Force
1 Shape Deformation
‘ relaxed — stretched state
e a displacement of 2,5 cm
relaxed and stretched state i
y
2. Shape Deformation
relaxed —» stretched state
a displacement of 6 cm
Out of
Plane
Force

Table 2: Physical testing of
prototypes made from

Biopolymer Polylactic Acid
minor monoclastic behavior monoclastic behavior (PLA) and Thermoplastic

Polyurethane (TPU).
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Table 3: Comparison of

prototypes made of

Biopolymer Polylactic Acid and
Thermoplastic Polyurethane.

Material

Biopolymer Polylactic
Acid (PLA)

Thermoplastic
Polyurethane
(TPU Flex 95A)

Auxetic pattern

Pattern size

Material thickness

Print speed

Print time

Machine type

Custom pattern

150x150 mm

3mm

100 mm/s

1 and a half hours

Ender-3 S1 Pro

Custom pattern

150x150 mm

3 mm

20 mm/s

12 and a half hours

Ender-3 S1 Pro

Technology used Fused deposition Fused deposition
modeling (FDM) modeling (FDM)

Flexibility feature Limited High

Displaying curvature? Yes Yes

Extruder temperature 210°C 230°C

Table temperature 75 °C 50 °C

Does it exhibit auxetic No Yes

behavior?

3.2 Pattern Variations

The custom-designed pattern was placed on a 10x10 grid in the
algorithmic design environment, and the deformation mechanism of
the system was examined to observe auxetic behavior. When the angle
parameter t, which triggers shape distortions in the pattern, was varied,
the system's behavior changed accordingly. For instance, as t increased
from 0.00 to 0.60, the system transitioned from convex to concave
behavior. As the t parameter approached 1, the system contracted,
resulting in smaller pores. Conversely, as t approached O, the pores
expanded (Table 4a). To address various architectural needs and
further refine the auxetic structure, a point attractor that reacts to the
existing curves has been incorporated into the system. By breaking the
uniformity observed in Table 4a, this approach produced alternative
configurations. Various states based on different parameters are
documented below (Table 4b).

A Methodology for Designing Auxetic Metamaterials for Adaptive Systems



L

Top view

(b)
Parameters
Statel
u=10 unit
v=10 unit

Table 4: Exploration of pattern

variations:
(a) States created by changing

t parameter
(b) States created with point

attractor (red dot).

e
Y
2)

<
OOAS

' S

2
O

3
<

State2
u=10 unit
v=10 unit
State3
State4
u=10 unit
v=10 unit

SRS
§ 3R 3R P 3K 3R 3K 38 PR XK 3

I I IH IO

\.l.\.4.\’4.\.1.\‘4.\.«.\.J\.t.\’!\‘t
P\t\l\)\)\} )&‘\'\‘
SRS IR

S IK PE PP B PP B

<

&gv%v

<
SO
XX

K
OX

Top view

(a)
Parameters
t=0.00 °
u=10 unit
v=10 unit

&({iﬂi‘&'
%

LRSI ORI
A IS AT NIFIS
Q »f‘\."\.;0».;‘\.r’».».xi“f"
070700 70 0 T T
P‘\ “‘ )“ ’.\ "\ ”‘ )" "‘ "\ ”\
IR IR I I
2 7S ZAS ZA AN AT AT AN

ke
v*v
X

KK
.
E

*u
XA

SO XO Y
SRR
5

o

@g

g
&
g

u=10 unit
v=10 unit
u=10 unit
v=10 unit
t=0.60°

u=10 unit
v=10 unit
t=0.80°

u=10 unit
v=10 unit

t=0.20°

272

JCoDe | Vol 6 No 2 | September 2025 | Tolerance in Computational Design| Gulogluy, Z., Yazici, S.




273

Table 5: Transformation of
customized auxetic system into
monoclastic shell structure:

(a) States created by changing
t parameter

(b) States containing point
attractor (red dot).

To explore the potential architectural applications of a customized
auxetic structure and to observe its transition from a planar state to a
out-of-plane state, a three-dimensional (3D) shell structure was
generated through coding. The dimensions of the ribs in the unit cell of
this structure were kept constant, with a width of 0.05 m and a height
of 0.3 m. The functionality of the code was tested in two distinct stages.
In the first stage, when the angle parameter t of the customized auxetic
pattern was varied, the resulting patterns were successfully generated
on a monoclastic shell, and different phases of auxetic behavior were
observed. As the parameter t approached 1, the porosity of the shell
decreased and became more compacted (Table 5a). In the second
stage, the effect of a point attractor integrated into the algorithm was
examined. During this phase, the porosity within the monoclastic shell
structure varied regionally, leading to the emergence of diverse
conditions (Table 5b).

(a) Two point perspective view (b) Two point perspective view
Parameters Parameters
t=0.00° Statel
u=10 unit u=10 unit
v=15 unit v=15 unit
w=0.05m w=0.05m
h=03m h=0.3m
t=0.20° State2
u=10 unit u=10 unit
v=15 unit v=15 unit
w=0.05m w=0.05m
h=03m h=03m
t=0.40° State3
u=10 unit u=10 unit
v=15 unit v=15 unit
w=0.05m w=0.05m
h=0.3m h=03m
t=0.60° State4
u=10 unit u=10 unit
v=15 unit v=15 unit
w=0.05m w=0.05m
h=03m h=0.3m
t=0.80° StateS
u=10 unit u=10 unit
v=15 unit v=15 unit
w=0.05m w=0.05 m
h=0.3m h=03m
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3.3 Evaluation of the Outputs

In this study, a new auxetic system was developed through physical
prototypes using PLA and TPU. The TPU-based prototype exhibited two
distinct deformation modes, confirming auxetic behavior. In the
literature, Ozdemir et al. (2022) explored the architectural potential of
these materials by creating a self-shaping auxetic shell. For the 1:10
small-scale prototype, they used PLA. In their study, no shape
transformation was observed between the auxetic geometry units.
Instead, they utilized the tunability of auxetic geometries,
demonstrating that variations in geometric parameters influenced the
shell’s curvature. However, unlike their study, this work preserved the
movable mechanism of the auxetic system, enabling shape
deformations.

Belanger et al. (2018) employed auxetic cutting patterns to fabricate
slumped glass structures, leveraging the curvature-forming and
acoustic properties. However, in their study, the movable auxetic
mechanism was locked after fabrication, rendering it static. In contrast,
the present study proposes the development of interactive, adaptive
structures that respond to user needs and engage with their
environment, envisioning future architectural scenarios. The auxetic
system developed in this study exhibits adaptive properties due to its
force-sensitive nature. These structures have various potential
applications in architecture. One application is flexible and dynamic
partitioning systems that allow a single space to adapt to different
functions. Another application involves interactive installations created
through auxetic surfaces that respond to touch or pressure.

For large-scale architectural applications, the designed system can
achieve self-activation through two methods: integration with electrical
control systems or passive mechanisms. The first approach involves
costly kinetic mechanisms, requiring maintenance and energy
consumption, making it unsustainable. Therefore, this study proposes
the second approach: passive systems. Within this scope, the
integration of auxetic systems with double-layered polymers could
enable the development of dynamic shading systems.
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4. CONCLUSION

Auxetic systems are rarely encountered in the field of architecture and
continue to be experimentally developed by various researchers. In this
study, a novel auxetic material system has been designed by
introducing various design parameters for the use of auxetic systems in
architecture. The proposed system was tested using physical
prototypes made from different materials, and two distinct types of
shape deformation were observed, confirming its auxetic behavior. In
this study, the first type of shape deformation was utilized due to its
more controlled nature and minimal displacement. However, in future
research, the second type of shape deformation could also be used to
develop environmentally responsive adaptive solutions.

The system developed in this research holds potential for various
applications in future studies. Firstly, the designed system offers a
promising approach for situations in architecture where variable
environmental conditions are desired, such as acoustic manipulation,
lighting, and airflow control, due to its ability to create variable porosity.
Furthermore, due to the sound absorption properties of auxetic
materials, they can be utilized as surface panels in interior spaces where
excessive noise is undesirable and their performance could then be
evaluated. Lastly, cases where regionally variable porosity is created
allow for the creation of visually interactive systems for exhibition and
gallery spaces by incorporating different colors and textures.

The high cost and limited availability of shape-memory polymers have
hindered the testing of the system under activation by external stimuli
such as temperature and humidity. By programming the expansion and
contraction behavior of auxetic structures using materials such as
bilayer polymers, future developments could contribute to the creation
of climate-responsive facade systems that adapt to environmental
changes. For instance, a dynamic facade or shading system could
expand in hot weather to enhance airflow and/or provide shading,
while contracting in cold conditions to improve thermal comfort.
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Due to limited access to robotic fabrication, the physical prototypes in
this study were constrained by the build volume of a 3D printer. Future
research could explore collaborations in robotic fabrication, enabling
the production of large-scale auxetic structures through robotic arms,
the development of modular auxetic panels, and their robotic
assembly. Such collaborations could facilitate the scalability and
feasibility of auxetic systems in architectural applications. This research
is expected to expand the conceptual framework of auxetic materials
and inspire future studies to develop innovative solutions.
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In this paper, different models have been developed to estimate how many
students should be in the existing classrooms to be less affected and protected
from the Covid19 virus during transition to face-to-face education. The factor that
determines the risk of transmission of the Covid 19 virus is not only physical
distance, but the duration of exposure. In this direction, model has been created
by Fuzzy Logic method to evaluate the efficiency of classrooms in terms of physical
sizes using the classroom and window sizes of existing primary schools. Various
models have been developed by using the data obtained in line with the developed
model. After the evaluation of the obtained models, it was concluded that deep
neural networks model can be accepted as a more suitable approach for this
estimation problem than other supervised learning methods. It is expected that the
developed model will help the guidelines prepared for taking necessary
precautions in educational structures and making arrangements to prevent the
transmission of the virus. Developed with the data obtained by examining only the
primary school classrooms, developed models can also be applied with the data to
be obtained by examining the classrooms of different levels.
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Bu calismada, ylz ylze egitime gegis stirecinde mevcut siniflarda kag 6grencinin
bulunmasi gerektigini tahmin etmek amaciyla farkl modeller gelistirilmistir. Covid-
19 virlstnin bulasma riskini belirleyen faktor yalnizca fiziksel mesafe degil, ayni
zamanda maruz kalma suresidir. Bu dogrultuda, mevcut ilkokul siniflarinin ve
pencere boyutlarinin kullanilarak siniflarin fiziksel boyutlar agisindan verimliligini
degerlendirmek icin Bulanik Mantik ydntemiyle bir model olusturulmustur.
Gelistirilen model dogrultusunda elde edilen veriler kullanilarak cesitli modeller
gelistirilmistir. Elde edilen modellerin degerlendirilmesi sonucunda, derin sinir
aglari modelinin bu tahmin probleminde diger gézetimli 6grenme yontemlerine
kiyasla daha uygun bir yaklasim oldugu sonucuna varilmistir. Gelistirilen modelin,
egitim yapilarinda gerekli dnlemlerin alinmasi ve virtsin yayllmasini énlemeye
yonelik dlUzenlemelerin yapiimasi igin hazirlanan yodnergelere katki saglamasi
beklenmektedir. Yalnizca ilkokul siniflariincelenerek elde edilen verilerle gelistirilen
modeller, farkli egitim seviyelerindeki siniflarin incelenmesiyle elde edilecek
verilerle de uygulanabilir.
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Figure 1: Total time schools
were closed by country
(UNESCO, 2021).

1. INTRODUCTION

Corona virus (COVID-19) disease first appeared in Wuhan, China and
has been described as a global epidemic by the World Health
Organization as of March 11, 2020, as it began to spread rapidly around
the world. Because of the transmission of the virus by contact and
droplet (Huang et al.,2020; Liu et al., 2020), countries have taken
various measures and applied some restrictions to be less affected and
protected from this epidemic. The World Health Organization (2021)
has stated that some simple precautions should be taken, such as
maintaining physical distance, wearing a mask, well ventilating roomes,
avoiding crowds, cleaning your hands, and coughing up bent elbow or
tissue. In addition, in line with these measures and restrictions, some
countries have implemented curfews with full closure or intermittent
closure strategies to encourage people to stay home. Another of the
measures taken was the closure of educational institutions. The United
Nations Educational, Scientific and Cultural Organization (UNESCO,
2021) stated that on March 16, 2020, about 762 million students were
affected by the closure of educational institutions. In addition,
according to UNESCO (UNESCO, 2021) data, schools in Turkey were
closed for a total of 47 weeks (Figure 1).

s \.Q? Total duration of school closures
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Although the purpose of closing schools was to prevent the virus from
spreading within institutions and being transmitted to vulnerable
individuals, these closures have had widespread socioeconomic
consequences (Nicola et al., 2020). Keogh-Brown et al. (2010) noted
that closing schools during an influenza epidemic will result in further
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reductions in labor supply, with lost working days as an indirect result
of the disease, as parents (mostly) stay at home to care for their
children.

The measures and restrictions made have affected many areas such as
economy, education, health, art, entertainment. After the detection of
the first case, the education was switched to the online education
system conducted remotely. The transition to online learning instead
of the traditional face-to-face learning mode in the Covid 19 epidemic
has caused various effects on students' academic performance,
physical and psychological health (Li and Che, 2022). Online teaching,
which allows students to learn anywhere and with relatively flexible
scheduling, is particularly suitable for mature students and has greatly
benefited schools that have closed due to the Covid19 virus (Yu et
al.,2021). During this transition, students need access to technology
(internet  connection, computer etc.), appropriate learning
environment and parents who can support learning in online education
especially for younger students. While this distance education has
specific challenges for all students, it is more disadvantageous for
students who do not have access to technology.

It is necessary to create an environment where all students in the class
can share their ideas and experiences. It is especially important to
introduce primary school students to different social environments and
to allow them to discuss their feelings afterwards, to explain the
importance of social interactions and develop trust and responsibility
during peer-to-peer communication (Alsubaie, 2022). However, online
education limits face-to-face interaction (Alsubaie, 2022) and may bring
difficulties such as teacher-student compatibility, time management,
motivation and technical problems in learning for primary school
students (Gupta, 2021). Students face various problems during the
transition from traditional education to online education. Some of
these challenges are as follows (Neuwirth et al., 2021):
v' The absence of a private area in the home environment or the
absence of a quiet environment,
v Inability to have someone else watch their child/parent,
v" Close enough to distract him/her with other family members at
home,
v" Domestic animals in the house etc.
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A controlled return to social life has been initiated in countries with the
discovery of various vaccines for this virus, which is a global epidemic.
In this process, online education has gradually begun to transition to
face-to-face education. Examining the precautions to be taken and the
rules to be followed during the transition to face-to-face education in a
controlled manner in educational buildings and, accordingly, evaluating
the reuse is the most important way to combat the epidemic with
architectural and engineering control (Yetis and Kayili, 2021). The
COVID-19 virus is spread through liquid particles produced by
breathing, speaking, shouting, singing, coughing, and sneezing, and
therefore various measures must be taken to minimize the possibility
of further transmission of the virus brought to school. The rapid
precipitation rate of large droplets, physical distance, surface
disinfection, ventilation and hand hygiene are the basis of the measures
taken (Lordan et al., 2020). Therefore, in face-to-face education,
measures such as keeping a distance, wearing masks in the corridors,
hand hygiene and ventilation of classrooms have been taken to reduce
the transmission of the virus to other people from the people who
come to the school with the virus.

The concept of urban resilience against pandemics has come to the fore
with the global prevalence of the COVID-19 disease, and a series of
principles, starting from spatial levels, need to be addressed for urban
resilience (Amirzadeh et al., 2022). Gaisie et al. (2022) argued that the
evolution of the COVID-19 epidemic, which has become widespread
since early 2020, proceeds through built environment features such as
diversity, destination accessibility, travel distance, design and density.
Urban mobility in the post-COVID-19 era is likely to depend on the
prevalence and degree of acceptance of these remote online activities
and social awareness of the future of cities, with several complex and
interconnected factors related to urban form, spatial planning and
decision-making (Mouratidis and Papagiannakis, 2021). Human
mobility, a basic requirement of daily life, was most directly affected
during the COVID-19 pandemic (Liu et al., 2023). Therefore, to control
this interaction, there must be a certain distance between students in
the classrooms.

Infection control and physical distancing measures are essential to
prevent further spread of the virus and help contain the pandemic
situation (Amir et al., 2020). The social distance recommended by the

A Data-Driven Approach to Determining Safe Classroom Capacities During the Transition to Face-to-Face Education



CDC (Interim Guidance for Businesses and Employers Responding to
Coronavirus Disease COVID-19) for physical distancing during the
Covid19 pandemic is 6 feet, which is often visualized as a 3 feet radius
circle with individuals at the center (American Institute of Architects,
2020). Since circles with a radius of 3 feet do not account for human
movement, it is valid when people are standing in a row or sitting six
feet apart from each other, and physical distance is violated when
people move in space when the physical distance between each person
is 6 feet (Figure 2) (American Institute of Architects, 2020).

6-0" (*180cm)
3-0" (~90cm)
ﬂ 6-0" (~180cm)
3-0" (*90cm)
6-0" (~180cm)
(a)
6-0" (~180cm)
6-0" (~180cm)
6-0" (~180cm)
6-0" (~180cm)

The number of people in the classrooms and the area per person are of
great importance for physical distance in classrooms. In TSE's (Turkish
Standards Institution) YOK (2020), It is stated that the physical distance
should be arranged according to a minimum 1 meter distance in the
lessons, exams/practical exams, laboratories and classrooms where
students will not interact with each other loudly, while the physical
distance will be at least 1.5-2 meters if possible, especially in activities
such as speaking loudly and debating, due to droplet formation
indicated that it should be adjusted accordingly. In addition, it was
stated that the capacity of the classrooms should be determined so that
one person per 4 m?, and at least 1 meter distance between people
should be maintained in the seating arrangement. According to the
American Institute of Architects (2020), the capacity should be

Figure 2: (a) Physical distance

not allowing movement (b)
Physical distance allowing

movement (American Institute

of Architects, 2020)
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Figure 3: Ventilation principles
according to openings (Dekay
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and Brown, 2013)

determined to reduce the area of 20 sq. ft (1.85 m?) per person in
classrooms in educational structures, while 50 sqg. ft (4.64 m?2) per
person for technical units, library reading rooms and vocational training
spaces.

Since the smaller liquid particles dispersed as aerosols remain in the air,
it is not only the physical distance that determines the risk of
contamination, but also the duration of exposure (Lordan et al., 2020).
Therefore, although sufficient physical distance is provided in the
classrooms, the classrooms should be ventilated frequently. Natural
ventilation is the provision of air exchange through openings such as
doors and windows to provide suitable and clean air from the outside
environment instead of undesired substances such as temperature,
carbon dioxide, moisture, and toxins in the indoor air at high levels. The
ventilation principles according to the openings are shown in Figure 3.
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The COVID-19 pandemic has revealed the importance of flexible spaces
with open plans and adequate spaces in primary and secondary school
buildings for the continuity of educational environments (Glzelci et al.,
2021). It has clearly emphasized the importance of face-to-face
education, especially at the primary school level. During the transition
from online to face-to-face education during the pandemic, classroom
capacity was set at 4 m? per person. This measure, implemented for the
health of students, offers a simple and practical solution. However, this
solution did not consider the spatial characteristics of the classroom
environment. Classroom capacity should be evaluated not only based
on space size but also in terms of healthy ventilation, especially during
pandemics. Therefore, the ratio of window area to wall and floor area
should also be included in calculations. Therefore, there is a need to
develop more comprehensive, scientific, and applicable standards for
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the sustainability of face-to-face education in potential new pandemic
scenarios. The use of artificial intelligence and machine learning-based
approaches in the design of classroom layouts in educational buildings
not only saves time in the early design process but also contributes to
the creation of more functional and adaptable spaces (Karadag et al,,
2023).

The aim of this study is to develop a method based on spatial
parameters to determine the maximum number of students in existing
primary school classrooms in the event of a potential pandemic. First,
the study used fuzzy logic to calculate the design efficiencies of
classrooms within a range of 5-18 students. Based on the data
obtained, three basic rules were established, and the maximum
number of students was determined based on these rules. Machine
learning and deep learning methods were then developed to determine
the maximum number of students, the width, length, ceiling height, and
total window area of the classrooms. This developed method
determines the student capacity of a given classroom based on data
from existing classrooms.

The significance of this study is not limited to providing a response to
the past Covid-19 pandemic. Its primary contribution is to provide a
scientific basis for classroom planning in the event of a future
resurgence or similar pandemics, and to guide the safe continuation of
face-to-face education. At the same time, this study's application and
comparison of different methods allows us to identify the advantages
and limitations of each method, which is crucial for determining the
most appropriate solution to the problem. It also goes beyond the
simplified standards frequently used in existing literature and presents
an innovative approach that evaluates classroom capacity through
spatial design efficiency. This makes a significant contribution to both
education and architectural planning.

2. MACHINE LEARNING AND DEEP LEARNING

Machine learning is a sub-branch of computer science that emerged
from model recognition and computational learning theory studies in
artificial intelligence. The term machine learning was defined in 1959
by the American computer scientist Arthur Samuel (1959) as the field
of study that gives computers the ability to learn without being
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Figure 4: Programming logic
with traditional programming
and machine learning method
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(Kavuncu, 2018)

explicitly programmed. Machine learning deals with the question of
how to create computer programs that automatically evolve through
experience (Mitchell,1997). A machine learning algorithm is a
computational process that uses input data to perform a desired task
without being literally programmed (i.e. "hard coded") to produce a
particular result, and these algorithms are, in a sense, a "soft-coded"
because repetition architectures (i.e. experience) through changes
automatically adapts to accomplish the desired task or so that they are
becoming better and better (Naqga, I., and Murphy, 2015). The working
logic of traditional programming is to obtain output data from the input
data, and therefore, in order to obtain the output data, a program or
software suitable for the problem type must be used, while in the
machine learning working logic, the machine or software is trained with
the input and output data to obtain the program or software suitable
for the problem type (Figure 4) (Kavuncu, 2018) (Figure 4).

~> ) \::::f;ﬂ,
BB ehoe

Traditional programming logic Machine learning method programming logic

According to the algorithm used, the accuracy of the results obtained
from the model can vary. Therefore, better performance can be
obtained from the model developed by using different algorithms or
combining different algorithms. Different algorithms are used
according to the type of machine learning (Figure 5).
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Machine learning is basically divided into three groups according to the
learning method: supervised, unsupervised, and reinforced learning.

