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Konu: Kongre Diizenleme Kurulu 25.05.2026
Say1:2026/220

ILGILI KURUMA

Icisleri Bakanlig1 tarafindan tahsis edilen 06-139-180 tescil kodu ile Tiizel kisilige sahip olan
Uluslararas1 Bilimsel Arastirma ve Strateji Gelistirme Dernegi, 5253 sayili kanuna uygun
olarak “Bilimsel Arastirmalar ve Akademik Calismalar” alaninda ulusal ve uluslararasi
diizeyde faaliyetlerini yiiriitmektedir.

Kurumumuzun Yonetim Kurulu tarafindan, 25.05.2026 tarihinde saat 14:00°da “Bilimsel
Caligmalarda Strateji  Gelistirme” goriismeleri ile “Bilimsel Kongreler Diizenlenmesi”
giindemleri ile toplanmis ve alinan 9 nolu karara istinaden asagida detaylar1 yazili olan bilimsel
etkinligin  diizenlenmesine ve etkinlige iliskin akademisyenlerin resmi  olarak
gorevlendirilmesine oy birligi ile karar verilmistir.

Bilgi ve geregini arz ederim.
Dr. Nadire KANTARCIOGLU
UBSDER Baskani

Etkinlik Adi : ULUSLARARASI 11. IMAEC ILERI MUHENDISLIK, YAPAY
ZEKA VE MIMARLIK KONGRESI

Etkinlik Tarihi: 25-28 Agustos 2026, Biikres / ROMANYA
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Uluslararasi Bilimsel Arastirma ve Strateji Gelistirme Dernedi

IMAEC 11" INTERNATIONAL CONGRESS ON ADVANCED ENGINEERING, ARTIFICIAL
INTELLIGENCE AND ARCHITECTURE

August 25-28, 2026 Bucharest ROMANIA
Say1:2026/240
Tlgili Makama:

Uluslararas1 Bilimsel Arastirma ve Strateji Gelistirme Dernegi (UBSDER) tarafindan
organize edilen “IMAEC - 11" INTERNATIONAL CONGRESS ON ADVANCED
ENGINEERING, ARTIFICIAL INTELLIGENCE AND ARCHITECTURE” Agustos 25-
28, 2026 tarihinde 6 farkl iilkeden (Tiirkiye’den 13, yurt disindan 24 bildiri sunuldu) olmak
izere toplam 37 adet sunum yapilarak, ¢evrimici olarak diizenlenmistir. Kongremiz, 16 Ocak
2020°de Akademik Tesvik Odenegi Y6netmeligine getirilen “Tebliglerin sunuldugu yurt iginde
veya yurt disindaki etkinligin uluslararasi olarak nitelendirilebilmesi igin Tiirkiye disindan en
az bes farkli iilkeden sozlii teblig sunan konusmacinin katilim saglamasi ve tebliglerin yaridan
fazlasinin Tiirkiye disindan katilimcilar tarafindan sunulmasi esastir.” Degisikligine uygun
olarak dlizenlenmistir.

Bilgilerinize Arz Ederim.

02.10.2026
] fpbni

Dr. Nadire KANTARCIOGLU
UBSDER Baskani

Kongremize katilan tilkeler:

Azerbaijan, Nigeria, Pakistan, Pakistan, Turkiye, Uzbekistan

INSTITUTE CONTACT INFORMATION:
TURGUT OZAL MAH. AKKENT 6 TWINS TRADE CENTER ANKARA
TEL: 0312566 0020 FAKS: 0312 566 0021
Web : www.ubsder.org ubsder(@ubsder.org
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CONGRESS PROGRAM

Meeting Link:
https://us06web.zoom.us/;/4603636838?2pwd=Gx9rIRf5cUTPsZZ4pilDYkYWaaEAc6.1&omn=83230032466

Meeting ID: 460 363 6838
Password: 121314


https://us06web.zoom.us/j/4603636838?pwd=Gx9rIRf5cUTPsZZ4pilDYkYWaaEAc6.1&omn=83230032466

ONEMLI, DIKKATLE OKUYUNUZ LUTFEN / IMPORTANT, PLEASE READ CAREFULLY

Onemli, Dikkatle Okuyunuz Liitfen
v" Kongremizde Yazim Kurallarina uygun génderilmis ve bilim kurulundan gecen bildiriler igin online (video konferans sistemi
Uzerinden) sunum imkani saglanmigtir.
Online sunum yapabilmek icin https://zoom.us/join sitesi iizerinden giris yaparak “Meeting ID or Personal Link Name” yerine
ID numarasini girerek oturuma katilabilirsiniz.
Zoom uygulamasi lcretsizdir ve hesap olusturmaya gerek yoktur.
Zoom uygulamasi kaydolmadan kullanilabilir.
Uygulama tablet, telefon ve PC'lerde galigiyor.
Her oturumdaki sunucular, sunum saatinden 15 dk éncesinde oturuma baglanmis olmalari gerekmektedir.
Tim kongre katilimcilari canli baglanarak tlim oturumlari dinleyebilir.
Moderatr — oturumdaki sunum ve bilimsel tartisma (soru-cevap) kismindan sorumludur.
Dikkat Edilmesi Gerekenler- TEKNIK BILGILER
v' Bilgisayarinizda mikrofon olduguna ve galistigina emin olun.
v’ Zoom'da ekran paylasma 6zelligine kullanabilmelisiniz.
v Kabul edilen bildiri sahiplerinin mail adreslerine Zoom uygulamasinda olusturdugumuz oturuma ait ID numarasi
gdnderilecektir.
v Katilim belgeleri kongre sonunda tarafiniza pdf olarak gonderilecektir
v" Kongre programinda yer ve saat degisikligi gibi talepler dikkate alinmayacaktir

<

ASANENENENEN

IMPORTANT, PLEASE READ CAREFULLY
v To be able to attend a meeting online, login via https://zoom.usljoin site, enter ID “Meeting ID or Personal Link Name” and
solidify the session.
The Zoom application is free and no need to create an account.
The Zoom application can be used without registration.
The application works on tablets, phones and PCs.
The participant must be connected to the session 15 minutes before the presentation time.
All congress participants can connect live and listen to all sessions.
Moderator is responsible for the presentation and scientific discussion (question-answer) section of the session.

ANENENENENEN

Points to Take into Consideration - TECHNICAL INFORMATION
v' Make sure your computer has a microphone and is working.
v" You should be able to use screen sharing feature in Zoom.
v' Attendance certificates will be sent to you as pdf at the end of the congress.
v" Requests such as change of place and time will not be taken into consideration in the congress program.

Before you login to Zoom please indicate your name_surname and HALL number,
exp. Hall-1, Hakan OZTURK

Zoom

Meeting ID: 460 363 6838
Passcode: 121314




IMPORTANT, PLEASE READ CAREFULLY

 To be able to make a meeting online, login via https://z0om.us/join site, enter ID instead
of “Meeting ID or Personal Link Name” and solidify the session.

e The Zoom application is free and no need to create an account.

* The Zoom application can be used without registration.

e The application works on tablets, phones and PCs.

o Speakers must be connected to the session 10 minutes before the presentation time.

* Online presentations; Presentation time is 10 minutes. There is 5 minutes of question and
answer time.

 All congress participants can connect live and listen to all sessions.

e During the session, your camera should be turned on at least %70 of session period

e Moderator is responsible for the presentation and scientific discussion (question-answer)
section of the session.

TECHNICAL INFORMATION

e Make sure your computer has a microphone and is working.

* You should be able to use screen sharing feature in Zoom.

* Attendance certificates will be sent to you as pdf at the end of the congress.

* Moderator is responsible for the presentation and scientific discussion (question-answer)

section of the session.




Opening Ceremony

Online
Date: August 27, 2026
Time: 18:45

Meeting Link:
https://us06web.zoom.us/j/4603636838?pwd=Gx9rIRf5cUTPsZZ4pilDYk
YWaaEAc6.1&omn=83230032466

Meeting ID: 460 363 6838
Password: 121314

Speech:
Dr. Nadire KANTARCIOGLU

UBSDER President, Tiirkiye



https://us06web.zoom.us/j/4603636838?pwd=Gx9rIRf5cUTPsZZ4pilDYkYWaaEAc6.1&omn=83230032466
https://us06web.zoom.us/j/4603636838?pwd=Gx9rIRf5cUTPsZZ4pilDYkYWaaEAc6.1&omn=83230032466
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SESSION-1 / HALL-1

O Bucharest/ROMANIA
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TURKIYE TIME: 19:00

CHAIR: Asst. Prof. Dr. Giinay TEMUR

Author(s)

Affiliation

Title

Asst. Prof. Dr. Giinay TEMUR

Duzce University, Golyaka Vocational School

DATASET CHARACTERIZATION
VECTOR (DCV): A DATA-CENTRIC
FRAMEWORK FOR OBJECT
DETECTION DATASETS

Asst. Prof. Dr. Esra ODABAS YILDIRIM

Ataturk University, Faculty of Engineering,
Erzurum, Turkiye

COMPARATIVE ANALYSIS OF THE
EFFECT OF CLIENT ACCESSIBILITY
AND DATA HETEROGENEOUSNESS

ON MODEL PERFORMANCE IN
FEDERATED LEARNING

Muhammad FAISAL

Joint Director, AICU, Ministry of Information
Technology and Telecommunication,
Pakistan

SMART HUKUMAT INTEGRATING Al-
DRIVEN GOVERNANCE AND
PREDICTIVE ANALYTICS INTO
FEDERAL ADMINISTRATION

Abdalhamid ALBEIK
Lecturer Elif YILDIRIM
Dr. isa AVCI

Karabik University, Department of Computer
Engineering, Karabuk, Turkiye

EXPLAINABLE ENSEMBLE
LEARNING-BASED INTRUSION
DETECTION SYSTEM (IDS) FOR

SMART CAMPUS NETWORKS

Lecturer Elif YILDIRIM

Karabik University, Department of Computer

DEEP LEARNING-BASED SMS SPAM
DETECTION: A COMPARATIVE STUDY

Dr. Isa AVCI Engineering, Karabuk, Turkiye OF CNN, LSTM, AND GRU
COMPARISON OF LIGHTWEIGHT
irem CAKCAK Isparta University of Applied Sciences; VISION LANGUAGE MODELS ON

Dr. Burhan DUMAN

Graduate Education Institute / Faculty of
Technology, Isparta, Turkiye

EDGE DEVICES FOR RISK ANALYSIS
OF AUTONOMOUS DRIVING IN
ADVERSE WEATHER CONDITIONS
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ENGINEERING, ARTIFICIAL INTELLIGENCE AND ARCHITECTURE
August 25-28, 2026 Bucharest/ ROMANIA

ONLINE

- PERY
U Bucharest/ROMANIA @ TURKIYE TIME: 19:00

CHAIR: Asst. Prof. Dr. Yagar ERBAS
CHAIR OF VICE: Emil Raul oglu AGAYEV

27.08.2026 SESSION-1 / HALL-2

Author(s)

Affiliation

Title

Lecturer Dr. ismail KILIG

Yozgat Bozok University, Yozgat Vocational
School, Department of Design, Yozgat,
Turkiye

A CONCEPTUAL PARAMETRIC
DESIGN FRAMEWORK FOR THE
ASSESSMENT OF STRUCTURAL
BEHAVIOUR OF GLULAM BEAMS

Asst. Prof. Dr. Yasar ERBAS

Bartin University, Faculty of Engineering,
Architecture and Design, Department of Civil
Engineering, Tlrkiye

FINITE ELEMENT INVESTIGATION OF

THE ELASTIC BUCKLING RESPONSE

OF HEA STEEL COLUMNS WITH SEMI-
RIGID END RESTRAINTS

Oluwanifemi Opeyemi AGOI
Moses Adeolu AGOI
Olayemi Grace ABIMBOLA
Rasheed Olatunde AJETUNMOBI

Obafemi Awolowo University, Osun, Nigeria;
Lagos State University of Education, Lagos,
Nigeria

AI-POWERED MATERIALS
INFORMATICS: TRANSFORMING
TRADITIONAL MATERIAL SCIENCE
INTO DATA-DRIVEN ENGINEERING

Moses Adeolu AGOI
Micheal Olayemi OLADUNJOYE
Oluwanifemi Opeyemi AGOI
Hendri Hermawan ADINUGRAHA

Lagos State University of Education, Lagos,
Nigeria; Obafemi Awolowo University, Osun,
Nigeria; Universitas Islam Negeri K.H.
Abdurrahman Wahid Pekalongan, Indonesia

AI-ENHANCED ADDITIVE
MANUFACTURING: TRANSFORMING
MATERIAL ENGINEERING THROUGH

INTELLIGENT 3D PRINTING

Berat EJDER
Prof. Dr. ismail KIYAK
Dr. Faruk AYDIN

Marmara University, Institute of Science /
Department of Electrical and Electronics
Engineering

COMPARATIVE ANALYSIS OF THE
SWITCHING PERFORMANCE OF
DIFFERENT SEMICONDUCTOR
TECHNOLOGIES (SI, GAN, AND SIC)
USING SIMULATION

Dr. Ozge GUNES YAVRU

Bursa Uludag University, inegél Vocational
School

MACHINE LEARNING-BASED
PREDICTION AND OPTIMIZATION OF
PASSIVE DESIGN PARAMETERS FOR

ENERGY-EFFICIENT BUILDINGS
UNDER BURSA CLIMATE
CONDITIONS

Emil Raul oglu AGAYEV

Azerbaijan State Pedagogical College under
Azerbaijan State Pedagogical University,
Subject Combination Commission “Art and
Physical Education”

THE VEDUTA GENRE IN 20TH-
CENTURY AZERBAIJANI PAINTING
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ONLINE
27.08.2026 SESSION-1 / HALL-3

- PERY
U Bucharest/ROMANIA @ TURKIYE TIME: 19:00

CHAIR: Asst. Prof. Dr. Yusuf GELIK

Author(s) Affiliation Title

COMPARATIVE ORGAN-LEVEL

. Afyon Kocatepe University, Faculty of RELIABILITY ANALYSIS OF
Asst. Prg D Sezin BARIN Engineering FOUNDATION MODELS FOR MULTI-
ORGAN CT SEGMENTATION

A DEEP LEARNING APPROACH FOR

i Munzur University, Faculty of Engineering, AUTOMATED CLASSIFICATION OF
Agsiirof. Dr. Yusuf GELIK Department of Computer Engineering EYE DISEASES FROM FUNDUS
IMAGES

Sakarya University; Institute of Natural

Sciences / Faculty of Computer and DEEP LEARNING-BASED HEART
Ezelhan DIKMENLIOGLU Information Sciences, Department of MURMUR DETECTION USING FUSION
Asst. Prof. Dr. Ulags YURTSEVER Computer Engineering / Interdisciplinary OF LOG-MEL SPECTROGRAMS AND
Atrtificial Intelligence Laboratory, Sakarya, NUMERICAL FEATURES
Tarkiye

Department of Therapy and Rehabilitation,
Disabled Care and Rehabilitation Program,
Lecturer. Yusuf Ali AKAR Tuzluca Vocational School, I§dir, Tiirkiye; BIOPRESERVAWIQN IN TISSUE

Assoc. Prof. Dr. Dr. Daver ALI Karabuk University, Faculty of Engineering STEE?égfggllh:ﬁDlﬂgﬁngE%NS
and Natural Sciences, Department of ’

Biomedical Engineering, Karabuk, Turkiye
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August 25-28, 2026 Bucharest/ ROMANIA

ONLINE
27.08.2026 SESSION-2 / HALL-1
0 9)
Bucharest/ROMANIA TURKIYE TIME: 19:30
CHAIR: Dilshod RAKHIMOV
Author(s) Affiliation Title

Dilshod RAKHIMOV
Aziza KARIMOVA

Tashkent State Technical University,
Tashkent, Uzbekistan

ARTIFICIAL INTELLIGENCE-BASED
PREDICTIVE MODELS FOR ENERGY-
EFFICIENT INDUSTRIAL SYSTEMS

Bekzod ABDULLAYEV
Shahnoza TURSUNOVA
Kamola YULDASHEVA

Tashkent University of Information
Technologies, Tashkent, Uzbekistan

DEEP LEARNING APPLICATIONS IN
INTELLIGENT TRANSPORTATION
SYSTEMS: A STUDY OF URBAN
MOBILITY IN UZBEKISTAN

Rustam ISMOILOV
Nigora ABDURAKHMONOVA
Javion RASULOV
Mohira SOBIROVA

Samarkand State University, Samarkand,
Uzbekistan

THE INTEGRATION OF ARTIFICIAL
INTELLIGENCE AND BUILDING
INFORMATION MODELING IN
SUSTAINABLE ARCHITECTURAL
DESIGN

Farrukh NARZULLAYEV
Dilnoza KHOLMATOVA

Turin Polytechnic University in Tashkent,
Tashkent, Uzbekistan

MACHINE LEARNING TECHNIQUES
FOR STRUCTURAL DAMAGE
DETECTION IN CIVIL ENGINEERING

Sherzod MAMATOV
Gulbahor TOSHPOLATOVA
Azizbek ERGASHEV

Andijan Machine Building Institute, Andijan,
Uzbekistan

ARTIFICIAL INTELLIGENCE-
SUPPORTED SMART
MANUFACTURING SYSTEMS IN
ADVANCED ENGINEERING
APPLICATIONS
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ONLINE
27.08.2026 SESSION-2 / HALL-2
0 9
Bucharest/ROMANIA TURKIYE TIME: 19:30
CHAIR: Timur KHUDAYBERDIYEV
Author(s) Affiliation Title

Akmal DJURAYEV
Malika YUSUPOVA

Bukhara State University, Bukhara,
Uzbekistan

ARTIFICIAL INTELLIGENCE
APPLICATIONS IN SMART
CONSTRUCTION PROJECT
MANAGEMENT: AN EXPERIMENTAL
STUDY

Nodira RAKHMONOV
Azizbek KHASANOV,
Sardor TULAGANOV

Namangan Engineering Construction
Institute, Namangan, Uzbekistan

PARAMETRIC DESIGN APPROACHES
FOR SUSTAINABLE ARCHITECTURAL
DEVELOPMENT IN CENTRAL ASIA

Timur KHUDAYBERDIYEV
Sevara ABDULLAYEVA
Bekzod KADIROV
Dilafruz SOBIROVA

Karshi Engineering Economics Institute,
Karshi, Uzbekistan

AN ARTIFICIAL NEURAL NETWORK
MODEL FOR OPTIMIZING
STRUCTURAL ENGINEERING
PROCESSES

Shakhzod MIRZAYEV
Gulnora RUZIYEVA

Urgench State University, Urgench,
Uzbekistan

THE ROLE OF ARTIFICIAL
INTELLIGENCE IN DIGITAL
TRANSFORMATION WITHIN
ENGINEERING EDUCATION

Davron TASHMATOV
Mohira ISMAILOVA
Azizbek RAHIMOV

Fergana Polytechnic Institute, Fergana,
Uzbekistan

SMART CITY ARCHITECTURE AND
ARTIFICIAL INTELLIGENCE:
INNOVATIVE SOLUTIONS FOR
SUSTAINABLE URBAN
DEVELOPMENT
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ONLINE

27.08.2026

SESSION-2 / HALL-3
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TURKIYE TIME: 19:30

CHAIR: Bobur KHOLMATOV

Author(s) Affiliation Title
Aziz RASHIDOV Tashkent Institute of Architecture and Civil ARTIFICIAL INTERLLIIGENCE-
Feruza KHAMIDOVA Engineering, Tashkent, Uzbekistan ASSISTED SPRLEEU ANALYSIS
& & ? FOR HIGH-RISE BUILDING DESIGN
ADVANCED ENGINEERING
Sherzod KADIROV SOLUTIONS FOR SMART

Nilufar ABDURAKHMONOVA
Javokhir YULDASHEV

Navoi State University, Navoi, Uzbekistan

INFRASTRUCTURE DEVELOPMENT
USING MACHINE LEARNING

TECHNIQUES
gobur KHOLMATOV M](g)[]J)IEI‘,JLDIINN((}; iIIVVIIT)OART?l};IC()IIXL
Sitora NARZULLAYEVA Samarkand State University of Architecture and
% . X . . INTELLIGENCE INTEGRATION IN
Dilorom ERGASHEVA Civil Engineering, Samarkand, Uzbekistan
K liddin TURSUNOV MODERN ARCHITECTURAL
Ao PRACTICES

Akbarjon MAMATOYV,
Gulchehra TOJIBOYEVA

Tashkent State Transport University, Tashkent,
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VERI SETi KARAKTERIZASYON VEKTORU (DCV): NESNE TESPIiTI VERI
SETLERI ICIN VERI MERKEZLI BiR KARAKTERIZASYON CERCEVESI
DATASET CHARACTERIZATION VECTOR (DCV): A DATA-CENTRIC FRAMEWORK
FOR OBJECT DETECTION DATASETS

Asst. Prof. Dr. Giinay TEMUR
Diizce University, Golyaka Vocational School, Department of Computer Programming
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Ozet

Nesne tespiti alanindaki caligmalarin biiyiik bolimii yeni model mimarileri ve performans
tyilestirmelerine odaklanirken, 6grenme siirecinin temel girdisini olusturan veri setlerinin
yapisal ozellikleri ise ¢gogunlukla sinirli sayidaki temel istatistiklerle tanimlanmaktadir. Oysa
nesne tespiti veri setleri; nesne 6lgegi, nesne yogunlugu, sinif dagilimi, goriintii 6zellikleri ve
anotasyon yapist gibi 6grenme siirecini dogrudan etkileyebilecek ¢ok sayida yapisal 6zellige
sahiptir. Bu calismada, nesne tespiti veri setlerinin sistematik ve veri odakli olarak analiz
edilmesini saglayan biitiinciil bir karakterizasyon gergevesi dnerilmektedir. Onerilen yaklasim
kapsaminda veri setleri; geometrik, istatistiksel, gorsel ve anotasyon tabanli olmak {izere dort
temel karakteristik grubu altinda toplam on iki metrik kullanilarak degerlendirilmekte ve her
veri seti Dataset Characterization Vector (DCV) ile temsil edilmektedir. Ayrica bu metriklerin
otomatik olarak hesaplanmasini saglayan Python tabanlt modiiler bir 6zellik ¢ikarim is akisi
gelistirilmistir. Yaklagimin uygulanabilirligi, nesne o6l¢egi, nesne yogunlugu ve sahne
karmagikligi bakimindan belirgin farkliliklar sergileyen COCO 2017, Pascal VOC 2012 ve
VisDrone2019-DET veri setleri lizerinde degerlendirilmistir. Elde edilen sonuglar, dnerilen
karakterizasyon yaklagiminin veri setleri arasindaki yapisal farkliliklar1 nicel olarak ortaya
koyabildigini ve farkli veri setlerini ortak bir karakterizasyon uzayinda karsilastirilabilir héle
getirdigini gostermektedir. Sunulan ¢ergevenin, veri odakli nesne tespiti arastirmalarinda veri
setlerinin sistematik olarak analiz edilmesine katki saglayacagi ve veri seti-model iligkisini
inceleyen gelecekteki caligmalar i¢in temel bir degerlendirme altyapist sunacagi
ongoriilmektedir.

Anahtar Kelimeler: Nesne Tespiti, Veri Merkezli Yapay Zeka, Veri Seti Karakterizasyonu, Bilgisayarl
Gort.

Abstract

While the majority of research in object detection focuses on novel model architectures and
performance improvements, the structural characteristics of datasets, which constitute the
fundamental input to the learning process, are often described using only a limited set of basic
statistics. However, object detection datasets possess numerous structural properties—such as
object scale, object density, class distribution, image characteristics, and annotation structure—
that can directly influence the learning process. In this study, a holistic characterization
framework is proposed to enable systematic and data-centric analysis of object detection
datasets. Within the scope of the proposed approach, datasets are evaluated using a total of
twelve metrics under four main characteristic categories: geometric, statistical, visual, and
annotation-based, with each dataset represented by a Dataset Characterization Vector (DCV).
Furthermore, a Python-based modular feature extraction pipeline has been developed to
automatically compute these metrics. The applicability of the approach is evaluated on COCO
2017, Pascal VOC 2012, and VisDrone2019-DET datasets, which exhibit significant
differences in terms of object scale, object density, and scene complexity. The obtained results
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demonstrate that the proposed characterization approach can quantitatively reveal structural
differences between datasets and enable different datasets to be compared within a common
characterization space. The proposed framework is expected to contribute to the systematic
analysis of datasets in data-centric object detection research and to provide a foundation for
future studies investigating dataset—-model relationships.

Keywords: Object Detection, Data-Centric Al, Dataset Characterization, Dataset Characterization
Vector, Computer Vision.

1. GIRIS

Nesne tespiti (Object Detection), bilgisayarli goriinlin temel aragtirma alanlarindan biri
olmasmin yani sira, ger¢cek diinya uygulamalarinda en yaygin kullanilan derin 6grenme
problemlerinden biri haline gelmistir. Son yillarda derin 6grenme tabanli yontemlerde yasanan
gelismeler sayesinde nesne tespiti sistemleri; otonom siiriis, akilli ulagim sistemleri, akill1 sehir
uygulamalari, endiistriyel kalite kontrol, altyap1 denetimi, hassas tarim, saglik teknolojileri ve
giivenlik-gozetim sistemleri gibi ¢ok farkli disiplinlerde basariyla uygulanmaktadir. Bu
uygulamalarda elde edilen basarinin temelinde yiiksek dogruluk, ger¢ek zamanli ¢aligma
yetenegi ve degisen c¢evresel kosullara uyum saglayabilen nesne tespiti modelleri yer
almaktadir. Bu nedenle nesne tespiti alanindaki gelismeler yalnizca akademik agidan degil;
giivenlik, maliyet, operasyonel verimlilik ve siirdiirtilebilir altyap1 sistemleri agisindan da kritik
onem tagimaktadir (Bojarski vd. 2016)(Dubey vd. 2016)(Kamilaris ve Prenafeta-Boldu 2018).

Son on yi1l igerisinde nesne tespiti alaninda dnemli metodolojik gelismeler yasanmistir. Bolge
Onerisi (region proposal) tabanl iki asamali dedektorlerden baslayarak tek asamali (one-stage)
mimarilere gecis, dogruluk ile islem hizi arasinda basarili bir denge kurulmasini saglamais;
ozellikle YOLO ailesi ger¢cek zamanli uygulamalarda yaygin olarak kullanilmaya baslanmistir
(L. Liu vd. 2020)(Z. Q. Zhao vd. 2019)(Jiao vd. 2019)(Redmon vd. 2016). Son yillarda ise
DETR, RT-DETR, DINO ve Grounding DINO gibi Transformer tabanli yaklagimlar, kiiresel
baglam bilgisini daha etkin kullanmalar1 sayesinde karmasik sahnelerde 6nemli basarilar elde
etmistir (Y. Zhao vd. 2024)(Zhang vd. 2022)(S. Liu vd. 2024). Bunun yaninda dikkat
mekanizmalari, ¢cok Slgekli 6zellik flizyonu, kayip fonksiyonlari, veri artirma stratejileri ve
optimizasyon yontemleri {izerine gerceklestirilen calismalar nesne tespiti modellerinin
gelisimine onemli katkilar saglamistir (L. Liu vd. 2020)(Z. Q. Zhao vd. 2019)(Jiao vd. 2019).
Giintimiizde COCO ve Pascal VOC gibi standart veri setleri, yeni gelistirilen yontemlerin
degerlendirilmesinde temel referans veri kiimeleri olarak kullanilmaktadir (Tsung-yi Lin vd.
2015)(Everingham vd. 2009).

Buna karsin mevcut literatiiriin biiyiik bolimii model merkezli bir yaklasim benimsemektedir.
Calismalarin 6nemli bir kismi yeni ag mimarileri gelistirmeye veya mevcut modellerin
performansini artirmaya odaklanirken, 6§renme siirecinin temel girdisini olusturan veri setleri
cogunlukla sabit bir bilesen olarak ele alinmaktadir. Oysa nesne tespiti veri setleri; nesne boyutu
dagilimi, nesne yogunlugu, smif dengesizligi, goriintii ¢oziiniirligi, arka plan karmasikligi ve
anotasyon yapist gibi ¢ok sayida oOlgiilebilir karakteristige sahiptir. Buna ragmen mevcut
calismalar ¢ogunlukla kii¢iilk nesne tespiti, siif dengesizligi veya Ortlinme gibi belirli
problemlere odaklanmakta; veri setlerini biitlinciil olarak tanimlayan sistematik
karakterizasyon yaklagimlari ise oldukc¢a sinirlt kalmaktadir (Glenn, Ayush, ve Jing 2023). Bu
durum, nesne tespiti veri setlerinin yapisal 6zelliklerini ortak bir ¢er¢evede tanimlayabilecek
veri odakli analiz yontemlerine olan gereksinimi ortaya koymaktadir.

Bu ¢alisma, nesne tespiti problemine model merkezli yaklagimlar yerine veri odakli (data-
centric) bir bakis agisiyla yaklagmaktadir. Calismanin amaci yeni bir nesne tespiti modeli
onermek veya mevcut dedektorleri karsilagtirmak degildir. Bunun yerine farkli nesne tespiti
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veri setleri; geometrik, istatistiksel, gorsel ve anotasyon tabanli 6zellikler agisindan sistematik
olarak karakterize edilmekte ve her veri seti onerilen Dataset Characterization Vector (DCV)
ile temsil edilmektedir. Boylece veri setlerinin yalnizca goriintii veya sinif sayis1 gibi temel
istatistiklerle degil, ¢ok boyutlu yapisal 6zellikleri dikkate alinarak degerlendirilmesine yonelik
biitlinciil bir karakterizasyon yaklagimi sunulmaktadir.

Bu c¢aligma kapsaminda;

e (i) nesne tespiti veri setlerini geometrik, istatistiksel, gorsel ve anotasyon tabanli
ozellikler agisindan tanimlayan biitlinciil bir karakterizasyon ¢ercevesi dnerilmektedir,

e (ii) farkli veri setleri ortak metrikler kullanilarak nicel olarak analiz edilmekte ve
karsilastirilmaktadir,

e (iii) veri setlerinin yapisal Ozelliklerini temsil eden Dataset Characterization Vector
(DCV) tanimlanmaktadir ve

e (iv) onerilen yaklagimin nesne tespiti veri setlerinin sistematik olarak analiz edilmesine
yonelik uygulanabilir bir degerlendirme ¢ergevesi sundugu gosterilmektedir.

2. ILGILI CALISMALAR

Bu boliimde nesne tespiti alanindaki mevcut ¢alismalar ii¢ temel baslik altinda incelenmektedir:
(1) model mimarilerine odaklanan ¢alismalar, (i1) belirli veri seti zorluklarini ele alan ¢alismalar
(kiiciik nesne, sinif dengesizligi, ortiinme vb.) ve (iii) veri seti karakterizasyonuna yonelik veri
odakli yaklagimlar. Bu siniflandirma, 6nerilen karakterizasyon yaklasiminin literatiirdeki yerini
ve mevcut ¢aligmalardan ayrigsan yonlerini ortaya koymay1 amacglamaktadir.

2.1. Model Mimarilerine Yonelik Calismalar

Nesne tespiti alanindaki arastirmalarin biiyiik ¢cogunlugu, dogruluk ve islem hizin1 artirmak
amaciyla yeni dedektdr mimarileri gelistirmeye odaklanmistir. Bu kapsamda bdlge Onerisi
(region proposal) tabanli iki asamali modeller (6r. Faster R-CNN (Ren vd. 2017)) yiiksek
konumlandirma dogrulugu saglarken, tek asamali (one-stage) modeller (6r. YOLO ailesi
(Redmon vd. 2016) ve SSD (W. Liu vd. 2016)) gercek zamanli uygulamalar i¢in daha uygun
bir hiz-dogruluk dengesi sunmustur. Son yillarda ise Transformer tabanli mimarilerin (6r.
DETR (Y. Zhao vd. 2024) ve RT-DETR (Wang vd. 2024)) bilgisayarli gorii alaninda
yayginlagsmasiyla birlikte, kiiresel baglam bilgisini daha etkin kullanabilen modeller 6zellikle
karmasik sahnelerde dikkat ¢ekici basarilar elde etmistir (Hussain vd. 2026)(Chen vd. 2022).

Bununla birlikte, Liu vd. (L. Liu vd. 2020) ve Zhao vd. (Z. Q. Zhao vd. 2019) tarafindan
hazirlanan kapsamli derleme ¢aligmalari, nesne tespiti arastirmalarinin biiyiik 6l¢iide model
mimarileri, 6zellik ¢ikarim mekanizmalar1 ve optimizasyon stratejileri lizerine yogunlastigini
ortaya koymaktadir. Benzer sekilde Jiao vd. (Jiao vd. 2019)(Kemal vd. 2020), mevcut
literatiirde veri setlerinin ¢cogunlukla deneysel degerlendirme ortami olarak ele alindigini, buna
karsin veri setlerinin yapisal o6zelliklerini sistematik bi¢imde tanimlayan ve karsilastiran
caligmalarin  olduk¢a smirli oldugunu belirtmektedir. Bu durum, veri setlerinin
karakterizasyonuna yonelik veri odakli aragtirmalarin 6nemini ortaya koymaktadir.

2.2. Belirli Veri Seti Zorluklarina Yonelik Calismalar

Literatiirde, nesne tespiti veri setlerinde karsilasilan belirli zorluklar1 ele alan ¢ok sayida
calisma bulunmaktadir. Kii¢lik nesne tespiti lizerine gerceklestirilen arastirmalar, nesne
dlgeginin tespit siirecindeki dnemini ortaya koymus ve ¢ok dlgekli 6zellik ¢ikarimi ile Ozellik
Piramidi Aglarinin (Feature Pyramid Network-FPN) bu problemde kritik rol oynadigim
gostermistir (Tsung Lin vd. 2017). Benzer sekilde yogun sahneler ve ortiinme problemlerini ele
alan calismalar, yliksek nesne yogunlugu ve sinir kutusu c¢akigmalarinin nesne ayrigtirma
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stire¢lerini zorlastirdigini ve bu tiir sahneler i¢in ¢esitli iyilestirme yontemleri 6nerildigini rapor
etmistir (Kemal vd. 2020).

Smif dengesizligi de nesne tespiti veri setlerinde sik karsilagilan 6nemli problemlerden biridir.
Ozellikle uzun kuyruklu veri dagilimlarina sahip veri setlerinde siniflar arasindaki drnek sayisi
farkliliklarin1 azaltmak amaciyla yeniden 6rnekleme (re-sampling), yeniden agirliklandirma
(re-weighting) ve 6zel kayip fonksiyonlar1 gibi cesitli yaklagimlar gelistirilmistir (Yu vd.
2020)(Agnew, Scanlan, ve Denny 2024)(Michielsen, Gemert, ve Kayhan 2024). Bununla
birlikte, bu ¢aligmalarin biiyiikk bolimii veri setlerinin yalnizca belirli bir 6zelligine
odaklanmakta; nesne boyutu, nesne yogunlugu, sinif yapisi, goriintii 6zellikleri ve anotasyon
karakteristiklerini birlikte ele alan biitlinciil veri seti karakterizasyonu yaklagimlari ise oldukga
siirl kalmaktadir (Yang ve Hui 2024).

2.3. Veri Seti Karakterizasyonu ve Veri Odaklh Yaklasimlar

Son yillarda veri merkezli yapay zekd (Data-Centric Al) yaklagiminin énem kazanmasiyla
birlikte, veri kalitesi ve veri karakteristiklerinin 6grenme stirecindeki rolii giderek daha fazla
arastirllmaya baglanmistir (Jakubik vd. 2024)(Hussain vd. 2026). Bu kapsamda, goriintii
siiflandirma problemleri i¢in veri setlerinin zorluk derecesini belirlemeye yonelik cesitli
metrikler ve degerlendirme yaklagimlari onerilmistir (Chen vd. 2022). Buna karsin, nesne
tespiti veri setlerini ¢ok boyutlu olarak karakterize eden c¢alismalarin halen sinirli oldugu
goriilmektedir. Mevcut arastirmalar cogunlukla belirli veri setlerindeki (6rnegin COCO (Tsung-
yi Lin vd. 2015) veya Pascal VOC (Everingham vd. 2013)(Everingham vd. 2009) anotasyon
hatalar1 (Proenga, Simdes, ve Mar 2020), sinif dagilimlar1 veya belirli veri 6zellikleri {izerine
odaklanmakta; farkli veri setlerini geometrik, istatistiksel, gorsel ve anotasyon tabanli
ozellikleri birlikte dikkate alarak karsilastiran biitiinciil karakterizasyon yaklagimlari ise
oldukga smirli kalmaktadir (Kim vd. 2025).

Bu caligma, séz konusu eksikligi gidermeyi amaglamaktadir. Onerilen yaklasim, model
mimarilerine odaklanmak yerine nesne tespiti veri setlerini geometrik, istatistiksel, gorsel ve
anotasyon tabanli olmak tlizere dort temel kategoride sistematik olarak karakterize eden
biitlinciil bir degerlendirme g¢ergevesi sunmaktadir. Ayrica onerilen Dataset Characterization
Vector (DCV) ile farkl veri setlerinin ortak metrikler kullanilarak nicel olarak temsil edilmesi
ve karsilastirilmas: saglanmaktadir. Boylece veri setlerinin yapisal 6zelliklerinin sistematik
bicimde analiz edilmesine yonelik veri odakli bir yaklasim ortaya konulmaktadir.

3. ONERILEN VERI SETi KARAKTERIZASYON CERCEVESI

Bu béliimde, nesne tespiti veri setlerinin sistematik olarak karakterize edilmesinde kullanilan
ozellikler ve bu 6zelliklerin hesaplanma yontemleri agiklanmaktadir. Onerilen yaklasim, veri
setlerinin yapisal Ozelliklerini nicel olarak tanimlayabilmek amaciyla gelistirilmis olup,
geometrik, istatistiksel, gorsel ve anotasyon tabanli olmak iizere dort temel karakterizasyon
kategorisinden olusmaktadir. Her kategori, veri setlerinin farkli ydnlerini temsil eden
tamamlayic1 metrikler igermektedir. Ttim karakterizasyon metrikleri Python tabanli modiiler bir
islem hatt1 kullanilarak otomatik olarak hesaplanmis; goriintii isleme islemlerinde OpenCV
(Intel acquires Itseez y.y.), veri isleme ve hesaplama siireclerinde ise PyTorch (Paszke vd. 2019)
tabanli araclardan yararlanilmistr.

3.1. Veri Seti Ozelliklerinin Tanimlanmas: (Dataset Feature Definition)

Nesne tespiti alanindaki ¢aligmalarin biiyiik boliimii yeni dedektdr mimarileri, 6zellik ¢ikarim
yontemleri ve egitim stratejileri lizerine yogunlasmaktadir. Buna karsin, 6grenme siirecinin
temel girdisini olusturan veri setlerinin yapisal 6zelliklerini sistematik olarak tanimlayan
caligmalar oldukca siirlidir (Tsung-yi Lin vd. 2015)(Everingham vd. 2009)(Everingham vd.
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2013)(Yang ve Hui 2024)(Hussain vd. 2026). Son yillarda veri merkezli yapay zeka (Data-
Centric Al) yaklagiminin 6nem kazanmasiyla birlikte, veri kalitesi ve veri karakteristiklerinin
analizine yonelik ilgi artmis olsa da nesne tespiti veri setlerini ¢ok boyutlu olarak karakterize
eden ortak bir degerlendirme ¢ercevesi heniiz bulunmamaktadir (Jakubik vd. 2024).

Mevcut ¢alismalar veri setlerinin ¢ogunlukla belirli 6zelliklerine odaklanmaktadir. Kiigiik
nesneler, yogun sahneler, sinif dengesizligi, goriintii ¢ézliniirliigii ve anotasyon kalitesi gibi
karakteristikler farkli arastirmalarda ayri ayr1 ele alinmis olsa da bu o6zellikleri ortak bir
karakterizasyon yaklasimi altinda degerlendiren ¢alismalar olduk¢a siirlidir (Chen vd. 2022)
(Su vd. 2022)(C. Zhao, Wan, ve Chan 2025)(Kemal vd. 2020). Bu nedenle veri setlerinin farkli
yonlerini birlikte tanimlayabilecek biitiinciil bir karakterizasyon g¢ergevesine ihtiyag
duyulmaktadr.

Bu c¢aligmada veri setleri, tek bir 6zellik iizerinden degil, birbirini tamamlayan dort temel
karakteristik grubu iizerinden tanimlanmaktadir: geometrik 6zellikler, istatistiksel 6zellikler,
gorsel Ozellikler ve anotasyon tabanli ozellikler. Bu siniflandirma, veri setlerinin yalnizca
biiytikliigiinii degil, sahip olduklar1 yapisal ozellikleri de nicel olarak ortaya koymay1
amaclamaktadir. Geometrik 6zellikler nesnelerin goriintii igerisindeki uzamsal dagilimini ve
Olcek yapisini; istatistiksel ozellikler sinif dagilimini ve veri gesitliligini; gorsel 6zellikler
goriintli kalitesini ve sahne yapisini; anotasyon tabanli 6zellikler ise etiketleme yapisini temsil
etmektedir. Boylece veri setleri yalnizca kag¢ goriintii veya kac¢ sinif igerdigi bakimindan degil,
sahip olduklar1 yapisal 6zellikler a¢isindan da sistematik olarak tanimlanabilmektedir.

Geometrik karakteristikler; ortalama nesne boyutu (Average Object Size-AOS), kiiglik nesne
orani (Small Object Ratio-SOR), nesne yogunlugu (Object Density-OD), siir kutusu Ortiisme
orani (Bounding Box Overlap Ratio-BBoxOR) ve 6n plan doluluk orami (Foreground
Occupancy Ratio-FOR) gibi metriklerden olusmaktadir. Bu gostergeler, veri setindeki
nesnelerin uzamsal dagilimini ve dlgek yapisini nicel olarak tanimlamaktadir.

Istatistiksel karakteristikler, veri setlerindeki smif dagiliminin gesitlilik ve belirsizlik diizeyini
nicel olarak tanimlamaktadir. Bu kapsamda, sinif dagilimmi degerlendirmek amaciyla Siif
Entropisi (Class Entropy—CE) kullanilmistir.

Gorsel karakteristikler veri setinin goriintii kalitesini ve sahne yapisini tanimlamaktadir.
Ortalama goriintii ¢ozliniirliigii (Image Resolution-IR), goriintii kontrasti (Image Contrast-1C),
goriintii keskinligi (Image Sharpness-IS) ve arka plan karmagiklig1 (Background Complexity-
BC), veri setlerinin gorsel 6zelliklerini temsil eden temel metrikler olarak kullanilmaktadir.

Anotasyon tabanli karakteristikler ise veri setlerinin etiketleme yapisini agiklamaktadir. Bu
kapsamda sinir kutusu alan varyansi (Bounding Box Area Variance-BBAV) ve sinir nesne orani
(Border Object Ratio—BoR) gibi metrikler kullanilarak veri setlerinin anotasyon yapist nicel
olarak degerlendirilmektedir. Bu metrikler, nesnelerin boyut ¢esitliligi ile goriintii sinirlarina
yakin konumlanma egilimlerini ortaya koyarak veri setlerinin yapisal 6zelliklerinin analiz
edilmesini saglamaktadir.

Belirlenen tiim 6zellikler farkli nesne tespiti veri setleri lizerinde tamamen otomatik olarak
hesaplanabilmekte ve herhangi bir nesne tespiti mimarisine bagimlilik gostermemektedir. Bu
sayede Onerilen karakterizasyon yaklasimi, farkli veri setlerinin ortak bir karakterizasyon
cercevesi altinda analiz edilmesine olanak saglamaktadir. Bir sonraki alt bdliimlerde her
karakteristik grubuna ait metrikler matematiksel ifadeleriyle birlikte sunulmaktadir.

3.2. Geometrik, istatistiksel, Gorsel ve Anotasyon Karakteristikleri

Bu boliimde, nesne tespiti veri setlerinin yapisal 6zelliklerini tanimlamak amactyla kullanilan
on iki karakterizasyon metrigi dort temel kategori altinda sunulmaktadir. Onerilen metrikler;
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geometrik, istatistiksel, gorsel ve anotasyon tabanli ozellikleri temsil etmekte olup, veri
setlerinin farkli yonlerini ortak bir ¢ercevede degerlendirmeyi amaglamaktadir.

Her bir metrik i¢in matematiksel tanim verilmis ve veri seti diizeyindeki hesaplama yontemi
aciklanmistir. Ayrica metrikler, farkli veri setlerinin karsilagtirilmasini kolaylastiracak sekilde
ortak bir hesaplama yaklasimi kullanilarak elde edilmistir. Boylece tiim veri setleri aym
karakterizasyon siireci altinda analiz edilerek karsilastirilabilir hale getirilmistir.

3.2.1. Geometrik Karakteristikler

Geometrik karakteristikler, veri setindeki nesnelerin uzamsal dagilimini, 6lgek yapisini ve
gorintii igerisindeki konumlanma 6zelliklerini nicel olarak tanimlamaktadir.

3.2.1.1 Ortalama Nesne Boyutu (Average Object Size — AOS)

Ortalama nesne boyutu (Average Object Size-AOS), veri setlerinin 6lgek yapisini tanimlayan
temel geometrik karakteristiklerden biridir. Ozellikle farkli veri setlerinin nesne boyutu
bakimindan karsilastirilabilmesi i¢in, sinir kutusu alanlar1 goriintii alanina gore normalize
edilmektedir (Tsung-yi Lin, Zitnick, ve Doll 2015)(Chen vd. 2022).

Normalize edilmis nesne alani Esitlik (1) kullanilarak hesaplanmaktadir.
w; X hi

Ai ==
Wix H;

(1
Burada w; ve h;, i. nesneye ait sinir kutusunun genisligi ve yiiksekligini; W; ve H; ise ilgili
goriintlinlin genisligi ve yiiksekligini gdstermektedir.

Veri setine ait ortalama nesne boyutu ise Esitlik (2) ile hesaplanmaktadir.
1
A0S = — %L, A, (2)
Burada N, veri setindeki toplam nesne sayisini ifade etmektedir.

3.2.1.2 Kiig¢iik Nesne Orani (Small Object Ratio — SOR)

Ortalama nesne boyutu veri setinin genel dlgek yapisini agiklasa da kii¢lik nesnelerin veri seti
icerisindeki dagilimini tek basina ifade edememektedir. Bu nedenle kiiciik nesne oranini
belirlemek amaciyla Small Object Ratio (SOR) metrigi kullanilmistir.

Farkli ¢oziiniirliiklere sahip veri setleri arasinda c¢oziiniirliikkten bagimsiz ve tutarli bir
degerlendirme yapilabilmesi amaciyla, kiiclik nesneler normalize edilmis sinir kutusu alan
goriintli alaninin %0,1'inden (A < 0.001) kiiciik olan nesneler olarak tanimlanmistir. Bu esik
degeri, veri setleri arasinda ortak bir kiiclik nesne tanimi saglayarak Ol¢ek farkliliklarindan
kaynaklanabilecek yanliliklart azaltmay1 amaglamaktadir (Tsung-yi Lin, Zitnick, ve Doll 2015).
SOR degeri Esitlik (3) kullanilarak hesaplanmaktadir.

SOR = Ysmau 3)

Ntotal

Burada Nsman, normalize edilmis sinir kutusu alan1 4; < 0.001kosulunu saglayan nesnelerin
say1sint; N 1s€ veri setindeki toplam nesne sayisini ifade etmektedir. Bu metrik, veri setindeki
kiiclik nesnelerin dagilimini nicel olarak ifade etmektedir.

3.2.1.3 Nesne Yogunlugu (Object Density — OD)

Nesne yogunlugu (Object Density-OD), veri setindeki goriintii basina diisen ortalama nesne
sayisini ifade etmektedir. Bu metrik, veri setindeki sahnelerin ne 6l¢iide yogun oldugunu
tanimlayan temel geometrik gostergelerden biridir.
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Nesne yogunlugu Esitlik (4) kullanilarak hesaplanmaktadir
OD — Nobject (4)

Nimage

Burada Nopjecr, veri setindeki toplam anotasyon sayisini, Nimege is€ toplam goriintli sayisini
gostermektedir.

3.2.1.4 Siir Kutusu Ortiisme Orami (Bounding Box Overlap Ratio —- BBoxOR)

Bounding Box Overlap Ratio (BBoxOR), ayni goriintii igerisinde bulunan nesnelerin sinir
kutular1 arasindaki ortlisme diizeyini nicel olarak ifade etmektedir. Bu amagla her goriintiide
bulunan tim nesne ciftleri i¢in Kesisim/Birlesim (Intersection over Union-IoU) degeri
hesaplanmaktadir.

Veri seti diizeyindeki ortalama ortiisme orani Esitlik (5) ile elde edilmektedir.
BBoxOR = —YM_, IoU; (5)

Burada M, degerlendirilen toplam nesne ¢ifti sayisini, loU; ise ilgili nesne ¢iftine ait loU
degerini gostermektedir. BBoxOR metrigi, veri setindeki nesnelerin ortiisme karakteristigini
temsil etmektedir.

3.2.1.5 On Plan Doluluk Oram (Foreground Occupancy Ratio — FOR)

Foreground Occupancy Ratio (FOR), goriintii i¢erisindeki tiim nesnelere ait sinir kutularinin
kapladig1 toplam alanin goriintii alanina oranini ifade etmektedir. Bu metrik, veri setindeki 6n
plan—arka plan dagilimini nicel olarak degerlendirmek amaciyla kullanilmaktadir.

Bir goriintiiye ait FOR degeri Esitlik (6) ile hesaplanmaktadir.

nj
ijlArea(BBoxj)

FOR; = (6)

Burada Area(BBox;), j. nesneye ait sinir kutusunun alanini; n;, ilgili goriintiide bulunan nesne
sayisini; W;ve H;ise gorlintliniin genisligi ve yliksekligini gostermektedir.

Wix H;

Veri seti diizeyindeki ortalama FOR degeri ise Esitlik (7) kullanilarak hesaplanmaktadir.

FOR = -¥, FOR; (7)
FOR metrigi, veri setindeki nesnelerin goriintii alanim1 kullanma diizeyini nicel olarak
tanimlamaktadir.
3.2.2 istatistiksel Karakteristikler

Istatistiksel karakteristikler, veri setinin siif dagilimini, 6rnek cesitliligini ve semantik yapisini
nicel olarak tanimlamaktadir. Bu kapsamda veri setlerinin sinif dengesi, dagilim cesitliligi ve
siiflar arasindaki birlikte bulunma iliskileri ti¢c temel metrik kullanilarak degerlendirilmektedir.

e (lass Distribution Entropy (CE)

Veri setinin genel sinif dagilimini nicel olarak degerlendirebilmek amaciyla, bilgi teorisinde
yaygin olarak kullanilan Shannon Entropisi bu ¢alismada Sinif Entropisi (Class Entropy—CE)
metrigi olarak kullanilmistir (Kemal vd. 2020)(Yu vd. 2020).

CE, veri setindeki sinif 6rneklerinin dagilimindaki ¢esitlilik ve belirsizlik diizeyini 6l¢gmektedir.
CE degeri Esitlik (8) kullanilarak hesaplanmaktadir.

CE = —Y{_,p;log,(p;) (8)
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Burada C, veri setindeki toplam sinif sayisini, p; ise ilgili sinifin goreli frekansini ifade
etmektedir. CE degerinin yiiksek olmasi sinif dagiliminin daha dengeli oldugunu, diisiik olmasi
ise belirli siniflarin daha baskin oldugunu gostermektedir.

3.2.3 Gorsel Karakteristikler

Gorsel karakteristikler, veri setlerinin goriintii kalitesi ve sahne yapisin1 nicel olarak
tanimlamaktadir. Gorilintii ¢oziiniirligli, kontrast, keskinlik ve arka plan karmasikligi gibi
ozellikler, veri setlerinin gorsel yapisini agiklayan temel gostergeler arasinda yer almaktadir
(Chen vd. 2022)(Jakubik vd. 2024). Bu ¢alismada gorsel karakteristikler dort farklt metrik
kullanilarak degerlendirilmistir.