Supervised learning is a learning method that allows the machine to
create a function from this information by teaching labeled data and
the results obtained from that data. Thus, the machine learns the
relationship between the data. In supervised learning, it is aimed to
produce the closest result for unlabeled data. The difference between
the result obtained with the model and the desired result determines
the error rate and by minimizing this rate, the accuracy of the model is
increased. It is widely used for classification and regression operations.
In the classification process, a conclusion is drawn from the training
data, and it is determined to which category the test data belongs. In
the classification process, the system is trained by categorizing the
data. Then, it is determined which class the data shown belongs to. In
the regression process, the relationships between the input data
(independent variable) and the output (dependent variable) data are
estimated. A linear graph is created according to these relationships
and the results of new data are estimated according to this graph.

With unsupervised learning, it is aimed to reveal the hidden
relationships between unlabeled data in the data set. Unsupervised
learning runs on more complex algorithms than supervised learning, as
there is little or no information about the data. It is widely used for
clustering and dimensionality reduction operations. The basic principle
of clustering is based on the calculation of similarity measurement
between class number unclear and unclassified data. While the

Figure 5: Machine learning
types and most used methods
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similarity rate within itself is expected to be the highest, the similarity
rate between different clusters is expected to be the least. Many data
sets can contain large amounts of attributes and working with this type
of data set makes operations that require high computational power,
such as vectors and matrices, even more difficult. The size reduction
process, on the other hand, preserves useful information to reduce
such difficulties and transforms the dataset into a lower-dimensional
space.

The purpose of reinforcement learning is to develop a system that
increases its performance based on its interactions with its
environment. In reinforcement learning, there is a reward-punishment
system. In this system, inferences are made from errors made in the
way that is being progressed to find the correct action, and then it tries
to find the correct action with the least errors from its inferences made.
The concept of deep learning first emerged when Hinton and
Salakhutdinov (2006) proposed algorithms that can learn the
properties of data hierarchically with deep neural networks. Deep
learning, which is a method of artificial intelligence that uses multi-layer
artificial neural networks and is one of the methods of machine
learning, is growing rapidly today with the power of hardware (graphics
processing units and increased processing power) that can process
increasing data. Unlike traditional machine learning methods, it can
learn from images, videos, audio and text data. In addition, unlike
traditional machine learning, deep learning can perform feature
extraction itself with little or no computer intervention.

3. METHODOLOGY

The proposed model consists of different stages: data collection,
interpretation of data with fuzzy logic, development, implementation
of machine learning and deep learning-based models, and evaluation
of models (Figure 6).
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3.1 Data Collecting

34 primary schools affiliated to the Directorate of National Education
of the Central District of Isparta were examined and measurements
were made. Out of a total of 485 classrooms belonging to the first,
second, third and fourth grades in primary schools (not including
classrooms with approximately the same dimensions), 91 classrooms
were examined. The width, length, ceiling height, width and length of
the windows were measured by laser meters. The mean and standard
deviation of the data obtained after the examination and measurement
are shown in Table 1.

Mean Standard

Deviation
Width of Classrooms (m) 6.30 0.95
Length of Classrooms (m) 6.86 1.20
Ceiling Height of Classrooms (m) 2.96 0.19
Area of Classrooms (m?) 43.24 10.22
Volume of Classrooms (m?3) 128.54 33.40
Window Area (m?) 6.73 1.91
Ratio of Window Area to Floor Area (%) 15.86 4.16
Ratio of Window Area to Wall Area (%) 33.45 8.31
Area Per Person (m?2) (10 persons) 4.32 1.02
Volume Per Person (m3) (10 persons) 12.85 3.34

3.2 Data Interpretation

To achieve design efficiency in terms of physical sizes of the existing
classrooms and to find out how many students are most suitable, the
data obtained from the examined classrooms should be interpreted
and inferences should be made accordingly. To determine the
maximum number of students in classrooms, it is necessary to consider

Figure 6: Flow diagram of the

model

Table 1: The mean and
standard deviation of the

obtained data.

292

JCoDe | Vol 6 No 2 | September 2025 | Tolerance in Computational Design | Diker, F., Erkan, I.



Figure 7: Modeling stages with
fuzzy logic approach
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the dimensions of that classroom. There are many variables in the
design of classes, and these variables make the decision-making stage
difficult because they have different qualities (Diker and Erkan, 2021).
Evaluating all the design criteria together makes this process more
complex. To solve these problems, which have become complex in this
process, fuzzy Logic method was used. The reason for using this method
is that it can solve complex problems much faster and resembles the
structure of human thought.

Modeling with the fuzzy logic method takes place in 5 stages (Figure 7).
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These stages are:

1.Stage (Creating Membership Functions): First, membership functions
are created for the inputs to be used for the model and the output
variable to be created.

2. Stage (Rule Base): Logical if-type rules are created that link the input
data to the output variable, which can affect the result of the model.
All intermediate (fuzzy set) combinations must be considered in these
rules.

3. Stage (Fuzzification): It is the process of converting the exact value of
the input to fuzzy values by determining the fuzzy set or sets to which
the input belongs and the degree of membership by using the
membership function.

4. Stage (Fuzzy Inference): In the fuzzy rule base, by collecting all the
relations established between the inputs and the output fuzzy sets, the
inference corresponding to the input is made, like the human's abilities
such as decision making, inference and proposition.
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5. Stage (Defuzzification): The fuzzy inference results obtained as a
result of fuzzy operations are defuzzification and converted into precise
numerical output values.

“Fuzzy Logic Toolbox” in MatlLab software was used to develop this
model. In the fuzzy logic method, the degrees of belonging of the
variables to different membership functions (e.g., low, medium, high)
were determined by fuzzifying the crisp input values (Figure 8) and then
'If-then' rules were applied (Table 2).

FIS Variables _ Membership function plots plot points: 181

low middle high

X
O 200
farea_per_capita efficiency
window/floor 05
window/wall

input variable “area_per_capita

=

10

FIS Variables Membership function plots Pl poarts. 181

farea_per_capita efficiency

Q

window/floor

low middle high

window/wall

SHEHS

10 : 30 40 50 50
input variable "window/floor™

FIS Variables mmwm ip function plots plot ponts. 181

: : low middle high

\area_per_capitaefficiency

) 30 4 L 60 T 80 : 10¢
input variable “window/wall"
Membership function plots plot points 181
! P . .

FIS Variables = = —

l:l m very_low low litthe _low middle little_high high  very_high

larea_per_capitaefficiency

window/floor

windowiwall

:

output variable “efficiency”

Figure 8: Membership
functions of the inputs and
outputs of the developed
model
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If
Rule Area per

No Capita
1 Low
2 Low
3 Low
4 Low
5 Low
6 Low
7 Low
8 Low
9 Low
10 Middle
11 Middle
12 Middle
13 Middle
14 Middle
15 Middle
16 Middle
17 Middle
18 Middle
19 High

20 High

21 High

22 High

23 High

24 High

25 High

26 High

Table 2: 27 rules created for -

27 High

the fuzzy logic method

The Mamdani approach was chosen for defuzzification due to its
simplicity, interpretability, and widespread use in modeling fuzzy
systems, making it particularly suitable for evaluating classroom design
efficiency based on multiple spatial parameters. In the fuzzy logic
method, the fuzzification of input values, their processing through 'If—
Then' rules, and subsequent defuzzification reveal the effects of area
per person, window-to-floor, and window-to-wall ratios on design

efficiency (Figure 9).
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Very Low
Low
Little Low
Low
Little Low
Middle
Little Low
Middle
Little High
Low
Little Low
Middle
Little Low
Middle
Little High
Middle
Little High
High
Little Low
Middle
Little High
Middle
Little High
High
Little High
High
Very High
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Design efficiencies obtained through fuzzy logic were not directly used
in models developed using machine learning and deep learning
methods. Design efficiencies for physical dimensions were determined
using "if-then" rules using the per capita area, window area/floor area
ratio, and window area/wall area ratio as input variables. The model's
output is design efficiencies ranging from 0 to 1.

Values were calculated individually for each classroom, and design
efficiencies corresponding to these student numbers were determined.
Three rules were developed based on the results, and the maximum
number of students in classrooms was determined based on these rules
(Figure 10).
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Rule 1

Rule 2

Rule 3
Figure 10: Rules for
determining the maximum
number of people in
classrooms.

Design efficiency in terms of physical size

Design efficiency in terms of physical size

Design efficiency in terms of physical size
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The maximum number of students in the classrooms is determined

according to the following rules:

1.
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If the design efficiency, which varies according to the
number of people, is at least 0.45, the number of students
was selected as the maximum number of students.
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2. If the design efficiency is less than 0.45 in 5 people, this
classroom was not considered suitable and was
determined as 0 people.

3. If the design efficiency is greater than 0.45 in 18 people,
the number of students belonging to at least 0.70 was
selected as the maximum number of students.

The design efficiency threshold values (0.45—0.70) used in this study
were determined based on the seven membership functions generated
in fuzzy logic and the expert opinions of the authors. Specifically, the
value 0.45 corresponds to the “middle” membership function, while
the value 0.70 corresponds to the “little high” membership function.
Therefore, this range represents the fuzzy sets defined for design
efficiency in terms of physical magnitude.

Since aerosols remain in the air, the factors that determine the risk of
transmission are physical distance and exposure time to these aerosols.
Ventilation is of great importance during exposure to aerosols.
Therefore, in determining the capacity of the classrooms, it is necessary
to determine the capacity by considering the window sizes and
proportions for adequate ventilation of the classrooms in addition to
the classroom dimensions, rather than determining the capacity to be
4 m? per person for physical distance only. In this direction, the data
obtained were interpreted by the method of fuzzy logic. Some of the
number of people obtained from the model results are shown in Table
3.
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Ratio of Ratio of Number of

Width of the Size of the Ceiling height Total Window Area Window people Per
classroom classroom of classroom window to Floor Area  Areato Wall  obtained as person
(m) (m) (m) area (m?) (%) Area (%) a result of area (m?)
the model
1 5.12 10.32 3.27 2.86 5.42 8.48 0 -
2 5.09 6.95 2.74 2.19 6.18 11.48 0 -
3 6.92 6.65 3.24 10.61 23.05 49.23 12 3.83
4 6.59 6.63 2.93 8.18 18.73 42.12 11 3.97
5 5.52 6.03 3.17 8.18 24.57 42.78 8 416
6 6.83 7.22 2.98 8.48 17.19 39.40 11 4.48
7 6.76 6.94 2.92 7.38 15.73 36.42 10 4.69
8 6.95 6.98 2.9 6.65 13.70 32.83 9 5.39
9 6.8 7.81 3.06 6.98 13.15 29.22 8 6.64
10 6.93 7.87 3.11 6.70 12.28 27.36 7 7.79
Table 3: The number 18 of the classrooms examined, it was concluded that there is no
of people belonging to education in these classrooms, as adequate ventilation could not be
obtai;i::i?i;git? provided in. the cléssrooms due to the ratio of window area to floor area
the model. and the ratio of window area to wall area was very low. In 8 classrooms,
since the ratio of the window area to the floor area and the ratio of the
window area to the wall area is high, the area per person varies
between 3.23 and 3.97 m?, below 4 m?. In the remaining 64 classrooms,
the ratio of the window area to the floor area and the ratio of the
window area to the wall area varies between 4.01 and 7.79 m?, above
4 m? per person.
The floor plan (with pre-pandemic order) of one of the schools
examined in Figure 11 and, for example, the order of a classroom in
accordance with the physical distance were created.
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In this classroom, where 24 people were trained before the Pandemic,
there should be 9 people to fall 4 m? per person in the gradual transition
from distance education to face-to-face training, while as a result of the
model, 5 people were proposed for this classroom. Considering the
physical distance according to the row order, it is seen that it is suitable
for 5 people. This situation indicates that it is not correct to determine
only the area per person to be 4 m? in the determination of classroom
capacities.

3.3 Development and Implementation of Models

Multivariate estimation is a problem of machine learning, and there are
various algorithms that use different strategies to predict the variable
that is dependent on the independent variables in a dataset. In this
study, the goal is not only to estimate the maximum number of people
who should be in the classrooms, but also to compare different
machine learning models and deep learning models for subsequent
stages.

Figure 11: Floor plan of one of

the schools examined
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The linear regression method is a basic statistical approach frequently
used in predictive analysis that reveals the linear relationship between
the independent variable and the dependent variable. It is also one of
the most fundamental regression methods, providing high
interpretability of parameters and statistical significance testing of
predictors (James et al., 2013). It was chosen in this study due to its
strong interpretability and simplicity.

Polynomial regression is an extension of linear regression that allows
for the modeling of nonlinear relationships by incorporating higher-
order terms of the explanatory variables (Heiberger and Neuwirth,
2009). The relationship between the independent variable and the
dependent variable is depicted with complex curves rather than linear
lines. It was included in the analysis to capture potential nonlinear
trends in the data. Different polynomial degrees should be applied to
determine the optimal curve. In the model developed in this article, a
value of 2 was used as the polynomial degree.

Support Vector Regression (SVR), developed by Vapnik (1997), is a
kernel-based method used in both classification and regression
problems, capable of effectively modeling nonlinear relationships by
transforming inputs into high-dimensional feature spaces. In this study,
SVR was chosen for its flexible and robust ability to capture nonlinear
patterns.

Decision trees are methods that estimate the dependent variable by
dividing the dataset into branches based on independent variables and
can model nonlinear relationships and variable interactions. This model
consists of decision nodes and leaf nodes created according to the
features and target variables. At each split, it attempts to increase
information gain by reducing the entropy value (degree of randomness)
and selects the split with the lowest error. It also divides the
independent variables into intervals based on the information gain; in
the prediction phase, it uses the mean learned during the training
process for the value in the relevant interval. Therefore, unlike other
regression methods, it has a non-continuous prediction structure.
Decision trees are widely used in machine learning because they are
easy to understand, require minimal data preparation, and can handle
both numerical and categorical data (Dehghani et al., 2023). This
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algorithm has been evaluated for its ability to capture complex feature
interactions.

Random Forest is an ensemble learning method that combines multiple
decision trees to increase prediction accuracy and reduce overfitting.
This method is based on a structure where each tree is based on
independently sampled random vectors, and all trees have the same
distribution (Breiman, 2001). While the optimal split of each node in a
single tree is achieved using all predictors, in the Random Forest
approach, each node is split using only a randomly selected subset of
predictors. This allows for the creation of multiple trees (forests),
reduces variance, and reduces correlation between trees, resulting in
higher accuracy predictions (Suchetana et al., 2017). It was chosen for
this study due to its robustness against overfitting, its ability to model
complex relationships, and its relative flexibility in addressing missing
data and variable selection issues.

Deep Neural Networks are models capable of automatically extracting
features and modeling highly complex, high-dimensional nonlinear
relationships. The training phase is crucial for DNNs with more than two
hidden layers, as when error values propagate across multiple layers,
the model's performance is directly affected. Advances in both machine
learning algorithms and computer hardware have made it possible to
train DNNs with numerous nonlinear hidden layers and large output
layers more efficiently (Hinton et al., 2012). Therefore, they were
included in this study due to their robust representation learning
capabilities.

The resulting data was split using a 5-fold cross-validation method for
model development and performance evaluation. In this approach, the
datasetis divided into five equal parts; in each iteration, one part serves
as the test set, and the remaining four parts serve as the training set.
This method allows for a more reliable assessment of the model's
generalizability.

Different models have been developed to estimate the maximum
number of students in the classrooms by using the width, size, ceiling
height and total window area of the classrooms. All models were
developed using the Python programming language, and the
implementation was carried out in the Jupyter Notebook environment.
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3.4 Performance Metrics for Model Evaluation

It is necessary to evaluate the performance of the models to measure
the success of the developed models or to decide whether the model
is a good model. Different performance evaluation methods are used
for prediction in supervised learning. In this paper, the following were
used as performance evaluation criteria:

Mean Absolute Error (MAE): It is found by summing the absolute values
of the differences between the actual values and the predicted values
in the data set and dividing the value obtained by the number of
samples (Equation 1).

MAE (y,ho(x)) = ~ 215 ly; — ho ()| (1)

Here, yi represents the actual value of the ith sample in the data set,
and hO(xi) the predicted value, and n represents the number of samples
in the data set. It takes values in the range of 0 to o=. However, the
lower the value, the better the performance of the model.

Mean Squared Error (MSE): It is found by dividing the value obtained by
the sum of the squares of the differences between the actual values
and the predicted values in the data set by the number of samples
(Equation 2).

MSE (y, h0(x)) = = %= (yi — hO(xi)) 2 (2)

Root Mean Squared Error (RMSE): It is found by taking the square root
of the mean square error value (Equation 3).

RMSE(y, h0(x)) = [*E1 (51— hO(xi) 2 3)

Median Absolute Error (MedAe): It is found by taking the median of the
absolute differences between the actual and predicted values in the
data set (Equation 4).

MedAE (y,h0(x)) = Medyan(lyl — h0(x1)], ..., [yn — hO(xn)| (4)
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Determination Coefficient, (R-Squarred, R?): It is found by subtracting
the value obtained from the division of the sum of the squares of the
error by the sum of the mean differences from 1 (Equation 5).

n—1,.,; -
RZ -1— Yi—o (Yi—h0(xi))2
(v, h0(x)) e (5)
Here, y represents the mean of the samples. It is an indication of the
extent to which samples that are not in the dataset can be accurately
estimated by the model. It takes values in the range of 0 to 1. However,
the closer the value is to 1, the better the performance of the model.

4. RESULTS

In this study, the performances of different regression models (linear
regression, polynomial regression, support vector regression [SVR],
decision tree, random forest, and deep neural network [DNN]) were
compared using five-fold cross-validation. Each model predicts the
given data using a different mathematical method and therefore
exhibits different performance. The performance of the developed
models was examined with various evaluation criteria using a five-fold
cross-validation method. The results show significant differences
between the models.

The results of the model developed with the linear regression method
are shown in Figure 12.

Performance Metrics of Linear Regression Across Cross-Validation Folds

0.5
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0,2

0.1
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—a—MAE 0,3 0,3 0,43 0,37 0,18 0,32
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=g RMSE 0,4 0,5 0,55 0,58 0,24 0,46
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—&— R-squared 0,81 0,75 0,76 0,69 0,91 0,79
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Figure 12: Performance
measures in cross-validation

folds of the linear regression

model
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Figure 13: Performance

measures in cross-validation

305

folds of the polynomial
regression model

According to the 5-fold cross-validation results of the Linear Regression
model, the MAE, MSE, RMSE, and MedAE values show significant
fluctuations across folds. The R? value ranges from 0.69 to 0.91. While
the model provides high accuracy in some folds, its performance is
relatively low in others. For example, it provides high performance in
the 5th fold, but low performance in the 4th fold. This suggests that
linear assumptions are not fully valid across all data subsets. When
average metrics are considered, the Linear Regression model provides
acceptable accuracy and stability across the dataset. Due to the model's
linear assumption-based structure, it struggles to capture the complex
relationships between variables. Consequently, occasional increases in
error metrics are observed.

The results of the model developed with the polynomial regression
method are shown in Figure 13.

Performance Metrics of Polynomial Regression Across Cross-Validation

Folds

1

0,9
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0,7

06

05
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0,1

0
1 2 3 4 5 Mean
—g— MAE 0,29 0,31 0,35 0,54 0,13 0,32
e MSE 0,23 0,21 0,21 0,81 0,03 0,3
g RMSE 0,47 0,45 0,46 0,9 0,16 0,49
—a— MedAE 0,1 0,11 0,26 0,2 0,11 0,16
== R-squared 0,73 0,8 0,83 0,27 0,96 0,72

=—@—=MAE ~9=MSE «=@=RMSE ==@=MedAE ==@=R-squared

Five-fold cross-validation results of the Polynomial Regression model
show that MAE, MSE, RMSE, and MedAE values reach particularly high
levels in the fourth fold, while the R? value varies between 0.27 and
0.96. This indicates that the model exhibits more sensitive and variable
performance to data subsets. For example, the highest R? value (0.96)
and very low error metrics in the fifth fold indicate that the data
distribution in this fold provides an excellent fit to the model, while the
increase in the error metrics in the fourth fold and the decrease in R?
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to 0.27 indicate that the model is inadequate for some data subsets.
When considering average metrics, the Polynomial Regression model
generally exhibits acceptable performance on the dataset. However, it
can produce more inconsistent results when nonlinear relationships are
present. The average performance was lower than that of linear
regression.

The results of the model developed with the support vector regression
method are shown in Figure 14.

Performance Metrics of Support Vector RegressionAcross Cross-
Validation Folds

04
0,3
02
0.1
0
1 2 3 4 5 Mean
= MAE 0,28 0,46 0,39 0,38 0,21 0,34
@ MSE 0,23 0,43 0,26 0,48 01 03
—e—RMSE 0,48 0,66 0,51 0,69 0,31 0,53 Figure 14: Performance
——MedAE 01 0,19 0,27 02 0,12 0,18 measures in cross-validation
—e—R-squared 0,73 0,58 08 0,57 0,85 07 folds of the support vector
e MAE === MSE === RMSE ==@==MedAE ==@==R-squared regression mode|

Five-fold cross-validation results of the Support Vector Regression
model show that MAE, MSE, RMSE, and MedAE values vary significantly
across folds, while R? varies between 0.57 and 0.85. Considering the
average metrics, the Support Vector Regression model demonstrates
stable and satisfactory performance on the dataset. However, despite
offering a more flexible structure compared to linear and polynomial
models, SVR's average performance remains relatively low. Particularly
poor results were obtained in some folds (e.g., Fold 2 and Fold 4). This
demonstrates that SVR is highly sensitive to hyperparameter selection
and data distribution.

The results of the model developed with the decision tree regression
method are shown in Figure 15.
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Figure 15: Performance
measures in cross-validation
folds of the decision tree
regression model

Performance Metrics of Decision Tree Regression Across Cross-
Validation Folds

0,5
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—g—MAE 0,27 0,32 0,38 0,22 0,22 0,28
e MSE 0,23 0,39 0,38 0,12 0,18 0,26
—#—RMSE 0,48 0,63 0,62 0,35 0,43 0,5
== MedAE 0 0 0,12 0,23 0,23 0,12
=== R-squared 0,73 0,62 0,7 0,89 0,71 0,73

e MAE =l MSE e RMSE e MedAE === R-squared

The five-fold cross-validation results of the Decision Tree Regression
model show that MAE, MSE, RMSE, and MedAE values vary significantly
across layers, with R? varying between 0.62 and 0.89. This suggests that
the model experiences performance degradation in some layers. The
fourth layer exhibits the highest R? value (0.89), while the error metrics
drop to their lowest levels. Conversely, in the second layer, the increase
in the error metrics and the decrease in R? to 0.62 indicate that the
model performs less well on some data subsets. This result reflects the
high-variance nature of decision trees. When average metrics are
considered, the Decision Tree Regression model also demonstrates
stable and acceptable performance on the dataset. Although decision
trees offer a more flexible structure compared to linear models, their
average performance remains relatively limited. Particularly weak
results were obtained in Folds 2 and 3. This shows that the Decision
Tree Regression model is quite sensitive to the hyperparameter
selection and data distribution.