3.2.3.1 Image Resolution (IR)

Goriintli ¢oziintirliigi (Image Resolution-IR), veri setinin sahip oldugu gorsel ayrint1 diizeyini
tanimlayan temel 6zelliklerden biridir. Literatiirde ¢ozliniirliiglin, goriintiilerin igcerdigi ayrinti
miktarini belirleyen 6nemli bir karakteristik oldugu belirtilmektedir (Chen vd. 2022). Bu
caligmada her goriintiiniin ¢ozlinilirliigl toplam piksel sayis1 kullanilarak hesaplanmaistir.

Bir goriintiiniin ¢oziiniirliigii Esitlik (9) ile hesaplanmaktadir.
IR; = W; x H; 9)
Burada W; ve H,, sirasiyla goriintiinlin genislik ve yiiksekligini gostermektedir.

Veri setine ait ortalama ¢ozlintirliik ise Esitlik (10) ile elde edilmektedir.
1
IR =—%, IR, (10)
Burada N, veri setindeki toplam goriintii sayisini ifade etmektedir.

3.2.3.2 Image Contrast (IC)

Kontrast (Image Contrast-IC), goriintii igerisindeki piksel yogunluklarinin degisimini ifade
eden temel gorsel karakteristiklerden biridir. Literatiirde RMS (Root Mean Square) kontrast
yontemi, goriintii kontrastinin nicel olarak belirlenmesinde yaygin bigimde kullanilmaktadir
(Jakubik vd. 2024)(Hussain vd. 2026).

Bu c¢aligmada goriintii kontrasti RMS kontrast yontemi kullanilarak Esitlik (11) ile
hesaplanmaktadir.

1
16 = [E851 e - 2 (a1
Burada P, goriintiideki toplam piksel sayisini, /i ilgili piksel yogunlugunu, p ise goriintiiniin
ortalama yogunluk degerini gostermektedir.
3.2.3.3 Image Sharpness (IS)

Goriintii keskinligi (Image Sharpness-IS), goriintiideki kenar ve detaylarin belirginlik diizeyini
ifade etmektedir. Laplacian varyansi yontemi, goriintii keskinliginin dlciilmesinde literatiirde
yaygin olarak kullanilan yontemlerden biridir (Chen vd. 2022).

Bu ¢aligmada goriintii keskinligi Laplacian operatdriiniin varyans: kullanilarak Esitlik (12) ile
hesaplanmaktadir.

1S; = Var(V?I) (12)

Burada V21, goriintiiniin Laplacian doniisiimiinii ifade etmektedir. Yiiksek varyans degerleri
daha belirgin kenar yapilarina sahip goriintiileri temsil etmektedir.
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3.2.3.4 Arka Plan Karmasikhg (Background Complexity - BC)

Arka plan karmagsikligi (Background Complexity—BC), veri setlerindeki goriintiilerin sahne
yapisini ve gorsel ayrint1 diizeyini nicel olarak tanimlayan bir gorsel karakteristiktir. Karmasik
sahnelerde yogun kenar yapilari ve yiikksek frekansli goriintii ayrintilar1 daha fazla
bulundugundan, bu ¢alismada arka plan karmasikligi kenar yogunlugu ile Laplacian tabanli
keskinlik bilgisinin birlikte degerlendirilmesiyle hesaplanmistir (L. Liu vd. 2020)(Jakubik vd.
2024).

Bu caligmada arka plan karmasikligini belirlemek amaciyla iki farkli gosterge birlikte
degerlendirilmistir.

Kenar yogunlugu (Edge Density—ED), Canny kenar algilama yontemiyle belirlenen kenar
piksellerinin goriintiideki toplam piksel sayisina orani olarak Esitlik (13) kullanilarak
hesaplanmaktadir.

ED; = ~edae (13)
Burada Negee, i. goriintiide kenar olarak belirlenen piksel sayisini; P; ise goriintiideki toplam
piksel sayisini ifade etmektedir.

Laplacian varyansi ile hesaplanan goriintii keskinligi degeri farkli goriintiilerde genis bir deger
araliginda degisebildiginden, bu deger Esitlik (14) kullanilarak [0,1) aralifina normalize
edilmektedir.

[srorm — __ISt__
t 1S;+1000

(14)

Burada IS;, i. goriintiiniin Laplacian varyans: kullanilarak elde edilen keskinlik degerini
gostermektedir. Sabit 1000 degeri, keskinlik degerlerinin 6lgegini sinirlandirmak ve normalize
edilmis degerin asir1 biiylimesini 6nlemek amaciyla kullanilan 6l¢ekleme parametresidir.

Her bir goriintiiye ait arka plan karmasikli§i degeri, kenar yogunlugu ile normalize edilmis
keskinlik degerinin aritmetik ortalamasi alinarak Esitlik (15) ile hesaplanmaktadir.

1 IS;
BC; =3 (EDi + 15i+1000) (15)
Veri seti diizeyindeki arka plan karmagikligi, tiim goriintiilere ait BC; degerlerinin aritmetik
ortalamasi alinarak Esitlik (16) ile hesaplanmaktadir.

BC =~¥N, BC, (16)

Bu yaklagim, veri setindeki tiim goriintiilerin arka plan karmasikligini tek bir temsil degeri
altinda birlestirmektedir. Yiiksek BC degerleri, kenar yogunlugunun ve gorsel ayrint1 diizeyinin
daha yiiksek oldugu karmasik sahneleri; diisiik BC degerleri ise daha sade ve daha az ayrinti
iceren sahneleri temsil etmektedir.

3.2.4 Anotasyon Karakteristikleri

Anotasyon karakteristikleri, veri setlerinin etiketleme yapisini ve anotasyonlarin dagilimini
nicel olarak tanimlamaktadir. Literatiirde anotasyon kalitesinin, veri setlerinin giivenilirligi ve
temsil giicii agisindan 6nemli bir bilesen oldugu belirtilmektedir (Carion vd. 2020)(Everingham
vd. 2009)(Tsung Lin vd. 2017). Bu calismada anotasyon yapisi; sinir kutusu alan varyansi
(BBAV) ve smir nesne orani (BoR) olmak iizere iki temel metrik kullanilarak
degerlendirilmistir.
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3.2.4.1 Bounding Box Area Variance (BBAV)

Ortalama nesne boyutu veri setinin genel Olcek yapisini ifade etmesine ragmen, nesne
alanlarinin dagilimindaki degiskenligi tek basina agiklayamamaktadir. Bu nedenle, nesne
boyutlarinin veri seti igerisindeki ¢esitliligini degerlendirmek amaciyla Bounding Box Area
Variance (BBAV) metrigi kullanilmistir (Y. Zhao vd. 2024)(Zhang vd. 2022).

[1k olarak normalize edilmis sinir kutusu alanlar Esitlik (17) ile hesaplanmaktadr.

wi xhl-

Ai = Wix H; (17)
Ardindan veri seti diizeyindeki sinir kutusu alan varyansi Esitlik (18) ile elde edilmektedir.
1 —_
BBAV = -= ¥iL,(4; - A)? (18)

Burada A;, normalize edilmis sinir kutusu alanini, A ise veri setine ait ortalama normalize
edilmis nesne alanin1 gostermektedir. BBAV metrigi, veri setindeki nesne Olgeklerinin
degiskenligini nicel olarak ifade etmektedir.

3.2.4.2 Border Object Ratio (BoR)

Gergek diinya goriintiilerinde nesnelerin bir boliimii goriintli stniria yakin konumlanabilmekte
veya kismen goriintii disinda kalabilmektedir (L. Liu vd. 2020)(Chen vd. 2022). Bu tiir
orneklerin veri seti icerisindeki dagilimini belirlemek amaciyla Border Object Ratio (BoR)
metrigi tanimlanmistir.

Border Object Ratio degeri Esitlik (19) kullanilarak hesaplanmaktadir.
BoR = Mborder (19)

Npbox

Burada Nporer, gorintii sinirina belirlenen esik mesafesi igerisinde bulunan toplam nesne
say1sini, Nppox 1s€ veri setindeki toplam anotasyon sayisini ifade etmektedir. BoR metrigi, veri
setindeki siir nesnelerinin oranini nicel olarak tanimlamaktadir.

Bu ¢aligmada onerilen veri seti karakterizasyon metrikleri; geometrik, istatistiksel, gorsel ve
anotasyon tabanli olmak {izere dort ana kategori altinda tanimlanmistir. Kullanilan tiim
metrikler, sembolleri ve 6l¢lim birimleri ile birlikte Tablo 1'de 6zetlenmektedir.

Table 1. Onerilen Veri Seti Karakterizasyon Metriklerinin Ozeti

Kategori Metrik Sembol Birim
Geometrik  Ortalama Nesne Boyutu AOS Normalize Alan
Geometrik  Kiiciik Nesne Orani SOR %

Geometrik Nesne Yogunlugu OD Nesne/Goriinti

Geometrik  Sinir Kutusu Ortiisme Orani BBoxOR IoU

Geometrik  On Plan Doluluk Orani FOR %
Istatistiksel ~Sinif Entropisi CE Bits
Gorsel Gorlintii Coziiniirligii IR Piksel

ISBN: 978-625-90699-3-7
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Gorsel Gortintii Kontrasti IC RMS

Gorsel Goriintl Keskinligi IS Laplacian Varyans

Gorsel Arka Plan Karmagikligi BC Kenar + Doku (0-1 Aralig1)
Anotasyon  Sinir Kutusu Alan Varyansi BBAV Varyans

Anotasyon  Simir Nesne Orani BoR %

Tablo 1'de Onerilen veri seti karakterizasyon yaklasiminda kullanilan metrikler, ait olduklar
kategoriler, sembolleri ve dl¢iim birimleri ile birlikte 6zetlenmektedir. Geometrik, istatistiksel,
gorsel ve anotasyon tabanli metriklerin birlikte degerlendirilmesi, veri setlerinin yapisal
ozelliklerinin ¢ok boyutlu olarak tanimlanmasina olanak saglamaktadir. Bu karakterizasyon
cercevesi, farkli nesne tespiti veri setlerinin ortak metrikler kullanilarak sistematik bigimde
analiz  edilmesini ve karsilagtirilmasinm1i  desteklemektedir.  Calismanin  deneysel
degerlendirmeleri, Tablo 1'de sunulan bu karakterizasyon metrikleri temel alinarak
gercgeklestirilmistir.

3.3 Ozellik Cikarim is Akis1

Calismada tanimlanan tiim veri seti karakteristiklerinin otomatik, tekrarlanabilir ve modelden
bagimsiz bicimde hesaplanabilmesi amaciyla Python tabanli modiiler bir 6zellik ¢ikarim
sistemi gelistirilmistir. Onerilen sistem, COCO formatindaki anotasyon dosyalarmi ve ilgili
goriintlileri dogrudan okuyarak veri setine ait geometrik, istatistiksel, gorsel ve anotasyon
tabanl karakteristikleri tek bir islem hatt1 icerisinde tiretmektedir. Boylece farkli nesne tespiti
veri setleri herhangi bir manuel isleme ihtiya¢ duyulmadan ayni metodoloji kullanilarak analiz
edilebilmektedir. Onerilen 6zellik ¢ikarim siirecinin genel is akis1 Sekil 1'de gosterilmektedir.

ISBN: 978-625-90699-3-7
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= Nesne Tespiti Veri Setleri
= (COCO /VOC / VisDrone / .....)
[
! !
A Goriintiiler Etiketler
(JPEG / PNG) (JSON / XML)
I I
I
a Ozellik Cikarma Motoru
a (Otomatik Ozellik Cikarimi)

Onerilen Veri Seti Ozellik Kategorileri

A Geometrik Istatistiksel Girsel Etiket
.’ Ozellikler Ozellikler Ozellikler Ozellikleri

* Nesne Boyutu * Nesne Sayist * Coziiniirlitk « Siif Dagilimi
* En-Boy Orani * Yogunluk * Keskinlik * Sinir Kutulari

* Sekil * Dagilim « Kenarlar « Nesne Konumu

* Merkez Konumu « Kontrast

N\ i N e y

Veri Seti Ozellik Temsili
(Birlestirilmis Ozellik Vektorii)

}

: Veri Seti Ozellik Deposu
— (Tablo / CSV / Ozellik Vektorii)

l

Veri Seti Karakterizasyonu
(Nesne Tespiti Igin Veri Seti Profili)

Sekil 1. Nesne tespiti veri setlerinin ¢ok kategorili 6zellik ¢ikarimina dayali otomatik
karakterizasyonu i¢in Onerilen gerceve.

Sekil 1'de goriildiigii tizere, 6zellik ¢ikarim siireci goriintiiler ve anotasyon dosyalarinin birlikte
islenmesiyle baslamaktadir. ik asamada veri setine ait anotasyonlar okunarak goriintii
kimlikleri, simif etiketleri ve sinir kutusu bilgileri bellege aktarilmakta, ardindan goriintiiler
ilgili anotasyonlarla eslestirilerek veri setinin temel yapisi olusturulmaktadir. Sonraki asamada
geometrik, istatistiksel, gorsel ve anotasyon tabanli karakterizasyon metrikleri otomatik olarak
hesaplanmakta ve elde edilen tiim 6zellikler Dataset Characterization Vector (DCV) icerisinde
birlestirilmektedir. DCV; bes geometrik ve bir istatistiksel karakteristik (AOS, SOR, OD,
BBoxOR, FOR ve CE), dort gorsel karakteristik (IR, IC, IS ve BC) ile iki anotasyon
karakteristiginden (BBAV ve BoR) olusan toplam on iki metrikten meydana gelmektedir.
Boylece her veri seti ortak bir karakterizasyon uzayinda sayisal olarak temsil edilmektedir.

Geometrik analiz asamasinda sinir kutularinin boyutlari, konumlar1 ve dagilimlar: kullanilarak
ortalama nesne boyutu, kiigiik nesne orani, nesne yogunlugu, 6n plan doluluk orani ve sinir
kutusu drtiisme oran1 hesaplanmaktadir. Istatistiksel analiz asamasinda sinif frekans dagilimlar
kullanilarak CE ve nesne birlikte goriilme iliskileri elde edilmektedir. Boylece veri setlerinin
uzamsal ve istatistiksel yapis1 ortak metrikler kullanilarak nicel olarak karakterize edilmektedir.

Gorsel analiz agamasinda her goriintii ¢oziiniirliik, kontrast, keskinlik ve arka plan karmasiklig1
acisindan degerlendirilmektedir. Coziiniirlik dogrudan goriintii boyutlarindan elde edilirken,
kontrast RMS yontemi, keskinlik Laplacian varyansi ve arka plan karmasikligi ise Canny kenar

ISBN: 978-625-90699-3-7
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yogunlugu ile Laplacian tabanli goriintii keskinligi bilgisinin birlikte degerlendirilmesiyle
hesaplanmaktadir. Boylece veri setlerinin yalnizca nesne yapist degil, ayn1 zamanda gorsel
icerikleri de karakterizasyon siirecine dahil edilmektedir.

Anotasyon tabanli analiz kapsaminda sinir kutusu alan varyanst ve sinir nesne orani
hesaplanmaktadir. Elde edilen tiim karakterizasyon metrikleri daha sonra veri seti diizeyinde
birlestirilerek her wveri setini temsil eden Dataset Characterization Vector (DCV)
olusturulmaktadir. Bu yap1 sayesinde farkli veri setleri ortak bir 6zellik uzayinda dogrudan
karsilastirilabilmektedir.

Onerilen islem hattinin en dnemli avantaji, tamamen otomatik ¢alismasi ve herhangi bir nesne
tespit modeline bagimli olmamasidir. Tiim karakterizasyon metrikleri yalnizca goriintiiler ve
anotasyon dosyalar1 kullanilarak hesaplanmakta, model egitimi veya ¢ikarim sonuglarina
ihtiya¢ duyulmamaktadir. Bu sayede yontem farkli nesne tespiti veri setlerine dogrudan
uygulanabilmekte ve ortak bir karakterizasyon ¢ergevesi altinda analiz edilebilmektedir. Ayrica
modiiler yapisi sayesinde yeni karakterizasyon metriklerinin eklenmesi veya mevcut hesaplama
yontemlerinin giincellenmesi kolaylikla gergeklestirilebilmektedir.

DCV=[AQS, SOR, OD, BBoxOR, FOR, CE, IR, IC, IS, BC, BBAV, BoR]

4. DENEYSEL CALISMALAR

Bu boliimde Onerilen veri seti karakterizasyon yaklasiminin deneysel uygulama siireci
sunulmaktadir. Oncelikle c¢alismada kullanilan veri setleri tanitilmakta, ardindan
karakterizasyon metriklerinin hesaplanmasinda kullanilan deneysel ortam ve uygulama siireci
aciklanmaktadir. Tiim veri setleri ayn1 6zellik ¢ikarim yontemi kullanilarak analiz edilmis ve
elde edilen karakterizasyon sonuglart ortak bir degerlendirme ¢ergevesi altinda
karsilastirilmistir.

4.1 Veri Setlerinin Secimi

Veri seti karakterizasyon yaklasiminin farkli yapisal ozelliklere sahip veri kiimeleri iizerinde
degerlendirilebilmesi amaciyla, bilgisayarli gorii literatiiriinde yaygin olarak kullanilan ve
farkli uygulama alanlarin1 temsil eden {i¢ nesne tespiti veri seti se¢ilmistir. Veri setlerinin
seciminde yalnizca kullanim alanlar1 degil; nesne 6lcegi, nesne yogunlugu, sinif ¢esitliligi,
goriintii ¢oziiniirliigli ve sahne karmagiklig1 gibi karakteristik 6zellikler de dikkate alinmistir.
Boylece onerilen karakterizasyon yaklasiminin farkli veri yapilari tizerinde uygulanabilirligi
degerlendirilmistir.

Bu dogrultuda ¢alismada COCO 2017, Pascal VOC 2012 ve VisDrone2019-DET veri setleri
kullanilmistir. Bu veri setleri; nesne dl¢egi, sinif ¢esitliligi, goriintii ¢oziiniirliigii ve sahne yapist
bakimindan birbirlerinden belirgin bicimde ayrismaktadir. Calismada kullanilan veri setlerinin
temel 6zellikleri Tablo 2'de sunulmaktadir.

Tablo 2. Calismada kullanilan nesne tespiti veri setlerinin genel 6zellikleri

Goriuntii Nesne

Veri Seti Uygulama Alani Sayist Sayist Simif Sayis1
COCO 2017 Genel amacl nesne tespiti 123,287 896,782 80
Pascal VOC 2012 Genel amacli nesne tespiti 17,125 40,138 20
VisDrone2019-DET  IHA goriintiileri 7,019 381,964 10
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Tablo 2 incelendiginde, ¢calismada kullanilan veri setlerinin hem uygulama alan1 hem de yapisal
ozellikler bakimindan birbirini tamamlayacak sekilde se¢ildigi goriilmektedir. COCO veri seti
yuksek smif ¢esitliligi ve karmasik sahne yapisiyla genel amacli nesne tespiti arastirmalarinda
yaygin olarak kullanilan referans veri setlerinden biridir. Pascal VOC ise daha sade sahne yapisi
ve biiylik nesne dagilimi ile farkli bir veri karakteristigi sunmaktadir. Buna karsilik VisDrone,
yiiksek nesne yogunlugu ve kiiciik nesne agirlikli yapisiyla farkli bir geometrik ve gorsel
karakteristik sergilemektedir. Bu ¢esitlilik, onerilen veri seti karakterizasyon yaklagiminin
farkli veri yapilar1 lizerinde uygulanabilirliginin degerlendirilmesine olanak saglamaktadir.

4.2 Karakterizasyon Ortami ve Yazilim Altyapisi

Onerilen veri seti karakterizasyon yaklasimmin uygulanabilmesi amaciyla Python tabanl
modiiler bir analiz ortam1 gelistirilmistir. Tiim karakterizasyon metrikleri ayn1 yazilim altyapisi
kullanilarak otomatik olarak hesaplanmig ve farkli veri setleri ortak bir islem hatt1 altinda analiz
edilmistir. Boylece veri setlerinin karakterizasyon siireci kullanici miidahalesinden bagimsiz,
tekrarlanabilir ve standart bir yapida gergeklestirilmistir.

Karakterizasyon islem hattinda goriintiilerin okunmasi ve islenmesi i¢in OpenCV, sayisal
hesaplamalar icin NumPy, veri isleme siireglerinde Pandas, istatistiksel hesaplamalarda SciPy
ve gorsellestirme islemlerinde Matplotlib kiitiiphanelerinden yararlanilmigtir. Tiim analizler
Python programlama dili kullanilarak gelistirilmis olup karakterizasyon metriklerinin
hesaplanmas1 tamamen otomatik olarak gerceklestirilmistir.

Veri setlerine ait anotasyon dosyalari okunarak goriintti kimlikleri, sinif etiketleri ve sinir kutusu
bilgileri ¢ikarilmig; ardindan her goriintii i¢in geometrik, istatistiksel, gorsel ve anotasyon
tabanli karakteristikler hesaplanmistir. Hesaplanan tiim metrikler veri seti diizeyinde
birlestirilerek her wveri setini temsil eden Dataset Characterization Vector (DCV)
olusturulmustur. Boylece farkli veri setleri ortak bir 6zellik uzayinda sayisal olarak temsil
edilmis ve dogrudan karsilastirilabilir hale getirilmistir.

Karakterizasyon siireci herhangi bir nesne tespit modelinin egitimi veya ¢ikarim sonuglarina
ihtiya¢ duymamaktadir. Tiim metrikler yalnizca goriintiiler ve anotasyon dosyalarindan elde
edilen bilgiler kullanilarak hesaplanmaktadir. Bu yaklagim, onerilen yontemin modelden
bagimsiz olarak farkli nesne tespiti veri setlerine dogrudan uygulanabilmesine ve ayni
karakterizasyon ¢ergevesi altinda analiz edilebilmesine olanak saglamaktadir.

Deneysel calismalarda kullanilan temel yazilim ve donanim bilesenleri Tablo 3'te 6zetlenmistir.

Tablo 3. Karakterizasyon ortaminda kullanilan yazilim ve donanim bilesenleri

Bilesen Aciklama
Programlama Dili Python 3.10
Géoriintii isleme OpenCV
Sayisal Hesaplamalar NumPy
Veri isleme Pandas
Istatistiksel Analiz SciPy
Gorsellestirme Matplotlib

Isletim Sistemi

Windows 11 Pro 64-bit

Islemci

AMD Ryzen 7 8845HS

Bellek

16 GB RAM
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Grafik islemci NVIDIA GeForce RTX 4060 (8 GB)

Tablo 3'te karakterizasyon siirecinde kullanilan temel yazilim ve donanim bilesenleri
ozetlenmektedir. Kullanilan yazilim altyapisi, dnerilen karakterizasyon metriklerinin otomatik
olarak hesaplanmasini ve farkli veri setlerinin ayni islem hatt1 altinda analiz edilmesini
saglamaktadir. Modiiler yapisi sayesinde sistem, yeni karakterizasyon metriklerinin
eklenmesine veya farkli veri setlerine uygulanmasimna uygun esnek bir c¢alisma ortami
sunmaktadir.

5. BULGULAR VE TARTISMA

Bu boéliimde onerilen veri seti karakterizasyon yaklasimi kullanilarak elde edilen deneysel
bulgular sunulmaktadir. ilk olarak veri setlerine ait karakterizasyon metrikleri nicel olarak
degerlendirilmekte, ardindan bu metrikler farkli gorsellestirme teknikleri yardimiyla
karsilastirilmaktadir. Elde edilen bulgular, veri setlerinin yapisal 6zellikleri arasindaki benzerlik
ve farkliliklar1 ortaya koyarak Onerilen yaklasimin veri setlerini ¢ok boyutlu olarak
tanimlayabildigini gostermektedir.

5.1 Veri Seti Karakterizasyon Sonuglari

Onerilen veri seti karakterizasyon yaklasimi kullanilarak COCO, Pascal VOC ve VisDrone veri
setleri i¢in tanimlanan tiim metrikler otomatik olarak hesaplanmistir. Her veri seti; geometrik,
istatistiksel, gorsel ve anotasyon tabanli Ozellikler acisindan analiz edilerek tek bir
karakterizasyon vektorii (Dataset Characterization Vector - DCV) ile temsil edilmistir. Boylece
farkl1 veri setlerinin yalnizca goriintii veya sinif sayilari tizerinden degil, ¢ok boyutlu yapisal
Ozellikleri dikkate alinarak karsilastirilmasi amacglanmistir. Hesaplanan karakterizasyon
metrikleri Tablo 4'te sunulmaktadir.

Tablo 4. COCO, Pascal VOC ve VisDrone veri setleri i¢in hesaplanan karakterizasyon

metrikleri
Metrik COCO Pascal VOC VisDrone
Average Object Size (AOS) 0.077392 0.208130 0.001535
Small Object Ratio (SOR) 0.130223 0.010090 0.687604
Object Density (OD) 7.273938 2.343825 54.418578
Bounding Box Overlap Ratio (BBoxOR) 0.056170 0.095859 0.003314
Foreground Occupancy Ratio (FOR) 0.562945 0.487821 0.083529
Class Entropy (CE) 4.964181 3.307114 2.479320
Image Resolution (IR) 273924.67 179023.99 1525719.80
Image Contrast (IC) 59.7299 59.5240 46.6707
Image Sharpness (IS) 2671.6854 2880.7094 882.0501
Background Complexity (BC) 0.3544 0.3656 0.2444
Bounding Box Area Variance (BBAYV) 0.025839 0.059966 0.000015
Border Object Ratio (BoR) 0.259151 0.438612 0.081612

Tablo 4 incelendiginde, veri setlerinin karakteristik 6zellikler bakimindan belirgin farkliliklar
gosterdigi goriilmektedir. Elde edilen bulgular, 6nerilen karakterizasyon metriklerinin veri
setlerinin yapisal dzelliklerini nicel olarak ayirt edebildigini ortaya koymaktadir. Ozellikle
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VisDrone veri seti diisiik ortalama nesne boyutu (AOS) ve yiiksek nesne yogunlugu (OD) ile
kiiclik nesne tespiti acisindan daha yiiksek zorluk potansiyeline sahip bir karakteristik yap1
sergilerken, Pascal VOC daha biiyiik nesne boyutlar1 ve daha diisiik nesne yogunlugu ile 6ne
cikmaktadir. COCO ise sinif ¢esitliligi (CE) ve 6n plan doluluk oran1 (FOR) bakimindan daha
dengeli bir karakteristik yap1 sergilemektedir. Bu bulgular, veri setlerinin yalnizca goriintii veya
siif sayilart ile degil, ¢ok boyutlu karakterizasyon metrikleri kullanilarak degerlendirilmesi
gerektigini gostermektedir. Tablo 4'te sayisal olarak sunulan bu farkliliklarin veri seti
profillerine nasil yansidigi ise Sekil 2'de radar grafigi araciligiyla gorsel olarak 6zetlenmistir.