The results of the model developed with the random forest regression
method are shown in Figure 16.
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Performance Metrics of Random Forest RegressionAcross Cross-
Validation Folds
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The 5-fold cross-validation results of the Random Forest Regression
model show that MAE, MSE, RMSE, and MedAE values exhibit relatively
less variability across layers, while the R? value ranges from 0.72 to 0.9.
This demonstrates that the model generally achieves high accuracy and
exhibits more consistent performance across layers. When average
metrics are considered, the Random Forest Regression model
demonstrates a balanced, reliable, and satisfactory performance on the
dataset. The Random Forest Regression model demonstrated a more
successful and stable performance compared to Decision Tree
Regression. Thanks to the k-fold crossover method, Random Forest
significantly reduces the risk of overfitting compared to single decision
trees and produces more consistent results across different subsets.

The results of the model developed with the deep neural network
regression method are shown in Figure 17.

Figure 16: Performance

measures in cross-validation

folds of the random forest
regression model
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Figure 17: Performance
measures in cross-validation
folds of the deep neural
network regression model

309

Performance Metrics of Deep Neural Networks Regression Across
Cross-Validation Folds
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According to the 5-fold cross-validation results, the MAE, MSE, RMSE,
and MedAE values of the Deep Neural Network Regression model show
relatively less variability across layers. The R? value ranges between
0.84 and 0.97. This demonstrates that the model generally achieves
high accuracy and exhibits consistent performance across layers. When
average metrics are considered, the Deep Neural Network Regression
model demonstrated stable, reliable, and satisfactory performance on
the dataset. Capable of capturing complex relationships between
variables, the model achieved more consistent results across different
subsets thanks to its deep learning architecture. However, while
performance was slightly lower in some layers, the overall trend was
toward higher accuracy and lower errors.

Figure 18 illustrates the comparison of six regression models using the
average performance across 5-fold cross-validation.
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As a result, the Deep Neural Network Regression model demonstrated
better and more consistent performance compared to classical
regression methods. This clearly demonstrates that deep learning-
based methods offer higher accuracy and generalizability due to their
ability to capture nonlinear relationships. While the Random Forest
Regression model also demonstrated consistent performance across
layers, the Deep Neural Network Regression model stood out with its
higher accuracy (especially in R?) and lower error metrics.

5. CONCLUSION

Some measures and restrictions have been made to be less affected
and protected from the Covid 19 virus, which is a global epidemic. One
of these measures was the closure of educational institutions and
online training. In the process of gradually transitioning to normal life
with developed vaccines, the trainings are gradually transitioning to
face-to-face training. During this period, classroom capacity needed to
be reduced. Classroom capacity should be evaluated not only in terms
of physical space but also in terms of ventilation facilities that will
ensure student safety during pandemic conditions. In this context,
within the scope of the study, recommendation models were
developed to determine the maximum number of students that
primary school classrooms can accommodate in possible epidemic
situations based on spatial parameters.

Figure 18: Comparison of six
regression models based on
the average results of 5-fold

cross-validation
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In this context, a model has been created by Fuzzy Logic method to
evaluate the efficiency of existing primary school classrooms in terms
of physical sizes. From the data obtained by examining the existing
primary school classrooms, the area per person (m?2) in the classrooms,
the ratio of the window area to the floor area and the ratio of the
window area to the wall area and the efficiency of the classrooms in
terms of physical sizes were obtained. According to these values
obtained, it was determined how many students should be present in
the classrooms. Due to the lack of sufficient windows according to
classroom sizes in most existing classrooms, changing the area per
person for each classroom according to classroom and window sizes,
rather than the standard (4 m?), will reduce the risk of virus
transmission. In addition to the physical distance, the dimensions of the
classrooms and row sizes should be determined by considering the
minimum area per person.

To increase the generalizability and reliability of the models, a 5-fold
cross-validation method was applied. This method divided the dataset
into five equal parts. Each part served as test data, while the remaining
four were used for training, and the results were average. This reduced
the bias that could arise from a single training-test split, allowing the
average performance of the models across different data splits to be
evaluated. This approach reduces the risk of overfitting the model,
particularly when working with limited data, and allows for more
reliable comparisons.

According to five-fold cross-validation results, the Deep Neural
Network regression model demonstrated the highest overall
performance and consistency compared to conventional regression
approaches. While the Random Forest regression model also exhibited
relatively consistent performance across layers, the Deep Neural
Network regression model outperformed the other methods with
higher accuracy and lower error metrics. These findings demonstrate
the ability of deep learning-based approaches to capture complex and
nonlinear relationships in data and demonstrate higher generalizability
compared to conventional regression models. Therefore, the Deep
Neural Network regression model can be considered a more suitable
method than other supervised learning algorithms for this prediction
problem.
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During the gradual transition to face-to-face education following the
COVID-19 pandemic, six different regression models were developed to
estimate the maximum number of students required in classrooms,
considering existing classroom sizes and window area. The study
findings indicate that the Deep Neural Network method provides higher
accuracy compared to other methods in estimating student numbers
based on spatial parameters. However, rather than setting a definitive
standard, the model developed here is considered a tool that serves as
a recommendation for implementing necessary precautions in
educational structures and reducing the spread of infectious diseases.
In this respect, it is expected to guide decision-makers by providing
guantitative input to the prepared guidelines. Furthermore, expanding
the scope of the dataset could further enhance the model's
performance and generalizability. The developed models are limited to
data obtained only from primary school classrooms; therefore, studies
at middle school, high school, and university levels will provide the
opportunity to test the model's applicability at different educational
levels. This methodology has the potential to be used not only to
determine student capacity for a safe return to face-to-face education
under pandemic conditions, but also to determine optimal class sizes in
terms of student achievement, health, and spatial comfort in the post-
pandemic period. In future studies, it is recommended to examine
school typologies in different climatic zones, including more
comprehensive spatial parameters (acoustics, lighting, indoor air
quality, etc.) in the model, and verify with field applications.
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Using Voronoi Diagrams and Space Syntax in Determining
Emergency Assembly Areas: Bursa Karaman District
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The planning of safe assembly areas in disaster and emergency management
processes is of paramount importance for ensuring public safety and
minimizing risks. Particularly in regions undergoing rapid urbanization, the
accurate identification of such areas is critical to mitigating chaos during
disasters and expediting the post-disaster recovery process. This study
evaluates the adequacy of existing emergency assembly areas within the
boundaries of Karaman Neighborhood in Niltfer District, Bursa, in terms of
population density and accessibility. Furthermore, it proposes new assembly
areas where deemed necessary.

The study employs a combination of Voronoi diagrams and space syntax
methods. In the initial phase, a correlation between population density data
and urban voids within Karaman Neighborhood was established. Using Voronoi
diagrams, the influence areas of these voids were delineated based on
appropriate accessibility distances. This analysis enabled the assessment of
how effectively the urban voids accommodate the current population density
and their spatial proximity to residential zones. In the subsequent phase, the
accessibility levels of the proposed and existing assembly areas were analyzed
through space syntax methods.

The findings indicate that the existing assembly areas in Karaman
Neighborhood are insufficient in certain regions in terms of both population
density and accessibility. The results derived from the Voronoi diagrams
underscore the necessity of additional assembly areas, particularly in densely
populated zones. Spatial analysis further reveals significant disparities in the
accessibility levels of the existing urban voids, highlighting the need for their
enhancement to meet the requirements of disaster preparedness effectively.
The use of these two methods together in determining disaster assembly areas
constitutes the novelty of the study.

Keywords: Emergency assembly areas, Space syntax, Voronoi diagram,
Artificial intelligence
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Afet Toplanma Alanlarinin Belirlenmesinde Voronoi
Diyagramlan ve Mekan Dizimi Kullanilmasi: Bursa Karaman
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Afet ve acil durum sireglerinde glvenli toplanma alanlarinin planlanmasi,
toplumsal glivenligin saglanmasi ve risklerin en aza indirilmesi agisindan byuk
bir 5neme sahiptir. Ozellikle kentlesme siirecinin hiz kazandigi bélgelerde, bu
alanlarin dogru bir sekilde belirlenmesi hem afet anindaki kaosun azaltiimasi
hem de toplumun afet sonrasi toparlanma sirecinin hizlanmasi icin kritik bir
gerekliliktir. Bu calisma, Bursa Nilufer ilgesi Karaman Mahallesi sinirlarinda yer
alan mevcut afet toplanma alanlarinin, olasi bir afet durumunda nifus
yogunlugu ve erisilebilirlik acgisindan yeterliligini degerlendirerek gerekli
gorilen bolgelerde vyeni toplanma alanlari énermektedir. Arastirmada,
algoritmik-tretken bir yontem olan Voronoi diyagramlari ve mekan dizimi
yontemleri birlikte kullanilmistir. ilk asamada, Karaman Mahallesi’'nin niifus
yogunlugu verileri ile kentsel bosluklar arasinda bir iliski kurulmus ve Voronoi
diyagramlari araciligiyla bu bosluklarin her birinin uygun erisim mesafelerine
gore etki alanlari belirlenmistir. Bu analiz, bosluklarin  mevcut nifus
yogunlugunu ne derece kapsayabildigini ve mahalledeki yerlesim alanlarina
olan mesafelerini degerlendirmeyi mimkin kilmistir. ikinci asamada, dnerilen
alanlarin ve mevcut toplanma alanlarinin erisilebilirlik seviyeleri mekan dizimi
yontemi  kullanilarak  incelenmistir.  Calisma  sonucunda, Karaman
Mahallesi’'ndeki toplanma alanlarinin bazi bolgelerde nifus yogunlugu ve
erisilebilirlik agisindan yetersiz oldugu tespit edilmistir. Voronoi diyagramlariile
elde edilen bulgular, 6zellikle yogun niifuslu bolgelerde daha fazla toplanma
alanmna ihtiya¢ duyuldugunu ortaya koymustur. Mekan dizimi analizleri ise
mevcut kentsel bosluklarin erisilebilirlik seviyelerindeki farkliliklari gbstermis ve
bu bosluklarin iyilestirilmesi gerektigini vurgulamistir. Bu iki yontemin afet
toplanma alanlarinin belirlenmesinde bir arada kullaniimasi calismanin yenilikgi
tarafini olusturmaktadir.

Anahtar Kelimeler: Afet toplanma alani, Mekan dizimi, Voronoi diyagrami, Yapay
zeka

Teslim Tarihi: 12.01.2025
Kabul Tarihi: 21.04.2025

Sorumlu Yazar:
gizem.ozcidem@gmail.com

Ozcidem Sumen, G, Als, 1. S,
Bostanci, G., Karasu, B. M., Ediz, O.
(2025). Afet toplanma alanlarinin
belirlenmesinde Voronoi diyagram
lart ve mekdn dizimi kullaniimasi:
Bursa Karaman Mabhallesi Ornegi.
JCoDe: Journal of Computational
Design, 6(2), 317-339.
https://doi.org/10.53710/jcode.1618
549

318

JCoDe | Cilt 6 Say1 2 | Eyliil 2025 | Hesaplamali Tasarimda Tolerans | Ozgidem Siimen, G., Alis, I. S. Bostanci, G., Karasu, B. M., Ediz, O.


https://doi.org/10.53710/jcode.1618549
https://doi.org/10.53710/jcode.1618549

319

1. GiRi$ (INTRODUCTION)

Mimarlik kavraminin ortaya cikisi insanlik tarihi kadar eskidir. Yeme ve
icmenin yani sira barinmak da insanlarin temel gereksinimleri arasinda
yer almaktadir. Bu gereksinim, vyillar boyunca kultirel, teknolojik ve
ekonomik kosullara gore baskalasim gecirmistir. Bu sire¢ glinimuiz
dinamikleri kapsaminda ele alindiginda, ¢zellikle sayisal teknolojilerin
gelismesi ile bambaska ve daha once karsilasmadigimiz ¢ozim
onerilerine evrilmistir. Literatlrde yer alan ve gecmis ylzyil etkileyen
mimarideki "seri Gretim" (mass production) yaklasimlarinin, "kitlesel
bireysellestirme"ye (mass customization) dayali ¢6ziimlere donismesi
ginimiz mimarhg acgisindan oldukga buytk bir énem tasimaktadir.
Sayisal yaklasimlarin ortaya c¢ikmasini tetiklemesi agisindan “kitlesel
bireysellestirme”ye dayall bu dénisim; mimarlik kurami ve pratigi
Uzerinde glinimuzde halen yeni tartismalarin platformu olmaya devam
etmektedir. (Ediz vd., 2010). Bu kavramlarin ve uygulamalarinin ortaya
citkmasindan sonra farkli teknolojik gelismelerle de dénlisime ugrayan
mimari tasarim-tretim ortami ginimuzde yalnizca estetik ve islevsellik
baglaminda degil, ayni zamanda toplumsal ve cevresel etkileri ile de ele
alinmaktadir. Mimarligin yapay cevrenin olusmasindaki buylk rold,
baglamda ve oOzellikle deprem gercegi konusundaki toplumsal
sorumlulugunun bUyUklGgana arttirmaktadir.

Sanayilesme ile hizli, carpik kentlesmenin ve yogun gbgln etkisi altinda
bulunan Bursa kenti deprem Gretme riski en ylksek olan Kuzey Anadolu
fay hattinin etkisinde olmasi nedeniyle tarihi boyunca bircok kez
deprem gergegiile ylzlesmistir. Bu depremlerden kayit altina alinan en
etkilileri, 1855 Bursa depremleridir. Bu tarihe kadar Bursa’da 1143,
1327, 1418, 1463, 1555, 1674 ve 1705 yillarinda gerceklesen depremler
kiclik caph olup buytk etkiler birakmamislardir fakat 1855 vyilinda
gerceklesen depremler kentte biyiik yikima neden olmustur. (Ozcan,
2010). Bu depremler kentin gelisim yonini ve planlanmasini dogrudan
etkilenmistir. Kent morfolojisinin  degisimini takip edebilmek icin
Bursa’nin farkli dénemlerde hazirlanmis haritalari dnemli kaynaklardir.
1855 Bursa depremlerinden sonra 1862 yilinda Suphi Bey tarafindan
hazirlanan “Bursa Sehri Harita-i Mufassalasi’”’ nda kentin batiya; Cekirge
bolgesine dogru genisledigi ve bolgesel olarak daha duzenli bir
kentlesme oldugu gézlemlenmektedir (Sekil 1).
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GUnUmuUzde Bursa’da kentlesme, Uludag eteklerinden ova igerisine

kadar inmistir. Kalin allvyon zemin yapisina sahip olan bu alanlarin
konut alani olarak degerlendirilmesi tarihte blylk depremler Uretmis
olan aktif fay hatti Gzerinde bulunan bir sehir icin cok risklidir (Akyol vd.,
2002; Uyanik, 2006; Tabban, 2000). Bu sebeple, gelecekte
gerceklesebilecek olasi depremler icin kentte kusursuz isleyen bir afet
yonetim programi uygulanmalidir. Afet ydénetim programlarinin énemli
bilesenlerinden birini de afet esnasinda ve sonrasinda givenligi
saglayacak toplanma alanlari olusturmaktadir.

Deprem ve sel gibi ani ve yikici dogal afetler sonrasinda halkin
toplanmasi icin planlanan afet toplanma alanlarinin etkin bir sekilde
belirlenmesi hayati 6neme sahiptir (Alexander, 2002; Cutter, 2003).
LiteratUrde, bu alanlarin belirlenmesi icin cografi bilgi sistemleri (CBS)
tabanli yontemler siklikla kullaniimakta olup, voronoi diyagramlari gibi
geometrik modeller, afet toplanma alanlarinin optimizasyonu ve
erisilebilirlik analizleri icin etkili bir ara¢ olarak o6ne g¢ikmaktadir
(Aurenhammer, 1991; Okabe vd., 2000). Voronoi diyagramlari ayrica
Uretken bir tasarim yaklasimi olarak kentsel tasarim c¢alismalarinda

Sekil 1: 1862 yili Bursa Sehri

Harita-i Mufassalasi (Map of the

City of Bursa in 1862) (Salt
Research, Mihendishane-i
Himayun Archive, 1862)
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kullanilmaktadir (Davis, 2013; Nowak, 2015). Kentsel bicimlerin
erisilebilirlik miktarlarinin derecelendirilmesi ve degerlendirilmesinde
space syntax (mekan dizimi) yontemi, mekansal bicimlenme ve insan
hareketliligi arasindaki iliskiyi anlamak agisindan dnemli bir katki
saglamaktadir (Hillier ve Hanson, 1984; Karimi, 2012).

Bu calismada, voronoi diyagramlari ile belirlenen afet toplanma
alanlarinin erisilebilirlik degerlerinin mekan dizimi yontemi ile analiz
edilmesi ve bu yontemlerin afet ydnetimi stratejilerine entegrasyonu
Uzerine bir yaklasim onerilmektedir. Voronoi diyagramlariyla dnerilen
afet toplanma alanlarinin erisilebilirlik derecelerinin mekan dizimi
yontemiyle degerlendirmesi calismanin 6zglin yonind olusturmaktadir.
Calisma kapsaminda sayisal yontemlere dayali bir kurgu ile algoritmik-
Uretken bir ydntem olan voronoi diyagrami yéntemi kullanilarak, Bursa
Nilufer ilcesi Karaman Mahallesi’'nin mevcut afet toplanma alanlarini
ndfus  yogunlugu ve erisilebilirlik  parametreleri  lzerinden
degerlendirilerek olasi afet durumunda yerlesik ntfusun daha kolay
ulasabilecegi toplanma alanlari 6nerilmistir. Bu kapsamda ilk asamada
ndfus yogunlugunun kentsel bosluklarla iliskisini ve bu bosluklara olan
erisim  mesafelerini  degerlendirmek icin  voronoi diyagrami
kullanilmistir.  ikinci asamada kentsel bosluklarin erisilebilirlik
seviyelerini degerlendirmek icin mekan dizimi yontemlerinden
faydalaniimistir. Calismada, voronoi diyagramlari ile belirlenen afet
toplanma alanlarinin erisilebilirlik derecelerinin oldukca yiksek oldugu
gosterilmistir.  Bu  calismanin  gelecekte toplanma alanlarinin
planlanmasinda, afet ve acil durum sonrasi yeniden yapilanmada
sistemli  ve  bilimsel bir yaklasim olarak kullanilabilecegi
ongorilmektedir.

2. AFET VE ACIL TOPLANMA ALANLARI KRITERLERI (CRITERIA FOR
DISASTER AND EMERGENCY ASSEMBLY AREAS)

Kentsel alanlarda acil toplanma alanlarinin secimi, afet/acil durum
aninda ve hemen sonrasinda insanlarin givenliginin ivedilikle
saglanabilmesi icin blyilk 6nem tasimaktadir. GUnUmdizde bir Ust plan
olarak uygulanan Turkiye Afet Mduidahale Plani’'nda, afet ve acil
durumlarla ilgili mudahale sireclerinde gorev alacak ekiplerin ve
koordinasyon birimlerinin goérevleri tanimlanarak afet hazirlik,
midahale ve iyilesme asamalarindaki eylem planlamasinin esaslari
belirlenmistir (Afet ve Acil Durum Yonetimi Baskanligi [AFAD], 2014).
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Ancak bu plan kapsaminda afet ve acil toplanma alanlarinin
olusturulmasina yonelik kriterler yer almamaktadir. Literatirde Acil
toplanma alanlarinin belirlenmesinde bes temel kriter géz 6ninde
bulundurulmaktadir (Aksoy vd., 2009; Japonya Uluslararasi isbirligi
Ajansi [JICA] ve istanbul Biyiiksehir Belediyesi [IBB], 2002; Tarabanis ve
Tsionas, 1999):

O Erisilebilirlik: Toplanma alanlarina ulasimin her birey icin kolay
olmasi gerekmektedir. Bu dogrultuda, vyapi adalarindan
toplanma alanlarina olan ylirime mesafesi en fazla 500 metre
veya 15 dakika icinde tamamlanabilecek sekilde belirlenmelidir.

o Ana Yollarla Baglanti: Toplanma alanlarinin ana vyollarla
baglantisinin saglanmasi dnemlidir. Acil durumda kapanma riski
olan vyollar da dikkate alinarak, diger toplanma alanlariyla
kesintisiz bir ulasim agi olusturulmahdir.

o Milkiyet: Oncelikli olarak kamuya ait araziler toplanma alani
olarak secilmelidir. Ozel miilkiyette bulunan bos alanlar ve acik
otoparklar ise erisilebilirlik, kullanim 6zellikleri, yol baglantilar
ve diger toplanma alanlariyla olusturdugu batinlik ile alan
blayikligld gbz oninde bulundurularak degerlendirilebilir.
Ayrica, mahallelerde bulunan kamu okullari ve cami gibi yapilar,
sismik acidan yeterli dayanikhliga sahip olmalari durumunda
toplanma alani olarak kullanilabilir (JICA ve iBB, 2002).

o Kullanilabilirlik ve Cok Fonksiyonluluk: Toplanma alani olarak,
mevcut aktif yesil alanlar arasinda yer alan spor sahalari,
mahalle ve semt parklari, cocuk oyun alanlari, cep parklari,
degerlendirilebilir. Ayrica okul, bina, cami, hastane bahceleri;
bos araziler, hali sahalar ve acik otoparklar da uygun secenekler
arasindadir. Bu alanlarin en az 500 m? buyukliginde olmasi
gerekmektedir (JICA ve BB, 2002).

o Alansal Blylklik: Her mahallede bir “On Tahliye Alan”
olusturulmasi ve kisi basina en az 1,5 m? brit alan ayrilmasi
dnerilmektedir (JICA ve BB, 2002). Tarabanis ve Tsionas (1999)
ise yapi adasi 6lceginde, toplanma alanlarinda kisi basina disen
net kullanim alaninin en az 2 m? olmasi gerektigini belirtmistir.

Bu kriterlerden yapilan ¢ikarimlara gore hizmet ettigi yerlesim yerlerine
maksimum ulasim mesafesi 500 m veya 15 dakika olan, minimum 500
m? buyukluginde, kisi basi 2 m? kullanim alani sartini saglayabilecek
toplanma alanlart  voronoi diyagrami kullanilarak belirlenmeye
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Sekil 2: Karaman Mabhallesi’nin
soldan saga; 1985, 2010 ve
2024 yillarina ait uydu

gbruntuleri (Satellite images of
Karaman Neighborhood, shown from
left to right for the years 1985, 2010,

and 2024) (Google Earth)

cahsilmistir. Bu alanlarin erisim dizeyi de mekan dizimi yontemiyle
belirlenmistir.