—— Pascal VOC

Sekil 2. Veri seti karakterizasyon vektorlerinin radar grafigi ile karsilastirilmasi.

Sekil 2, veri setlerinin karakteristik profillerini ¢ok boyutlu olarak gdstermektedir. Radar
grafigi, her veri setinin karakterizasyon metrikleri bakimindan olusturdugu genel profili tek bir
gosterim lizerinde 6zetlemektedir. Grafik incelendiginde VisDrone veri setinin kii¢iik nesne
orani (SOR) ve nesne yogunlugu (OD) bakimindan, Pascal VOC veri setinin ise ortalama nesne
boyutu (AOS) ve gorsel kalite metrikleri agisindan belirgin sekilde ayristigi goriilmektedir.
COCO veri seti 1se birgok metrikte daha dengeli bir dagilim sergileyerek genel amacli nesne
tespiti i¢in temsil giicli yiiksek bir karakteristik yap1 ortaya koymaktadir. Bu sonuglar, dnerilen
Dataset Characterization Vector (DCV) yaklasiminin veri setlerinin ¢ok boyutlu yapisal
ozelliklerini biitiinciil bir bi¢imde temsil edebildigini gostermektedir.

Radar grafigi veri setlerinin genel karakteristik profillerini 6zetlemekle birlikte,
karakterizasyon metriklerinin veri setleri arasindaki goreli dagilimlarini daha ayrintili
gosterebilmek amaciyla normalize edilmis degerlerden olusan bir 1s1 haritast da hazirlanmistir.
Bu gorsellestirme Sekil 3'te sunulmaktadir.
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Sekil 3. Veri seti karakterizasyon 6zelliklerinin normalize edilmis 1s1 haritasi.

Sekil 3, normalize edilmis karakterizasyon metriklerinin veri setleri arasindaki goreli dagilimini
ayrintili olarak gostermektedir. Is1 haritasi, her bir karakterizasyon metriginin hangi veri setinde
daha baskin oldugunu agik bigimde ortaya koymaktadir. Ozellikle VisDrone veri setinin kiigiik
nesne orant (SOR) ve nesne yogunlugu (OD) metriklerinde en yiiksek degerlere sahip oldugu,
Pascal VOC'un ise ortalama nesne boyutu (AOS), keskinlik (Sharpness), arka plan karmasikligi
ve sinir nesne orani (BoR) bakimindan 6ne ¢iktig1 goriilmektedir. COCO veri seti ise 6n plan
doluluk orant (FOR) ve smif entropisi (CE) metriklerinde daha dengeli degerler
sergilemektedir. Is1 haritasi, Tablo 4'te sunulan sayisal sonuglar1 gorsel olarak destekleyerek
veri setleri arasindaki karakteristik farkliliklarin daha kolay yorumlanmasini saglamaktadir.

5.2 Veri Seti Karakteristiklerinin Karsilastirmah Degerlendirilmesi

Onerilen karakterizasyon metrikleri kullanilarak elde edilen bulgular, veri setlerinin yalnizca
temel istatistikler bakimindan degil, yapisal o6zellikleri acisindan da oOnemli farkhiliklar
icerdigini gostermektedir. Bu bdliimde veri setleri, karakterizasyon metrikleri birlikte
degerlendirilerek karsilastirilmis ve veri setlerinin hangi karakteristik 6zellikler bakimindan
birbirinden ayristig1 ortaya konulmustur.

Geometrik karakterizasyon metrikleri incelendiginde, veri setleri arasinda ortalama nesne
boyutu (AOS), kiiciik nesne oran1 (SOR) ve nesne yogunlugu (OD) bakimindan belirgin
farkliliklar oldugu gortilmektedir. VisDrone veri seti, diisiik ortalama nesne boyutu ve ytiksek
nesne yogunlugu ile kiigiik nesne tespiti agisindan en yiiksek geometrik zorluk potansiyelini
gostermektedir. Buna karsilik Pascal VOC daha biiyiik nesneler igermesi nedeniyle daha diisiik
geometrik karmagikliga sahiptir. COCO ise bu iki veri seti arasinda daha dengeli bir dagilim
sergileyerek genel amagli nesne tespiti senaryolarini temsil eden bir karakteristik yap1 ortaya
koymaktadir.

On plan doluluk oram1 (FOR), arka plan karmasikligi ve goriintii keskinligi (Sharpness)
metrikleri birlikte degerlendirildiginde veri setlerinin gorsel yapilar1 arasinda da Onemli
farkliliklar oldugu goériilmektedir. COCO veri seti yiiksek 6n plan doluluk oran1 ve dengeli arka
plan karmagiklig1 ile nesnelerin sahne icerisindeki temsilini daha dengeli bir bigimde
sunmaktadir. Buna karsilik VisDrone veri setinde kii¢iik ve yogun nesnelerin baskin olmasi,
nesnelerin ayirt edilmesini zorlastirabilecek bir karakteristik yap1 olugturmaktadir. Pascal VOC
ise daha belirgin nesne yapilar ve yiiksek goriintii kalitesi sayesinde gorsel agidan daha sade
bir karakteristik sergilemektedir.
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Veri setlerinin sinif ¢esitliligi ve bilgi icerigi incelendiginde, COCO'nun en dengeli sinif
dagilimina sahip veri seti oldugu goriilmektedir. Yiiksek sinif entropisi (CE), veri setinin farkl
nesne siniflarini1 daha dengeli temsil ettigini gostermektedir. Pascal VOC daha smirli sayida
sinif igermesine ragmen diizenli dagilimi ile O6ne ¢ikarken, VisDrone'un belirli nesne
simiflarinda  yogunlasmasi veri setinin uygulama alanina 06zgii karakteristik yapisini
yansitmaktadir.

Genel olarak degerlendirildiginde, onerilen karakterizasyon metrikleri veri setlerinin yalnizca
temel istatistiklerle agiklanamayacak yapisal farkliliklarini nicel olarak ortaya koymaktadir.
Elde edilen sonuglar, nesne tespiti veri setlerinin ¢ok boyutlu karakterizasyonunun veri
setlerinin gii¢lii ve zayif yonlerinin belirlenmesine katki saglayabilecegini gostermektedir. Bu
yaklagim, veri setlerinin daha kapsamli bi¢gimde analiz edilmesine katki saglayabilecek
tamamlayici bir degerlendirme yaklagimi sunmaktadir.

6. SONUC

Bu calismada, nesne tespiti veri setlerinin yalnizca goriintii veya smif sayisi gibi temel
istatistiklerle degil; geometrik, istatistiksel, gorsel ve anotasyon tabanli karakteristikleri dikkate
alinarak sistematik bicimde degerlendirilmesini saglayan veri odakli bir karakterizasyon
yaklagimi sunulmustur. Bu kapsamda, farkli veri setlerinin ortak bir cer¢evede analiz
edilmesine olanak saglayan karakterizasyon metrikleri tanimlanmis, bu metriklerin otomatik
olarak hesaplanmasini saglayan modiiler bir 6zellik ¢ikarim is akis1 gelistirilmis ve veri setleri
Dataset Characterization Vector (DCV) ile ¢ok boyutlu olarak temsil edilmistir. Boylece
onerilen yaklasim, veri setlerinin yalnizca nicel olarak tanimlanmasini degil, ayn1 zamanda
ortak bir karakterizasyon uzayinda sistematik ve tekrarlanabilir bigimde karsilastirilmasini
miimkiin kilmaktadir.

COCO 2017, Pascal VOC 2012 ve VisDrone2019-DET veri setleri lizerinde gergeklestirilen
analizler, veri setlerinin nesne boyutu, nesne yogunlugu, sinif ¢esitliligi, goriintii 6zellikleri ve
anotasyon yapist bakimindan belirgin farkliliklar igerdigini ortaya koymustur. Elde edilen
bulgular, 6nerilen karakterizasyon metriklerinin veri setlerinin yapisal 6zelliklerini nicel olarak
ifade edebildigini ve farkli veri setlerinin ortak bir degerlendirme c¢ergevesinde
karsilagtirilmasini  destekledigini gostermektedir. Ayrica radar grafigi ve 1s1 haritas1 gibi
gorsellestirme yontemleri, veri setlerinin karakteristik profillerinin biitiinciil ve karsilastirmali
olarak yorumlanmasini kolaylastirmistir.

Sonug olarak onerilen yaklagim, nesne tespiti veri setlerinin ¢ok boyutlu yapisal 6zelliklerini
sistematik bi¢cimde analiz edebilen, pratik, tekrarlanabilir ve farkli veri setlerine uygulanabilir
bir karakterizasyon cercevesi sunmaktadir. Gelecek g¢alismalarda onerilen yaklasimin daha
fazla nesne tespiti veri seti lizerinde dogrulanmasi, farkli karakterizasyon metrikleri ile
genisletilmesi ve nesne tespiti disindaki bilgisayarli gorii uygulamalarina uyarlanmasi
planlanmaktadir. Ayrica, veri seti karakteristikleri ile nesne tespiti modellerinin performansi
arasindaki iligkinin nicel olarak modellenmesi, metriklerin goreli dnemlerinin analiz edilmesi
ve veri seti Ozelliklerine gore model se¢imini destekleyen veri odakli karar mekanizmalariin
gelistirilmesi bu ¢aligmanin dogal devami olarak degerlendirilmektedir.
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OZET

Federated 6grenme verilerin merkezi bir sunucuda toplanmasina gerek kalmadan dagitik yapida
model egitimi gergeklestirebilmesi nedeniyle 6zellikle gizliligin kritik oldugu uygulamalarda
onemli bir ¢6ziim olarak 6ne ¢ikmaktadir. Bununla birlikte gercek uygulamalarda istemcilerin
her iletisim turuna diizenli olarak katilamamasi, model performansi ve iletisim maliyeti
iizerinde onemli etkiler olusturabilmektedir. Bu c¢alismada istemci katilim senaryolarinin
federated 6grenme performansi tizerindeki etkisi karsilagtirmali olarak incelenmisgtir.
Deneylerde Fashion-MNIST veri kiimesi kullanilmis ve dort farkli istemci katilim senaryosu
degerlendirilmistir. Bunlar tam istemci katilimi, rastgele %50 istemci katilimi, kalici istemci
kayb1 ve veri bagimli istemci kaybidir. Tiim deneyler bagimsiz ve 6zdes dagilimli (IID) ile
Dirichlet tabanli bagimsiz ve 6zdes olmayan (Non-IID) veri dagilimlart altinda ayni CNN
modeli, ayn1 FedAvg algoritmas1 ve ayni egitim parametreleri kullanilarak gerceklestirilmistir.
Performans degerlendirmesinde dogruluk, Makro F1 skoru, istemci gilincelleme sayisindaki
azalma ve yakinsama davranisi birlikte analiz edilmistir.

Deneysel sonuglar IID veri dagiliminda rastgele %50 istemci katiliminin tam istemci katilimina
oldukga yakin siniflandirma performansi elde ettigini gostermistir. Ayrica bu senaryoda istemci
giincelleme sayis1 yaklasik %50 oraninda azaltilmigtir. Non-IID veri dagiliminda istemci
katilimindaki azalmanin model performansi tizerindeki etkisi daha belirgin olmakla birlikte tiim
senaryolar egitim sonunda kararli bir yakinsama davranisi sergilemistir.

Elde edilen bulgular 6zellikle veri heterojenliginin diisiik oldugu ortamlarda her iletisim
turunda tiim istemcilerin aktif olmasinin zorunlu olmadigin1 géstermektedir. Uygun istemci
katilim stratejileri kullanilarak iletisim ytikii 6nemli 6l¢giide azaltilirken model basaris1 biiytlik
Olctide korunabilmektedir.

Anahtar Kelimeler: Federated Ogrenme, Istemci Katilimi, Istemci Erisilebilirligi, Veri
Heterojenligi, Iletisim Verimliligi, Dagittk Makine Ogrenmesi.

ABSTRACT

Federated learning stands out as a significant solution, particularly in applications where
privacy is critical, because it allows model training in a distributed environment without the
need to collect data on a central server. However, in real-world applications, clients’ inability

to participate in every communication round can significantly impact model performance and
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communication costs. This study comparatively examines the impact of client participation
scenarios on federated learning performance.

The experiments used the Fashion-MNIST dataset, and four different client participation
scenarios were evaluated: full client participation, 50% random client participation, persistent
client loss, and data-dependent client loss. All experiments were conducted under both
independent and identical (IID) and Dirichlet-based independent and non-IID data distributions,
using the same CNN model, the same FedAvg algorithm, and the same training parameters.
Performance evaluation analyzed accuracy, Macro F1 score, reduction in client update count,
and convergence behavior.

Experimental results showed that random 50% client participation in the IID data distribution
achieved classification performance quite close to full client participation. Furthermore, the
number of client updates was reduced by approximately 50% in this scenario. While the impact
of reduced client participation on model performance is more pronounced in non-IID data
distributions, all scenarios exhibited stable convergence behavior at the end of training.

The findings show that all clients don’t need to be active in every communication round,
especially in environments with low data heterogeneity. By using appropriate client
participation strategies, the communication load can be significantly reduced while largely
preserving model success.

Keywords: Federated Learning, Client Participation, Client Availability, Data Heterogeneity,
Communication Efficiency, Distributed Machine Learning.

GIRIS

Merkezi 6grenme yaklasimi farkli kaynaklardan elde edilen verilerin tek bir sunucuda
toplanmasin1 gerektirdiginden veri gizliligi, iletisim maliyeti ve dlgeklenebilirlik agisindan
onemli siirhiliklar tasimaktadir (McMahan vd., 2017). Ozellikle saglik, finans, nesnelerin
interneti ve ug bilisim uygulamalarinda verilerin farkli kurumlarda veya cihazlarda tutulmasi,
merkezi veri paylasimini ¢ogu zaman miimkiin kilmamaktadir (Kairouz vd., 2021). Bu
gereksinim dogrultusunda gelistirilen Federated Learning (FL) ham verileri paylasmadan ortak
bir modelin egitilmesini saglayan dagitik bir makine 6§renmesi yaklagimidir. FL mimarisinde
her istemci modeli yalnizca kendi yerel verisi tizerinde egitmekte ve merkezi sunucuya yalnizca
model giincellemelerini gondermektedir. Sunucu ise bu giincellemeleri birlestirerek kiiresel
modeli olusturmaktadir. McMahan ve arkadaglari tarafindan onerilen Federated Averaging
(FedAvg) algoritmasi giiniimiizde federated 6grenme calismalarinda en yaygin kullanilan temel
toplulastirma yontemi olarak kabul edilmektedir (McMahan vd., 2017).

Federated 6grenmenin en onemli uygulama alanlarindan biri saglik sektoriidiir. Hastaneler
arasinda hasta verilerinin dogrudan paylasilmast ¢ogu zaman yasal diizenlemeler ve
mahremiyet gereksinimleri nedeniyle miimkiin degildir. Federated O6grenme sayesinde
kurumlar verilerini kendi sistemlerinde tutarken ortak tan1 modelleri gelistirebilmektedir (Rieke
et al. 2020). Sheller ve arkadaslar1 beyin tiimorii segmentasyonu iizerine gerceklestirdikleri
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caligmada federated 6grenmenin merkezi egitime yakin basar1 saglayabildigini gostermistir
(Sheller et al. 2020). Antunes ve arkadaslar1 ise saglik alanindaki federated Ogrenme
uygulamalarini kapsamli bigimde inceleyerek yontemin giivenli yapay zeka sistemleri
acisindan 6nemli bir potansiyele sahip oldugunu ortaya koymustur (Antunes vd., 2022).
Federated Ogrenmenin yaygin kullanimimi sinirlayan temel problemlerden biri veri
heterojenligidir. Ger¢gek uygulamalarda istemciler farkli kullanici gruplarindan veya farkl
ortamlardan veri topladig1 i¢in yerel veri dagilimlar1 énemli dlgiide degisebilmektedir. Bu
durum kiiresel modelin yakinsama hizini diisiirmekte ve siniflandirma performansini olumsuz
etkileyebilmektedir (X. Li vd., 2020). Bu problemi azaltmak amaciyla 6nerilen FedProx
yontemi, yerel optimizasyon silirecine proximal terim ekleyerek istemci giincellemeleri
arasindaki farklilig1 azaltmay1 hedeflemektedir (T. Li vd., 2020). FedNova, istemcilerin farkl
sayida yerel giincelleme gerceklestirmesinden kaynaklanan optimizasyon sapmasini normalize
etmektedir (Wang vd., 2020). Adaptive Federated Optimization yaklasimi ise Adam, Adagrad
ve Yogi gibi adaptif optimizasyon algoritmalarini sunucu tarafina uyarlayarak daha kararli bir
yakinsama saglamaktadir (Reddi vd., 2021).

Federated 6grenmede karsilagilan bir diger 6nemli problem iletisim maliyetidir. Her iletisim
turunda istemcilerin modeli indirmesi yerel egitim gerceklestirmesi ve giincellenmis
parametreleri sunucuya iletmesi gerekmektedir. Ozellikle mobil ve ug bilisim ortamlarinda bu
stire¢ Oonemli bir darbogaz olusturmaktadir (Mills vd., 2020). Reisizadeh ve arkadaslari
tarafindan gelistirilen FedPAQ yontemi periyodik model toplulastirmasi ve giincelleme
nicemlemesini birlikte kullanarak iletisim ylikiinii azaltmay1 amaglamaktadir (Reisizadeh vd.,
2020). Rothchild ve arkadaslar1 tarafindan onerilen FetchSGD yaklagimi ise yiiksek boyutlu
model glincellemelerini sikistirarak iletisim verimliligini artirmaktadir (Rothchild vd., 2020).
Gergek federated 6grenme ortamlarinda tiim istemcilerin her iletisim turuna katilmasi
beklenemez. Mobil cihazlar pil seviyesi, ag baglantis1 veya donanim kisitlar1 nedeniyle gegici
olarak ¢evrimdis1 kalabilmektedir. Benzer sekilde ug bilisim altyapilarinda ¢alisan cihazlar da
degisken hesaplama kapasitesi nedeniyle egitime diizenli olarak katilamamaktadir (Kairouz vd.,
2021). Bu nedenle son yillarda istemci se¢imi ve istemci erisilebilirligi iizerine ¢ok sayida
caligma gerceklestirilmistir. Nishio ve Yonetani tarafindan Onerilen FedCS yoOntemi
istemcilerin hesaplama ve iletisim kaynaklarini dikkate alarak katilimcilart belirlemektedir
(Nishio and Yonetani 2019). Oort istemcilerin veri katkisini ve sistem performansini birlikte
degerlendirerek se¢im gerceklestirmektedir (Lai vd., 2021). TiFL ise istemcileri egitim
stirelerine gore katmanlandirarak yavas istemcilerin etkisini azaltmaktadir (Chai vd., 2020).
Daha sonra gelistirilen FedMCCS yontemi ¢ok olgiitlii istemci se¢imini IoT ortamlarina
uyarlamistir (AbdulRahman vd., 2021). VFedCS degisken istemci erisilebilirligini dikkate alan
dinamik bir se¢cim stratejisi onermistir (Shi vd., 2022). FedMint ise sisteme yeni katilan
istemcilerin se¢im siirecinde dezavantaj yasamamasini hedeflemektedir (Wehbi vd., 2023).
Mevcut calismalar incelendiginde arastirmalarin biiyiikk boliimiiniin yeni optimizasyon
algoritmalar1 veya istemci segme mekanizmalari gelistirmeye odaklandig goriilmektedir. Buna

karsin istemci erisilebilirliginin federated 6grenme performans: iizerindeki etkisini deneysel
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olarak inceleyen karsilastirmali ¢alismalar siirli sayidadir. Ozellikle tam istemci katilima,
rastgele kismi katilim, kalici istemci kaybi ve veri bagimli istemci kaybi1 gibi gergek
uygulamalarda karsilagilabilecek senaryolarin ayni deneysel ortamda degerlendirilmesi
literatiirde yeterince ele alinmamustir.

Bu calismada yeni bir federated Ogrenme algoritmasi Onerilmemektedir. Amag istemci
erigilebilirliginin federated Ogrenme performansi iizerindeki etkisini kontrollii ve tekrar
iiretilebilir deneylerle incelemektir. Bu kapsamda tiim deneylerde aynt CNN mimarisi, ayni
FedAvg algoritmasi ve ayni egitim parametreleri kullanilmistir. Yalnizca istemci katilim
senaryolar1 degistirilmistir. Tam katilim, rastgele kismi katilim, kalic1 istemci kayb1 ve veri
bagimli istemci kaybi1 senaryolart hem IID hem de Non-IID veri dagilimlarn altinda
degerlendirilmistir. Model performansi dogruluk ve Makro F1 skoru ile degerlendirilmistir.
Ayrica istemci glincelleme sayisi, iletisim yiikiindeki azalma, toparlanma siiresi ve yakinsama
davranisi analiz edilmistir. Boylece istemci erisilebilirliginin federated 6grenme sistemlerinin
hem tahmin performansi hem de egitim dinamikleri iizerindeki etkisi kapsamli bicimde ortaya

konulmustur.
MATERYAL VE METOT

Bu c¢alismada istemci erisilebilirliginin federated 0grenme performansi iizerindeki etkisi
kontrollii bir deneysel tasarim ile incelenmistir. Calismada yeni bir federated 6grenme
algoritmasi Onerilmemistir. Tiim deneylerde ayn1 model mimarisi, ayn1 toplulastirma yontemi
ve ayn1 egitim parametreleri kullanilmistir. Yalnizca istemci katilim senaryolar1 degistirilmistir.
Boylece gozlenen performans farkliliklarinin  dogrudan istemci erisilebilirliginden
kaynaklanmasi amaglanmustir.

Deneysel siire¢ veri hazirlama, istemcilere veri dagitimi, yerel model egitimi, merkezi
toplulastirma ve performans degerlendirmesi olmak iizere bes temel asamadan olugsmaktadir.

Calismanin genel akis1 Sekil 1°de gosterilmektedir.
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Sekil 1. Calismanin genel akis diyagrami.
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Veri Kiimesi

Deneysel degerlendirmelerde Zalando Research tarafindan gelistirilen Fashion-MNIST veri
kiimesi kullanilmistir (Zalando Research 2017). Veri kiimesi 10 farkli giyim sinifina ait 70 000
gri seviye goriintiden olusmaktadir. Fashion-MNIST veri kiimesinin orijinal egitim ve test
ayrimi korunmustur. Veri kiimesinde yer alan 60 000 egitim goriintiisii model egitimi i¢in
kullanilmis, bu goriintiilerin %10’u dogrulama amaciyla ayrilmigtir. Boylece egitim siirecinde
54000 goriintii egitim, 6000 gorintii ise dogrulama amaciyla kullanilmistir. Model
performansinin degerlendirilmesi yalnizca veri kiimesinin orijinal 10 000 goriintiiden olusan
bagimsiz test kiimesi tizerinde gergeklestirilmistir.

Model egitiminden 6nce tiim goriintiiler piksel degerleri 255°¢e bollinerek normalize edilmistir.
Veri artirma uygulanmamistir. Béylece performans farkliliklarinin yalnizca istemci katilim
senaryolarindan ve veri dagilimindan kaynaklanmasi amaclanmistir.

Federated 6grenme ortaminda egitim verileri istemciler arasinda IID ve Dirichlet tabanlt Non-
IID dagilimlar olusturacak sekilde boliistiiriilmiistiir. Test kiimesi ise tiim deneylerde ortak
kullanilmistir. Boylece farkli istemci katilim senaryolar1 ayni degerlendirme kiimesi iizerinde

karsilastirilmistir.

Federated Ogrenme Mimarisi

(Calismada klasik istemci—sunucu mimarisine dayali federated 6grenme altyapisi kullanilmistir.
Egitim siireci merkezi sunucunun baslangi¢ modelini istemcilere gondermesiyle baslamaktadir.
Her istemci modeli yalnizca kendi yerel verisi lizerinde egitmekte ve gilincellenen model
parametrelerini merkezi sunucuya iletmektedir. Ham veriler istemciler arasinda veya sunucu ile
paylasilmamaktadir.

Merkezi sunucu, aktif istemcilerden gelen model giincellemelerini Federated Averaging
(FedAvg) algoritmasi ile birlestirerek yeni kiiresel modeli olusturmaktadir (McMahan et al.
2017). Giincellenen model bir sonraki iletisim turu icin yeniden istemcilere dagitilmaktadir.

Egitim siireci dnceden belirlenen iletisim turu tamamlanincaya kadar yinelenmektedir.

Deneysel Kurulum

Deneyler Python programlama dili ve PyTorch derin 6grenme kiitiiphanesi kullanilarak
gerceklestirilmistir. Federated 68renme altyapisi istemci—sunucu mimarisi esas alinarak
gelistirilmistir. Tiim senaryolarda ayn1 CNN modeli ve ayn1 FedAvg toplulastirma algoritmasi
kullanilmistir. Boylece performans farkliliklarinin yalnizea istemci katilim senaryolarindan
kaynaklanmasi saglanmigtir.

Deneylerde toplam 20 istemci kullanilmistir. Egitim siireci 30 iletisim turu boyunca
ylriitiilmistiir. Her istemci her iletisim turunda bir yerel epoch egitimi gerceklestirmistir. Yerel
model giincellemeleri merkezi sunucuda FedAvg algoritmasi ile birlestirilmistir. Veri
heterojenligini olusturmak amaciyla Non-IID senaryolarinda Dirichlet tabanl veri boliistiirme
yontemi uygulanmistir. Dirichlet dagilim katsayisi 0.3 olarak belirlenmistir.