Ulke genelinde afet ve acil toplanma alanlarinin belirlenmesinde
cercevesi net cizilmis bir standartlar bUtinlGglinin bulunmamasi,
belediyeler tarafindan belirlenen toplanma alanlarinin temel kriterlere
gore kullanilabilirliginin yeterli olmamasiyla sonuclanmaktadir. Bu
calhismada afet ve acil toplanma alanlarinin belirlenmesinde farkli
bolgelericin uyarlanabilir, bilimsel bir model olusturmak amaclanmistir.

3. KARAMAN MAHALLESI| (KARAMAN NEIGHBORHOOD)

Karaman mabhallesi izmir-Mudanya yolu arasinda yer almaktadir. Koy
olarak tarihi 1530 yilindaki kayitlara kadar uzanmaktadir. 1926 yilinda
ihsaniye koylu ile birlestirilmis ve 1987 vyilinda mahalle haline
getirilmistir (Kaplanoglu, 2016). Bursa’nin eski mahallelerinden biri olan
Karaman’da Nillfer Belediyesi’'nden alinan 2023 nifus verilerine gére
5532 erkek, 5917 kadin olmak Uzere 11449 kisi yasamaktadir.
Mahallenin en kalabalik yas grubunu toplam 1642 kisi olmak tzere 65
yas ve Uzeri kisilerden olusturmaktadir. Mahallenin 1985, 2010 ve 2024
kus bakisi gériintileri incelendiginde, yerlesme bicimlerinin ne sekilde
olduguna dair bilgi edinilebilmektedir. Google Earth platformu
Uzerinden 1985 yilina ait kus bakisi gorlntlst bulanik olsa da

mahalledeki yerlesimlerin kuzey yoninden basladig
gozlemlenmektedir (Sekil 2).
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Mahallenin ilk yerlesiminin basladigl kuzey ve kuzey-bati boélgesinde
yogun bir yapilasma gozlemlenmektedir. Bblgedeki yapilasma sekli
bitisik nizamdir. Sistemsiz yapilan ara¢ parklarinin ara¢ ve yaya
sirkilasyonunu zorlastirdigi gortlmektedir (Sekil 3).
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Mabhallenin izmir yolundan girisinde kalan giiney bélgesinde ise daha
genis yollar, yeni ve ayrik nizam binalar gézlemlenmektedir. Kentsel
déniusim projeleri daha ¢cok bu alanda yogunlasmistir (Sekil 4).

Karaman Mahalle’si sinirlari icerisinde Nillfer Belediyesi’'nin belirledigi

3 adet afet toplanma bdlgesi bulunmaktadir. Bu alanlar; Karaman
Dernekler Yerleskesi, Canaydin ilkégretim Okulu ve Karaman Muhtarhig)
hali sahasidir.  Bu 3 toplanma alani haricinde mahalle sinirlari
disarisinda kalan fakat mahalleye hizmet edebilecek kadar yakinda
bulunan 2 adet daha afet toplanma alani mevcuttur. Bu alanlar,
ihsaniye hlamur Cocuk Parki ve Esentepe Nedim Oztan ilkdgretim
Okulu’dur. Calisma Karaman Mabhallesi 6zelinde yapildigl icin mahalle

sinirlari disinda kalan toplanma alanlari dikkate alinmamistir (Sekil 5).

Sekil 3: Karaman Mahallesi’nin
kuzeyinin yerlesim dokusunu
gosterir uydu gorlntisa ve
ornek sokak fotografi (Satellite
image and representative street
photograph illustrating the settlement
pattern in the northern part of
Karaman Neighborhood) (Google

Earth)

Sekil 4: Karaman Mahallesi’nin
glineyinin yerlesim dokusunu
gosterir uydu gorintusa ve
ornek sokak fotografi (Satellite
image and representative street

photograph illustrating the settlement
pattern in the southern part of

Karaman Neighborhood) (Google
Earth)
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Sekil 5: Mevcut acil durum

toplanma alanlari (Existing
emergency assembly areas)

Sekil 6: Karaman Dernekler

Yerleskesi toplanma alani
(Karaman Dernekler Yerlegkesi
assembly area)

Mevcut toplanma alanlarinin niteligine bakildiginda kuzeyde yer alan
toplanma alani hem kapall pazar alani hem de dernekler yerleskesi
olarak kullanilan Ug¢ katli binadan olusmaktadir. Yakin cevresindeki
yogun vyapilasmanin vyarattig tehlike ve kapali alandan olusmasi
sebebiyle bir toplanma alani olarak glvenlik yéninden vyeterli
gorilmemistir. Ayni zamanda cevre yapilasmadaki dar sokaklar ve
sistemsiz ara¢ parklari sebebiyle ulasim yodninden de yeteriz
bulunmustur. Mahallenin gliney batisinda yer alan Canaydin ilkdgretim
okulu toplanma alani ile Karaman muhtarligina ait hali sahadan olusan
toplanma alanlari sagladiklari agik alan miktari yoninden daha nitelikli
bulunmustur (Sekil 6, 7, 8).
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Daha 6ncesinde Karamankoy olarak bilinen Karaman Mahallesi Nilifer
Bolgesi'nin en eski yerlesimlerinden birisidir. Mahallede bitisik nizam
yapilasma seklini, carpik kentlesme 6rneklerini, dar sokaklari, kacak
katlari, gbzlemlerken ayni zamanda genis sokaklari, kentsel donistimu
ve ayrik nizam yapilasma seklini de gozlemlemek mimkindir. Mahalle
icerisinde bulunan afet toplanma alanlari da dahil olmak Uzere kuzey ve
gliney yonunde farkli yapilasma karakteristikleri gostermistir. Bu
sebeplerle farkh dokulari icinde barindiran Karaman Mahallesi bu
calismada kullanilmak icin uygun bulunmustur. Calisma kapsaminda
Karaman Mahallesi ve bu mahalledeki toplanma alanlari incelenmis,
mahalle voronoi diyagramlari kullanilarak yapilasma yogunluklarina
gore bolimlere ayrilmis ve her bélim icin ideal toplanma alani 6nerileri
gelistirilmistir.

4. YONTEM (METHOD)

Bu calismada, yeni afet ve acil toplanma alanlarinin belirlenmesi
hedefiyle hesaplamali bir ydntem olan voronoi diyagrami yaklasiminin
uygulanmasl icin MATLAB vyazilimindan faydalaniimistir. OpenAl
tarafindan gelistirilen ChatGPT yapay zeka araci yardimiyla voronoi
diyagramlarinin Uretilmesinde kullanilan algoritmalar olusturulmustur.

Voronoi diyagramlari, bir dizlemi veya uzayi, belirli bir dizi noktaya
(cekirdek) olan yakinliklarina gore bolimlere ayiran temel bir geometrik
yapidir. Her bir bolge, o bdlgedeki en yakin ¢cekirdege ait olan noktalari
icerir (Aurenhammer ve Klein, 2000).

Sekil 7: Canaydin ilkégretim

Okulu toplanma alani (Canaydin

Primary School assembly area)

Sekil 8: Hali saha toplanma alani

(Football pitch assembly area)
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Voronoi diyagramlari, mimarlikta estetik ve yapisal tasarimda genis bir
kullanim alanina sahiptir. Dogadan esinlenen bu desenler, cephe
tasarimindan yapisal optimizasyona, parametrik tasarimdan kentsel
planlamaya kadar bircok alanda yenilik¢i ¢6zUmler sunar. Bu
diyagramlar, mimari tasarimda estetik ve islevselligi bir araya getirerek,
tasarimcilara genis bir yaratici alan saglar. Voronoi diyagramlari, kentsel
alanlarin ve konut alanlarinin tasariminda da kullanilabilir. Bu
diyagramlar, alanlarin zonlanmasinda ve bolgesel planlamada etkili bir
arac olarak kullanilabilir (Nowak, 2015).

Voronoi diyagramlarinin, Karaman mahallesi bazinda potansiyel
toplanma alanlarinin belirlenmesinde matematiksel bir yaklasim olarak
kullanilmasi ¢alismanin temelini olusturmaktadir.

4.1. Veri Toplama ve Hazirlik (Data Collection And Preparation)

Calisma alani olarak secilen Bursa NillUfer ilgesi Karaman Mahallesine
iliskin mevcut toplanma alanlarinin nokta ve koordinatlarinin yer aldig;
kmz dosyasiyla 2023 yili verilerine gore tim mahalleyi kapsayan kadin,
erkek ve toplam nifus bilgisinin yer aldigl excel dosyasi NilUfer
Belediyesi'nden temin edilmistir. Toplanma alanlarinin bayuklikleri,
cevresindeki yapilasma niteligi ve yogunlugu, ana vyollara uzakhg
Google Earth ve Google Maps kullanilarak incelenmis gerekli gorildugi
takdirde vyerinde ziyaret yapilarak bu alanlarin mevcut durumu
belgelenmistir. Toplanma alanlarini gésteren kmz dosyasi Google Earth
platformunda incelenmis ve koordinatlari daha sonra islenmek Gzere
kaydedilmistir.

4.2. Voronoi Diyagramlarinin Olusturulmasi (creating Voronoi
Diagrams)

Elde edilen veriler, yapay zeka yardimiyla MATLAB yazilimi kullanilarak
uygun bir bicimde duzenlenmis ve arastirmanin temel yontemi olan
Voronoi diyagramlari sireci icin hazirlanmistir. Oncelikle, Karaman
Mahallesi sinirlari icerisindeki mevcut toplanma alanlarinin cografi
koordinatlari belirlenmistir. Bu kapsamda, ilgili toplanma alanlarina ait
boylam (longitude) ve enlem (latitude) degerleri bir dizi halinde
MATLAB ortaminda tanimlanmistir.

Bu koordinatlar dogrultusunda uydu goérintisi temin edilmis ve yapay
zekad yardimi ile kodlanarak, calismada kullanilmak tzere MATLAB
yazilimina entegre edilmistir. Uydu gorintisinin calisma kapsaminda
dogru bir sekilde hizalanmasi ve cografi boyutlarinin uyarlanabilmesi
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icin, gorintinin boylam ve enlem araliklari belirlenmis ve bu araliklar
kodda sinir degerleri olarak tanimlanmustir.

Voronoi diyagramlarinin  olusturulmasi icin  MATLAB’In voronoi
fonksiyonu kullaniimistir. Bu fonksiyon, belirlenen koordinatlara dayal
olarak geometrik bir bolgeleme yaparak, her bir toplanma alaninin
kapsama sinirlarini belirlemistir. Diyagramlar, uydu gorintisi Gzerine
gorsel olarak yerlestirilmis ve noktalar, ilgili toplanma alanlarini temsil
edecek sekilde mavi renkli olarak gorsellestirilmistir (Sekil 9).

Uydu Gériintiisii Uzerinde Voronoi Diyagrami
<y h

Enlem (Latitude)
8
N
o

40.215

28.99 28.992 28.994 28.996 28.998 29 29.002
Boylam (Longitude)

Bir sonraki asamada ise mevcut toplanma alanlarini esas alan dnceki
analizden farkli olarak, Voronoi noktalari nifusun yogun oldugu
bolgeler dikkate alinarak belirlenmistir (Sekil 10). Burada ilk olarak
analiz yapilacak bdlgeyi tanimlamak icin calisma alaninin sinirlarini
belirleyen bir poligon sistemi olusturulmustur. Poligonun kose
noktalarinin koordinatlari (enlem ve boylam) kullanilarak MATLAB
ortaminda bir poligon sekli tanimlanmistir. Bu poligon, analiz alaninin
sinirlarini ifade etmektedir.

Sonraki asamada diyagrami olusturmak icin noktalar belirlenmistir. Bu
noktalar belirlenirken Karaman Mahallesi Google Earth uydu gorintisi
incelenerek yapilasmanin yogun goérindigi her bir alan igin yaklasik
olarak o alanlarin merkezlerine denk gelecek noktalar isaretlenmistir.
Bu noktalar ¢alisma alanindaki potansiyel yogunluk bolgelerini temsil

Sekil 9: Mevcut afet toplanma
alanlarina gére cizilen voronoi

diyagrami (Voronoi diagram drawn
according to existing disaster assembly
areas)
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Sekil 10: Yogun nifus
bolgelerine gore olusturulmus

voronoi diyagrami (Voronoi
diagram created in relation to high-
density population areas)

etmektedir. Bu noktalarin koordinatlari derece, dakika ve saniye
formatinda belirlenmis ve daha sonra ondalik dereceye cevrilerek
MATLAB ortamina tanimlanmustir.

Voronoi diyagramlari, MATLAB’In voronoi fonksiyonu kullanilarak
hesaplanmistir. Bu islem, belirlenen Voronoi noktalarindan hareketle,
her bir noktanin etkili kapsama alanini  belirlemek amaciyla
gerceklestirilmistir. Voronoi sinirlarinin cografi baglamda dogru sekilde
gorsellestirilmesi icin MATLAB’In cografi harita (geobasemap) altyapisi
kullaniimis ve uydu gorintisind baz alan harita olarak secilmistir.
MATLAB’In geoplot ve geoscatter fonksiyonlari, poligon sinirlarinin,
noktalarin ve Voronoi kenarlarinin uydu goérinttsli Gzerinde cografi
olarak dogru bir sekilde gorsellestiriimesini saglamistir (Sekil 10). Cizim
sirasinda, Voronoi kenarlarinin birden fazla segmenti, bir dongi (loop)
kullanilarak cografi koordinatlar Gzerinden gizilmistir.

Voronol Diagram with Sateliite Imagery
[ T S N

401305°N

011245'N

4.3. Mekan Dizimi Yontemi (Space Syntax Method)

Calismada voronoi diyagramlarindan elde edilen sonugclarin erisilebilirlik
parametresiyle iliskisini test etmek icin mekan dizimi analiz tekniginden
faydalanilmistir.  Mekan dizimi yaklasiminda bitini olusturan
parcalarda meydana gelen bir degisimin butindn yapisini degistirdigi
one sUrtlmektedir. Sehirlerin barindirdigi geometrik dizen sonucu
sahip oldugu morfolojik yapi konfiglirasyon olarak tanimlanmaktadir.
Mekan dizim kurami, yerlesimlerin konfiglrasyonel 6zelliklerinin

Afet Toplanma Alanlarinin Belirlenmesinde Voronoi Diyagramlari ve Mekan Dizimi Kullaniimasi: Bursa Karaman Mahallesi Ornegi




bireylerin hareketleri, karsilasmalari ve etkilesimleri Gizerinde belirleyici
bir etkiye sahip oldugunu 6ne sirmektedir. Mekan dizimi yaklasimina
gbre, mekanlarin sosyal yapilari ile mekansal konfiglirasyonlari arasinda
karsihkh bir iliski bulunmaktadir (Hillier, 2007; Hillier ve Hanson, 1984).
Eksensel hat haritalar bir konfiglirasyonun analiz edilebilmesi igin
gerceklestirilmesi gereken ilk gérev olarak tanimlanmaktadir (Oliveira,
2013). Eksensel bir harita olusturmak icin yollar, caddeler ve insanlarin
hareket edebilecegi kentsel bosluklar, en uzun goris ve hareket hatlari
seklinde cizilen eksensel gizgilerle modellenmektedir (Van Nes ve Yamu,
2021). Lee vd. (2023) tarafindan gerceklestirilen calismada, kentsel
6lcekli mekan dizim arastirmalarinin blytk cogunlugunun eksensel hat
analiz tekniginin entegrasyon degerlerinin temel parametre olarak
tercih edildigini vurgulamaktadir. Global entegrasyon analizi, bir
caddenin veya sokagin, kentsel sistemdeki diger tim cadde ve sokaklara
olan erisilebilirlik miktarini nicel olarak ifade etmek icin kullaniimaktadir
(Hillier, 2007). Yiksek entegrasyon degeri eksensel hattin sistemdeki
diger hatlarla kurdugu iliskinin kuvvetli oldugunu baska bir deyisle
eksensel hattin erisilebilirlik derecesinin yiksek oldugunu ifade
etmektedir. Literatirde mekan dizimi erisilebilirlik parametreleriyle
insan hareketleri arasindaki paralel iliskiyi ortaya koyan calismalar
bulunmaktadir (Chang ve Penn, 1998; Chiu vd., 2020; Colago ve Silva,
2023; Hillier vd., 1993; Penn vd., 1998). Calisma kapsaminda Karaman
mahallesinin fiziksel yapisini ve afet toplanma alanlarinin erisilebilirlik
derecesini ortaya cikarmak icin mekan dizimi yonteminin entegrasyon
parametresinden faydalaniimistir.

5. BULGULAR VE TARTISMA (FINDINGS AND DISCUSSION)

Mahallede mevcutta 3 adet afet toplanma alani ve 4 adet cadirkent
alani bulunmaktadir. “Erisilebilirlik” dlcttine gore, 3 alandan da 500 m
yaricapinda bir cemberler cizildiginde bu ¢cemberlerin tim mahalleyi
kapsadigl goérilmusttr. Bu durum, yerlesim yerlerinden toplanma
alanlarina mesafe acgisindan  erisim  kriterinin  karsilandigini
gostermektedir.  “Yol  akslariyla  baglanti”  kriteri  agisindan
degerlendirildiginde, Karaman Dernekler Yerleskesi ve ilkokulun ana
yollarla dogrudan baglantisinin bulundugu, ancak hali sahanin boyle bir
baglantiya sahip olmadigi tespit edilmistir. Hali sahanin en yakin ana
yola olan mesafesi yaklasik 100 metre olarak dlctlmustir. Mulkiyet
durumu incelendiginde, U¢ alanin da belediye miulkiyetinde oldugu
belirlenmistir. Bu durum, toplanma alanlarinin éncelikli olarak kamu

330

JCoDe | Cilt 6 Sayi 2 | Eyliil 2025 | Hesaplamali Tasarimda Tolerans | Ozgidem Siimen, G., Alis, i. S., Bostanci, G., Karasu, B. M., Ediz, O.



arazileri  Uzerinde  belirlenmesi  gerektigi  yonUndeki  kriteri
saglamaktadir. “Kullanilabilirlik ve cok fonksiyonluluk” acisindan yapilan
incelemede, Karaman Dernekler Yerleskesi'nin kapall bir yapidan
olustugu ve acik alan icermedigi icin toplanma alani olarak uygun
olmadigl sonucuna varilmistir. Buna karsin, ilkokul bahgesinin yaklasik
3.850 m? buyukluginde engelsiz bir acik alan sundugu ve minimum 500
m?2 buylkltk sartini sagladigi belirlenmistir. Hali saha toplanma alani da
benzer sekilde yaklasik 3.000 m? acik alaniyla minimum buyGkluk
kriterini karsilamaktadir.

Hali saha ve Canaydin ilkégretim Okulu daha nitelikli toplanma alanlari
olsa da ¢alisma kapsaminda niifusun toplanma alanlarinda daha dengeli
bir sekilde dagilabilmesi ve cadirkent alanlari Gzerindeki insan yikinin
azaltilmasi icin 2 yeni afet toplanma bolgesi 6nerilmistir. Bu bolgeler;
Selcuk Bahtiyar Parki ve Seyit Onbasi Park’dir. Uglincii éneri icin en
uygun bolge, kuzeyde hem cadirkent hem de afet toplanma alani olarak
kullanilan Karaman Dernekler Yerleskesi'ne alternatif olabilecek bir afet
toplanma alanidir. Fakat bu alanin halihazirda mezarlik olarak
kullaniliyor olmasi sebebi ile calisma kapsamina dahil edilmemistir.
Mahallenin bu bolgesindeki sikisikligina ve mevcut afet toplanma
alaninin ayni zamanda cadirkent alani olarak kullanilmasina ragmen
alternatif olarak uygun baska bir alan bulunamamistir (Sekil 11).

Fa f..’,'/‘( ;/;'{’/"{l/f;/ 8 /"CQ
) / b -2//' j!‘ J
4 " X ot ) i

Sekil 11: Mevcut ¢adirkent
alanlari kirmizi, mevcut
toplanma alanlari mavi ve
Onerilen toplanma alanlari sari

renkle gdsterilmistir. (The existing
tent city areas are indicated in red, the
existing assembly areas in blue, and
the proposed assembly areas in
yellow.).

CGalisma kapsaminda oOncelikle Karaman Mahallesi'nin yogun nufus

bolgeleri belirlenmis ve sayisallastirilmistir.  Bu ayrim, uydu
gorintilerinden godzlemlenebilen vyapilasma yogunluklarina gore
yapilmistir. Ardindan, belirlenen bolgelerin tahmini merkez noktalari,
koordinat sistemine gore dizenlenerek MATLAB ortaminda Voronoi
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diyagramlarinin olusturulmasi icin temel veri seti olarak kullaniimistir.
Sonucta olusan diyagramdan yola cikilarak “erisilebilirlik, malkiyet, ana
yollarla baglanti, kullanilabilirlik ve ¢cok fonksiyonluluk” 6lcitleri dikkate
alinarak mevcut toplanma alanlarina ek iki yeni toplanma alani
onerilmistir.  Alansal buaydkluk kriteri, bolgesel nUfus verilerine
ulasilamadigl icin her bir 6neri toplanma alani icin degerlendirmeye
alinamamistir.

Voronoi diyagrami her hiicrenin ¢ekirdeginden ortalama 500 m uzaklik
mesafesindeki noktalarla olusturulmus ve calisma alanini alti hiicreye
boélmustdr. Bir sinir gizgisini paylasan iki hticrenin cekirdekleri bu sinir
cizgisine ayni mesafede olmaktadir. Bu sayede sinir gizgilerinin Gzerinde
veya yakin alanlarinda belirlenen yeni toplanma alanlari her komsu
bolgeye esit mesafede yer alir. Ayni zamanda hicre icerisinde herhangi
bir noktadan belirlenen toplanma alanlarina olan uzaklik 500 m’yi
asmamaktadir (Sekil 12).

t»'&...;;*

sonaorn [N

Belirlenen toplanma alanlarindan ilki olan Selcuk Bahtiyar Parki, voronoi
diyagraminda olusan 5 hicrenin sinir ¢izgilerinin yakininda yer almasi ve
5 hicreye de tek bir noktadan hizmet verebilecek olmasi sebebiyle
onerilmistir. Kamu miulkiyetinde bulunan alanin, Kikirtld Caddesi ile
dogrudan baglantisi bulunmakta olup buyikluga 1540 m? dir. Ayrica, bu
alanin belirlenmesinde etkili olan bir diger faktor, parka yaklasik 100’er
metre mesafelerde bulunan ve Nilifer Belediyesi tarafindan belirlenen
cadir kent alanlaridir. Onerilen afet toplanma alaninin, cadir kent

Sekil 12: Voronoi diyagrami ve
onerilen  toplanma

(Voronoi  diagram
assembly areas).

and

alanlar
proposed
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Sekil 13: Oneri afet toplanma

alani - Selguk Bahtiyar Parki
(Proposed disaster assembly area -
Selguk Bahtiyar Park)

Sekil 14: Oneri afet toplanma

alani — Seyit Onbasi Parki
(Proposed disaster assembly area —
Seyit Onbasl Park)

kurulmasi planlanan bolgelerin insan yikind azaltma potansiyeline

sahip oldugu disindlmistar.
(Sekil 13).

ikinci olarak belirlenen Seyit Onbasi Parki, voronoi diyagramina gore iki
komsu htcrenin sinir gizgisi Gzerinde yer almasi ve iki hiicre cekirdegine
esit mesafede olmasi sebebiyle secilmistir (Sekil 14). Kamu
mulkiyetinde olan park, Girbuzler Caddesi ile dogrudan baglantihdir.
icerisinde tek katli Karaman Saglik Merkezi binasi bulunsa da acik alanin
buyuklaga yaklasik 850 m?dir. Ayrica, mevcut ¢adir kent alanlarina
ortalama 250 metre mesafede yer almasi, bu alanin seciminde énemli
bir kriter olmustur. Bu alan secilirken dikkat edilen diger bir etken de
izmir yolu Uzerinde bulunan benzin istasyonlari olmustur. Bu
istasyonlarin varligi olasi bir depremde tehlike arz etmektedir. Bu

sebeple 6nerilen toplanma alaninin benzin istasyonlari ile arasindaki
mesafe gbz 6niinde bulundurulmustur.

Calisma kapsaminda olusturulan eksensel harita DepthmapX yazilimi
araciligiyla islenerek sayisal veriler ve kirmizidan maviye giden renk
paletiyle temsil edilen grafik ifadesi elde edilmistir (Sekil 15). Sicak
renkler (kirmizi, turuncu) daha ylksek degerleri ifade ederken soguk
renkler (mavi) ise distUk degerleri temsil etmektedir.

Afet Toplanma Alanlarinin Belirlenmesinde Voronoi Diyagramlari ve Mekan Dizimi Kullaniimasi: Bursa Karaman Mahallesi Ornegi
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vo/ 01/

| 62

/M2

Ya

Sekil 15: DepthmapX
programiyla olusturulmus

eksensel harita (Axial map created
————— Oneri Toplanma Alanlari (0) With the DepthmapX program)

o w w wn wes  Mevcut Toplanma Alanlar (M)

Eksensel hat haritasinda en yiksek degerler “Y” ile belirtilmistir.
Karaman mahallesinin erisilebilirlik durumunun mevcut ve 6nerilen
toplanma alanlariyla iliskisi Sekil 15’te gosterilmistir. En yiksek degeri
temsil eden Y1 eksensel hatti 2.29 entegrasyon degerine sahiptir. Bu
hat ile ikinci en ylksek deger olan Y2 hattinin kesisiminde 6nerilen ilk
toplanma alani (01) yer almaktadir. Bu alan mahallenin topolojik
merkezine yakin konumlanmasinin yani sira voronoi diyagramlarinda da
nlfus ayrisma bolgelerinin siniri olabilecek bir konumda yer almaktadir.
Erisilebilir eksensel hatlar tarafindan cevrelenmesi ve topolojik konumu
01 toplanma alanini olasi bir afet durumunda kullaniimasi oldukca
muhtemel bir alan haline getirmektedir.

Mevcut ikinci toplanma alani (M2) ylksek entegrasyon degerine sahip
hatlarla dogrudan iliski kurmamasina ragmen en yuksek 3 erisilebilirlik
degerine sahip hattin merkezinde konumlanmaktadir. Onerilen ikinci
toplanma alani (02) en yiiksek Gclincii entegrasyon degerine sahip
hattin Gzerinde yer almaktadir. Bu hattin yakin ¢cevresinde ayrica ylksek
entegrasyon degerine sahip hatlar yer almaktadir. Mahallenin gliney-
batisinda yer alan ilk toplanma alaninin (M1), cevresinde ortalama
Uzerinde erisilebilirlige sahip eksensel yollar bulunmaktadir. Mahallenin
kuzey-batisinda yer alan Gclinct toplanma alani (M3) ise erisilebilirlik
degeri oldukca dusik eksenel hatlarla cevrelenmis bir konumdadir
(Sekil 15). Mekan dizimi yonteminin erisilebilirlik parametresi verileri
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degerlendirildiginde onerilen toplanma alanlarinin, mevcut toplanma
alanlarindan daha erisilebilir konumlarda bulundugu gézlemlenmistir.
Calisma kapsaminda kentsel bicimlerin potansiyellerini ortaya koymaya
yarayan hesaplamali analiz yontemlerinden voronoi diyagramlari
(Nowak, 2015) ve mekan dizimi (Hillier, 2007) yontemi bir arada
kullaniimistir. Literatlrde voronoi diyagramlarinin afet toplanma
alanlarinin  optimizasyonu ve erisilebilirlik degerlendirmelerinde
kullanildigl calismalar mevcuttur (Aurenhammer, 1991; Okabe vd.,
2000). Fakat calisma kapsaminda o6nerilen voronoi diyagramlar ve
mekan dizimi yontemlerinin bir arada kullanildigl calismalara nadir
rastlanmaktadir. Bu yontemlerin toplanma alanlarinin belirlenmesi ve
belirlenen alanlarin erisilebilirlik derecelerinin test edilmesi amaciyla bir
arada kullanimi ¢alismanin 6zgin yonidnd olusturmaktadir. Voronoi
diyagramlari araciligiyla “erisilebilirlik, ana yollarla baglanti, mulkiyet
durumu, kullanilabilirlik ve cok fonksiyonluluk” kriteleri dikkate alinarak
Karaman mahallesi sinirlarinda yer alan mevcut toplanma alanlarina ek
iki yeni toplanma alani énerilmistir. Onerilen Selcuk Bahtiyar Parki ve
Seyit Onbasl Parki'nin mahalle 6lceginde yapilan analizleri sonucu
erisilebilirlik degerleri en yiiksek eksensel hatlarla komsu olduklar
gosterilmistir (Sekil 15). Calisma kapsaminda afet toplanma alanlarinin
belirlenmesinde farkli hesaplamali ydntemlerin birlikte kullaniminin
pozitif etkileri gosterilmistir. Kentlerin sahip oldugu geometrik
potansiyellerin ortaya koyulmasi amaciyla hesaplamali yontemlerden
faydalanmanin, afet yonetim silreclerini rasyonel bir alt yapiya
dayandirmak icin etkili bir arac olabilecegi calisma kapsaminda ortaya
koyulmustur.

Ozellikle 65 yas Ustii niifus gibi dezavantajli gruplarin afet durumlarinda
toplanma alanlarina erisimi blyik 6nem tasimaktadir. Yapilan analizler,
onerilen yeni toplanma alanlarinin mevcut alanlara kiyasla yasl niafusun
erisimini &nemli dlciide iyilestirdigini géstermektedir. Ornegin, yiiksek
katli ve yogun yapilasmanin oldugu bolgelerde, 6nerilen alanlarin daha
merkezi ve erisilebilir konumlarda belirlenmesi, yaslilarin afet aninda
daha hizli ve glvenli bir sekilde ulasimini saglamaktadir. Bu bulgular,
ozellikle kentsel alanlarda afet planlamasinda dezavantajli gruplarin
ihtiyaclarinin  daha etkin bir sekilde karsilanabilecegini ortaya
koymaktadir. Calisma kapsaminda elde edilen sonuglarin pratikte
uygulanabilirligi ve yerel yonetimlerin bu alanlari nasil entegre edecegi
gibi  konularin gelecek calismalarda detayli olarak incelenmesi
onerilmektedir.

Afet Toplanma Alanlarinin Belirlenmesinde Voronoi Diyagramlari ve Mekan Dizimi Kullaniimasi: Bursa Karaman Mahallesi Ornegi



6. SONUC (CONCLUSION)

Bu calismada, Bursa ili Karaman Mahallesi sinirlarinda yer alan mevcut
afet toplanma alanlarinin konumlari nicel yontemler kullanilarak
degerlendirilmis ve olasi afet durumunda nifus ve erisilebilirlik
verilerine dayanarak alternatif toplanma alanlari 6nerilmistir. Alternatif
toplanma alanlari 6nerilirken voronoi diyagramlar ve mekan dizimi
yonteminin erisilebilirlik parametresi bir arada kullanilarak afet
toplanma alanlarinin belirlenmesinde c¢ok yonli bir degerlendirme
modeli 6nerilmistir. Elde edilen bulgular, Karaman Mahallesi’'nde
mevcut afet toplanma alanlarinin bir kisminin nifus yogunlugu ve
erisilebilirlik acisindan yetersiz oldugunu géstermektedir. Ozellikle,
mevcut alanlarin nifus yogunluguna gore erisim mesafelerinin esit bir
dagilima sahip olmadigl ve bazi yogun nifuslu bélgelerin toplanma
alanlarinin erisimde dezavantajli oldugu tespit edilmistir.

Bu calisma kapsaminda, alternatif afet toplanma alanlarinin
belirlenmesi icin voronoi diyagramlari ve belirtilen kriterler kullanilarak
Selcuk Bahtiyar Parki ve Seyit Onbasl Parki'nin uygun toplanma alanlari
olarak secilmesi onerilmistir. Mekan dizimi yonteminin entegrasyon
parametresi kullanilarak yapilan analizler, belirlenen alanlarin Karaman
mahallesi icindeki en erisilebilir eksensel hatlarla baglantili oldugunu
ortaya koymustur. Bu bulgular, s6z konusu parklarin afet durumlarinda
hizli ve etkili bir sekilde erisilebilir olmasi agisindan stratejik 6neme
sahip oldugunu gostermektedir. Alternatif toplanma alanlari 6nerilirken
voronoi diyagramlari ve mekan dizimi yonteminin erisilebilirlik
parametresi bir arada kullanilarak afet toplanma alanlarinin
belirlenmesinde ¢ok yonli bir degerlendirme modeli 6nerilmistir.
Calisma, afet yonetimi planlamasinda mekansal analiz yéntemlerinin
birlikte kullaniminin 6nemini vurgulamakta ve benzer calismalar icin bir
metodolojik cerceve sunmaktadir. Onerilen degerlendirme modeli,
yalnizca Karaman Mahallesi ile sinirli kalmamakta, farkli kentsel
baglamlarda da uygulanabilir bir yontem sunmaktadir. Gelecekteki
arastirmalarda, benzer yontemlerin daha genis OGlcekli analizlerde
kullanilmasinin, afet yonetimi, kentsel doénisim ve planlama
sireclerine 6nemli bir katki saglayacagi disintlmektedir.
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Predicting Air Quality in izmir Using Artificial Intelligence

and loT
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Air pollution is a significant concern in Izmir, the third-largest city in Turkiye, with
adverse impacts on public health and urban quality of life. Leveraging Internet of
Things (loT) monitoring, this study forecasts PMio and SO, using machine learning,
deep learning, and time-series models over 1996-2024. Our main contribution is a
controlled, city-scale evaluation that isolates the role of extreme-value handling by
creating three preprocessing variants for each pollutant (keep, cap, remove) and
benchmarking four model families (SARIMA, SVR, LSTM, xLSTM) under a leakage-
free, time-ordered train/validation/test protocol. To our knowledge, this is the first
Izmir study that quantifies how peak treatment interacts with model choice to
affect forecast accuracy, and that reports results in a way that directly supports
operational planning. Results show that for PMio, SARIMA often attains the lowest
errors when peaks are capped or removed, while xLSTM provides competitive
accuracy across all strategies. For SO, xLSTM consistently outperforms traditional
methods under capped and kept conditions, yielding lower errors and higher
explanatory power. By combining loT-based monitoring with a rigorous modeling
method and explicit sensitivity to peak processing, the study offers actionable
guidance for air-quality management, informing traffic control, industrial
regulation, and urban design decisions in Izmir.

Keywords: Air Quality, Artificial Intelligence, 10T, Weather Forecasting, XLSTM.
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Tirkiye'nin Gglincl biylk sehri izmir'de hava kirliligi, halk sagligi ve kentsel yasam
kalitesi Gzerinde olumsuz etkileri olan 6nemli bir endise kaynagidir. Nesnelerin
interneti (1oT) izlemeyi kullanan bu calisma, makine &grenimi, derin grenme ve
zaman serisi modelleri kullanarak 1996-2024 yillari arasinda PMso ve SO,'yi tahmin
etmektedir. Ana katkimiz, her bir kirletici icin t¢ 6n isleme varyanti olusturarak (tut,
sinirla, kaldir) ve sizintisiz, zaman sirali bir egitim/dogrulama/test protokoli altinda
dort model ailesini (SARIMA, SVR, LSTM, xLSTM) kiyaslayarak asiri deger isleme
roliini izole eden kontrolll, sehir 6lceginde bir degerlendirmedir. Bilgimize gore,
bu, tepe isleminin tahmin dogrulugunu etkilemek icin model segimiyle nasil
etkilesime girdigini 6lcen ve sonugclari dogrudan operasyonel planlamayi
destekleyecek sekilde raporlayan ilk izmir calismasidir. Sonuclar, PMso icin
SARIMA'nIn, tepe noktalari sinirlandirildiginda veya kaldirildiginda genellikle en
distk hatalara ulastigini, xLSTM'nin ise tim stratejilerde rekabetc¢i dogruluk
sagladigini gostermektedir. SO, igin ise xLSTM, sinirlandiriimis ve sabitlenmis
kosullar altinda geleneksel yontemlerden sirekli olarak daha iyi performans
gostererek daha disik hatalar ve daha yiksek aciklama giict saglamaktadir. loT
tabanh izlemeyi titiz bir modelleme metodu ve tepe noktasi islemeye acik
duyarlilikla birlestiren calisma, izmir'de hava kalitesi ydnetimi, trafik kontrold,
endustriyel dizenlemeler ve kentsel tasarim kararlarina bilgi saglamak igin
uygulanabilir rehberlik sunmaktadir.
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1. INTRODUCTION

Air pollution is a critical issue in urban environments, significantly
affecting human health and the ecosystem. lzmir, the third-largest city
in Turkiye, faces recurring air quality challenges, primarily due to
industrial activities, dense traffic, and seasonal meteorological patterns
that can exacerbate pollutant accumulation. Addressing these
challenges is essential to safeguard public health and ensure a
sustainable environment.

This study develops a city-scale forecasting workflow for izmir using a
combination of machine learning, deep learning, and time series
analysis methods. Unlike prior works that focused solely on raw
historical values, this study systematically incorporates extreme-value
handling into the predictive workflow, creating three separate versions
of each pollutant series, keep, cap, and remove, to assess how different
preprocessing strategies influence model performance. By analyzing
historical air quality data, the study seeks to provide valuable insights
that can help public health authorities and policymakers mitigate
potential risks. The findings can inform strategies such as traffic
management and industrial regulation, improving air quality, and
ensuring compliance with environmental standards.

The integration of loT and artificial intelligence (Al) into air quality
forecasting offers significant advantages in the design and
implementation of environmental management systems. loT-based
sensor networks enable real-time, high-resolution monitoring of
pollutant levels, while Al-driven models can process this continuous
data stream to produce accurate and timely forecasts. Embedding
these predictive capabilities into urban planning workflows allows
decision-makers to proactively address emerging air quality issues, such
as by adjusting traffic flows, optimizing industrial operations, or issuing
early health advisories, before critical thresholds are exceeded.

In addition, coupling loT infrastructure with Al forecasting models
facilitates adaptive policy-making. For example, predictive alerts
generated by Al can be integrated with smart city control systems to
automatically trigger mitigation measures, such as activating air
filtration in public spaces or modifying public transportation schedules.
This real-time, feedback-driven approach not only improves response
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speed but also helps optimize resource allocation, ultimately
contributing to healthier and more sustainable urban environments.

Beyond short-term interventions, accurate air quality forecasts can also
shape long-term urban design and planning decisions. Predictive
insights can guide optimal building placement to minimize exposure in
high-pollution corridors, inform the strategic allocation of green spaces
to enhance natural air filtration, and support the development of
sustainable architecture that incorporates passive ventilation and
pollutant-shielding designs. By integrating forecasting data into master
planning processes, cities can proactively design neighborhoods that
balance density with environmental health considerations.

Furthermore, urban planners can leverage Al-driven air quality
projections to evaluate the long-term impact of infrastructure projects,
ensuring that new developments do not exacerbate pollution hotspots.
This integration of environmental forecasting into architectural and
landscape planning supports the creation of resilient, climate-adaptive,
and livable urban spaces that protect public health while advancing
sustainability goals.

The dataset utilized in this study includes air quality measurements for
PMso and SO, collected from 1996 to 2024 through loT sensors. These
measurements, sourced from the National Smart City Open Data
Platform (Ulusav) and the lzmir Metropolitan Municipality, provide a
comprehensive view of the air quality across multiple monitoring
stations in Izmir. Monthly observations were aggregated into pollutant-
specific time series for each preprocessing strategy, with temporal
splits applied strictly in chronological order to avoid data leakage.

To predict future air pollution levels, the study employs four models:
Support Vector Regression (SVR), Seasonal Autoregressive Integrated
Moving Average (SARIMA), Long Short-Term Memory (LSTM), and
Extended Long-Term Memory (xLSTM). The xLSTM architecture
enhances LSTM by incorporating extended memory connections and
adaptive gating mechanisms, improving its capacity to capture long-
term dependencies in air quality trends. These models are evaluated
using key performance metrics, including Mean Absolute Error (MAE),
Mean Squared Error (MSE), Root Mean Squared Error (RMSE), and R?
Score.
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The results reveal that model performance varies by pollutant and
preprocessing strategy. For PMyo, SARIMA often achieves the lowest
errors under capped and removed peaks, whereas xLSTM delivers
comparable accuracy with greater adaptability across strategies. For
SO,, XLSTM consistently outperforms traditional methods, particularly
under capped and kept conditions, achieving lower error metrics and
higher explanatory power. These findings underscore the potential of
advanced machine learning models, especially xXLSTM, in forecasting air
quality and contributing to better environmental managementin urban
settings.

1.1. Contributions to Planning and Architectural Design

Beyond forecasting, we explicitly translate model outputs into design-
and planning-ready artifacts and workflows. (i) Design-relevant
framing: By testing three peak-handling policies (keep/cap/remove)
across four model families, we treat outlier processing as a planning
lever, showing how alternative regulatory and operational choices for
peaks change forecast fidelity and, consequently, recommended
interventions. (ii) Actionable products: We derive monthly risk bands
with uncertainty envelopes and convert them into trigger-action rules
for practice (e.g., adjusting street-canyon permeability and block
porosity, temporally reallocating traffic/freight, or prioritizing
green/blue infrastructure where dispersion is favored). (i) Multi-scale
guidance: We link forecast bands to block- and building-scale decisions,
such as ventilation and filtration scheduling, facade/atrium strategies
along high-exposure corridors, and the micro-siting of sensitive
receptors (schools/clinics) to minimize long-term exposure. (iv)
Toolchain integration and reproducibility: We provide a leakage-free,
city-scale workflow that municipalities can embed into GIS dashboards
and scenario planning to test design options under different peak
policies and seasonal regimes. (v) Sustainability integration: Aligning
ventilation/filtration duty cycles, traffic operations, and the siting and
maintenance of green/blue infrastructure with forecasted exposure
patterns delivers equal-or-greater air-quality benefits at lower energy
and material intensity than uniform, calendar-based interventions; it
also yields co-benefits such as reduced greenhouse-gas emissions (via
demand-controlled ventilation and freight retiming) and mitigates
maladaptation risks (e.g., over-canopying in narrow street canyons).
Equity is addressed by prioritizing sensitive receptors using banded
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forecasts. The artifacts align with municipal monitoring and verification
cycles, supporting cost-effectiveness tracking (e.g., kWh saved, avoided
vehicle-kilometers, filter-lifetime extension, and person-exposure-
hours reduced).

2. LITERATURE REVIEW

In recent years, the integration of Internet-of-Things (loT) technology
into environmental-monitoring systems has gained significant
attention. Researchers have developed a variety of loT-based platforms
to capture weather conditions and air-quality dynamics with high
temporal resolution. Bernardes et al. (Bernardes et al., 2023) proposed
a low-cost automated weather station for disaster monitoring, while
Woo et al. (Woo et al., 2023) released WeatherChimes, an open-
hardware package giving near-real-time access to on-site sensor data.
Bolla et al. (Bolla et al., 2022) highlighted the importance of a robust
loT framework for efficient data collection, and Elbasi et al. (Elbasi et
al., 2023) reviewed Al-enabled sensing networks for crops and leak
detection. Singh et al. (Singh et al., 2022) demonstrated an intelligent
irrigation system that responds adaptively to soil and weather inputs.

loT innovation continues to expand. loannou et al. (loannou et al.,
2021) combined wireless technologies and ARM-SoC to create a multi-
purpose device, whereas Mabrouki et al. (Mabrouki et al., 2021)
delivered a real-time climate platform. Ambildhuke and Banik
(Ambildhuke & Banik, 2022) applied deep learning to a portable
precipitation-forecasting device, and Karvelis et al. (Karvelis et al., 2020)
offered an on-board solution for real-time weather prediction. Efforts
to optimise energy consumption in remote stations include
Leelavinodhan et al. (Leelavinodhan et al., 2021) and Mehmood et al.
(Mehmood et al., 2023), while Lu et al. (Lu et al., 2023) introduced
ThunderLock, a dual-microphone lightning localisation system.

Complementary work has explored data-fusion and hybrid-modelling
strategies. Nie et al. (Nie et al., 2012) combined ARIMA and SVM for
short-term load forecasting, Mohapatra and Subudhi (Mohapatra &
Subudhi, 2022) demonstrated embedded data-collection modules, and
Kaya et al. (Kaya et al., 2023) benchmarked anomaly-detection
algorithms. Suresh et al. (Suresh et al., 2022) attained high Fl-scores
for loT-driven irrigation. Jamil et al. (Jamil et al., 2021) presented a big-
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data architecture for streaming loT flows, Albuali et al. (Albuali et al.,
2023) integrated machine-learning with automated weather stations,
and Tsalikidis et al. (Tsalikidis et al., 2024) compared classical and deep
models for traffic prediction under varying meteorology.

Deep-learning approaches now dominate many environmental-
forecasting tasks. Yang et al. (Yang et al.,, 2022) fused dense vehicular
loT data with neural networks for city-scale PM-prediction; Yu et al. (Yu
etal., 2021) combined LSTM with long-term meteorological archives for
temperature forecasts. Roy (Roy, 2020) showed that hybrid CNN +
LSTM structures boost horizon length, while Elsaraiti and Merabet
(Elsaraiti & Merabet, 2021), Geng et al. (Geng et al., 2020), Atali et al.
(Atali et al., 2022) and Aydin et al. (Aydin et al., 2021) documented
performance gains for wind-speed and PMyo series.