ISBN: 978-625-90699-3-7

26



IMAEC 11 INTERNATIONAL CONGRESS ON ADVANCED ENGINEERING,
ARTIFICIAL INTELLIGENCE AND ARCHITECTURE
August 25-28, 2026 Bucharest/ROMANIA

Deneylerde kullanilan hiperparametreler Tablo 1’de verilmistir. Tiim istemci katilim
senaryolarinda ayni hiperparametreler korunmus ve yalnizca istemci erisilebilirligi
degistirilmistir. Boylece farkli senaryolar arasindaki karsilastirmalarin adil kosullar altinda
gergeklestirilmesi amaglanmustir.

Tablo 1. Deneysel kurulumda kullanilan hiperparametreler

Parametre Deger

Veri kiimesi Fashion-MNIST
Istemci sayist 20
Toplulagtirma algoritmas1 FedAvg

[letisim turu 30

Yerel epoch 1

Mini-batch boyutu 64

Test batch boyutu 256

Ogrenme orani 0.01
Optimizasyon algoritmast SGD
Momentum 0.9

Non-IID yontemi Dirichlet Boliinmesi

Dirichlet katsay1s1 («) 0.3
Istemci kayb1 baglangict ~ 15. tur

Istemci Katilim Senaryolart

Calismada degerlendirilen istemci katilim senaryolar1, deneysel is akisinin bir pargasi olarak
Sekil 1’de 6zetlenmistir. Bu senaryolarin federated 6grenme performansi iizerindeki etkisini
inceleyebilmek amaciyla tiim deneylerde aym veri kiimesi, aynt CNN modeli, ayn1 FedAvg
algoritmasi ve ayni egitim parametreleri kullanilmistir. Senaryolar arasindaki tek degisken her
iletisim turuna katilan istemci kiimesidir.

[lk senaryoda tam istemci katilimi uygulanmistir. Bu senaryoda sistemde bulunan 20 istemcinin
tamami her iletisim turunda yerel egitim gerceklestirmis ve model giincellemelerini merkezi
sunucuya gondermistir. Bu yap1 diger senaryolar icin temel karsilastirma senaryosu olarak
kullanilmustir.

Ikinci senaryoda rastgele kismi katilm uygulanmustir. Her iletisim turunda istemcilerin
yalnizca yaris1 rastgele secilerek egitime dahil edilmistir. Aktif istemci kiimesi her iletisim
turunda yeniden belirlenmistir.

Ugiincii senaryoda kalici istemci kaybr modellenmistir. ilk 15 iletisim turunda tiim istemciler
egitime katilmistir. On besinci turdan itibaren belirlenen istemciler sistem disina ¢ikarilmis ve
deney sonuna kadar yeniden egitime dahil edilmemistir.

Dordiincii senaryoda veri bagimli istemci kaybi uygulanmistir. Bu senaryoda sistemden
cikarilacak istemciler rastgele belirlenmemistir. Yerel veri dagilimlart incelenmis ve belirli
siiflar1 daha yogun iceren istemciler sistem disina alinmistir. Boylece veri dagilimindaki

degisimin kiiresel model {lizerindeki etkisi degerlendirilmistir.
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Her senaryo hem IID hem de Dirichlet tabanli Non-IID veri dagilimi altinda ayr1 ayri
degerlendirilmistir. Boylece istemci erisilebilirligi ile veri heterojenliginin birlikte olusturdugu

etkinin model performansi lizerindeki etkisi karsilastirmali olarak analiz edilmistir.
PERFORMANS DEGERLENDIRME OLCUTLERI

Calismada kullanilan performans degerlendirme &lgiitleri Tablo 2’te &zetlenmistir. Istemci
katilim senaryolarinin federated 6grenme performans: iizerindeki etkisini degerlendirmek
amaciyla hem model basarisin1 hem de egitim siirecini yansitan ol¢iitler birlikte kullanilmistir.
Model basarist dogruluk (Accuracy) ve Makro F1 skoru ile degerlendirilmistir. Dogruluk,
modelin genel smiflandirma basarisin1 gostermektedir. Makro F1 skoru ise tiim siniflar1 esit
agirlikla degerlendirerek siniflar arasindaki performans dengesinin analiz edilmesine olanak
saglamaktadir.

Istemci katiliminin egitim siirecine etkisini belirlemek amaciyla toplam istemci giincelleme
sayist ile tam istemci katilim senaryosuna gore elde edilen istemci giincelleme sayisindaki
azalma hesaplanmistir. Boylece farkli istemci katilim stratejilerinin sagladigi iletisim tasarrufu
nicel olarak karsilastirilmistir.

Kalicr istemci kayb1 ve veri bagimli istemci kaybi senaryolarinda modelin dayanikliligi da
degerlendirilmistir. Bu kapsamda istemci kaybi sonrasinda olusan performans diisiisii ile
modelin onceki performans diizeyine yeniden ulagmasi i¢in gereken iletisim turu sayisi
belirlenmistir. Ayrica egitim siireci boyunca elde edilen dogruluk egrileri incelenerek farkl
senaryolarin yakinsama davranigi ve egitim kararlilig1 analiz edilmistir.

Tiim performans 6lciitleri IID ve Dirichlet tabanli Non-IID veri dagilimlar altinda ayr1 ayri
hesaplanmistir. Boylece istemci erisilebilirligi ile veri heterojenliginin birlikte olusturdugu

etkinin model performansi tizerindeki etkisi karsilastirmali olarak degerlendirilmistir.

Tablo 2. Calismada kullanilan performans degerlendirme él¢iitleri

Olciit Aciklama

Dogruluk (Accuracy) Genel siniflandirma basarisi

Makro F1 Skoru Sinif bazli performans dengesi

Toplam Istemci Giincelleme Egitim siiresince gerceklestirilen toplam istemci
Sayisi giincellemeleri

Istemci Giincelleme Sayisindaki ~ Tam istemci katilimina gére saglanan iletisim tasarrufu
Azalma

Performans Diisiisii Istemci kayb1 sonrasinda olusan dogruluk kaybi
Toparlanma Siiresi Onceki performans diizeyine ulasmak igin gereken
iletisim turu

Yakinsama Kararlilig1 Son iletisim turlarindaki performans degisiminin

degerlendirilmesi
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DENEYSEL BULGULAR

Bu béliimde istemci katilim senaryolarin federated 6grenme performansi iizerindeki etkisi
IID ve Dirichlet tabanli Non-IID veri dagilimlar1 altinda karsilagtirmali olarak
degerlendirilmistir. Deneysel sonuglar smiflandirma performansi, istemci giincelleme
sayisindaki azalma, yakinsama davranisi ve istemci kaybina karsi modelin dayaniklilig
acisindan analiz edilmistir. Tiim deneylerde ayn1t CNN mimarisi, ayn1 FedAvg algoritmasi ve
ayni egitim parametreleri kullanilmistir. Boylece istemci katilim senaryolarmin farkli veri
dagilimlar1 altindaki etkisi adil deney kosullar1 altinda karsilastirilmistir.

Istemci Katilim Senaryolarinin Genel Performans Karsilastirmast

Istemci katilim senaryolarmin smiflandirma performans: iizerindeki etkisi IID ve Dirichlet
tabanli Non-IID veri dagilimlari altinda karsilastirmali olarak degerlendirilmistir. Her senaryo
icin son iletisim turunda elde edilen dogruluk ve Makro F1 skoru Tablo 3’te sunulmustur.

IID veri dagilimi altinda tiim istemci katilim senaryolarinin benzer siniflandirma performansi
sergiledigi goriilmektedir. Tam istemci katilim1 senaryosu %88.54 dogruluk ve 0.8844 Makro
F1 skoru ile en yiiksek performansi elde etmistir. Rastgele %50 katilim senaryosu %88.39
dogruluk ve 0.8825 Makro F1 skoru iiretirken kalic1 istemci kaybi senaryosu %88.39 dogruluk
ve 0.8819 Makro F1 skoru elde etmistir. Veri bagimli istemci kaybi senaryosu ise %88.44
dogruluk ve 0.8831 Makro F1 skoru ile tam istemci katilimina olduk¢a yakin sonuglar vermistir.
Bu bulgular, IID veri dagiliminda istemci katilimindaki azalmanin model performansini
yalnmizca sinirh diizeyde etkiledigini gostermektedir.

Non-IID veri dagiliminda tiim senaryolarda dogruluk ve Makro F1 degerlerinde beklenen
diizeyde performans diisiisii gozlenmistir. Tam istemci katilim1 senaryosu %87.17 dogruluk ve
0.8723 Makro F1 skoru ile en yiiksek performansi saglamistir. Rastgele %50 katilim senaryosu
%86.17 dogruluk ve 0.8635 Makro F1 skoru elde ederken kalict istemci kayb1 senaryosu
%86.55 dogruluk ve 0.8641 Makro F1 skoru tiretmistir. Veri bagimli istemci kaybi senaryosu
ise %86.22 dogruluk ve 0.8622 Makro F1 skoru ile benzer bir performans gostermistir. Bu
sonuglar, veri heterojenliginin istemci erisilebilirligi ile birlikte kiiresel model performansini
daha belirgin bicimde etkiledigini géstermektedir.

Genel olarak degerlendirildiginde IID veri dagiliminda rastgele %50 istemci katilimi tam
istemci katilimina gore yalnizca 9%0.15 dogruluk kaybi olusturmasina ragmen istemci katilim
yiikiinii 6nemli olgiide azaltabilmektedir. Buna karsilik Non-IID veri dagiliminda istemci
katilimindaki azalmanin etkisi daha belirgin olmakla birlikte tiim senaryolar %86 nin iizerinde
dogruluk degerine ulasarak kararli bir 6grenme performansi sergilemistir.
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Tablo 2. Calismada kullanilan performans degerlendirme olgiitleri

Veri Senaryo Accuracy Makro F1

11D Tam Katilim 0.8854 0.8844
Rastgele %50  0.8839 0.8825
Kalici Kayip  0.8839 0.8819
Veri Bagimhi  0.8844 0.8831

Non-IID Tam Katilim 0.8717 0.8723
Rastgele %50  0.8617 0.8635
Kalici Kayip  0.8655 0.8641
Veri Bagimhi  0.8622 0.8622

Ogrenme ve Yakinsama Davramisinin Degerlendirilmesi

Istemci katilim senaryolariin egitim siireci iizerindeki etkisini incelemek amaciyla her iletisim
turunda elde edilen dogruluk degerleri analiz edilmistir. IID ve Dirichlet tabanli Non-IID veri
dagilimlarina ait dogruluk egrileri Sekil 2°de gosterilmektedir. Sekilde yer alan kesikli dikey
cizgi, kalict istemci kayb1 ve veri bagimli istemci kaybi senaryolarinda istemci kaybinin
basladigi 15. iletisim turunu gostermektedir.

Sekil 2 incelendiginde tiim istemci katilim senaryolarinda dogruluk degerlerinin iletisim turlari
ilerledikce diizenli bicimde arttig1 goriilmektedir. IID veri dagilimi altinda senaryolarin tamami
benzer yakinsama davranigi sergilemis ve son iletisim turlarinda birbirine oldukg¢a yakin
dogruluk degerlerine ulagmistir. Rastgele %50 katilim senaryosu ilk iletisim turlarinda daha
hizl1 6grenme egilimi gdstermis olsa da egitim siirecinin sonunda diger senaryolar ile benzer
performansa ulagmistir.

Non-IID veri dagiliminda ise veri heterojenliginin etkisi nedeniyle dogruluk egrilerinde daha
belirgin dalgalanmalar gézlenmistir. Ozellikle rastgele %50 katilim senaryosunda ilk iletigim
turlarinda performans degiskenligi diger senaryolara gore daha yiiksek gerceklesmistir. Buna
karsin tiim senaryolar egitim siirecinin ilerleyen iletisim turlarinda kararli bir yakinsama
davranis1 gostermistir.

Genel olarak degerlendirildiginde istemci katilimindaki azalmanin o6zellikle IID veri
dagiliminda yakinsama davranigsin1 6nemli 6lcilide etkilemedigi goriilmektedir. Buna karsilik
Non-IID veri dagiliminda istemeci erisilebilirligi model performansi tizerinde daha belirgin bir
etki olusturmus olsa da kiiresel model tiim senaryolarda yiiksek dogruluk diizeyine ulagsmay1

basarmuistir.
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Sekil 2. IID ve Non-IID veri dagilimlarinda istemci katilim senaryolarina ait dogruluk egrileri

Iletisim Verimliliginin Degerlendirilmesi

Istemci Federated 6grenme sistemlerinde model basarismin yaninda iletisim verimliligi de
onemli bir performans Olgiitiidiir. Bu c¢alismada iletisim verimliligi tam istemci katilim
senaryosuna gore elde edilen istemci gilincelleme sayisindaki azalma {izerinden
degerlendirilmistir. IID ve Dirichlet tabanli Non-IID veri dagilimlarina ait sonuglar Sekil 3’te
gosterilmektedir.

Sekil 3 incelendiginde rastgele %50 katilim senaryosunun hem IID hem de Non-IID veri
dagilimlarinda istemci giincelleme sayisim1 yaklasik %50 oraninda azalttigi goriilmektedir.
Buna karsin Tablo 3’te goriildiigli gibi dogruluk ve Makro F1 skorlarinda yalnizca sinirli
diizeyde bir degisim meydana gelmistir. Bu sonug, her iletigim turunda tiim istemcilerin egitime
katilmasinin yiiksek siniflandirma basarisi ig¢in her zaman gerekli olmadigin1 gostermektedir.
Kalic1 istemci kayb1 ve veri bagimli istemci kaybi senaryolarinda ise istemci giincelleme
sayisindaki azalma yaklasik %16 diizeyinde ger¢eklesmistir. Buna ragmen her iki senaryoda da
model egitim siireci sonunda tam istemci katilimina olduk¢a yakin performans degerlerine
ulagmistir. Bu bulgu, federated 6grenme sistemlerinin belirli diizeyde istemci erisilemezligine
kars1 dayanikli oldugunu gostermektedir.

Genel olarak degerlendirildiginde istemci katilim oraninin azaltilmasi iletisim yiikiinii dnemli

dlciide diisiiriirken model basarisini biiyiik dl¢iide koruyabilmektedir. Ozellikle rastgele %50
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katilim senaryosu, iletisim verimliligi ile siniflandirma performansi arasinda en dengeli ¢oziimii

sunmustur.
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Sekil 3. Istemci katilim senaryolarina gére istemci giincelleme sayisindaki azalma.

SONUC

Deneysel bulgular birlikte degerlendirildiginde istemci katilim oranmin federated 6grenme
performansini etkiledigi ancak bu etkinin veri dagilimina bagl olarak degistigi goriilmektedir.
IID veri dagiliminda rastgele %50 istemci katilimi tam istemci katilimina oldukg¢a yakin
dogruluk ve Makro F1 degerleri iiretmistir. Bu durum istemci sayisindaki 6nemli azalmaya
ragmen kiiresel modelin 6grenme yetenegini biiylik 6l¢lide koruyabildigini géstermektedir.
Non-IID veri dagiliminda ise istemci katilimindaki azalmanin etkisi daha belirgin hale
gelmistir. Yerel veri dagilimlarindaki farkliliklar nedeniyle 6zellikle rastgele kismi katilim
senaryosunda performans kaybi diger senaryolara gore daha yiiksek gerceklesmistir. Buna
ragmen tiim istemci katilim senaryolar1 egitim siirecinin sonunda kararli bir yakinsama
davranigi sergilemis ve yiiksek siniflandirma performansina ulagmstir.

Iletisim verimliligi acisindan degerlendirildiginde rastgele %50 katilim senaryosu istemci
giincelleme sayisini yariya indirirken model basarisinda yalnizca sinirh diizeyde bir azalma
olusturmustur. Kalic1 istemci kayb1 ve veri bagimli istemci kaybi1 senaryolar1 ise daha diisiik
iletisim kazanci saglamasina ragmen tam istemci katilimina olduk¢a yakin performans degerleri
elde etmistir.

Elde edilen bulgular gergek federated 6grenme uygulamalarinda her iletisim turunda tiim

istemcilerin aktif olmasimin zorunlu olmadigini géstermektedir. Ozellikle veri heterojenliginin
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diisiik oldugu ortamlarda uygun istemci katilim stratejileri kullanilarak iletisim yiikii 6nemli
Olciide azaltilabilirken model basaris1 biiylik 6l¢iide korunabilmektedir.
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ABSTRACT

Public sector administrative systems in developing nations often suffer from operational
inefficiencies, fragmented data silos, and reactive decision-making frameworks. Under
Component 5 of the NAIEDP, the $30 million "Smart Hukumat" initiative implemented by the
National IT Board (NITB) aims to embed intelligent analytical systems, predictive modeling,
and automated workflows across federal ministries. This paper evaluates the structural
transformation, legal prerequisites, and operational impact of integrating artificial intelligence
into public administrative governance in Pakistan. Through a qualitative policy review and
simulation of administrative workflow automation, the study assesses key priority deployment
areas, including automated tax intelligence, predictive agricultural yield modeling, real-time
healthcare monitoring, and intelligent resource allocation. The paper demonstrates that
implementing interoperable, cloud-native digital public infrastructure integrated with predictive
analytics can reduce bureaucratic processing delays by 55% while enhancing data transparency
and evidence-based policy formulation. However, the study identifies significant
implementation hurdles, such as legacy data fragmentation, organizational resistance to digital
adoption, civil service skill deficits, and public sector data security risks. To address these
challenges, the research outlines a risk-proportionate Al governance model emphasizing
algorithmic auditability, human-in-the-loop decision protocols, and adherence to draft national
data governance standards. The paper concludes with actionable directives for scaling public
sector digital transformation efficiently.

Keywords: Smart Governance, Digital Public Infrastructure, Public Sector Automation, Smart
Hukumat, Algorithmic Transparency, Predictive Analytics, E-Governance Policy.

ISBN: 978-625-90699-3-7

35



IMAEC 11 INTERNATIONAL CONGRESS ON ADVANCED ENGINEERING,
ARTIFICIAL INTELLIGENCE AND ARCHITECTURE
August 25-28, 2026 Bucharest/ROMANIA

AKILLI KAMPUS AGLARI iCiIN ACIKLANABILIiR TOPLULUK TABANLI
SALDIRI TESPITI
EXPLAINABLE ENSEMBLE INTRUSION DETECTION FOR SMART CAMPUS
NETWORKS

Abdalhamid ALBEIK!
IKarabiik University, Department of Computer Engineering, Karabiik, Tiirkiye
ORCID ID: 0009-0006-9885-3731

Lecturer Elif YILDIRIM!
IKarabiik University, Department of Computer Engineering, Karabiik, Tiirkiye
ORCID ID: 0000-0001-6336-6390

Assoc. Prof. Dr. isa AVCI?
IKarabiik University, Department of Computer Engineering, Karabiik, Tiirkiye
ORCID ID: 0000-0001-7032-8018

OZET

Akilli kampiis aglarinda saldir1 tespiti, yiiksek genel dogrulugun yaninda az goriilen
saldirilarin taninmasmi ve model kararlarinin incelenebilmesini gerektirir. Bu c¢alisma,
kampiis giivenligine yonelik bir aday ¢oziim olarak, 6zellik se¢imini agirlikli oylama ve
SHAP agiklamalartyla birlestiren agag tabanli bir yaklagimi degerlendirir. Deneyler, ger¢cek
bir kampiis kurulumu yerine CICIDS2017 veri kiimesinde yiiriitilmistiir. Gegersiz ve
yinelenen kayitlarin temizlenmesinden sonra kalan 2.520.798 akis, sinif oranlar1 korunarak
egitim, dogrulama ve test kiimelerine ayrilmustir. Ozellik adaylar1 egitim verisinden elde
edilmis; ozellik alt kiimesi, simif dengesizligi stratejisi ve topluluk agirliklar1 dogrulama
kiimesinde secilmistir. Hibrit siralama, kullanilabilir 65 6zelligi 15'e indirmistir. Extra Trees,
Random Forest ve Decision Tree olasiliklar1 sirasiyla 0,4, 0,5 ve 0,1 agirliklaniyla
birlestirilmistir. Son model, egitim ve dogrulama verileriyle yeniden egitildikten sonra
ayrilmig test kiimesinde degerlendirilmistir. Test dogrulugu %99,8305, makro F1 degeri
0,9095 ve onceden belirlenen alti nadir saldir1 smifinin ortalama duyarliligt 0,7376
bulunmustur. Ayni 6zelliklerle kullanilan Extra Trees modelinde bu son iki deger 0,8795 ve
0,6449'dur. Bununla birlikte, XSS sinifinin F1 degeri 0,3913'te kalmis; Heartbleed sinifi testte
yalnizca bir Ornekle temsil edilmistir. Son yeniden egitimden once, dogrulama akislar
tizerinde hesaplanan SHAP degerleri paket uzunlugu ve baslangic pencere boyutu
degiskenlerini one c¢ikarmistir. Bes yeniden 6rnekleme iizerinden ortalama ilk on 6zellik
ortiismesi 0,8909 olmustur. Sonuglar, bu deney diizeninde azinlik siniflari i¢in bir kazanima
isaret etmektedir. Ancak hesaplama maliyeti artmis, zaman temelli genelleme ve gercek
kampiis basarimi bu deneylerle gosterilmemistir.

Anahtar Kelimeler: Akilli kampiis, saldir1 tespiti, 6zellik se¢imi, topluluk 6grenmesi, SHAP.

ABSTRACT
Intrusion detection in smart campus networks requires more than high overall accuracy:

infrequent attacks must remain visible, and model decisions must be open to inspection. This
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study evaluates a tree-based approach that combines feature selection, weighted voting and
SHAP explanations as a candidate for campus network security. Experiments use
CICIDS2017 rather than traffic collected from an operational campus. After invalid and
duplicate records were removed, 2,520,798 flows were partitioned into stratified training,
validation and test sets. Feature candidates were derived from training data, while the feature
subset, imbalance strategy and voting weights were selected on validation data. Hybrid
ranking reduced 65 usable features to 15. The ensemble combined Extra Trees, Random
Forest and Decision Tree probabilities with weights of 0.4, 0.5 and 0.1, respectively.
Following a training-plus-validation refit, test accuracy reached 99.8305%, macro F1 was
0.9095, and mean recall across six predefined rare attack classes was 0.7376. Extra Trees
using the same features obtained macro F1 of 0.8795 and rare-class recall of 0.6449. These
aggregate gains were uneven: XSS achieved an F1 score of 0.3913, while Heartbleed had only
one test observation. SHAP analysis of validation flows, performed before the final refit,
emphasized packet-length and initial-window features. Five bootstrap resamples produced a
mean top-ten feature-set overlap of 0.8909. The findings support a minority-class benefit
under the evaluated protocol, but at increased computational cost. They do not establish
temporal generalization or effectiveness in a deployed campus network.

Keywords: Smart campus, intrusion detection, feature selection, ensemble learning, SHAP.
INTRODUCTION

Smart campus services connect educational platforms, administrative systems and diverse
networked devices. Their security requirements therefore extend beyond maintaining
connectivity. Work on Al-assisted campus management describes the growing role of shared
wireless infrastructure (Koukaras et al., 2025), while campus intrusion detection and network
detection and response studies address the monitoring of that infrastructure (Chen, 2024;
Mustafa et al., 2026). For these settings, a useful detector must identify attacks without
concealing weak minority-class performance behind a high overall accuracy. It should also
provide evidence that an analyst can inspect.

Feature selection offers one way to reduce the cost and complexity of flow-based detection.
Empirical comparisons show that its value depends on both the selector and the classifier
(Yildirim et al., 2025; Zouhri et al., 2024). Hybrid approaches combine complementary
criteria: information gain and Random Forest importance have been integrated with recursive
elimination (Yin et al., 2023), while rank aggregation has been used to obtain smaller traffic
representations (Krupski et al., 2024). Correlation-based and embedded selection have also
been combined with ensemble learning (Nassreddine et al., 2025). These studies motivate
testing a compact subset, but do not establish that one feature ranking will work equally well
across datasets.

Prior work has examined stacking with hybrid feature selection (Badiger & Shyam, 2025),
weighted voting between boosted learners (Melendrez et al., 2025), and minority-class
highlighting (Oh et al., 2025) as approaches to ensemble intrusion detection. Explainable
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ensembles have also incorporated adaptive model combinations and SHAP-guided selection
(Ahmed, Jiangbin, Almogren, Khan, et al., 2024; Ahmed, Jiangbin, Almogren, Sadiq, et al.,
2024). In parallel, campus-focused explainable detection (Yan, 2025) and tree-based SHAP
analysis (Le et al., 2022) have made the relationship between a prediction and its input
features more explicit. Comparisons of SHAP and LIME nevertheless show why an
explanation must be interpreted in the context of the fitted model and explanation method
(Hermosilla et al., 2025).

This study asks whether a compact, validation-selected tree ensemble can improve macro F1
and rare-attack recall relative to a strong single-tree-ensemble baseline. CICIDS2017 provides
the experimental setting; no campus deployment is claimed. The evaluation follows recent
work emphasizing explicit dataset and model comparisons (Mondragon et al., 2025). Feature
selection, imbalance handling and voting weights are examined within one split protocol,
followed by a held-out test and a separate analysis of feature-attribution stability. The aim is
to establish a bounded benchmark result and identify the conditions that would still need
testing before campus use.

MATERIAL AND METHODS

Data preparation and evaluation design.

The CICIDS2017 input comprised 2,830,743 flows, 78 predictors and 15 traffic classes.
Cleaning removed 2,867 invalid records and then 307,078 duplicate records, leaving
2,520,798 flows. Constant and duplicate columns were removed, yielding 65 predictors. A
stratified random split with seed 42 assigned 1,764,558 flows to training and 378,120 each to
validation and testing (70:15:15). Partition indices did not overlap. Feature scoring and model
fitting used training data; validation performance determined the modeling choices. Test
scores were not used for selection. The frozen configuration was refitted on training plus
validation data for the final test. This is a random-flow protocol, not a chronological or cross-
dataset evaluation.

The validation set was consulted repeatedly during development, so its scores describe
performance within the selection process. The final test addresses a different question: how
the fixed configuration performs on flows that did not guide those choices. Refitting used the
combined training and validation partitions but retained the selected feature identities, model
settings and voting weights. Consequently, the validation-to-test difference reflects both a
change in evaluation observations and a change in fitted models. It cannot be interpreted as
the effect of the data partition alone, nor does this random split measure performance on a
later period of traffic.

Feature selection and model comparison.

Absolute correlation above 0.95 reduced the candidate set from 65 to 47 features. Mutual
information then identified 30 candidates. XGBoost gain and Random Forest TreeSHAP
rankings were averaged within this candidate pool to form the hybrid ranking. The training
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SHAP sample contained 2,176 flows: a nominal target of 2,000 was enlarged by rare-class
minimum allocations. The notebook evaluated 22 subset configurations, including hybrid
subsets of 10, 15, 20 and 30 features. Representative mutual-information, gain, SHAP and
hybrid subsets were compared with all 65 predictors. Decision Tree (DT), Random Forest
(RF), Extra Trees (ET), XGBoost and LightGBM were subsequently compared on five
representative subsets. No feature rank was derived from validation or test labels.

The retained variables cover several aspects of a flow. Packet size and volume are represented
by Fwd Packet Length Max, Bwd Packet Length Max, Max Packet Length, Packet Length
Mean and Total Length of Fwd Packets. Flow Bytes/s, Flow Packets/s and Bwd Packets/s
describe rates; Flow IAT Mean and Flow IAT Std describe inter-arrival timing. Fwd Header
Length and Bwd Header Length retain header information, while Init Win bytes forward
and Init Win bytes backward record initial window values. Destination Port completes the
subset. This grouping describes the inputs rather than their importance. The training-derived
ranking determined subset membership; the separate validation-based attribution ordering
reported in Results was used to explain the fitted system, not to select these features.

Imbalance handling and ensemble selection.

The original training distribution was compared with balanced class weights, limited majority
undersampling and random oversampling capped at 5,000 observations per minority class.
The original distribution was retained on validation performance. This differs from pipelines
that introduce synthetic sampling and learned representations (Hooshmand et al., 2024);
synthetic oversampling was not used here. Six-candidate, three-fold searches on a protected
training subsample targeted at approximately 180,000 flows did not improve full-validation
performance over the default ET and RF configurations. The final tree ensembles used 100
estimators, seed 42 and four worker threads.

Soft voting combined class probabilities with weights of 0.4 for ET, 0.5 for RF and 0.1 for
DT. Weights were searched on the validation set in increments of 0.1. An ensemble was
accepted only if macro F1 improved by at least 0.001 over the best single model and rare-
class recall declined by no more than 0.005. Equal-weight voting and three-fold out-of-fold
stacking with a balanced logistic-regression meta-learner were also evaluated. The selected
voting configuration and its 15 features were fixed before the final refit.

Performance and explanation measures.

Macro F1 assigns equal weight to the 15 class-specific F1 scores. Rare-class recall is the
unweighted mean recall for Bot, Heartbleed, Infiltration, Web Attack—Brute Force, Web
Attack—SQL Injection and Web Attack—XSS. Accuracy, per-class support, execution time and
serialized model size provide complementary views. Five training seeds (42, 52, 62, 72 and
82), evaluated against the fixed validation set, were used for a paired comparison of the
selected ET feature subset and all 65 predictors; these are not five independent test splits.
SHAP assigns additive feature contributions to model predictions (Lundberg & Lee, 2017).
Following global and local IDS explanation work (Arreche et al.,, 2024), the notebook
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analyzed 587 validation flows with class-protected sampling. These explanations concern
training-fitted models before the final training-plus-validation refit. For each feature, signed
SHAP values from ET, RF and DT were first combined using the voting weights; absolute
values were then averaged over observations and classes. Five bootstrap resamples of these
already computed explanation tensors yielded ten pairwise comparisons of top-ten feature sets
and ranks. The procedure measures resampling stability, not stability after retraining. The
saved execution used Windows 11 and Python 3.13.13 on a workstation reporting 12 logical
CPUs.

RESULTS

Hybrid selection retained 15 of the 65 usable predictors, a 76.9% reduction. Table 1 reports
representative feature-selection results under the RF screening model. The best hybrid subset
exceeded the all-feature reference in both macro F1 and rare-class recall. These are validation
comparisons within the search, not additional test results.

Table 1. Representative feature subsets evaluated with Random Forest on validation data.

Feature subset Features Macro F1 Rare-class recall
All usable predictors 65 0.8878 0.7009
Mutual information 20 0.8839 0.7028
XGBoost gain 30 0.9137 0.7508
RF SHAP ranking 30 0.8959 0.7094
Hybrid ranking 15 0.9154 0.7642

The choice of 15 features was supported by the comparison of nested hybrid subsets, not by a
preset requirement to retain that number. With the same Random Forest screening protocol,
the top-10, top-20 and top-30 subsets obtained validation macro F1 scores of 0.8334, 0.8927
and 0.8652, respectively. The top-15 score of 0.9154 was the highest among all 22 screened
configurations. Thus, retaining additional ranked variables did not improve this screening
result. The subsequent model comparison also placed Extra Trees with this subset first by
validation macro F1. These findings justify the selected configuration within the evaluated
search; they do not establish a universally optimal subset size or significant differences
between every pair of candidates.

ET with the selected 15 features subsequently achieved validation macro F1 of 0.9265 and
rare-class recall of 0.8107. Weighted voting increased these values to 0.9286 and 0.8204.
Equal-weight voting reached macro F1 of 0.9128. Stacking increased macro recall to 0.9408
but lowered macro F1 to 0.7759, so it was not retained. Removing Destination Port from the
selected ET subset reduced validation macro F1 to 0.8739 and rare-class recall to 0.6648.
Figure 1 compares all 25 model-feature-set combinations on validation data. The hybrid
subset gave the highest macro F1 for ET and RF, although its benefit was not consistent
across all five classifiers.
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Validation Macro-F1 Across Candidate Feature Sets and Models
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Figure 1. Validation macro F1 for five classifiers and five feature sets. Labels indicate feature counts; MI
denotes mutual information and XGB denotes XGBoost gain ranking. Values are rounded to three decimals. The
color scale covers the observed score range.

After the final refit, weighted voting improved test macro F1 by 0.0301 and rare-class recall
by 0.0926 relative to ET (Table 2). Accuracy changed by only 0.0082 percentage points. The
ensemble's macro F1 declined from 0.9286 on validation to 0.9095 on test.

Table 2. Final test performance after training-plus-validation refitting. Both models use 15

features.

Model Accuracy Ma.c ro Macro recall Macro F1 Rare-class
(%) precision recall

Extra Trees 99.8223 0.9302 0.8559 0.8795 0.6449

Weighted voting 99.8305 0.9319 0.8930 0.9095 0.7376

The rare-class results expose the limits of the aggregate improvement (Table 3; Figure 2). Bot
and Web Attack—Brute Force achieved F1 scores of 0.8256 and 0.7483. XSS detection
remained weak (recall = 0.3673; F1 = 0.3913). The perfect Heartbleed result was based on a
single test flow. The Infiltration and SQL Injection scores likewise rested on only six and
three observations.

Table 3. Rare attack classes on the final test set, weighted voting. Support is the number of

test flows.

Attack class Precision Recall F1 Support
Bot 0.8593 0.7945 0.8256 292
Heartbleed 1.0000 1.0000 1.0000 1
Infiltration 1.0000 0.8333 0.9091 6
Web Attack—Brute Force 0.7336 0.7636 0.7483 220
Web Attack—SQL Injection 1.0000 0.6667 0.8000 3
Web Attack—XSS 0.4186 0.3673 0.3913 98
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Figure 2. Row-normalized confusion matrix for weighted voting on the final test set after refitting. Rows denote
true classes and columns predicted classes; each row sums to one. Colors represent proportions, not absolute

counts.

For XSS, the support and recall in Table 3 correspond to 36 correctly classified flows out of
98, leaving 62 assigned to other classes. This count is an arithmetic interpretation of the
recorded test result, not an additional experiment. Precision of 0.4186 also indicates that
fewer than half of the flows predicted as XSS belonged to that class. The detector therefore
made errors both when identifying true XSS flows and when assigning the XSS label. Figure
2 shows the error destinations, including confusion between XSS and Web Attack—Brute
Force. Each row is normalized by its true-class support, so diagonal intensity represents recall
rather than sample count. The small supports in Table 3 remain important when interpreting
the darker cells; this plot does not establish whether an omitted feature would resolve the
errors.

The voting ensemble required 310.46 s to fit and 5.30 s to predict the test set, compared with
113.19 s and 2.68 s for ET. Serialized size increased from 498.81 to 629.85 MiB. Voting
throughput was approximately 71,365 preprocessed flows/s in the recorded batch run; this
does not include live traffic capture or feature extraction. Across the five training seeds, ET
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with 15 features obtained mean validation macro F1 of 0.9260 (standard deviation 0.0012),
versus 0.8650 with 65 features. The paired Wilcoxon result was p = 0.0625 and therefore did
not establish significance at 0.05. A separate binary ET experiment obtained test F1 of 0.9959
and a false-positive rate of 0.000786 at threshold 0.5.

The pre-refit explanation analysis assigned the largest aggregate contribution to Fwd Packet
Length Max, followed by Init Win_bytes backward and Max Packet Length (Figure 3).
Across bootstrap comparisons, mean Jaccard overlap for the top ten features was 0.8909 and
mean Spearman rank correlation was 0.9636. These values describe repeatability within the
explanation sample; they do not demonstrate that the same features would remain important
under different network conditions.

Fwd Packet Length Max [ IE——
Init Win bytes backward I
Max Packet Length I
Flow Packets/s Gy
Bwd Header Length I
Destination Port [l
Flow Bytes/s Il
Packet Length Mean [l
Bwd Packet Length Max [l
Fwd Header Length [l
Total Length of Fwd Packets [l
Flow IAT Mean W
Init Win_bytes forward Wl
Flow IAT Std |
Bwd Packets/s |

0.00 0.01 0.02
Mean absolute weighted SHAP value

Figure 3. All 15 selected features ranked by weighted SHAP contribution. Explanations use training-fitted
models and 587 validation flows, before the final refit.

DISCUSSION

The main benefit of the selected ensemble is visible in class-balanced measures, not overall
accuracy. A 0.0301 increase in test macro F1 accompanied a 0.0926 increase in mean rare-
class recall, while accuracy was almost unchanged. This supports the attention given to
minority classes in dedicated ensemble designs (Oh et al., 2025). It also shows why the binary
result is insufficient on its own: combining all attacks into one class conceals the weak XSS
result. The added prediction time and model size mean that the voting gain must be weighed
against the available deployment resources.

The rare-class average should also be read together with the individual supports in Table 3.
Because it gives equal weight to each of six class recalls, Heartbleed contributes as much to
that average as Bot despite having only one test flow rather than 292. As an illustration of
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sensitivity, misclassifying that single Heartbleed flow would change its recall from one to
zero and reduce the six-class average by about 0.1667; this is a hypothetical calculation, not
an observed alternative result. The small Infiltration and SQL Injection samples likewise
provide limited evidence about future traffic. Broader claims require additional independent
attack examples and an examination of the underlying errors before attributing the remaining
failures to a specific modeling choice.

Compactness and within-dataset discrimination should not be confused with transferability.
Destination Port was useful in this random-split experiment, but its removal may behave
differently when service assignments change. Cross-dataset work on SHAP-guided selection
examines this problem directly (Kilig¢ & Sengiil, 2026), while broader studies examine
temporal and semantic generalization (Elangovan et al., 2026). Although exact duplicate rows
were removed, related flows can still occur across random partitions. The single benchmark,
fixed validation set and very small supports for several attacks limit the conclusions. The five-
seed result suggests a consistent feature-subset advantage within that validation setting, but its
nonsignificant paired test does not justify a stronger statistical claim.

The explanation results are similarly bounded. They identify which flow variables influenced
the training-fitted ensemble and how consistently those variables ranked under resampling.
They neither explain the final refitted models directly nor establish a causal mechanism.
Causal feature-selection research addresses a different objective (Gao et al., 2025). Likewise,
alert prioritization and analyst-facing graph explanations (Malach et al., 2025) require
operational and user evaluation beyond a feature-importance plot. No analyst study was
performed here. Probability calibration is another unresolved issue: uncertainty calibration has
been combined with explainable intrusion detection (Adabara et al., 2025), whereas the
present voting probabilities were not calibrated.

Further evaluation should begin with chronological partitions and traffic from an independent
campus, including collection and feature-extraction costs. Federated learning under non-
identical local distributions (Alimov & Shin, 2025), continual adaptation to drift (Xu et al.,
2026), and open-set treatment of unfamiliar traffic (Souza et al., 2025) address deployment
conditions that this closed-set batch experiment does not cover. Within its tested scope, the
study finds that a 15-feature weighted ensemble improves macro F1 and rare-class recall over
ET, with inspectable pre-refit feature attributions. Its value is a measured benchmark trade-
off, not evidence that an operational campus IDS has already been validated.
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OZET

Kisa Mesaj Servisi (SMS), mobil iletisimin yaygin ve hizli araglarindan biri olmakla birlikte,
istenmeyen ve zararl iceriklerin kullanicilara ulastirilmasinda da siklikla kullanilmaktadir.
SMS spam mesajlar; kimlik avi baglantilari, finansal dolandiricilik girisimleri, sahte
kampanyalar, yaniltict1 reklamlar ve kotli amaclh yazilimlara yonlendiren baglantilar
araciligryla kullanicilarin kisisel verileri, finansal varliklar1 ve genel siber giivenligi agisindan
onemli riskler olusturmaktadir. Spam mesajlarinin igerik ve bi¢imlerinin siirekli degismesi,
saldirganlarin farkli kelime kullanimlart ve sosyal miihendislik tekniklerinden yararlanmasi,
geleneksel kural tabanli ve anahtar kelime odakli filtreleme yontemlerinin etkinligini
sinirlayabilmektedir. Bu nedenle, metinsel Oriintiileri veriden otomatik olarak Ogrenebilen
derin oOgrenme yoOntemleri, SMS spam tespitinde O©nemli bir alternatif olarak
degerlendirilmektedir. Bu c¢alismada, SMS mesajlarinin spam ve normal (ham) olarak
siiflandirilmas: amaciyla Evrisimli Sinir Ag1 (Convolutional Neural Network-CNN), Uzun
Kisa Siireli Bellek (Long Short-Term Memory-LSTM) ve Kapili Tekrarlayan Birim (Gated
Recurrent Unit-GRU) mimarileri karsilastirmali olarak incelenmistir. Deneysel calismalarda,
SMS spam smiflandirmas:t alaninda yaygm olarak kullanilan ve herkese acik olarak
erisilebilen SMS Spam Collection veri setinden yararlanilmistir. Modeller arasinda adil ve
giivenilir bir karsilastirma yapilabilmesi amaciyla tiim mimariler ayni veri bélme yaklagimi,
metin On isleme siireci ve siif dengesizligi yonetimi altinda egitilmis ve degerlendirilmistir.
Boylece elde edilen performans farkliliklarinin miimkiin oldugunca kullanilan model
mimarilerinden kaynaklanmasi amaglanmistir. Modellerin  siniflandirma basarilarinin
kapsamli bi¢cimde degerlendirilebilmesi i¢in dogruluk (accuracy), kesinlik (precision),
duyarlhlik (recall), F1-skoru ve ROC-AUC metriklerinin yani sira karmasiklik matrislerinden
yararlanilmistir. Ozellikle spam tespiti gibi simf dagiliminin dengesiz olabildigi problemlerde
yalnizca dogruluk metrigine odaklanmanin yaniltict sonuglara yol acabilecegi dikkate alinarak
farkli performans Olgiitleri birlikte degerlendirilmistir. Deneysel bulgular, {i¢ derin 6grenme
mimarisinin de SMS spam smiflandirmasinda giiclii performans sergiledigini, ancak
modellerin farkli degerlendirme Olgiitlerinde birbirlerine gore istlinliik gdsterdigini ortaya
koymustur. GRU modeli en yiiksek genel dogruluk ve Fl-skorunu elde ederek dengeli bir
siiflandirma basarist sunarken, CNN modeli en yliksek kesinlik ve ROC-AUC degerlerine
ulasmistir. LSTM modeli ise en yiiksek duyarlilik degerini saglayarak spam mesajlarinin
yakalanmasi agisindan 6ne ¢ikmistir. Elde edilen sonuglar, SMS spam tespitinde uygun model
seciminin yalmzca genel dogruluk degerine gore yapilmamasi gerektigini gostermektedir.
Yanlis pozitiflerin azaltilmasinin oncelikli oldugu sistemlerde yiiksek kesinlik, miimkiin
oldugunca fazla spam mesajinin tespit edilmesinin kritik oldugu uygulamalarda yiiksek
duyarlilik, genel ve dengeli performansin hedeflendigi durumlarda ise F1-skoru gibi dlgiitlerin
dikkate alinmas1 gerekmektedir. Sonug olarak ¢alisma, derin 6grenme tabanli CNN, LSTM ve
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GRU mimarilerinin SMS spam tespitinde etkili bigimde kullanilabilecegini ve her bir
mimarinin farkli operasyonel ve siber giivenlik gereksinimleri agisindan tamamlayici
avantajlar saglayabilecegini gostermektedir.

Anahtar Kelimeler: SMS spam tespiti, derin 6grenme, CNN, LSTM, GRU, siber giivenlik

GIRIS

Kisa Mesaj Servisi (SMS), diislik maliyeti, yaygin erisilebilirligi ve internet baglantisina
ihtiyag duymadan c¢aligabilmesi nedeniyle kisisel iletisimden bankacilik bildirimlerine,
dogrulama kodlarindan kamu duyurularina kadar ¢ok genis bir kullanim alanina sahiptir. Bu
yayginlik, SMS kanalin1 saldirganlar acisindan da cazip hale getirmis; kimlik avi, sahte
kampanyalar, finansal dolandiricilik, zararli baglant1 dagitimi1 ve sosyal miihendislik temelli
icerikler giderek daha goriiniir bir giivenlik problemi olusturmustur. SMS spam yalnizca
kullanict deneyimini olumsuz etkilememekte, ayn1 zamanda kisisel verilerin ele gegirilmesi,

hesap giivenliginin zayiflamasi ve finansal kayiplar gibi sonuglara da yol acabilmektedir
(Almeida et al., 2011; Cormack, 2008).

Geleneksel spam filtreleme yaklasimlari cogunlukla anahtar kelime listeleri, kara/beyaz
listeler, elle olusturulan kurallar ve sezgisel eslestirmelere dayanmaktadir. Bu yontemler hizli
ve uygulamasi gorece kolay olmakla birlikte, saldirganlarin kelime bi¢imlerini degistirmesi,
karakterleri kasitli olarak bozmasi veya yeni sosyal miihendislik kaliplar1 kullanmasi
durumunda esnekliklerini kaybedebilmektedir. Klasik makine 6grenmesi yontemleri bu
sinirlamay1 azaltmak icin destek vektor makineleri, Naive Bayes, k-en yakin komsu, karar
agaclar1 ve benzeri simiflandiricilart Bag-of-Words veya TF-IDF temsilleriyle kullanmigtir
(Cortes & Vapnik, 1995; Cover & Hart, 1967; McCallum & Nigam, 1998). Bununla birlikte
bu yaklagimlar ¢ogu zaman 6zellik miihendisligine ihtiya¢ duymakta ve metindeki baglamsal
iliskileri sinirh 6l¢iide temsil etmektedir.

Derin 6grenme, ham ya da on islenmis metinlerden ayirt edici 6zelliklerin otomatik
olarak oOgrenilmesine olanak taniyarak metin smiflandirma problemlerinde O6nemli bir
alternatif sunmaktadir (LeCun et al., 2015; Goodfellow et al., 2016). CNN mimarileri yerel
kelime oriintiilerini ve n-gram benzeri yapilar1 yakalamada basariliyken, LSTM ve GRU gibi
tekrarlayan aglar sirali bilgiyi ve baglamsal bagimliliklar1 modelleyebilmektedir (Kim, 2014;
Hochreiter & Schmidhuber, 1997; Cho et al., 2014).

Bu calismanin amaci, SMS Spam Collection veri seti tizerinde CNN, LSTM ve GRU
mimarilerini ayn1 veri hazirlama ve egitim kosullar1 altinda karsilastirmaktir. Boylece
modeller arasindaki farklarin veri bolme veya on isleme farkliliklarindan ziyade mimari
ozelliklerden kaynaklanmasi hedeflenmistir. Calismanin temel katkisi, dengesiz simif
dagilimimi dikkate alan ortak bir deneysel ¢erceve i¢cinde dogruluk, kesinlik, duyarlilik, F1-
skoru, ROC-AUC ve karmasiklik matrisi temelli ¢ok boyutlu bir degerlendirme sunmasidir.

LITERATUR TARAMASI

SMS spam tespiti literatliriinde ilk donem caligmalar, metin iceriginin elle belirlenen
ozelliklerle temsil edilmesine ve klasik simiflandiricilarla modellenmesine odaklanmuistir.
Almeida et al. (2011) tarafindan olusturulan SMS Spam Collection veri seti, bu alandaki en
yaygin kiyaslama veri setlerinden biri haline gelmistir. Veri setinin daha sonra UCI Machine
Learning Repository iizerinden yayimlanmasi, farkli yoOntemlerin ayni veri {izerinde
karsilastirilmasini kolaylagtirmistir.
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Destek vektor makineleri, Naive Bayes ve k-NN gibi geleneksel yontemler metin
siiflandirmasinda gii¢lii temel modeller olusturmustur. Bununla birlikte bu yontemlerin ¢ogu,
metnin  Bag-of-Words veya TF-IDF gibi vektor temsillerine doniistiiriilmesini
gerektirmektedir. Bu temsiller kelime sirasini ve uzun donem baglami sinirli bigimde
korudugu ig¢in 0Ozellikle saldirganlarin anlamsal c¢esitlilik kullandigi spam mesajlarinda
yetersiz kalabilmektedir.

Derin 6grenme ile birlikte, kelime gdmme katmanlari ve sinir aglarinin birlikte egitilmesi
sayesinde metinsel Ozelliklerin otomatik O0grenilmesi miimkiin hale gelmistir. Kim (2014),
CNN tabanli mimarilerin ciimle siniflandirma gorevlerinde etkili oldugunu gostermistir. CNN
filtreleri, belirli pencere genislikleri lizerinden yerel Oriintiileri yakalayarak spam igeriklerde
sik goriilen kelime kombinasyonlarini 6grenebilmektedir. Johnson ve Zhang (2015) da kelime
sirasinin CNN tabanli metin siniflandirma tizerindeki etkisini vurgulamistir.

LSTM, gelencksel RNN'lerde goriilen kaybolan gradyan problemini azaltmak amaciyla
girig, unutma ve ¢ikis kapilarindan yararlanan bir bellek mekanizmas1 kullanir (Hochreiter &
Schmidhuber, 1997). Bu yapi, bir mesajdaki onceki kelimelerin sonraki kelimeler iizerindeki
etkisini koruyarak baglamimn modellenmesini saglar. GRU ise giincelleme ve sifirlama
kapilartyla benzer bir islevi daha sade bir yap1 iizerinden gergeklestirmektedir (Cho et al.,
2014; Chung et al., 2014). Daha az parametre iceren GRU mimarisi, baz1 metin siniflandirma
problemlerinde LSTM'ye yakin veya daha iyi basarty1 daha diisiik hesaplama maliyetiyle
saglayabilmektedir.

Spam tespitinde sinif dengesizligi de 6nemli bir degerlendirme problemidir. Veri setinde
normal mesajlarin spam mesajlarindan ¢ok daha fazla olmasi, yiiksek dogruluk degerinin tek
basina modelin spam simifini iyi yakaladigi anlamina gelmemesine neden olur. Bu nedenle
kesinlik, duyarlilik, Fl-skoru ve ROC-AUC gibi dlgitlerin birlikte kullanilmast
onerilmektedir (Powers, 2011; Saito & Rehmsmeier, 2015; Fawcett, 2006). Bu ¢alisma da s6z
konusu gereksinimi temel alarak ti¢ farkli derin 6grenme mimarisini ayn1 deneysel kosullarda
coklu performans 6l¢iitleriyle degerlendirmektedir.

MATERYAL VE YONTEM

Arastirma Cercevesi

Onerilen yaklasim ii¢ temel asamadan olusmaktadir: veri hazirlama, model gelistirme ve
performans degerlendirme. Veri hazirlama asamasinda gereksiz siitunlar ve yinelenen kayitlar
kaldirilmis; siif etiketleri sayisal bi¢ime doniistliriilmiis; metin temizleme, tokenizasyon ve
sabit uzunlukta dizi olusturma islemleri uygulanmistir. Model gelistirme asamasinda CNN,
LSTM ve GRU aglart ayni islenmis veri lizerinde egitilmistir. Son asamada test kiimesi
iizerinden ¢oklu performans olgiitleri hesaplanmis ve modeller karsilastirilmastir.

Veri Model Performans Model
Hazirlama Gelistirme Degerlendirme Karsilastirmasi

Sekil 1. Calismanin genel aragtirma akusi.
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Veri Seti

Deneylerde SMS spam tespiti literatiiriinde yaygin olarak kullanilan SMS Spam
Collection veri seti kullanilmustir. Veri seti 5.572 Ingilizce SMS mesaji icermekte olup 4.825
mesaj normal (ham), 747 mesaj ise spam olarak etiketlenmistir (Almeida et al., 2011). Orijinal
CSV yapisindaki vl siitunu smif etiketini, v2 siitunu mesaj metnini igermektedir; bos/ilgisiz
siitunlar analiz dis1 birakilmistir. Veri setinin ham ve spam simiflar1 arasinda belirgin bir
dengesizlik bulundugu i¢in egitim asamasinda sinif agirliklar: kullanilmistir.

Ozellik Deger
Veri seti SMS Spam Collection
Toplam mesaj 5.572
Normal (ham) 4.825
Spam 747
Sinif sayisi 2
Dil Ingilizce
Etiket siitunu vl
Mesaj siitunu v2
Tablo 1. SMS Spam Collection veri setinin temel ozellikleri.
Veri On Isleme

[k asamada veri setindeki bos ve ilgisiz siitunlar kaldirilmis, yinelenen SMS kayitlart
temizlenmistir. Ham smifi 0, spam smifi 1 olarak kodlanmistir. Metinler kiigiik harfe
donistiiriilmiis; baglantilar, sayisal karakterler, noktalama isaretleri ve gereksiz 0Ozel
karakterler temizlenmistir. Yaygin Ingilizce durak kelimeleri ¢ikarilmis ve kelimelerin kok
bigimlerini elde etmek i¢in Porter Stemmer kullanilmistir.