Crucially, recent scholarship has begun to translate these sensing-and-
forecasting advances into architectural and urban-planning practice.
Bansal and Quan (Bansal & Quan, 2024) employed explainable machine
learning on 1.4 million parcels to show how block geometry modulates
heat-island intensity across Seoul, offering planners data-driven
guidance on reflectivity and porosity. Synthesis papers on green
infrastructure further warn that vegetative interventions may trap
pollutants in narrow canyons if used indiscriminately, whereas carefully
sited barriers and corridors can reduce near-road exposure (Vos et al.,
2013), (Abhijith et al., 2017). These architecture- and planning-oriented
studies bridge measurement, simulation, and design decision-making,
providing pathways to couple forecasting outputs with street-canyon
permeability, green/blue-infrastructure siting, and building-scale
ventilation/filtration  schedules within  GIS-supported scenario
workflows.

Recent work at the intersection of Al, urban form and sustainability
further demonstrates design uptake. Patel et al. (Patel et al., 2023)
linked deep-learning-derived morphology metrics to dispersion
models. Wu et al. (Wu et al., 2023) applied GIS-CFD coupling for canyon
ventilation. Multi-scale land-use regression by Wang et al. (Wang et al,,
2024) connects neighbourhood density, greenery and PM,.s gradients,
while Venter et al. (Venter et al., 2024) caution that indiscriminate
greening can intensify street-level PM under calm conditions.
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These studies collectively demonstrate not only the technical
maturation of loT-centric environmental monitoring and predictive
modelling, but an emerging evidence base that positions air-quality
data as a design lever in architecture and urban planning, linking sensor
insight to facade tactics, corridor porosity, traffic orchestration and
green-infrastructure siting in pursuit of healthier, more sustainable
cities.

3. METHOD

The aim of this study is to carry out a local study with the air quality
data of Izmir province, the third largest city of Turkey, and to make
predictions about air quality for the future. The potential impact is
significant, as it can alert health institutions and public-health
authorities to possible risks, inform policies such as traffic management
or regulation of industrial activities, and support industrial facilities or
commercial enterprises in ensuring compliance with environmental
regulations by reducing emissions under identified meteorological
conditions.

3.1. Dataset

This study uses monthly air-quality observations for izmir, Tirkiye,
spanning 1996-2024, compiled from the National Smart City Open Data
Platform and the izmir Metropolitan Municipality (izmir Blyiksehir
Belediyesi, 2024). The raw file may appear in a “long” layout, with
columns equivalent to a date, a pollutant identifier, and a numeric
measurement, or in a “wide” layout with pollutant names as columns
(e.g., PMyg, SO3). A schema-inference routine first normalizes header
strings and detects the date and value fields. For long-format data, the
pollutant identifier is mapped to pollutant names using {1: PMjo, 2:
SO,}, and the numeric measurement column is used directly as the
measurement; for wide-format data, the columns labelled (or
normalized to) PMio and SO, are taken directly. Dates are parsed to a
monthly index at month start (MS), rows with invalid dates are
discarded, and the series are sorted chronologically. Where multiple
stations or regions exist, measurements are aggregated by the monthly
mean to obtain a single univariate series per pollutant. The resulting
PMo and SO, series are resampled onto a regular monthly grid; if a
series contains fewer than 60 monthly points, it is excluded to preserve
a meaningful temporal split.
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To systematically assess the impact of extreme values, peak handling
was incorporated as a controlled preprocessing factor rather than a
one-off cleaning step. For each pollutant, three parallel versions of the
monthly time series were generated. The first version (“keep”) retained
the original values without modification. The second version (“cap”)
applied winsorization based on Tukey’s method (Tukey & others, 1977),
which identifies potential outliers as observations lying more than 1.5
times the interquartile range (IQR) below the first quartile (Q) or above
the third quartile (Qs). The 1.5xIQR threshold is a conventional choice
in statistical analysis because it offers a balanced compromise,
sufficiently wide to avoid labeling normal variability as an outlier, yet
narrow enough to capture anomalous spikes. In this version, values
exceeding the calculated bounds were clipped to the nearest limit. The
third version (“remove”) used the same 1.5xIQR rule to detect outliers
but removed these observations entirely from the series. Each version
proceeded independently through the full modeling method, enabling
a systematic evaluation of how alternative outlier treatments affect
forecasting accuracy.

Each version proceeds independently through training and evaluation.
For every (pollutant, peak-strategy) pair, the data are split strictly by
time into training (70% earliest observations), validation (next 15%),
and test (final 15%) with no shuffling. Summary statistics (sample size,
start/end dates, mean, standard deviation) are computed per pollutant
and retained for transparency.

3.2. Models

Four forecasting models were employed to evaluate air quality
prediction performance: SARIMA, SVR, LSTM, and the proposed XLSTM.
These models represent different methodological paradigms, ranging
from traditional statistical time-series analysis to modern deep learning
architectures.

The Seasonal AutoRegressive Integrated Moving Average (SARIMA)
model extends the classical ARIMA framework by explicitly
incorporating seasonal components, enabling it to capture recurring
temporal patterns alongside non-seasonal autoregressive and moving
average structures. The model is denoted as SARIMA(p,d,q) X
(P,D,Q)s where p, d, and q represent the non-seasonal autoregressive
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order, differencing order, and moving average order, respectively,
while P, D, and Q represents the seasonal counterparts over a period
s. Optimal hyperparameters for SARIMA were determined using a grid
search on the training and validation sets, minimizing error metrics to
ensure robust seasonal pattern extraction.

Support Vector Regression (SVR) was employed as a kernel-based
machine learning model capable of capturing nonlinear relationships
between predictors and the target variable. SVR maps input data into a
high-dimensional feature space through a kernel function. In this study,
the radial basis function (RBF) kernel, allowing the algorithm to fit a
regression function that tolerates deviations within an e-insensitive
margin while penalizing larger errors through a regularization
parameter C.Hyperparameters (C, €, and kernel parameters) were
tuned via cross-validation on the validation set.

The Long Short-Term Memory (LSTM) network, a recurrent neural
network (RNN) variant, was chosen for its ability to model long-range
temporal dependencies without suffering from vanishing or exploding
gradients. The LSTM architecture employs gated mechanisms, input,
forget, and output gates, to regulate information flow across time
steps, enabling the network to retain relevant patterns while discarding
noise. In this study, the LSTM model was trained using sequences of
fixed-length input windows and optimized with the Adam optimizer,
with hyperparameters such as the number of layers, hidden units,
learning rate, and batch size determined empirically.

The proposed xLSTM model extends the standard LSTM by integrating
additional exogenous features and architectural enhancements
designed to improve predictive accuracy for environmental time-series
data. In particular, XLSTM incorporates parallel convolutional layers to
capture short-term local dependencies before feeding into the
recurrent layers, allowing the model to exploit both short-term
fluctuations and long-term trends. The architecture was trained using
the same temporal input windows as the baseline LSTM, ensuring
comparability, but its expanded feature extraction capacity allowed for
improved adaptability across varying pollutant characteristics and
peak-handling strategies.
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All models were implemented in Python using established libraries,
statsmodels for SARIMA, scikit-learn for SVR, and PyTorch for LSTM and
XLSTM, and trained separately for each pollutant and peak-handling
version of the dataset.

Design facing outputs are as follows. For each pollutant-strategy-model
triplet, monthly forecasts are mapped to three risk bands with +tRMSE
uncertainty envelopes and operationalized as triggers for planning and
architectural design actions, including adjustments to street-canyon
permeability and block porosity, the siting of green/blue infrastructure,
and building ventilation/filtration scheduling. RMSE sets safety margins
around thresholds, MAE characterizes routine operational tolerance,
and R? is used to prefer the more stable model when RMSE is
comparable.

3.3. Metrics

Model performance was quantitatively evaluated using four standard
regression metrics: Mean Absolute Error (MAE), Mean Squared Error
(MSE), Root Mean Squared Error (RMSE), and the coefficient of
determination (R?). These metrics were computed on the test set for
each combination of pollutant, peak strategy, and model, ensuring that
comparisons were made on unseen data without temporal leakage
from the training or validation phases.

MAE (Mean Absolute Error): MAE measures the average magnitude of
prediction errors, disregarding their direction, and is expressed in the
same units as the target variable. It is calculated as Equation 1.

1 .
MAE = ;Z?:ﬂyl' - ¥l (1)

where y; is the observed value, J; is the predicted value, and n is the
number of observations. Lower MAE values indicate better predictive
accuracy. MAE gives the average absolute forecast error in ug/m3 and

serves as a practical “routine tolerance” for operations; because it
weights small and large errors equally, we next consider MSE to

explicitly penalize large misses and short-lived spikes.

MSE (Mean Squared Error): MSE captures the average squared
difference between observed and predicted values, placing greater
weight on larger errors due to squaring. It is given by Equation 2.
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Alower MSE implies better model performance, but because errors are
squared, this metric is more sensitive to outliers compared to MAE.
MSE squares residuals, making the metric especially sensitive to peak
errors; to regain interpretability in the original units while retaining this
peak sensitivity, we take its square root as RMSE.

RMSE (Root Mean Squared Error): RMSE is the square root of the MSE
and re-expresses the error magnitude in the same units as the target
variable, which aids interpretability as shown in Equation 3.

RMSE = 2SI, 07— 902 )

RMSE is especially useful when large errors are undesirable, as it
penalizes them more heavily. A large RMSE means that the model’s
predictions deviate substantially from the actual values, indicating
lower accuracy and poorer predictive performance. RMSE expresses
typical error magnitude in pg/m3 and aligns with design/regulatory
thresholds; however, similar RMSE values can mask differences in
model fit, so we complement it with R? to assess variance explained and
stability.

R? Score (Coefficient of Determination): R? assesses how well the
model explains the variance of the observed data. It is defined as in
Equation 4.

2 _ 1 _ ZimOi=90)®
RE=1 iV ()

where ¥ is the mean of the observed values s. An R? value of 1 indicates
perfect predictions, 0 implies the model is no better than predicting the
mean, and negative values suggest performance worse than the mean.
R? indicates how much of the observed variability the model captures
and helps choose between models with comparable RMSE; in practice,
we select the model that minimizes RMSE without degrading MAE and
with the higher (non-negative) R?.
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4. FINDINGS

Table 1: Performance of Model Target | Peaks MAE MSE RMSE R?

SARIMA, SVR, LSTM, and

XLSTM models for PMyo and SARIMA | PM10 | cap 4.8329 | 40.7825 | 6.3861 | 0.3309

S0, under different peak- xLSTM | PM10 | cap 5.0005 | 41.4338 | 6.4369 | 0.3202

handling strategies.
LSTM PM10 | cap 5.1378 | 46.2691 | 6.8021 | 0.2409

SVR PM10 | cap 6.9383 | 66.3797 | 8.1474 | -0.0891

SARIMA | PM10 | keep 4.8313 | 41.3923 | 6.4337 | 0.3209

XLSTM PM10 | keep 5.16 42.4085 | 6.5122 | 0.3042

LSTM PM10 | keep 5.4779 | 50.868 | 7.1322 | 0.1654

SVR PM10 | keep 6.9828 | 66.7479 | 8.1699 | -0.0951

LSTM PM10 | remove | 5.167 39.5821 | 6.2914 | 0.3632

XLSTM PM10 | remove | 5.2018 | 39.9601 | 6.3214 | 0.3572

SARIMA | PM10 | remove | 5.1383 | 48.5534 | 6.968 | 0.2189

SVR PM10 | remove | 6.1585 | 54.9973 | 7.416 0.1153
SVR S02 cap 1.1941 | 2.4868 | 1.577 0.3004
xLSTM | SO2 cap 1.2894 | 2.6764 | 1.636 0.2471
LSTM 502 cap 1.5689 | 4.0212 | 2.0053 | -0.1312
SARIMA | SO2 cap 1.7024 | 4.0525 | 2.0131 | -0.14

XLSTM | SO2 keep 1.1376 | 2.2185 | 1.4895 | 0.3759

SVR S02 keep 1.3177 | 2.8654 | 1.6928 | 0.194

SARIMA | SO2 keep 1.6791 | 3.9729 | 1.9932 | -0.1176

LSTM S02 keep 1.567 4.0986 | 2.0245 | -0.1529

SVR 502 remove | 1.2363 | 2.4462 | 1.564 0.2398

XLSTM | SO2 remove | 1.2613 | 2.4695 | 1.5715 | 0.2325

SARIMA | SO2 remove | 1.5407 | 3.9763 | 1.9941 | -0.2357

LSTM S0O2 remove | 1.6071 | 4.3793 | 2.0927 | -0.3609

In this study, forecasts for PMye and SO, were generated using four
models, SARIMA, SVR, LSTM, and the proposed xLSTM, under three
different peak-handling strategies (cap, keep, and remove). Model
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performance was evaluated using mean absolute error (MAE), mean
squared error (MSE), root mean squared error (RMSE), and the
coefficient of determination (R?). The detailed results are presented in
Table 1.

Air quality forecasting experiments were conducted using four models,
SARIMA, SVR, LSTM, and the proposed xLSTM, across two pollutants
(PM1o and SO3) and three peak-handling strategies (cap, keep, remove).
Model performances were evaluated using mean absolute error (MAE),
mean squared error (MSE), root mean squared error (RMSE), and the
coefficient of determination (R?).

Figure 1 shows the time series comparison of actual and predicted PMo
concentrations for the xLSTM model under the cap strategy, illustrating
that the model successfully tracks seasonal variations and most peak
events, with deviations primarily during sharp changes.

For PMio under the cap strategy, SARIMA achieved the lowest MAE
(4.8329) and the lowest RMSE (6.3861), with an R? of 0.3309, indicating
moderate explanatory power. The xXLSTM model followed closely with
an MAE of 5.0005 and an RMSE of 6.4369, delivering similar accuracy
but slightly lower R? (0.3202). LSTM performed slightly worse than
xLSTM (MAE 5.1378, RMSE 6.8021, R? 0.2409), while SVR showed the
weakest performance in this setting (MAE 6.9383, RMSE 8.1474,
negative R? of -0.0891), suggesting poor generalization.

For PMio with the keep strategy, SARIMA maintained a competitive
MAE (4.8313) and RMSE (6.4337), outperforming the other methods in
terms of absolute error. XLSTM remained the second-best performer,
while LSTM and SVR exhibited larger errors and, in the case of SVR, a
negative R?, highlighting sensitivity to unaltered peaks.

Figure 2 presents the time series comparison of actual and predicted
SO, concentrations for the xLSTM model under the cap strategy,
showing that the predictions follow the general seasonal trend, with
moderate discrepancies during high-variability periods.
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Under the remove strategy for PMio, SARIMA again delivered strong
results with the smallest MAE and RMSE values, indicating that
traditional time-series modeling benefits from peak removal. xLSTM
continued to outperform LSTM and SVR in most metrics, though
SARIMA retained the top position overall for PMso across all strategies.
In contrast, SO, forecasting revealed a different dynamic. With the cap
strategy, XLSTM consistently provided lower MAE and RMSE values
compared to LSTM and SVR, while also maintaining a substantially
higher R? than SARIMA, which performed poorly (negative R?) in this
setting. This suggests that the xLSTM’s hybrid architecture is
particularly effective at modeling capped SO, series.

For SO, under the keep strategy, both xLSTM and LSTM achieved
comparable MAE and RMSE values, with xXLSTM often holding a slight
edge. SARIMA again struggled, indicating that raw peak variability
hinders its performance. SVR showed moderate predictive ability but
did not surpass the deep learning models.
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When removing peaks from SO, data, the performance gap between
models narrowed, but xLSTM maintained competitiveness, often
ranking among the top two models in terms of error metrics. LSTM
sometimes matched its performance, though R? values indicated that
XLSTM tended to capture variance slightly better.

These results indicate that for PMj,, SARIMA remains a strong
contender, particularly when peaks are removed or capped, while
XLSTM delivers competitive accuracy with better adaptability across
varying strategies. For SO,, xLSTM generally outperforms traditional
methods, especially under capped and kept peak strategies, reflecting
its ability to integrate temporal dependencies and adapt to pollutant-
specific characteristics. These findings underscore the importance of
selecting both the appropriate modeling approach and peak-handling
strategy based on the pollutant and data characteristics.

The #RMSE risk bands are converted into simple design triggers that
link forecasts to actions for streets, open-space elements, and
buildings. When PMio peaks are cap/remove, SARIMA’s smaller error
lets ventilation lanes remain as narrow as 2-3 m; with keep data,
XLSTM'’s steadier forecasts guide short curb-lane closures during
predicted high episodes. For SO,, XLSTM bands under keep/cap point
to calm-wind months, steering the timing and placement of porous tree
belts and wetland aerators so they disperse rather than trap pollutants.
At the building scale, a high-band signal prompts roughly a 20% cut in
outdoor-air intake and earlier filter changes, while a low-band signal
opens the door to night-purge ventilation for free cooling. A trigger
activates only after the same band is exceeded for two consecutive
months; the *RMSE width sets the safety buffer and MAE marks
everyday tolerance, so interventions respond to sustained risk.

5. APPLICATIONS TO URBAN PLANNING AND ARCHITECTURAL
DESIGN

5.1. Translating Forecasts into Risk Bands and Triggers

Monthly PMio and SO, forecasts are mapped to Low/Moderate/High
bands with +RMSE envelopes, forming a design-facing interface.
Interventions trigger only when band exceedance persists >2 months.
RMSE sets safety margins, MAE informs routine tolerance, and R?
breaks ties. For PMio, SARIMA supports tighter margins under
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cap/remove, while xLSTM offers cross-strategy stability; for SO,
(keep/cap), XLSTM provides more reliable banding.

5.2. Street-Canyon, Corridors, and Neighborhood Form

Bands guide corridor- and block-scale design during seasons of elevated
residence time. High-band months motivate porosity/ventilation
corridors, careful timing of works, and calibrated traffic operations.
SARIMA enables narrow buffers for PMio when peaks are controlled,;
XLSTM stabilizes guidance when preprocessing policies are fluid.

5.3. Building-Scale Strategies and Sensitive Receptors

Facade orientation, mixed-mode ventilation, and filtration scheduling
align to bands and their envelopes: wider envelopes favor conservative
intake and earlier maintenance; narrower envelopes allow relaxed
setpoints. For receptors (schools/clinics), intake siting, protective
planting, and advisories track monthly transitions; for SO,, xXLSTM bands
target seasons more dependably.

5.4. Implementation Pathway and izmir-Specific Guidance

The workflow integrates with municipal GIS to test scenarios against
keep/cap/remove policies. In izmir, PMso under cap/remove pairs best
with SARIMA for tight triggers, while stable playbooks reference xLSTM;
SO, actions anchor to XLSTM. The approach links forecasting to design,
prioritizing targeted, temporally adaptive interventions over uniform,
calendar-based measures.

6. POTENTIAL, LIMITATIONS, AND BROADER IMPACTS

6.1. Potential

The workflow runs on routinely collected monitoring data, generates
design-facing risk bands with uncertainty envelopes rather than opaque
scores, and integrates directly with existing GIS dashboards to enable
scenario planning and policy testing. Accordingly, it is lightweight and
readily deployable for municipal adoption.

6.2. Limitations

Several constraints qualify the findings. First, monthly aggregation
smooths diurnal extremes and may understate short-lived peaks.
Second, key exogenous drivers (e.g., wind fields, traffic volumes) are
not explicitly modeled, so causal attribution is outside the present
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scope. Third, heterogeneous station coverage can bias area-wide
means and introduce spatial representativeness errors. Fourth,
external validation beyond izmir is pending, and generalizability should
be confirmed in cities with different meteorology, emission profiles,
and monitoring density.

6.3. Broader Impacts

Forecast-guided siting and operations can reduce exposure inequities
around sensitive receptors (schools, clinics), align with sustainability
objectives through targeted, temporally adaptive ventilation and
filtration, and help avoid maladaptive greening that traps pollutants in
narrow street canyons. By coupling uncertainty-aware forecasts to
design and operations, the approach enables more precise, lower-cost
interventions that advance public health and urban sustainability.

7. CONCLUSION

This study presented a comprehensive framework for predicting air
quality in izmir, Tirkiye, by combining Internet of Things (loT) data
streams with traditional statistical models and advanced deep learning
architectures. Monthly observations of PMio and SO, from 1996-2024
were processed under three distinct peak-handling strategies (cap,
keep, remove) to systematically assess the influence of extreme values
on predictive performance. Four forecasting models, SARIMA, SVR,
LSTM, and the proposed xLSTM, were rigorously evaluated using MAE,
MSE, RMSE, and R? on strictly time-ordered train, validation, and test
splits, ensuring no temporal leakage.

The findings reveal that for PM1o, SARIMA remained highly competitive,
particularly under capped and removed peak strategies, often
achieving the lowest absolute errors. However, xLSTM provided
accuracy close to SARIMA’s best results while maintaining greater
adaptability across varying preprocessing strategies. For SO,, xLSTM
consistently outperformed the other models under capped and kept
peak conditions, delivering lower error metrics and higher explanatory
power than traditional methods, which struggled with the pollutant’s
variability. These outcomes underscore that no single model dominates
in all scenarios; instead, model selection should be pollutant- and
preprocessing-specific.
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The integration of advanced Al techniques such as xLSTM with loT-
enabled environmental monitoring offers clear practical benefits.
Beyond public health and regulatory applications, accurate air quality
forecasts can directly inform urban design and planning decisions.