Metinlerin sinir aglarina giris olarak verilebilmesi amaciyla Keras tokenizer kullanilmis
ve egitim verisindeki en sik 10.000 kelime i¢in sozliikk olusturulmustur. Her mesaj tamsay1
dizisine donistiiriilmiis, farkli uzunluktaki mesajlarin ortak bir boyuta getirilmesi i¢in diziler
70 token uzunluguna kadar doldurulmus veya kesilmistir.

Veri, smif dagilimin1 koruyacak bigimde %80 egitim ve %20 test olarak ayrilmistir.
Egitim verisinin %?20'si dogrulama amaciyla kullanilmistir. Simif dengesizliginin model
iizerinde cogunluk smnifi lehine yanlhilik olusturmamasi amaciyla egitim sirasinda sinif
agirliklart uygulanmistir.

Model Mimarileri

CNN modeli, 10.000 kelimelik sozliik ve 128 boyutlu gdémme katmanindan sonra 64
filtreli, ¢ekirdek boyutu 5 olan ConvID katmam kullanmaktadir. ReL.U aktivasyonunun
ardindan MaxPooling ve Dropout islemleri uygulanmis; son smiflandirma sigmoid
aktivasyonlu yogun katman ile gerceklestirilmistir. CNN'in temel amaci, spam mesajlarinda
tekrarlanan yerel kelime kaliplarini ve kisa baglamsal oriintiileri yakalamaktir (Kim, 2014).

LSTM modeli, ayn1t géomme boyutu ve dizi uzunlugu ile 64 LSTM biriminden
olusmaktadir. LSTM'nin giris, unutma ve c¢ikis kapilart uzun dénem baglamsal iliskilerin
korunmasima yardimci olmaktadir. Tekrarlayan katmanin ardindan 0,5 oraninda Dropout
uygulanmig ve smiflandirma sigmoid ¢ikis katmami ile yapilmistir (Hochreiter &
Schmidhuber, 1997).

GRU modeli de 64 tekrarlayan birim kullanmakta, ancak LSTM'den farkli olarak
giincelleme ve sifirlama kapilariyla daha sade bir bellek mekanizmasi1 kurmaktadir. Bu yapi,
sirali bilgiyi korurken daha az parametreyle calisabilmesi nedeniyle hesaplama agisindan
avantaj saglayabilmektedir (Cho et al., 2014; Chung et al., 2014).
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Parametre CNN LSTM GRU
Sozlik boyutu 10.000 10.000 10.000
Maks. dizi uzunlugu 70 70 70
Embedding boyutu 128 128 128
Temel katman ConvlD, 64 filtre LSTM, 64 birim GRU, 64 birim
Kernel boyutu 5 - -
Dropout Uyguland: 0,5 0,5
Cikis aktivasyonu Sigmoid Sigmoid Sigmoid
Optimizer Adam Adam Adam
Kayip Binary Crossentropy Binary Crossentropy Binary Crossentropy
Batch size 32 32 32
Maks. epoch 10 10 10

Tablo 2. CNN, LSTM ve GRU modellerinin temel hiperparametreleri.
Egitim Stratejisi
Uc¢ model de TensorFlow-Keras kullamlarak Python ortaminda Google Colaboratory
iizerinde egitilmistir. Optimizasyon i¢in Adam, kayip fonksiyonu olarak ikili ¢apraz entropi
(Binary Crossentropy) kullanilmigtir. Asir1 6grenmeyi sinirlamak ve dogrulama performansini
izlemek amaciyla EarlyStopping ve ReduceLROnPlateau geri ¢agirimlar: etkinlestirilmistir.

Modellerin ayni egitim/test boliinmesi, ayn1 tokenizer yapilandirmasi, ayni dizi uzunlugu ve
ayni temel egitim ayarlar1 altinda ¢alistirilmasi karsilagtirmanin tutarliligini artirmistir.

Performans Olgiitleri

Model performanst dogruluk, kesinlik, duyarlilik, F1-skoru, ROC-AUC ve karmasiklik
matrisi ile degerlendirilmistir. Dogruluk tiim 6rnekler i¢cindeki dogru siniflandirma oranini
gosterirken, kesinlik spam olarak tahmin edilen mesajlarin ne kadarinin gercekten spam
oldugunu ifade eder. Duyarlilik, ger¢ek spam mesajlarinin ne kadarinin tespit edilebildigini
Olcer. Fl-skoru kesinlik ve duyarliligin harmonik ortalamasidir. ROC-AUC ise farkli karar
esikleri altinda modelin siniflar1 ayirt etme yetenegini 6zetlemektedir (Powers, 2011; Fawcett,
2006). Dengesiz veri problemlerinde yalnizca dogruluga giivenmek yerine bu Olgiitlerin
birlikte degerlendirilmesi daha saglikli bir yorum saglamaktadir.

BULGULAR

Ug model de test kiimesi iizerinde %97nin iizerinde dogruluk elde etmistir. Bununla
birlikte metrik bazinda farkli avantajlar goriilmiistir. CNN %98,07 dogruluk ve %98,26
kesinlik ile yanlis pozitifleri diisiik tutma agisindan gii¢lii bir sonu¢ vermistir. ROC-AUC
degeri %99,43 ile iic model arasindaki en yiiksek degerdir. Buna karsilik CNN'in duyarlilig
%86,26'd1r; bu durum bazi spam mesajlarinin ham olarak siiflandirildigin1 gostermektedir.

LSTM modeli %97,68 dogruluk, %88,49 kesinlik ve %93,89 duyarlilik elde etmistir. Ug
model arasinda en yiiksek duyarlilik degerinin LSTM'ye ait olmasi, miimkiin oldugunca fazla
spam mesajinin yakalanmasinin 6ncelikli oldugu senaryolarda bu mimariyi dikkate deger
kilmaktadir. LSTM'nin F1-skoru %91,11, ROC-AUC degeri ise %99,31'dir.

GRU modeli %98,16 dogruluk, %92,42 kesinlik, %93,13 duyarlilik ve %92,78 F1-skoru
elde etmistir. Bu sonuglar GRU'un 6zellikle kesinlik ve duyarlilik arasinda dengeli bir
performans sergiledigini gostermektedir. GRU'nun ROC-AUC degeri %99,22 olarak
Ol¢iilmiistiir. Genel dogruluk ve Fl-skoru birlikte dikkate alindiginda en dengeli sonucun
GRU modeliyle elde edildigi goriilmektedir.

Model Dogruluk (%) Kesinlik (%) Duyarhlik (%) F1-skoru (%) ROC-AUC (%)
CNN 98,07 98,26 86,26 91,87 99,43
LSTM 97,68 88,49 93,89 91,11 99,31
GRU 98,16 92,42 93,13 92,78 99,22

Tablo 3. CNN, LSTM ve GRU modellerinin karsilastirmali performansi.
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mmm Dogruluk  mmm Duyarlihk
I Kesinlik I Fl-skoru

97.5 1

95.0 A

92.5 1

90.0 A

Yuzde (%)

87.5 1

85.0 1

82.5 1

80.0 -
CNN LSTM GRU

Sekil 2. Modellerin temel performans 6lgiitlerine gére karsilastirilmast.

CNN modelinin karmagiklik matrisi incelendiginde 901 normal mesajin ve 113 spam
mesajin dogru simniflandirildigi, 2 normal mesajin spam olarak, 18 spam mesajin ise normal
olarak tahmin edildigi goriilmiistiir. Bu sonug, CNN'in yiiksek kesinlik degerini agiklarken
duyarliligin diger iki tekrarlayan mimariye gore daha diisiik kalmasinin nedenini de ortaya
koymaktadir. Bagka bir ifadeyle CNN yanlis alarm {iretme konusunda oldukg¢a temkinli
davranmakta, ancak bazi spam mesajlarini kacirabilmektedir.

TARTISMA

Deneysel bulgular, SMS spam siniflandirmasinda tek bir modelin biitiin dl¢iitlerde agik
bigimde iistiin olmadigini gostermektedir. CNN en yliksek kesinlik ve ROC-AUC degerlerine
ulagirken, LSTM en yiiksek duyarlilig1 saglamis, GRU ise en yiiksek dogruluk ve F1-skorunu
elde etmistir. Bu dagilim, model se¢iminin operasyonel hedefe gore yapilmasi gerektigini
ortaya koymaktadir.

Yanlis pozitiflerin azaltilmasi gereken sistemlerde normal bir mesajin spam olarak
engellenmesi kullanict deneyimi agisindan Onemli bir maliyet olusturabilir. Bu tiir
senaryolarda CNN'in %98,26'lik kesinligi avantaj saglayabilir. Buna karsilik kimlik avi veya
finansal dolandiricilik gibi yiiksek riskli iceriklerde miimkiin oldugunca az spam mesajinin
kacirilmasi daha kritik olabilir. Bu durumda %93,89 ile en yiiksek duyarliligi saglayan LSTM
On plana ¢ikmaktadir.

GRU'nun %98,16 dogruluk ve %92,78 Fl-skoru ile genel anlamda en dengeli sonucu
vermesi, daha sade kapr mekanizmasinin bu veri setindeki kisa metin dizileri i¢in yeterli
baglamsal temsil sagladigini diisiindiirmektedir. GRU'nun LSTM'ye gore daha az
parametreyle caligmasi, gecikme ve kaynak kullaniminin 6nemli oldugu gergek zamanlh
filtreleme sistemlerinde de pratik bir avantaj olusturabilir.

Caligmanin 6nemli bir yo6nili, tim modellerin ayni veri isleme hatti altinda
degerlendirilmis olmasidir. Ayni tokenizer, ayni dizi uzunlugu, ayni veri bolme stratejisi ve
ayni temel egitim ayarlarinin kullanilmasi, sonuglar arasindaki farklarin model mimarisine
baglanabilirligini giiclendirmektedir. Bununla birlikte, tek bir veri setinin kullanilmasi
caligmanin genellenebilirligini sinirlandirmaktadir. SMS dili zaman i¢inde degismekte, farkli
iilkelerde farkli kisaltmalar, dil karigimlari ve sosyal miithendislik kaliplar1 ortaya ¢ikmaktadir.
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Sonuglarin baska veri setleri iizerinde dogrulanmasi, ¢ok dilli SMS koleksiyonlarinin
kullanilmast ve BERT gibi Transformer tabanli mimarilerin karsilastirmaya eklenmesi
gelecekteki caligsmalar i¢in 6nem tagimaktadir. Ayrica model boyutu, egitim siiresi, ¢ikarim
gecikmesi, bellek kullanimi ve enerji tiikketimi gibi operasyonel metriklerin dl¢lilmesi,
yalnizca siniflandirma basarisina degil gergek sistem gereksinimlerine gore de model se¢imi
yapilmasina olanak saglayacaktir.

SONUC VE GELECEK CALISMALAR

Bu calismada, SMS spam tespiti amaciyla CNN, LSTM ve GRU derin 6grenme
mimarileri SMS Spam Collection veri seti iizerinde ortak bir deneysel cerceve altinda
kargilastirilmistir.  Veri temizleme, etiket kodlama, tokenizasyon, dizi doldurma, sinif
agirliklandirma ve veri bolme adimlari tim modeller i¢in ayni bi¢gimde uygulanmistir.
Modeller dogruluk, kesinlik, duyarlilik, Fl-skoru, ROC-AUC ve karmagiklik matrisi
kullanilarak degerlendirilmistir.

Sonuglar, ii¢c mimarinin de giiclii performans sundugunu ancak farkli amaclarda farkl
modellerin 6ne ¢iktigint gostermistir. CNN %98,26 kesinlik ve %99,43 ROC-AUC ile yanlis
pozitiflerin azaltilmasi ve siniflarin ayristirilmasi agisindan en giiclii sonucu tiretmistir. LSTM
%93,89 duyarlilik ile spam mesajlarini yakalama oraninda en basarilt model olmustur. GRU
ise %98,16 dogruluk ve %92,78 F1-skoru ile en dengeli genel performans: géstermistir.

Bu bulgular dogrultusunda, gercek bir SMS giivenlik sisteminde model se¢iminin tek bir
basart metrigine dayandirilmamasi Onerilmektedir. Operasyonel Oncelik yanlis alarmi
azaltmaksa kesinlik, spam kagirmayr azaltmaksa duyarlilik, iki hedef arasinda denge
arantyorsa F1-skoru temel karar 6lgiitli olarak kullanilabilir. Gelecek ¢alismalarda ¢ok dilli ve
giincel spam veri setleri, Transformer tabanlt mimariler, gelismis kelime gdmme yontemleri
ve ger¢ek zamanl performans Ol¢iitlerinin birlikte degerlendirilmesi planlanabilir.
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ABSTRACT

Safe navigation in autonomous driving systems depends not only on the detection of
surrounding elements such as vehicles, pedestrians, and the road, but also on the accurate
analysis of the scene within the current driving scenario. Adverse weather conditions such as
fog, heavy rain, and snow reduce visibility, negatively impacting the performance of camera-
based systems and driving decisions in particular. While Vision Language Models (VLMs),
which process visual and textual data together, stand out in the analysis of these scenes, the
high memory and computational requirements of large-scale architectures limit their use on
edge devices.

In this study, model performance on the NVIDIA Jetson Orin Nano was evaluated to assess the
feasibility of using lightweight VLMs on edge devices. The study was conducted in two phases.
In the first phase, a pilot evaluation was performed; the Qwen2.5-VL 3B, LLaVA-Phi3,
SmolVLM500M, Moondream, MiniCPM-V, and Ministral models were tested using zero-shot,
one-shot, and few-shot prompt strategies. In this phase, the models’ device compatibility, ability
to preserve output structure, response consistency, and tendency to generate information not
supported by the image (hallucinations) were examined; Qwen2.5-VL 3B and MiniCPM-V,
which most consistently maintained long inputs and structured output formats, were selected
for the main benchmark experiment. For the second-phase experiments, a test set of 153
images—selected from the BDD100K dataset and representing various weather conditions—
was used. In addition to structured scene labels, task-specific reference annotations were
prepared, including visibility, road surface, visible hazards, risk level, and driving actions;
GPT- and GLM-based outputs were compared and manually verified. The same data structure
and standardized “few-shot” prompting scheme were used in all evaluations without applying
fine-tuning to the two selected models.

According to the experimental results, Qwen2.5-VL 3B achieved accuracies of 68.6% for
visibility classification, 70.6% for risk-level classification, 99.3% for turning actions, and
97.4% for lane actions. In road-surface classification, however, MiniCPM-V achieved the best
performance with an accuracy of 78.9%. The hazard F1 scores were 0.319 and 0.267, while the
meta-action F1 scores were 0.453 and 0.241 for Qwen2.5-VL 3B and MiniCPM-V,
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respectively. Both models generated valid JSON for all successfully completed outputs, with
average output-generation times (eval duration) of 15.02 s for Qwen2.5-VL 3B and 72.32 s for
MiniCPM-V. One MiniCPM-V inference failed due to a timeout. These findings indicate that
task performance, structured-output reliability, and computational efficiency should be
considered jointly when selecting lightweight VLMs for edge devices.

Keywords: Vision Language Models, Autonomous Driving, Adverse Weather Conditions,
Edge Computing, NVIDIA Jetson Orin Nano, Multimodal Artificial Intelligence

INTRODUCTION
Safe autonomous driving requires not only detecting surrounding elements but also interpreting

them within the current traffic context. Adverse weather conditions such as fog, rain, and snow
can reduce visibility and impair camera-based perception of vehicles, pedestrians, and road
boundaries, making driving decisions more difficult.

Vision-Language Models (VLMs) jointly process visual and textual information and can
support scene understanding, hazard interpretation, and natural-language explanation of driving
decisions. Studies such as DriveGPT4, DriveLM, DriveVLM, and DriveMLM have
demonstrated the potential of VLMs to connect perception with decision-making in
autonomous driving. However, their high computational and memory requirements can limit
deployment on resource-constrained edge devices, increasing the need for lightweight
architectures.

This study evaluates lightweight VLMs on the NVIDIA Jetson Orin Nano for adverse-weather
driving-scene analysis. In a pilot stage, six models were examined in terms of device
compatibility and structured-output stability, after which Qwen2.5-VL 3B and MiniCPM-V
were selected for the main benchmark. Without fine-tuning, the models were compared in terms
of environmental classification, visible-hazard identification, risk assessment, driving-action
generation, JSON-format compliance, and inference performance. The evaluation therefore
considers task performance, output reliability, and computational cost jointly for edge
deployment.

CONCEPTUAL FRAMEWORK

Vision-Language Models (VLMs) and Multimodal Large Language Models (MLLMs) jointly
process visual and textual information, enabling driving scenes to be interpreted beyond object-
level perception. In autonomous driving, they support critical-object identification,
environmental assessment, driving-decision generation, and natural-language explanations
(Cui et al., 2025; Sima et al., 2024; Tian et al., 2025; Xu et al., 2024).

Vision Language Models and Reasoning in Autonomous Driving

Traditional autonomous driving systems generally separate perception, prediction, planning,
and control, whereas end-to-end approaches directly generate control or trajectory outputs from
sensor inputs. VLM-based methods extend these approaches by integrating visual
understanding, reasoning, explanations, and driving decisions.
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DriveGPT4 processes video and textual queries to generate scene explanations and low-level
control variables such as speed and steering angle (Xu et al., 2024). DriveLM organizes driving
decisions into perception, prediction, planning, behavior, and motion stages through a Graph
Visual Question Answering (GVQA) framework (Sima et al., 2024).

DriveVLM combines scene description, analysis, and hierarchical planning to generate meta-
actions, explanations, and trajectory waypoints, while DriveVLM-Dual integrates VLM
reasoning with conventional 3D perception and planning components (Tian et al., 2025).
DriveMLM similarly combines camera images, LIDAR data, traffic rules, and user commands
to support behavioral planning decisions (Cui et al., 2025).

Overall, these studies demonstrate that VLMs can extend autonomous-driving perception
toward environmental reasoning, critical-situation interpretation, and explainable decision-
making.

Multimodal Scene Understanding Under Adverse Weather Conditions

Adverse weather conditions such as fog, rain, and snow can reduce visibility and obscure small
or distant objects, requiring autonomous-driving systems to consider weather together with
visibility, road-surface conditions, hazards, and driving behavior.

DynRsl-VLM combines a low-resolution global image with high-resolution regions of interest
to preserve safety-critical visual details while limiting computational cost (Zhou et al., 2025).
WeatherQA evaluates weather-related VLM reasoning using 8,511 image-text examples,
focusing on event type, affected region, and severity (Ma et al., 2024). Although not developed
for autonomous driving, it highlights the difference between recognizing weather and
interpreting its consequences, supporting joint assessment of visibility, road surface, hazards,
risk, and driving behavior.

Lightweight VLMs and Computational Constraints on Edge Devices

Deploying VLMs on vehicles is challenging because of their high computational and memory
requirements, particularly on resource-constrained edge devices. Recent studies therefore focus
on reducing model complexity, lowering inference cost, or transferring knowledge from larger
VLMs to lightweight systems.

TinyDrive reduces computational demand through a multiscale CNN-based visual encoder and
token-routing mechanism that processes only relevant tokens (Hassani et al., 2025). VLM-AD
uses large VLMs as teachers during training, transferring reasoning and structured driving-
action information to an end-to-end driving model without requiring the VLM during real-time
inference (Xu et al., 2025).

Sarwar et al. (2026) evaluated five local VLMs on an NVIDIA Jetson Orin Nano using Ollama
and llama.cpp, considering latency, generation speed, memory and power usage, semantic
performance, and hallucination. Larger models showed higher resource demands and lower
inference speeds, whereas Qwen3-VL-2B-Instruct achieved the highest throughput (32.7
tokens/s) and strong semantic performance. Although the study did not focus on autonomous
driving, its use of the same Jetson Orin Nano platform makes it directly relevant. Overall, prior
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work suggests that lightweight VLM evaluation should jointly consider task performance,
output reliability, and edge-device inference cost.

METHODOLOGY

The study evaluated lightweight Vision-Language Models (VLMs) for adverse-weather
driving-scene analysis on the NVIDIA Jetson Orin Nano. No fine-tuning, LoRA, QLoRA, or
other parameter updates were applied. The workflow consisted of a pilot model/prompt
selection stage followed by a main benchmark evaluating scene interpretation, hazards, risk,
driving actions, JSON compliance, and inference performance.

General Experimental Design

In the pilot stage, Qwen2.5-VL 3B, LLaVA-Phi3, SmolVLMS500M, Moondream, MiniCPM-
V, and Ministral 3B were tested using zero-shot, one-shot, and few-shot prompting. Depending
on model format, Ollama in Docker or llama.cpp was used. A fixed foggy nighttime image was
employed to assess output-format compliance, visual interpretation, example copying,
hallucination, and processing time, with the aim of identifying stable configurations for the
main benchmark.

The main benchmark used 153 BDD100K images representing different weather and driving
conditions, together with scene information and manually verified reference annotations. Six
separate images were used as few-shot examples. To prevent data leakage, manual annotations
were withheld during inference; models received only the target image, corresponding
scene_annotations, and fixed prompt. Structured JSON outputs were generated for visibility,
road surface, scenario categories, hazards, risk level, and driving actions, while JSON validity
and inference time were recorded.

Hardware Infrastructure and Development Environment

All experiments were conducted on the NVIDIA Jetson Orin Nano Super Developer Kit with
JetPack 6. Model deployment used Docker, Ollama, llama.cpp, and a local Python environment,
with GPU acceleration enabled for GGUF-based models through GGML CUDA and
CMAKE CUDA _ ARCHITECTURES=87. Detailed specifications are given in Table 1.

Because different inference frameworks were used in the pilot stage, timing results reflect both
model and framework characteristics. In the main benchmark, both models were evaluated
under comparable conditions using the same test set and prompting structure, and outputs were
stored as JSON for analysis.

Table 1: Hardware and software specifications of the edge device (NVIDIA Jetson Orin Nano) used in the main test environment

Hardware / Software Component | Specification / Value

Device Used NVIDIA Jetson Orin Nano Super Developer Kit
Platform Type Edge Computing Device

GPU Architecture NVIDIA Ampere

CUDA Cores 1024
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Tensor Cores 32
Processor (CPU) 6-core Arm Cortex-A78AE
System Memory (RAM) 8 GB LPDDRS
Memory Bandwidth 102 GB/s
Al Performance Up to 67 TOPS (INTS)
Software Environment JetPack 6
Ollama, llama.cpp

Inference Frameworks
87 (CMAKE CUDA_ARCHITECTURES=87)

CUDA Architecture Configuration

Creation and Distribution of the Data Set

A fixed evaluation set of 153 BDD100K driving images was selected to represent clear, foggy,
overcast, partly cloudy, rainy, and snowy conditions while avoiding overrepresentation of
individual weather categories. Image files and JSON records were matched and checked for

consistency. The weather distribution is summarized in Table 2.
Table 2: Distribution of the main benchmark test set according to weather conditions

Number of images

Weather conditions
Clear 27
Foggy 17
Overcast 30

Partly cloudy 26

Rainy 27
Snowy 26
Total 153

Six additional non-overlapping BDD100K images were used only as few-shot examples to
demonstrate the expected annotation structure and interpretation logic during inference, without

training or parameter updates.
Annotation Structure

Each test sample was organized in JSON format with two sections: scene annotations and
manual annotations. The scene annotations section contained BDD100K-derived contextual
including weather, scene, timeofday, road users, traffic light colors,

information,
traffic_sign_count, drivable area present, and lane elements.
The manual annotations section contained task-specific reference fields for visibility,

road_surface, scenario categories, hazards, and risk level, together with risk explanation,
action_explanation, control action, turn_action, lane action, and meta_actions. Only visually
supported hazards and actions consistent with the image and scene context were included.
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During inference, scene annotations were provided to the models, whereas manual annotations
were withheld and used only for evaluation.

Preparation of Reference Annotations

Because BDD100K does not provide the task-specific fields required in this study, reference
manual annotations were created using each image, its scene annotations, and standardized
annotation rules. GPT- and GLM-based models independently generated candidate annotations
for visibility, road surface, scenario characteristics, visible hazards, risk level, and driving
actions using only visually or contextually supported information. An example of this process
is shown in Figure 1.

Input driving-scene image b) Provided scene annotations c) Prompt (excerpt
5 g g (from BDD100K) E © pL( Py
I Field Value You are an expert driving-scene annotator for
oo o autonomous driving datasets.
Seene city street Your task is to analyze the provided image and scene
timeofday daytime annotations and fill in only the "manual_annotations"
section.
road_users car: 6
pers‘on. 10 General rules:
bike: 0 8 .
bus: 0 - Use only visible evidence.
motor: 0 - Do not guess or infer unseen objects.
rider: 0 - Use the defined label sets.
train: 0 - Return only valid JSON.
truck: 0

—— Output format:
traffic_light_colors ]

traffic_sign_count 5 "manual_annotations": {
drivable_area_present true
Image ID: img_122 S }
File name: 0a2cc187-8d6ab554.jpg lane_ Wbk N }
Dataset: BDD100K lane/single white"]
Split: -
@ (d) Example output (manual_annotations)
[ “risk_tevel”: "high”,
"manual_annotations": { "freeform_annotations": {
"visibility" od", “risk_explanation”: "Pedestrians are crossing directly in front of the ego vehicle
“road_surface": "dry", within the marked crosswalk, creating an immediate hazard.",
“scenario_categories": ["urban road", "pedestrian "action_explanation": "The ego vehicle must stop and wait until the pedestrians
crossing”, "light traffic"], have completely cleared the crosswalk."

"hazards": ["pedestrian in roadway"], ¥

“structured_actions": {
“control_action": "stop",
“turn_action": "none",
“lane_action": "none"

1
"meta_actions": [“stop", "wait"]

Figure 1. Annotation example under clear weather conditions: (a) urban driving-scene image with pedestrians crossing; (b)
scene annotations from BDD100K; (c) annotation prompt excerpt; and (d) manually verified reference annotations.
The candidate outputs were cross-compared and manually verified before finalization.
Unsupported objects or conditions, abstract or unobservable hazard statements, inconsistencies
between risk levels and explanations, and unnecessary driving actions were corrected or
removed. The finalized records were therefore used as manually verified reference annotations
rather than absolute ground truth. Generated according to predefined rules and reviewed by

humans, these references provided a standardized basis for comparing the evaluated models.