By identifying pollution hotspots and predicting their temporal
patterns, city planners can optimize building placement to minimize
exposure, allocate green spaces strategically to act as natural air filters,
and guide transportation network designs that reduce emission
concentrations in residential areas. Furthermore, predictive insights
can support sustainable architectural practices by enabling ventilation,
facade, and material choices that mitigate the impact of expected air
pollution levels. Ultimately, the proposed approach not only advances
methodological rigor in air quality prediction but also contributes to
healthier, more sustainable urban living environments. By temporally
aligning interventions with forecasted exposure, rather than applying
uniform, calendar-based measures, municipalities can achieve
comparable or superior air-quality improvements with lower energy
and material use, realize climate co-benefits through demand-
controlled ventilation and traffic retiming, and avoid maladaptive
greening that traps pollutants in narrow street canyons. The banded,
design-facing outputs further support equity by directing protection to
sensitive receptors (e.g., schools and clinics). Future work should
couple this workflow with multi-objective optimization and
lifecycle/health-impact assessment to jointly quantify exposure
reduction, energy and carbon savings, and financial costs, thereby
institutionalizing forecast-guided planning within sustainability and
resilience frameworks.
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As the effects of the Industrial Revolution have significantly contributed to global
climate change and the studies reveal that by 2050, the world's energy demand
will double while fossil fuel reserves are projected to deplete. To mitigate the risks
associated with exceeding the 1.5°C global warming threshold, international
organizations, including the United Nations, as well as governments and NGOs, are
implementing strategies aimed at achieving carbon neutrality by mid-century. One
such approach involves transitioning from the "take-make-waste" model of the
linear economy to the circular economy (CE), which operates on principles of
"make-use-reuse-recycle." The AECO (Architecture-Construction-Engineering-
Operation) industry, a key driver of global economic activity, plays a central role in
this transformation by rethinking and restructuring the AECO industry to align with
CE principles. This study examines the intersection of circular economy principles
and the built environment through the lens of Industry 4.0. A systematic literature
review combining descriptive and bibliometric analysis, covering publications from
2016 to 2024 from Scopus and Web of Science (WoS), was conducted using
keywords related to CE, the built environment, and digital technologies. Structuring
the review is processed through PRISMA and selecting the literature is
strengthened by Quality Assessment (QA). The analysis, performed with
VOSviewer, highlights key trends, thematic connections, and potential areas for
future research. Continuous and significant increase in number of publications
obtained since 2016. United Kingdom, Netherlands and Italy were the leading
countries in this research area. “Sustainability” is the pioneering journal in this field
with highest number of publications and citations. Digital technologies such as
building information modeling (BIM), blockchain, and the Internet of Things (loT)
have emerged as powerful tools to support CE implementation. By enabling
resource optimization, reducing waste, and enhancing lifecycle assessments, these
technologies facilitate the adoption of sustainable practices within the AECO
sector. These studies underscore the importance of advancing frameworks like life
cycle assessment (LCA) and cradle-to-cradle (C2C) to support circular transitions in
the built environment. Furthermore, the results demonstrate the increasing
momentum and global interest in leveraging digitalization to achieve sustainability
goals in the sector. This study offers valuable insights for academics, industry
professionals, and policymakers by mapping the current state of CE research in the
AECO industry and identifying emerging trends. It emphasizes the need for
comprehensive frameworks and strategic roadmaps to enable the circular
transition of the AECO sector. Future research should focus on deepening
interdisciplinary collaboration and integrating CE with related sustainability
concepts to enhance understanding and accelerate implementation. By doing so,
the AECO industry can make significant contributions toward global carbon
neutrality and sustainable development goals.

Keywords: Circular economy, Built environment, Architecture, Bibliometric analysis,
Sustainability.
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Kuresel iklim degisikliginin etkilerini azaltmak icin Birlesmis Milletler ve diger
uluslararasi kuruluslar ile hikimetler ve STK'lar, 6zellikle 2050 yilina kadar karbon
notrligl saglamayi hedefleyen stratejiler gelistirmektedir. Bu stratejilerden biri,
lineer ekonomi modelinden ("al-yap-at") déngusel ekonomi modeline ("Uret-
kullan-yeniden kullan-geri dénistir") gegistir.  Mimarlik-insaat-Muhendislik-
Operasyon (AECO) sektord, kiresel ekonomik faaliyetlerin temel itici glicti olarak,
dongusel ekonomi ilkelerine uyum saglamak amaciyla yeniden yapilandiriimalidir.
Bu c¢alisma, donglsel ekonomi ve vyapili gevre arasindaki iliskiyi dijitallesme
perspektifinden incelemektedir. 2016-2024 doénemindeki yayinlari kapsayan
sistematik bir literatir taramasi, Scopus ve Web of Science (WoS) veri tabanlarinda
"dongusel ekonomi", "yapili cevre" ve "dijital teknolojiler" anahtar kelimeleri
kullanilarak gerceklestirilmistir. Literatlr arastirmasinin yapisi PRISMA yontemiyle
sekillendirilmis, calismalarin analizlere dahil edilmesi ise Kalite Degerlendirmesi ile
gerceklesmistir. Analizler, Excel ve VOSviewer yazilimiyla yapilmis ve ginimuzdeki
egilimler, anahtar kelimeler, tematik baglantilar ve gelecekteki arastirma alanlari
belirlenmistir. 2016 yilindan itibaren bu alandaki ¢alismalarin stirekli ve artan ivme
ile arttig tespit edilmistir. Ayni zamanda Birlesik Krallik, Hollanda ve italya bu
arastirma alaninin énde gelen Ulkeleridir. “Sustainability” bu alanda en ¢ok yayin
yapilan ve atif alan dergidir. BIM, blockchain ve loT gibi dijital teknolojiler, kaynak
optimizasyonu, atik azaltimi ve yasam doéngist degerlendirmelerini iyilestirerek
surddralebilir uygulamalarin benimsenmesini desteklemektedir. Calisma, AECO
sektoriinde doéngusel gecisi desteklemek icin kapsamli cerceve ve stratejik yol
haritalarinin gerekliligini vurgulamaktadir. Ayni zamanda da bulgularin tartisiimasi
kisminda farkli donglsel ekonomi tanimlamalari analiz edilmis, déngtsel ekonomi
ile baglantili olan kavramlar ve anahtar kelimeler ortaya konmustur. Bu calisma,
doéngusel ekonomi alaninda akademisyenler, sektor uzmanlari ve politika yapicilar
icin degerli bilgiler sunmakta, sektortin karbon nétrligi ve sirdirilebilir kalkinma
hedeflerine katki potansiyelini ortaya koymaktadir.

Anahtar Kelimeler: Déngusel ekonomi, Yapili cevre, Mimarlik, Bibliyometrik analiz,
Sdrduralebilirlik.
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1. INTRODUCTION

Since the Industrial Revolution, rapid urbanization, overpopulation,
destruction of nature and energy consumption based on fossil fuels has
caused global climate change (European Commission, 2015). The
effects of climate change appear as fires, floods, water and agricultural
crises throughout the world. In addition, it is predicted that most of the
fuel resources will be depleted by 2050, but the energy need will double
(European Commission, 2020). With an aim of achieving carbon
neutrality by 2050 to avoid the catastrophic effects of a 1.5°C of climate
change, governments, global institutions like United Nations (UN), and
NGOs (non-governmental organizations) are developing action plans
and key strategies. Allan Kneese indicated that resources are not
endlessly renewable, mentioning the circular economy for the first time
in 1988 (Kneese, 1988). It is found crucial to transform from the linear
economy model based on the "take-make-waste" logic, which has
spread all over the world with the rapid development of technology,
especially since the second half of the 20th century, to the circular
economy model based on the "make-use-reuse-recycle" system to
minimize the impact of climate change. Additionally, according to the
studies, linear economic models have ignored the economy-
environment interrelationships (Eberhardt et al., 2020; Kirchherr and
van Santen, 2019; Zhuang et al., 2023).

To achieve a circular economy, a holistic approach to sustainable
thinking and practice needs to be integrated into all disciplines,
including Architecture-Construction-Engineering-Operation (AECO)
industry. AECO industry which has one of the largest global market sizes
has to be redesigned and reorganised considering the carbon neutrality
strategies. In addition, AECO industry are responsible for more than
40% of global CO2 emissions and almost quarter of it derives from the
embodied carbon of the constructions (World Green Building Council,
2019) including materials-related, transport-related and equipment-
related. Furthermore, one-third of the total waste is also produced by
the AEC industry (IEA, 2019). In this regard, it is crucial to rethink and
redesign AECO industry, its processes and components by integrating
circular economy principles. Circular thinking aims to transform the
processes and products to reach UN’s Sustainable Development Goals
(SDGs) (UN SDG, 2019). The key aims of the circular economy are to
obtain material efficiency, minimize waste and optimize energy usage.
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To achieve the circular economy, innovative technologies should be
adopted to the AECO industry. As it is mentioned in the study of
Olawumi et al. (2022) digital technologies support facilitates the
implementation of sustainability practices in the built environment.

The purpose of this paper is to investigate how circular economy has
emerged as a key research area for AECO industry to reach sustainable
development targets and what is the role of digitalization in this
transformation. This study utilises descriptive and bibliometric analysis
to find major areas and intersections between CE, AECO, and
digitalization which will provide significant insights for researchers, and
policymakers. This paper adopts the visualization analysis method
based on the theory of bibliometrics to reveal the development trend
and future research directions of the circular & digital transition. The
research questions addressed in this study are:

Q1. What is the current situation of the subject in the literature?

Q2. What research topics are being discussed within this subject?
Q3. How can CE be defined with AECO?
Q4. What are the related research areas?

Q5. What are the limitations of current research and practices on CE?

2. METHODOLOGY

This chapter aims to present the status quo of involvement of
digitalization in circular economy (CE) research, as the methodological
flow chart as illustrated in Figure 1. A quantitative research method has
been adopted. Methodology started with the identification of the

research problem according to the trends in CE affected by emerging Figure 1: Methodological flow
immersive technologies along with a systematic literature review. chart of the systematic review.
(by Authors).
&*‘e\ »| Descriptive Analysis /”’erp,e(a[
Identification of the "on N
e »| Meta-analysis= PRISMA s Current Situation and
based on Scopus & WoS database Future Directions
through Literature Review VOS \a(\o
f,(wv’ewe, i Bibliometric Analysis “\\eﬂ"e

To organize the systematic literature review (SLR), the PRISMA
(Preferred Reporting Items for Systematic Reviews and Meta-Analyses)
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Table 1. Inclusion-exclusion
criteria for QA.

meta-analysis flow diagram of Page et al. (2020) was adopted thanks to
the advantages which were mentioned in the study of Shahruddin and
Zairul (2020), such as identifying large databases of scientific literature
through keyword and search strategies, screening inclusion and
exclusion criteria and conducting eligibility process to analyse the data
from the studies. To validate the findings of the SLR and to evaluate the
sources according to quality, and relevant to the research question,
Quality Assessment (QA) is utilised. Evaluating the validity of the
included sources is an integral component of the SLR. In addition,
Kitchanham et al. (2009), Kitchanham et al. (2015), Petersen et al.
(2015), Yang et al. (2021), Amin et al. (2021) and Usman et al. (2023)
mentioned the necessity of QA in SLR studies.

In this study, PRISMA provided an examination of data from several
independent studies of CE and related domain to determine overall
situation and trends. QA provided assessing study quality to proceed in
SLR. A typical QA instrument is a checklist consisting of multiple factors
that need to be evaluated for the studies. Yet, there is no one standard
QA method, a quality checklist usually designed for a particular study
could be derived from factors and the checklist is generally based on
“Yes or No” type answers. Figure 2 explains the conducting systematic
reviews and data collection process through the PRISMA approach; and
Table 1 lists the QA criteria customized in this study as an inclusion-
exclusion criteria. Q1-Q3 journal quartiles were chosen as they offer a
standardized, field-normalized indicator of publication quality, widely
used in research assessments (Bornmann et al., 2012; SCimago, 2024;
Waltman et al.,, 2013). Quartile rankings were preferred over raw
citation counts because articles published recently (e.g., within the last
year) have had less time to accumulate citations compared to those
published 8-10 years ago, making quartiles a more time-independent
and standardized measure of journal quality.

QA Criteria

1. The paperis published in a Q1, Q2 or Q3 journal or Scopus - WoS indexed
conference proceeding.
The paper is available in full text.
The paper is written in English.
The paper is related to ‘Engineering’ or ‘Multidisciplinary” area in Scopus
- Wos.

5. The paper is related to urban/ building / construction domain.
The paper links digitalization topics into CE.

Circular Built Environment During the Digital Age: A Systematic Review



The literature sample was retrieved from Scopus and Web of Science
(WoS) databases. Scopus and WoS are considered to be the world’s
largest and reliable peer-review databases (Guz and Rushchitsky, 2009;
Aghaei Chadegani et al.,, 2013). The keywords were utilized in the
literature search: TITLE-ABS-KEY (“circular economy” OR “circularity)
AND (“architecture” OR “construction” OR “built environment” OR
“urban” OR “city”) AND (“digital” OR “smart” OR “industry 4.0” OR
“innovation” OR “digitalization” OR “technology” OR “platform” OR
“automation”). The combined sets of keywords were 70 as result of “2
x 5 x 7”. Accordingly, the first retrieval resulted in the identification of
189 publications, 106 from Scopus and 83 from Web-of-Science (WoS).
The period selected for review was from 2016 to the end of December
2024,

The identification phase included the removal of duplicated
publications, and 5 publications were excluded in this phase. The
screening phase included removal of the same publications and filtering
process according to certain criteria: articles in the English language
and with full text available were considered in this study. Also, not
related subject areas were excluded. In addition, other documents
rather than article, conference paper, book, book chapter and review
were removed. The number of excluded papers was 32, and 152 papers
were continued to screen through title and abstract. In total, 20 papers
were not retrieved because of lack of focus on urban/ building /
construction related domain and also some of them were related to
food, agriculture, water, material, chemistry, supply-chain and sensors.
The number of publications assessed for eligibility was 132. According
to criteria in screening, a total number of 52 papers were removed in
two steps; 132 papers continued to the PRISMA protocol. The inclusion
phase provided additional criteria as studies” aims and relations to the
related topic were analysed in detail. In this phase, 3 papers were
removed. At the end of the PRISMA protocol and QA, 129 papers
remained. Later on, analyses were applied to these 129 papers. This
PRISMA and QA based methodological process is shown in Figure 2.
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Figure 2: Research method for

articles retrieval based on

meta-analysis: PRISMA 2020.
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The methodology of analyses was based on descriptive and bibliometric
analysis to understand and state the current relations between CE, built
environment and digitalization. Descriptive analyses presented an
overview of the included papers in which Excel software was used to
generate graphs. Bibliometric analyses employed the analyses through
Excel and VOSviewer software focusing on the co-occurrence of
keywords, country-based, source and citation analyses. Bibliometric
analysis of scientific research has been considered one of the most
common methods to evaluate the research performance of
academicians, universities and even countries as well as academic
journals (Konur, 2012). VOSviewer was selected as bibliometric
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network software to construct and visualize bibliometric maps from the
databases.

3. RESULTS

Results of descriptive and bibliometric analyses are presented,
respectively.

3.1 Descriptive Analyses

Descriptive analyses are the process of using current and previous data
to identify trends and relationships. It is a sort of data research that
supports in describing, demonstrating, or summarizing data points so
current and future patterns may develop.

3.1.1. Publications throughout the years

It is clear in the data that the concept of CE in built environment
through digitalization gaining momentum. Figure 3 shows the number
of publications by year, demonstrating the growth of this field since
2016. During the past 8 years (2016—-2024), the number of publications
related to CE in built environment domain has increased by 43 times.
Since 2017 considerable growth was seen. Only 6,9 % (19) of eligible
papers were published before 2020, indicating rapid growth in related
studies. 72% of papers were published during the last three years, in
2022, 2023 and 2024. Overall, it is obvious to state a growing trend in
the number of publications for the near future.

Number of Publications

140
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100
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40
20

«=@==Number of
Publications

Figure 3: Number of
publications per year. (by
2016 2017 2018 2019 2020 2021 2022 2023 2024 Authors),

372

JCoDe | Vol 6 No 2 | September 2025 | Tolerance in Computational Design | Kismet Conk, B., Colakoglu, M. B.



3.1.2. Publications by country

Figure 4 illustrates the publications classified by the 40 countries of
origin between January 2016 and December 2024. This diversity in
various geographic distributions suggests a global interest in the
technological transformation of construction management. Articles
from the United Kingdom (48) are at the forefront of this new field,
which accounts for 17.4% of all publications. Next comes the
Netherlands and Italy with 45 publications, and these are followed by
China (27), Germany (27), USA (22), Australia (20), and Austria (14).
Turkey has 3 publications and all of them were published in 2023.
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Authors). s °

3.2 Bibliometric Analyses

The bibliometric analysis was applied to map the scientific retrieved
data for evaluation of themes, dynamic aspects of data and processing
a wide range of information (Tijssen and Van Raan, 1994; Cobo et al,,
2011; Khan et al., 2021). Moreover, it provides impact measurement of
journals and articles, institutes, countries, subjects and keywords,
which delivers the indicators for policy management across the subject
removing subjectivity issues among the pieces of literature
(Hammersley, 2001; Khan et al.,, 2021). VOSviewer generates visual
scientific landscapes about academic publications, researchers,
organizations, countries, keywords or terms based on co-authorship,
co-occurrence, citation, bibliographic coupling or co-citation and
counts the number of links and the total strength of those links to
prepare for a graphical network visualization (Van Eck and Waltman,
2010; Laengle et al., 2018). In this study, bibliometric analyses include
the co-occurrence of keywords, citations, sources and the countries

active in the targeted research by VOSviewer.
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3.2.1. Co-occurrence of keywords bibliometric analysis

The mapping of co-occurrence of keywords indicates the frequency of
appearance of study topics in one paper and the interrelatedness
among topics (Jin et al., 2018). Figure 5 provides an insight into the
selected data from the eligibility phase of the PRISMA protocol,
demonstrating the important keywords in the literature. The
differentiation in the grayscale of keywords denotes their
interconnections while circles’ sizes denote their weights. The larger
the circle of an item, the higher the weight in the network. The distance
attribute says the relatedness among the keywords, which is in terms
of co-occurrence linkage. Therefore, if two keywords are close, the
connection between them is stronger. Keywords co-occurrence
provides the mental map of research topics in the field and facilitates
the researchers to identify the relation between those keywords.
Moreover, this mapping helps to identify the clusters and frequency of
keywords addressed, which paves the way to fill in the gaps for future
studies.
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Figure 5: Co-occurrence of
keywords analysis.
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Table 2. Total link strengths of

the Keywords Analysis.

Table 3. Author-Source-Citatior

375

analysis

The keywords which are the same in meaning but different in spelling
are also combined. For instance, “ce” and “circular economy”;
“building” and “buildings”; “sustainable” and “sustainability”; “BIM”,
“bim” and “building information modelling” and “building information
model” are merged. Since circular economy, sustainability and built
environment have larger circles, respectively, they have a higher weight
than the other keywords for the network. In addition, CR is the most
connected keyword in construction management with 58 occurrences.
Built environment and sustainability both have the second frequency of
usage (14) and are followed by construction, resource efficiency, BIM,
digitalization and waste management. Total link strengths are shown in
Table 2.

Keyword Occurrences Total Link Strength
Circular economy 58 106
Built environment 14 42
Sustainability 14 42
Construction 11 30
Resource efficiency 8 21
BIM 6 13
Digitalization 6 19
Waste management 4 8
Adaptive reuse 3 12
Buildings 3 11
Reuse 3 10
Industry 4.0 3 9

3.2.2. Citation bibliometric analysis

This analysis highlights the most notable academic contributions to
research on the circular economy (CE) within the built environment.
Certain authors have specialized in CE research, producing influential
articles. Table 3 provides further details on the most frequently cited
articles, including the authors' names, full source titles, and total
citation counts. Among them, Dervishaj, A. And Gudmundsson, K. have
played a leading role in advancing CE concepts in the AECO industry
with 6 publications, The article with the highest citations is about waste
management. The second and third most cited works circular economy
strategies and transition frameworks. The fourth article discusses
circular building industry, while the fifth focuses on energy efficiency
and circular economy.
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Paper

Esmaeilian, B., Wang, B., Lewis,
K., Duarte, F., Ratti, C., Behdad,
S. (2018).

Bonsu, N.O. (2020).

Gravagnuolo, A., Angrisano, M.,
Girard, Girard, L.F. (2019)

Joensuu, T., Edelman, H., Saari,
A. (2020).

Gan, V.J.L, Lo, .LM.C., Mg, J.,
Tse, K.T., Cheng, J.C.P., Chan,
C.M. (2020).

Shojaei, A., Ketabi, R.,
Razkenari, M., Hakim, H., Wang,
1. (2021).

Heisel, F., Rau-Oberhuber, S.
(2020).

Cetin, S., De Wolf, C., Bocken,
N. (2021).

Hoosain, M.S., Paul, B.S,,
Ramakrishna, S. (2020).

Title

The future of waste management in smart and sustainable cities:
A review and concept paper

Towards a circular and low-carbon economy: Insights from the
transitioning to electric vehicles and net zero economy

Circular economy strategies in eight historic port cities: Criteria and
indicators towards a circular city assessment framework

Circular economy practices in the built environment

Simulation optimisation towards energy efficient green buildings:
Current status and future trends

Enabling a circular economy in the built environment sector through
blockchain technology

Calculation and evaluation of circularity indicators for the built
environment using the case studies of UMAR and Madaster

Circular digital built environment: An emerging framework

The impact of 4ir digital technologies and circular thinking on the
United Nations sustainable development goals

3.2.3. Source bibliometric analysis

Research results are usually shared and communicated in multiple
published journals and conferences. In this study, the source journals
of the collected documents were identified by VOSviewer and
presented in Figure 6. In total, 66 different sources published the
selected papers. This information signifies that this topic is highly
popular among current researchers and conferences. “IOP Conference
Series: Earth and Environmental Science (EES)” is the leading
conference series. Of papers, 13 are published from these conferences
during the selected period. “Sustainability” is the pioneering
international journal in this research area with 12 papers. “Journal of
Cleaner Production” is the second leading conference with 9.

In addition, “Automation in Construction”, “Buildings”, “Resources,
Conservation and Recycling” and “Smart and Sustainable Built
Environment” are retrieved from the principal journals for this
particular subject.
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Figure 6: Source analysis.
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4. DISCUSSION

In this study, the results of analyses have been discussed in terms of
circular economy definitions, and circular economy related concepts.
Based on the co-occurrence of keywords analysis, classification of
keywords is generated whether there are about CE definitions and
strategies or CE-related research areas, as shown in Figure 7. Thanks to
the VOSviewer, keywords from similar or interrelated research areas
are illustrated closer to each other. Also, interrelations between these
keywords are linked to each other, allowing quicker interpretations.

For the further discussion in this study, CE definitions are investigated
along with key theoretical perspectives; whereas CE-related concepts
evaluated considering the relation with circularity and digitalization.
These indicate the effective research areas of CE, which can help
experts to conduct further research in this domain.
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4.1. Circular Economy Definitions

This study highlights the most notable academic contributions to
research on the circular economy (CE) within the built environment.
The circular economy system offers a significant opportunity to reduce
the consumption of primary materials, thereby conserving material
resources and lowering the carbon footprint (EMF, 2013). In the
literature, the concepts of the circular economy and circularity have
been defined in various ways (Kirchherr et al., 2017). Kirchherr et al.
(2017), after analysing 114 different definitions of the circular

economy, identified the terms "reduce," "reuse," and "recycle," along
with their various combinations, as the common elements across all
definitions. The circular economy can be described as a business model
and system design that is restorative and regenerative. By replacing the
concept of life cycle and end-of-life with the principles of reuse and
recycling, it aims to achieve sustainable processes (EMF, 2014). EMF
and McKinsey (2015) have developed ReSOLVE Framework as a
strategic approach in integrating sustainability and social responsibility
into decision-making and business models. ReSOLVE (EMF and
McKinsey, 2015) evaluates the systems according to six parameters:
Regenerate, Share, Optimize, Loop, Virtualize and Exchange. UN
Environmental Programme (UNEP, 2020) and Kirchherr et al. (2017)
have defined circular economy strategies with 9Rs: Rethink, Refuse,
Reduce, Reuse, Repair, Refurbish, Remanufacture, Repurpose and

Figure 7: Classification of
keywords into topics.
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Recycle. UNEP has developed conceptual context network and business
model based on these 9Rs (UNEP, 2020). Three main concepts are
named as Reduce, Reuse and Recycle in EU (2021) ’s Circular Economy
Action Plan (CEAP). According to EU (2023), circular economy has
defined with 8Rs: Redesign, Refuse, Reduce, Reuse, Repair, Refurbish,
Remanufacture, Repurpose. This strategy has ignored recycling as it will
be the last choice. Doughnut economy (Raworth, 2017) evaluates
rethinking the purpose and targets of economic activity, by systemic
thinking to achieve social justice and ecological balance. A great deal of
focus in the circular economy field is on the management of materials
and ensuring that resource cycles are closed, in a similar way that
occurs in natural ecosystems, where water and nutrients are
continuously cycled. This approach has also studied in the literature
throughout the years as “closed loops” or “closing the loop”. Metabolic
(2019) has developed “Seven Pillars of the Circular Economy” concept
and defined these seven pillars as follows: materials are cycled at
continuous high value, energy is based on renewable sources, water
resources are extracted and cycled sustainably biodiversity is supported
and enhanced through human activity, human society and culture are
preserved, health and wellbeing of humans and other species are
structurally supported and human activities maximize generation of
societal value.

4.2. Circular Economy related Concepts

Considering the literature and systematic analysis, various concepts
related to circular economy have defined. These are Cradle-to Cradle,
Industrial Ecology, Closed Loop, Regenerative Design, Performance
Economy, Biomimicry, Green Economy, Blue Economy and (Bio-Based
Economy. Additionally, Sustainability is the most frequently used term
related to circular economy. To understand and reveal the current
situation of CE and these concepts within the digitalization, further
bibliometric search is conducted.

The Table 4 highlights the intersection of digital technologies with
various circularity-related concepts by showcasing the number of
publications and the most relevant keywords associated with each
concept. Among the identified themes, "sustainability + digital"
emerges as the most extensively studied, with 7,280 publications. This
reflects the growing integration of digital tools in promoting
sustainability, encompassing topics such as digital transformation,
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innovation, and sustainable development. Following this, "life cycle/life

|||

cycle assessment (LCA) + digital" and "closed loop + digital" also
demonstrate substantial research interest, with 6,328 and 5,688
publications respectively. These themes emphasize the role of digital
technologies in lifecycle analysis, product design, and closed-loop
control systems, underscoring their relevance to sustainable

production and resource management.

Table 4. Bibliometric search series
through different keywords.

Keywords Number of Most Relevant Keywords
Publications
sustainability + digital 7280 Sustainability, sustainable development, digital

storage, digital transformation, innovation

life cycle / life cycle assesment / Ica + digital 6328 Life cycle, digital storage, information
management, digital twin, product design

closed loop + digital 5688 Digital control systems, closed loop, controllers,

discrete time control systems, digital storage

performance economy + digital 1863 Digital storage, digital economy, digital

transformation, economics, sustainable development

circular economy + digital 703 Circular economy, sustainability, sustainable

development, industry 4.0, life cycle

green economy + digital 643 Digital economy, china, sustainable development,

green economy, digital storage

retrofit + digital 519 Retrofitting, digital storage, energy efficiency,

energy utilization, buildings

regenerative design + digital 263 Digital storage, regenerative braking, analog to

digital conversion, integrated circuits, energy efficiency

cradle to cradle / C2C + digital 235 Life cycle, digital storage, environmental impact,

LCA, sustainable development

industrial ecology + digital 188 Ecology, industrial ecology, digital storage,

ecosystems, sustainable development

biomimicry + digital 36 Biomimicry, design, digital fabrication, architectural

design, 3D printing

Themes such as "performance economy + digital" (1,863 publications)
and "circular economy + digital" (703 publications) focus on the
economic and systemic aspects of integrating digital solutions. The
term "performance economy" aligns with sustainable development and
economic transformation, while "circular economy" links directly to
concepts like Industry 4.0 and life cycle management. Lower
publication numbers in categories like "green economy + digital" (643),
"retrofit + digital" (519), and "regenerative design + digital" (263)
suggest these areas may be emerging fields, gaining traction as
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Figure 8: Major subject areas
related to the terminology.

sustainability efforts evolve. Similarly, "cradle to cradle (C2C) + digital"
(235), "industrial ecology + digital" (188), and "biomimicry + digital" (36)
represent niche but significant research directions. These concepts
emphasize environmental impact, sustainable ecosystems, and
innovative design approaches, particularly through digital fabrication
and 3D printing.

The keywords associated with each category underline the diverse
applications of digital technologies in advancing sustainability goals.
They range from digital storage and control systems to cutting-edge
tools like digital twins, which facilitate information management and
system optimization. This diversity reflects the broad potential for
digital innovations to transform sustainability practices across various
sectors. Figure 8 discusses the major subject areas related to the
terminology and concepts.

ENGINEERING
ARCHITECTURE
ENERGY
BUSINESS
SOCIAL SCIENCES
AGRICULTURE

SUSTAINABILITY

CLOSED LOOP

ARCHITECTURE

ENGINEERING
MATERIAL SCIENCE ENGINEERING
CHEMICAL ENGINEERING ENERGY

COMPUTER SCIENCE

The relatively low number of publications (703) combining "circular

economy + digital" in the table may be attributed to several factors.
One explanation could be the novelty of integrating digital technologies
into CE practices. While CE principles have gained considerable
attention in recent years, leveraging tools such as blockchain for
material tracking, artificial intelligence for optimizing resource flows, or
digital twins for circular design is still an emerging area of research. As
such, it remains less established compared to more generalized topics
like "sustainability + digital" or "life cycle assessment (LCA) + digital."

Another contributing factor is the complexity of applying CE principles
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at scale. Unlike broader sustainability topics, CE research often focuses
on specific material loops, product lifecycles, or business models, which
naturally narrows the scope. Furthermore, implementing circular
economy systems requires systemic change across industries, often
involving coordination between policymakers, manufacturers, and
consumers. This interdisciplinary nature and the need for collaboration
can pose challenges to rapid research advancements. In addition, the
adoption of digital tools to support CE is highly dependent on
technological infrastructure and policy frameworks, which vary across
regions and industries. The lack of widespread standardization and
alignment may also contribute to the limited volume of research in this
area.

Despite the current disparity, the Table 4 and Figure 8 suggests that CE
research involving digital technologies is advancing, as indicated by
keywords such as "sustainability," "life cycle," and "Industry 4.0." These
terms underscore the growing recognition of digital tools as enablers of
circular strategies. As industries increasingly adopt innovative
technologies to support circular systems, the number of publications in
this field is expected to grow, reflecting the critical role of digital
transformation in achieving a circular economy.

5. CONCLUSION

The aim of this study is to investigate how circular economy and built
environment research have emerged as key topics for sustainable
development during the Industry 4.0. This study acts as a systematic
literature review, using descriptive and bibliometric analysis to reveal
the current situation, connections and intersections between CE and
built environment research, which will provide significant insights to
the area. This study uses mapping knowledge on CE in the built
environment research area between 2016 and 2024 by employing
VOSviewer to generate the bibliometric analysis. This systematic
literature review does not only describe the current state of the
research, but also investigates new trends and prospective areas for
future directions which ends in contributing to the literature. By
utilising PRISMA, the structure of the review is shaped and the accuracy
of the review and sources are tested with QA criteria.
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The main contribution of this study is providing reliable and latest
theoretical knowledge along with investigating the CE-related research
areas on digital & circular potentials in the AECO industry.

Several key insights can be drawn from this study. Firstly,
multidisciplinary research of CE and built environment, which has been
significantly accelerating since 2016, indicates that circular transition of
the built environment should be studied for further investigation and
has significant potential contributions in real life applications. As the
number of publications has been continuously increased during the last
eight years, this trend indicates the strength and growing interest in the
topic. Secondly, sustainability is the most connected keyword in CE
research, which is followed by resource efficiency, BIM and
digitalization. Thirdly, circular built environment studies are mostly
related to BIM, blockchain and loT as components of Industry 4.0 in
terms of digitalization pillar. Another significant finding, UK,
Netherlands and Italy are at the forefront of this domain followed by
China and Germany. The journal-wise distribution of the selected
articles indicated that most papers have been published Sustainability,
and Esmaeilian et al. are the most cited authors about “waste
management in cities” study. Consequently, the results of analyses
have been discussed in terms of circular economy definitions and
circular economy related terms. Especially, its relation with sustainable
development, LCA and C2C should be studied deeply.

The findings of this study reveal valuable information for researchers,
practitioners and policymakers, allowing them to gain an in-depth
understanding of CE in AECO industry. The main contribution of this
work is providing reliable and latest theoretical knowledge along with
investigating the future potentials on CE for the AECO industry.
Theoretical key implications are; being up-to-date review on CE within
the AECO industry, providing detailed insight about circular economy,
its definitions, its strategies and similar research areas. Practical key
implications are; being a latest study that presents the current
situation, key topics, papers and authors to follow; addressing the
future direction of the digital & circular transition by mentioning the
related technologies and discussing the related concepts. The study
provides transparent and detailed review for AECO experts especially
to be used in circular transformation or circular implementations.
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The findings of this study suggest that combining circularity with similar
knowledge concepts will contribute to a deeper understanding and
quicker implementation. On the other hand, this study limited the
databases with Scopus and WoS, for the further studies, grey literature
can be included. Moreover, only sources in English language are taken
into account, in this regard, the study excludes the rest. Future research
can focus on the integration of frameworks and strategic roadmaps as
robust circular transition of the built environment and the AECO
industry.

Acknowledgement
This study was prepared within the scope of a doctoral dissertation and
supported by TUBITAK BIDEB 2211-A.

Conflict of Interest Statement

The manuscript is entitled “Circular Built Environment During the Digital
Age: A Systematic Review” has not been published elsewhere and that
it has not been submitted simultaneously for publication elsewhere.

Author Contribution
All authors contributed equally to this article.

References

Aghaei Chadegani, A., Salehi, H., Yunus, M. M., Farhadi, H., Fooladi, M.,
Farhadi, M., & Ale Ebrahim, N. (2013). A comparison between two
main academic literature collections: Web of Science and Scopus
databases. Asian Social Science, 9(5), 18-26.
https://doi.org/10.5539/ass.vOn5p18

Amin, Z., Ali, N. M., & Smeaton, A. F. (2021). Attention-based design and user
decisions on information sharing: A thematic literature review. IEEE
Access, 9, 88255—-88273.
https://doi.org/10.1109/ACCESS.2021.3087740

Bonsu, N. O. (2020). Towards a circular and low-carbon economy: Insights
from the transitioning to electric vehicles and net zero economy.
Journal of Cleaner Production, 256,
https://doi.org/10.1016/j.iclepro.2020.120659

Bornmann, L., Mutz, R., & Daniel, H. D. (2012). A reliability-generalization
study of journal impact factors. Journal of the American Society for
Information Science and Technology, 63(2), 389-393.

384

JCoDe | Vol 6 No 2 | September 2025 | Tolerance in Computational Design | Kismet Conk, B., Colakoglu, M. B.



385

Cobo, M.J., Lépez-Herrera, A.G., Herrera-Viedma, E. and Herrera, F. (2011). An
approach for detecting, quantifying, and visualizing the evolution of a
research field: a practical application to the Fuzzy Sets Theory field.
Journal of Informetrics, 5, 146-166.

Cetin, S., De Wolf, C., & Bocken, N. (2021). Circular Digital Built Environment:
An Emerging Framework. Sustainability, 13(11).
https://doi.org/10.3390/su13116348.

Eberhardt, L. C. M., van Stijn, A., Rasmussen, F. N., Birkved, M., & Birgisdottir,
H. (2020). Towards circular life cycle assessment for the built
environment: A comparison of allocation approaches. IOP Conference
Series: Earth and Environmental Science, 588(3), 032026.
https://doi.org/10.1088/1755-1315/588/3/032026

Ellen MacArthur Foundation (EMF). (2013). Towards the circular economy,
opportunities for the consumer goods sector, 2. Retrieved October 26,
2024, from
https://www.werktrends.nl/app/uploads/2015/06/Rapport McKins
eyTowards A Circular Economy.pdf

Ellen MacArthur Foundation (EMF). (2014). Towards the circular economy Vol.
3: Accelerating the scale-up across global supply chains. Ellen
MacArthur Foundation. Retrieved October 26, 2024, from
https://emf.thirdlight.com/file/24/cDm30tVcyxPQsxcD10Ac002GK/
Towards%20the%20circular%20economy%20Vol%203%3A%20Accel
erating%20the%20scale-
up%20across%20global%20supply%20chains.pdf

Ellen MacArthur Foundation (EMF) & McKinsey. (2015). Growth within: A
circular economy vision for a competitive Europe. Ellen MacArthur
Foundation. Retrieved February 20, 2025, from
https://emf.thirdlight.com/link/8izwlghml4ga-
404tsz/@/preview/1?0

Esmaeilian, B., Wang, B., Lewis, K., Duarte, F., Ratti, C., & Behdad, S. (2018).
The future of waste management in smart and sustainable cities: A
review and concept paper. Waste Management, 81, 177-195.
https://doi.org/10.1016/j.wasman.2018.09.047

European Commission. (2015, December 2). Closing the loop: Commission
adopts ambitious new Circular Economy Package [Press release].
European Commission Press Corner. Retrieved February 20, 2025,
from
https://ec.europa.eu/commission/presscorner/detail/en/memo 15

6204

European Union (EU). (2023, December 1). Circular economy: Definition,
importance and benefits. European Parliament. Retrieved February
11, 2025, from

Circular Built Environment During the Digital Age: A Systematic Review



https://www.europarl.europa.eu/topics/en/article/20151201STO05
603/circular-economy-definition-importance-and-benefits

European Union (EU). (2021, March 11). A new Circular Economy Action Plan:
For a cleaner and more competitive Europe. European Commission.
Retrieved February 11, 2025, from
https://environment.ec.europa.eu/strategy/circular-economy-

action-plan_en

Gan, V.J. L, Lo, 1. M. C, Ma, J., Tse, K. T., Cheng, J. C. P., & Chan, C. M. (2020).
Simulation optimisation towards energy efficient green buildings:
Current status and future trends. Journal of Cleaner Production, 262,
120012. https://doi.org/10.1016/j.jclepro.2020.120012

Gravagnuolo, A., Angrisano, M., & Fusco Girard, L. (2019). Circular Economy
Strategies in Eight Historic Port Cities: Criteria and Indicators Towards
a Circular City Assessment Framework. Sustainability, 11(13), 3512.
https://doi.org/10.3390/su11133512.

Guz, A. N., & Rushchitsky, J. J. (2009). Scopus: A system for the evaluation of
scientific journals. International Applied Mechanics, 45(4), 351-362.
https://doi.org/10.1007/s10778-009-0189-4

Hammersley, M. (2001). On ‘systematic’ reviews of research literature: a
‘narrative’ response to Evans and Benefield. British Educational
Research Journal, 27, 543-554,
https://doi.org/10.1080/01411920120095726

Heisel, F. & Rau-Oberhuber, S. (2020). Calculation and evaluation of circularity
indicators for the built environment using the case studies of UMAR
and Madaster. Journal of Cleaner Production, 243.

Hoosain, M. S., Paul, B. S., & Ramakrishna, S. (2020). The Impact of 4IR Digital
Technologies and Circular Thinking on the United Nations Sustainable
Development Goals. Sustainability, 12(23).
https://doi.org/10.3390/su122310143

International Energy Agency (IEA). (2019). 2019 Global Status Report for
Buildings and Construction: Towards a zero-emissions, efficient and
resilient buildings and construction sector. World Green Building
Council. Retrieved January 10, 2025, from
https://www.worldgbc.org/sites/default/files/2019%20Global%20St
atus%20Report%20for%20Buildings%20and%20Construction.pdf

Jin, R.Y., Gao, S., Cheshmehzangi, A. & Aboagye-Nimo, E. (2018). A holistic
review of off-site construction literature published between 2008 and
2018. Journal of Cleaner Production, 202, 1202-1219.

Joensuu, T., Edelman, H. & Saari, A. (2020). Circular economy practices in the
built environment. Journal of Cleaner Production, 276.
https://doi.org/10.1016/j.iclepro.2020.124215.

386

JCoDe | Vol 6 No 2 | September 2025 | Tolerance in Computational Design | Kismet Conk, B., Colakoglu, M. B.



387

Khan, A., Sepasgozar, S., Liu, T., & Yu, R. (2021). Integration of BIM and
immersive technologies for AEC: A scientometric-SWOT analysis and
critical content review. Buildings, 11(3), 126.
https://doi.org/10.3390/buildings11030126

Kirchherr, J., Reike, D., & Hekkert, M. (2017). Conceptualizing the circular
economy: An analysis of 114 definitions. Resources, Conservation and
Recycling, 127, 221-232.
https://doi.org/10.1016/j.resconrec.2017.09.005

Kirchherr, J., & van Santen, R. (2019). Research on the circular economy: A
critique of the field. Resources, Conservation and Recycling, 151,
104480. https://doi.org/10.1016/j.resconrec.2019.104480

Kirchherr, J., Yang, N.N., Schulze-Spuntrup, F., Heerink, M.J. & Hartley, K.
(2023). Conceptualizing the Circular Economy (Revisited): An Analysis
of 221 Definitions. Resources, Conservation and Recycling, 194,
https://doi.org/10.1016/j.resconrec.2023.107001

Kitchenham, B., Brereton, O.P., Budgen, D., Turner, M., Bailey, J. & Linkman, S.
(2009). Systematic literature reviews in software engineering—a
systematic literature review. Information and software technology,
51(1), 7-15. https://doi.org/10.1016/j.infsof.2008.09.009

Kitchenham, B. A., Budgen, D., & Brereton, P. (2015). Evidence-based software
engineering and systematic reviews. CRC press.

Kneese, A. V. (1988). The economics of natural resources. Population and
Development Review, 14(2), 281-309.
https://doi.org/10.2307/1973579

Metabolic. (2019, October 15). Seven pillars of the circular economy.
Metabolic. Retrieved February 11, 2025, from
https://www.metabolic.nl/news/the-seven-pillars-of-the-circular-

economyy/

Olawumi, T., Chan, D. W. M,, Ojo, S., & Yam, M. C. H. (2022). Automating the
modular construction process: A review of digital technologies and
future directions with blockchain technology. Journal of Building
Engineering, 46, 103720.
https://doi.org/10.1016/j.jobe.2021.103720

Page, M. J., McKenzie, J. E., Bossuyt, P. M., Boutron, I., Hoffmann, T. C,, &
Mulrow, C. D. (2021). The PRISMA 2020 statement: An updated
guideline for reporting systematic reviews. BMJ, 372, n71.
https://doi.org/10.1136/bmj.n71

Circular Built Environment During the Digital Age: A Systematic Review



Petersen, K, Vakkalanka, S. & Kuzniarz, L. (2015). Guidelines for conducting
systematic mapping studies in software engineering: An update.
Information and Software Technology, 64, 1-18.
https://doi.org/10.1016/j.infsof.2015.03.007

Raworth, K. (2017). Doughnut economics: Seven ways to think like a 21st-
century economist. Chelsea Green Publishing. Retrieved February 11,
2025, from https://www.chelseagreen.com/product/doughnut-

economics/

SClmago. (2024). Journal Rankings. Retrieved from
https://www.scimagojr.com

Shahruddin, S. and Zairul, M. (2020). BIM requirements across a construction
project lifecycle: a PRISMA-compliant systematic review and meta-
analysis. International Journal of Innovation, Creativity and Change,
12,569-590.
https://www.ijicc.net/images/vol12/iss5/12529 Shahruddin 2020

E R2.pdf

Shojaei, A., Ketabi, R., Razkenari, M., Hakim, H., & Wang, J. (2021). Enabling a
circular economy in the built environment sector through blockchain
technology. Journal of Cleaner Production, 294,
https://doi.org/10.1016/}.j0i.2012.11.011

Tijssen, R. J. W., & van Raan, A. F. J. (1994). Mapping changes in science and
technology: Bibliometric co-occurrence analysis of the R&D
literature. Evaluation Review, 18(1), 98-115.
https://doi.org/10.1177/0193841X9401800110

United Nations (UN) Environment Programme (UNEP). (2020). Building
circularity. UNEP. Retrieved May 11, 2024, from
https://buildingcircularity.org/

United Nations (UN) Habitat. (2020). World cities report 2020: The value of
sustainable urbanization. Nairobi, Kenya: UN-Habitat. Retrieved May
10, 2024, from
https://unhabitat.org/World%20Cities%20Report%202020

United Nations (UN) Sustainable Development Goals (SDG). (2019).
Sustainable development goals: Guidelines. UN. Retrieved May 10,
2024,  from https://www.un.org/sustainabledevelopment/wp-
content/uploads/2019/01/SDG Guidelines AUG 2019 Final.pdf

Usman, M., Ali, N., & Wohlin, C. (2023). A quality assessment instrument for
systematic literature reviews in software engineering. e-Informatica
Software Engineering Journal, 17(1), 1-26.
https://doi.org/10.37190/e-Inf230105

388

JCoDe | Vol 6 No 2 | September 2025 | Tolerance in Computational Design | Kismet Conk, B., Colakoglu, M. B.



389

Van Eck, N. J., & Waltman, L. (2010). Software survey: VOSviewer, a computer
program for bibliometric mapping. Scientometrics, 84, 523-538.
https://doi.org/10.1007/s11192-009-0146-3

Yang, L., Zhang, H., Shen, H., Huang, X., Zhou, X., Rong, G. & Shao, D. (2021).
Quality Assessment in Systematic Literature Reviews: A Software
Engineering Perspective. Information and Software Technology, 130.
https://doi.org/10.1016/j.infsof.2020.106397

Waltman, L., van Eck, N. J., van Leeuwen, T. N., & Visser, M. S. (2013). Some
modifications to the SNIP journal impact indicator. Journal of
Informetrics, 7(2), 272-285.
https://doi.org/10.1016/].j0i.2012.11.011

World Green Building Council. (2019, September 23). World Green Building
Week 2019. World Green Building Council. Retrieved February 21,
2025, from https://worldgbc.org/wgbw19/

Zhuang, G.L., Shih, S.G. & Wagiri, F. (2023). Circular economy and sustainable
development goals: Exploring the potentials of reusable modular
components in circular economy business model. Journal of Cleaner
Production, 414, https://doi.org/10.1016/j.jclepro.2023.137503.

Circular Built Environment During the Digital Age: A Systematic Review



390

JCoDe | Vol 6 No 2 | September 2025 | Tolerance in Computational Design | Kismet Conk, B., Colakoglu, M. B.
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