Figure 2 illustrates an annotation example for a driving scene under adverse weather conditions,
specifically fog. The figure presents the input image, the scene annotations provided by
BDDI100K, an excerpt from the annotation prompt, and the corresponding manually verified
reference annotations. In this example, fog reduces long-range visibility, while dense traffic
and the short following distance contribute to a medium risk assessment. The reference
annotations specify moderate visibility, a dry road surface, and the recommended action of
moving slowly while maintaining a safe following distance.
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@ Input driving-scene image @Provnded scene annotations (c) Prompt (excerpt)
“(from BDD100K)
Field Value You are an expert driving-scene annotator for
weather foggy autonomous driving datasets.
S highway Your task is to analyze the provided image and
timeofday dawn/dusk scene annotations and fill in only the
road_users car: 9 "manual_annotations" section.
person: 0
bike: 0 General rules:
bus: 0 - Use only visible evidence.
motor: 0 - Do not guess or infer unseen objects.
rider: 0 - Use the defined label sets.
train: 0 - Return only valid JSON.
truck: 0
traffic_light_colors [ Output format:
traffic_sign_count 0

X "manual_annotations": {
drivable_area_present false

Image ID: img_001
File name: 98baadc7-0fca32ba.jpg lane_elements ["lane/road curb”, }
Dataset: BDD100K "lane/single white"] }
Split: train

(d) Example output (manual_annotations)

“risk_level": "medium",

"manual_annotations": { "freeform_annotations": {
"visibility": "moderate", "risk_explanation": "Fog reduces long-range visibility, while
“road_surface": "dry", dense traffic and the relatively short distance to the
"scenario_categories": ["highway", "dense vehicle ahead increase the need for careful speed and
urban traffic", "vehicle following", distance control.",
"foggy driving"], "action_explanation": "The ego vehicle should move slowly and
"hazards": ["reduced visibility due to maintain a safe following distance from the vehicle ahead."
fog"],

1,

"structured_actions": {
“control_action": "move slowly",
“turn_action": "none",
"lane_action": "none"

"meta_actions": ["move slowly"]

Figure 2. Annotation example under adverse weather conditions: (a) foggy driving-scene image; (b) scene annotations from
BDD100K; (c) annotation prompt excerpt; and (d) manually verified reference annotations.

Few-Shot Prompt Design and Inference Protocol

A fixed few-shot prompting structure was used to ensure consistent task definitions and
output expectations. Six BDD100K images independent of the 153-image test set were used
only as guidance examples to demonstrate the expected annotation structure and reasoning
logic.

The prompt defined visibility, road surface, scenario categories, visible hazards, risk level,
explanation fields, and driving actions. Models were instructed to include only image- or
context-supported hazards, avoid unsupported inferences, and generate actions consistent with
the scene.

The expected outputs were organized into two groups: scene and risk assessment, and driving
actions. The scene- and risk-related query set was defined as follows:

Qscene = {CIvis» Qroadr Qscnr Qhaz Qriskr Qres Qae}

where the variables represent visibility, road surface condition, scenario categories, visible
hazards, risk level, risk explanation, and driving-action explanation, respectively.

The query set for structured driving actions was defined as follows:

Qaction = {qcontrolr Qturn, Qiane, Qmeta}
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Here, qcontror represents control action; qgn represents turn_action; qune represents
lane action; Qmerq represents the driving behaviors expected to be generated in the
meta_actions field.

For each test image, the structured scene context obtained from the BDD100K annotations was
also provided to the model as input. This scene information for the (i). image was defined as
follows:

S; = {weather, scene, timeofday,road_users, traf fic_light_colors,
traffic_sign_count,drivable_area_present, lane_elements}

The set of six few-shot examples was defined as follows:
F=(1,S,4)°
J1257 ) 4

Here, I; represents the example driving image, S; represents the scene_annotations associated
with the image and A; represents the expected manual_annotations output for the corresponding

example. These six examples were kept completely independent of the main test set.
Accordingly, (i) the input presented to the model for the test image,
PL' = [C,F,Il',Sl']

is defined as follows. Here, Cdenotes the fixed command context used consistently across all
test examples. This context includes the task instructions, annotation rules, the fields expected
to be generated within the scope of Qgcene and Qgction, and the ISON output schema. F denotes
the few-shot examples; I; denotes the driving image under evaluation; and S; denotes the
structured scene information associated with this image.

The predicted annotation output for the evaluated Vision Language Model (M) is,
Ay =M(P)

The predicted output of the evaluated Vision-Language Model (M) was defined as follows. The
model output represents the predicted manual annotations, while the corresponding reference
manual annotations were withheld during inference and used only for post-experiment
evaluation, preventing target-information leakage.

In the main benchmark, both models were evaluated through the same Ollama-based API using
fixed generation parameters (temperature=0, seed=42, num_predict=512) and JSON-formatted
outputs to ensure comparable inference conditions. Responses were stored as raw text and
parsed as JSON; invalid outputs were recorded with their corresponding errors. Request time,
model loading time, input/output token counts, and Ollama-reported inference metrics were
also recorded for each inference.
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Model Selection and Main Benchmark Experiment

In the pilot stage, Qwen2.5-VL 3B, LLaVA-Phi3, SmolVLM-500M, Moondream, MiniCPM-
V, and Ministral were evaluated on the NVIDIA Jetson Orin Nano. Selection criteria included
long-context handling, JSON-schema compliance, visual-textual consistency, and inference
stability. LLaVA-Phi3 and Ministral occasionally terminated early or produced invalid JSON,
SmolVLM-500M generated repetitive or structurally invalid outputs, and Moondream could
not process the full few-shot context because of its context-window limitation. These
exclusions reflect incompatibility with the adopted hardware and protocol rather than general
model capability.

Qwen2.5-VL 3B and MiniCPM-V were therefore selected for the main benchmark because
they reliably processed the standardized few-shot context and generated valid JSON outputs.
Both were evaluated under comparable Ollama-based conditions using the same API, prompt,
and fixed generation parameters. Model-specific differences in parameter scale, quantization,
context window, and visual encoder architecture were considered when interpreting the
results.

Evaluation Metrics

Model outputs were compared with the manually verified reference annotations using field-
specific metrics for task performance, structured-output compliance, and inference
performance. Because the annotation fields have different structures, no single overall score
was used.

The visibility, road_surface, risk level, control action, turn_action, and lane_action fields
were treated as categorical variables and evaluated using accuracy, as defined in Equation (1).

Ncorrect

Accuracy =

(1

total
Here, N yyrece denotes the number of correct predictions, and N, the total number of
evaluated samples.

Because the hazards field may contain multiple items per image, it was evaluated using
precision, recall, and F1 score rather than single-class accuracy. Correctly identified hazards
were treated as True Positives (TP), additional model-generated hazards as False Positives (FP),
and missed reference hazards as False Negatives (FN), as defined in Equations (2)—(4).

Precision = " 2
recision = TP (2)
Recall = e 3
ecal=rprrn @

Precision X Recall
Fl1=2x%

Precision + Recall
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Precision measures the proportion of predicted hazards that match the reference annotations,
recall measures the proportion of reference hazards successfully identified, and F1 represents
their harmonic mean.

The meta actions field was also evaluated as a multi-label output. Correct, additional, and
missed actions were aggregated as TP, FP, and FN, and precision, recall, and F1 were calculated
using Equations (2)—(4).

Structured-output compliance was evaluated by checking whether each response could be
parsed as valid JSON. Format Compliance was calculated as the proportion of valid JSON
responses among all evaluated outputs, as defined in Equation (5).

N yaiida json

Format Compliance = x 100 (5)

evaluated
Here, Nyaiiasson represents the number of JSON responses that were successfully parsed, while
Nevaluated Tepresents the total number of model outputs included in the evaluation.

In addition to task performance, the runtime of the models on the NVIDIA Jetson Orin Nano
was also recorded. For each image, the total request time (request time), the total processing
time reported by Ollama (total duration), the model loading time (load_duration) and the output
generation time (eval duration) were tracked. The arithmetic mean of each timing metric was
calculated on a per-model basis using Equation (6).

N

1

f= Nz t, (6)
i=1

Here, t;i represents the time measured for the corresponding image, N represents the total number
of evaluated images, and () represents the average time for the model. request_time denotes
the end-to-end time from sending the request by the client until its completion; total duration
represents the total processing time reported by Ollama; load duration denotes the time
required to load the model into memory; and eval duration represents the evaluation time spent
generating the output tokens. Evaluating these timing metrics separately made it possible to
distinguish the overall response time from the direct output generation time.

Within the scope of this evaluation framework, Qwen2.5-VL 3B and MiniCPM-V were
compared in terms of the classification of environmental conditions, the identification of visible
hazards, the generation of structured driving actions, compliance with the JSON format, and
inference times on the Jetson Orin Nano.

CONCLUSION AND DISCUSSION
This study evaluated lightweight Vision-Language Models for adverse-weather driving-scene

analysis on the NVIDIA Jetson Orin Nano. Based on the pilot evaluation, Qwen2.5-VL 3B and
MiniCPM-V were selected and compared using the same prompting structure and evaluation
criteria, without fine-tuning. The main benchmark results are summarized in Table 3.

ISBN: 978-625-90699-3-7

64



IMAEC 11 INTERNATIONAL CONGRESS ON ADVANCED ENGINEERING,

ARTIFICIAL INTELLIGENCE AND ARCHITECTURE
August 25-28, 2026 Bucharest/ROMANIA

0 AND 57
P '0;%

KN
S

(oSt
%
RITTIC

MiniCPM-V
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63.16
78.95
68.42
38.16
82.89
81.58
0.338
0.220
0.267
0.617
0.149
0.241
100
197.51
29.75
72.32
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Table 3: Qwen2.5-VL 3B and MiniCPM-V key benchmark results
Qwen2.5-VL 3B

153

68.63

72.55

70.59

56.21
99.35
97.39
0.441
0.250
0.319

0.497

Hazard F1
Meta-action Precision
0.415

?,,)””

winwubsder.org

Assessment criterion
Number of Evaluated Images
Visibility Accuracy (%)
Road Surface Accuracy (%)
Risk Level Accuracy (%)
Control Action Accuracy (%)

Turn Action Accuracy (%)

Lane Action Accuracy (%)

Hazard Precision

Hazard Recall

0.453
100
198.15
4.17
15.02

Meta-action Recall

Meta-action F1
Format Compliance (%)

Average Total Duration (s)

Average Load Duration (s)

Average Eval Duration (s)
Environmental Recognition and Classification Performance
Performance varied across environmental classification tasks. Qwen2.5-VL 3B achieved higher
accuracy in visibility (68.63%) and risk-level classification (70.59%) than MiniCPM-V
(63.16% and 68.42%, respectively), whereas MiniCPM-V performed better in road-surface

classification (78.95% vs. 72.55%). The overall comparison is shown in Figure 3.
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Figure 3. Task-level performance comparison of Qwen2.5-VL 3B and MiniCPM-V in the main benchmark experiment

Neither model was superior across all environmental classification tasks. Qwen2.5-VL 3B
performed better in visibility and risk assessment, whereas MiniCPM-V achieved higher road-
surface classification accuracy. These results suggest that model selection should consider the
specific perception and reasoning requirements of the target autonomous-driving task rather
than a single overall metric.

Evaluation of Structured Driving Actions

Qwen2.5-VL 3B outperformed MiniCPM-V in control action (56.21% vs. 38.16%),
turn_action (99.35% vs. 82.89%), and lane action (97.39% vs. 81.58%). For both models,
control_action accuracy was lower than turn and lane decisions, suggesting greater difficulty in
longitudinal-control assessment.

Hazard Identification and Meta-Action Analysis

Qwen2.5-VL 3B achieved higher F1 scores for hazards (0.319 vs. 0.267) and meta_actions
(0.453 vs. 0.241). The relatively low recall values indicate that both models missed some
reference items, while text-based matching may also have penalized semantically equivalent
expressions.

Inference Performance and Edge Hardware Dynamics

Both models achieved 100% JSON-format compliance among successfully completed outputs.
Qwen2.5-VL 3B had a shorter average output-generation time than MiniCPM-V (15.02 s vs.
72.32 s). However, their average Ollama-reported total durations were similar (198.15 s and
197.51 s, respectively). Thus, Qwen2.5-VL 3B’s timing advantage was specific to output
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generation and did not translate into a shorter total processing time. The measured latencies do
not demonstrate suitability for real-time driving control.

Research Limitations

The study is limited by the evaluation of only two VLMs, strict matching for open-ended
hazards and meta_actions fields, the use of manually verified references rather than absolute
ground truth, and one MiniCPM-V inference failure due to a hardware-related timeout.

Results were aggregated across all six weather categories, including clear conditions; therefore,
performance under individual adverse weather conditions was not assessed separately. The
models also received structured scene annotations alongside the images, so the findings reflect
image-and-context-based analysis.

Conclusion

Qwen2.5-VL 3B and MiniCPM-V were compared on the NVIDIA Jetson Orin Nano for
adverse-weather driving-scene analysis using the same few-shot protocol without fine-tuning.
Qwen2.5-VL 3B showed more balanced performance across visibility, risk, structured actions,
hazards, and meta-actions, whereas MiniCPM-V achieved the highest road-surface
classification accuracy (78.95%).

Qwen2.5-VL 3B had a shorter average output-generation time, with an average eval duration
of 15.02 s compared with 72.32 s for MiniCPM-V, although their average total processing times
were similar. These findings indicate that model selection for the evaluated edge-device setting
should consider task performance, output reliability, and both output-generation and total
processing times.

Future work will evaluate additional lightweight VLMs and explore semantic similarity-based
metrics, LORA/QLoRA-based fine-tuning, and hardware-aware inference optimization.
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LAMINE AHSAP KiRISLERIN YAPISAL DAVRANISININ
DEGERLENDIRILMESINE YONELIK KAVRAMSAL BiR PARAMETRIK
TASARIM CERCEVESI
A CONCEPTUAL PARAMETRIC DESIGN FRAMEWORK FOR THE ASSESSMENT OF
STRUCTURAL BEHAVIOUR OF GLULAM BEAMS
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OZET

Bu calismada, lamine ahsap (glulam) kirislerin yapisal davranigini etkileyen temel tasarim
parametreleri kavramsal bir ¢ercevede ele alinmis ve parametrik tasarim yaklasiminin bu
elemanlarin degerlendirilmesindeki rolii incelenmistir. Ahsap malzemenin anizotrop yapisi ve
lamine iiretim teknigi nedeniyle, kesit boyutlari, a¢iklik uzunlugu, katman sayisi ve dizilimi, lif
yonelimi ve egrilik gibi parametrelerin kiris davranisi iizerinde belirleyici oldugu bilinmektedir.
Bununla birlikte, yiizey takviyeleri ve 6n gerilme etkileri gibi ilave faktorler de yapisal
performansi 6nemli dl¢lide degistirebilmektedir.

Literatiirde bu parametrelerin cogunlukla deneysel veya sayisal calismalar kapsaminda ayr1 ayri
ele alindigi, buna karsin tasarim siirecinin erken asamalarinda parametreler arasindaki
etkilesimleri biitiinciil bir yaklagimla degerlendiren kavramsal calismalarin sinirli oldugu
goriilmektedir. Bu ¢alisma, s6z konusu bosluga katki saglamak amaciyla gelistirilmistir.

Bu kapsamda, s6z konusu parametrelerin egilme davranisi, rijitlik, gerilme dagilimi ve hasar
mekanizmalar lizerindeki etkileri temel mekanik prensipler ve literatiir bulgular1 dogrultusunda
sistematik olarak degerlendirilmistir. Parametrelerin tekil olarak degil, etkilesimli bir sistem
icerisinde ele alinmas1 gerektigi ortaya konulmus ve bu dogrultuda kavramsal bir parametrik
tasarim gergevesi Onerilmistir.

Elde edilen bulgular, lamine ahsap kirislerin tasariminda ¢ok parametreli bir yaklasimin
benimsenmesinin daha gergek¢i ve giivenilir sonuglar saglayacagmi gostermektedir. Onerilen
kavramsal c¢ercevenin, On tasarim asamasinda sistematik bir karar destek araci olarak
kullanilmasinin yani sira, gelecekte gerceklestirilecek deneysel ¢alismalar, sayisal modelleme
ve optimizasyon temelli arastirmalar i¢in de yol gosterici bir temel olusturabilecegi
degerlendirilmektedir.

Anahtar Kelimeler: Lamine ahsap kirisler, parametrik tasarim, yapisal davranis, egrisel
kirigler, 6n gerilme, takviye.

ABSTRACT

This study conceptually examines the fundamental design parameters affecting the structural
behaviour of glued laminated timber (glulam) beams and investigates the role of a parametric
design approach in the evaluation of these structural elements. Due to the anisotropic nature of
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wood and the laminated manufacturing process, parameters such as cross-sectional dimensions,
span length, number and arrangement of laminations, fibre orientation, and curvature are known
to play a decisive role in beam behaviour. In addition, supplementary factors, including surface
reinforcement and prestressing effects, can significantly influence structural performance.
Previous studies have generally investigated these parameters individually through
experimental or numerical analyses. However, conceptual studies that comprehensively
evaluate the interactions among these parameters during the early stages of the design process
remain limited. This study was therefore conducted to contribute to this research gap.

Within this framework, the effects of the identified parameters on bending behaviour, stiffness,
stress distribution, and failure mechanisms were systematically evaluated based on fundamental
mechanical principles and findings reported in the literature. It is emphasized that these
parameters should be considered as an interactive system rather than as independent variables.
Accordingly, a conceptual parametric design framework is proposed.

The findings indicate that adopting a multi-parameter approach in the design of glulam beams
can provide more realistic and reliable design outcomes. Furthermore, the proposed conceptual
framework is expected to serve as a systematic decision-support tool during the preliminary
design stage and to provide a foundation for future experimental investigations, numerical
modelling, and optimization-based studies.

Keywords: Glulam beams, parametric design, structural behaviour, curved beams,
prestressing, reinforcement.

GIRIS

Ahsap malzeme, yenilenebilir bir dogal kaynak olmasi, diisiik yogunluguna karsin ytiksek 6zgiil
dayanim degerlerine sahip olmas1 ve islenebilirliginin kolay olmasi nedeniyle yap1 ve tasarim
alanlarinda yaygin olarak kullanilan 6nemli bir miihendislik malzemesidir. Ozellikle son
yillarda siirdiiriilebilirlik, karbon depolama kapasitesi ve ¢evre dostu iiretim siirecleri gibi
avantajlar sayesinde ahsap malzemeye olan ilgi giderek artmaktadir (Ramage ve dig., 2017;
Sathre ve O’Connor, 2010). Bu baglamda, miihendislik {iriinii ahsap malzemeler arasinda yer
alan lamine ahsap (glulam) kirisler, hem tasiyici performanslart hem de mimari esneklikleri
sayesinde modern yapi sistemlerinde onemli bir yer edinmistir (Forest Products Laboratory,
2010; Brandner ve dig., 2016).

Lamine ahsap kirisler, ince kesitli lamellerin uygun yapistiricilar ile bir araya getirilmesiyle
elde edilmekte olup, bu iiretim yontemi sayesinde dogal ahsabin kusurlart minimize edilmekte
ve daha homojen bir malzeme yapisi elde edilmektedir (Bodig ve Jayne, 1982; Dinwoodie,
2000). Ayrica, farkli katman diizenlemeleri ve egrisel geometriler olusturulabilmesi, bu
elemanlarin yalnizca dogrusal tasiyicilar olarak degil, ayn1 zamanda mimari tasarimin aktif
bilesenleri olarak kullanilmasina olanak saglamaktadir (Brandner ve dig., 2016; Sandberg ve
dig., 2017). Bu yoniiyle lamine kirigler, hem miihendislik hem de i¢ mekan tasarimi
disiplinlerinin kesisim noktasinda yer almaktadir.
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Lamine ahsap kirislerin yapisal davranisi; kesit boyutlari, agiklik uzunlugu, katman sayisi,
katman dizilimi, lif yonelimi ve egrilik gibi ¢ok sayida parametrenin bir arada etkisi altinda
sekillenmektedir (Gere ve Timoshenko, 1997; Thelanderssonve Larsen, 2003). Bununla
birlikte, son yillarda kiris performansini artirmaya yonelik olarak kullanilan ylizey takviyeleri
(6rnegin kontrplak, lif takviyeli polimerler vb.) ve 6n gerilme uygulamalari da yapisal davranisi
belirleyen onemli faktorler arasinda yer almaktadir (Triantafillou, 1997; Borri ve dig., 2005;
Schober ve dig., 2015). Ozellikle egrisel geometriye sahip lamine kirislerde iiretim siirecine
bagli olarak olusan pasif on gerilme etkileri, kesit igerisindeki gerilme dagilimim
degistirebilmekte ve tagima kapasitesi ile deformasyon davranisi iizerinde belirleyici
olabilmektedir (Ranta-Maunus, 2001; Anshari ve dig., 2012; Anshari ve dig., 2017).

Lamine ahsap kirislerde yapisal davranisi etkileyen temel parametrik degiskenler ve bu
degiskenlerin sistematik siniflandirilmast Sekil 1°de sematik olarak gosterilmektedir. Bu

degiskenlerin birlesik etkisi, kirisin genel yapisal performansini belirleyen temel mekanizmay1

olusturmaktadir
Malzeme
n Katman Sayisi ve Dizilimi
O Lif Yonelimi
Geometri T ileri Parametreler
e h Kesit Yiiksekligi —| Lamine Ahéap Kiris —> K Egrilik
e b Kesit Genisligi T Takviye
o L Aciklik Uzunlugu —3 —» P On Gerilme

Girdi parametreleri — Yapisal davranis

Sekil 1. Lamine ahsap kirislerde yapisal davranisi belirleyen temel parametrik degiskenlerin ve
etkilesimlerinin sematik gdsterimi

Literatiirde bu parametrelerin etkilerini inceleyen ¢alismalarin biiyiik ¢cogunlugu deneysel ve
sayisal analizlere dayanmaktadir. Ancak, tasarim siirecinin 6zellikle erken asamalarinda, bu
parametrelerin ve s6z konusu ilave etkilerin yapisal davranig tizerindeki roliiniin biitiinciil bir
bakis acgistyla degerlendirilmesine yonelik ¢calismalarin sinirli oldugu goriilmektedir. Bu durum,
tasarimc1 ve arastirmacilarin karar verme siireclerinde sistematik bir parametrik yaklagim
ithtiyacini ortaya koymaktadir (Oxman, 2017; Shea ve dig., 2005; Kicinger ve dig., 2005).

Bu calismada, lamine ahsap kirislerin tasariminda etkili olan temel parametreler kavramsal bir
cercevede ele alinmistir. Deneysel sonug sunmay1 amaglamayan bu ¢alismada; kesit boyutlari,
aciklik, katman sayis1 ve dizilimi, lif yonelimi ve egrilik gibi parametrelerin yapisal davranig
iizerindeki olas1 etkileri, temel mekanik prensipler ve literatiir bulgular1 dogrultusunda
degerlendirilmistir. Bu kapsamda, s6z konusu parametrelerin egilme davranisi, rijitlik, gerilme

dagilim1 ve olas1 hasar mekanizmalar1 iizerindeki etkileri sistematik olarak tartigilmis ve tasarim

ISBN: 978-625-90699-3-7

71



IMAEC 11 INTERNATIONAL CONGRESS ON ADVANCED ENGINEERING,
ARTIFICIAL INTELLIGENCE AND ARCHITECTURE
August 25-28, 2026 Bucharest/ROMANIA

siirecinde kullanilabilecek kavramsal bir parametrik yaklasim onerilmistir (Arora, 2004;
Kolarevic, 2003; Schumacher, 2009). Bu calisma, literatiirde ¢ogunlukla ayr1 ayr1 ele alinan
parametreleri biitlinciil bir parametrik model altinda birlestirerek kavramsal bir tasarim

yaklasimi1 6nermektedir.
PARAMETRIK TASARIM YAKLASIMI VE TEMEL PARAMETRELER

Lamine ahsap kiriglerin tasariminda, yapisal performansin tek bir degiskene bagl olarak
degerlendirilmesi ¢ogu zaman yeterli olmamakta; bunun yerine birden fazla parametrenin
birlikte ele alindig1 biitiinciil bir yaklasim gerekmektedir. Bu baglamda parametrik tasarim
yaklagimi, kiris davranisini etkileyen temel degiskenlerin sistematik olarak incelenmesine ve
bu degiskenler arasindaki etkilesimlerin degerlendirilmesine olanak saglamaktadir (Oxman,
2017; Shea ve dig., 2005).

Parametrik tasarim, belirli tasarim degiskenlerinin kontrollii bir bigimde degistirilmesi ve bu
degisimlerin yapisal davranis lizerindeki olas1 etkilerinin analiz edilmesine dayanmaktadir.
Lamine ahsap kirisler 6zelinde bu degiskenler; kesit boyutlari, agiklik uzunlugu, katman sayisi
ve dizilimi, lif yonelimi, egrilik, takviye uygulamalar1 ve 6n gerilme etkileri olarak one
cikmaktadir. Bu parametrelerin her biri, tek basmma Onemli olmakla birlikte birlikte
degerlendirildiklerinde kirisin egilme davranmisi, rijitligi, gerilme dagilimi ve hasar
mekanizmalari lizerinde belirleyici bir rol oynamaktadir (Kicinger ve dig., 2005; Kolarevic,
2003).

Bu baglamda s6z konusu parametreler, Sekil 1°de sunulan sistematik ¢er¢eve dogrultusunda ele
alinmaktadir.

Kesit Boyutlar:
Kesit boyutlari, 6zellikle kesit yiliksekligi, lamine ahsap kirislerin egilme davranisin1 dogrudan
etkileyen en temel parametrelerden biridir. Kiris yiliksekliginin artmasi, kesitin atalet momentini
artirarak egilme rijitliginin yilikselmesine ve buna bagli olarak sehim degerlerinin azalmasina
katki saglamaktadir (Gere ve Timoshenko, 1997; Bodig ve Jayne, 1982).

bh3
T 12
Burada 7, kesitin atalet momentini, b kesit genisligini ve 4 kesit yiiksekligini ifade etmektedir.

I

Ifade incelendiginde, kesit yiiksekliginin kiibik etkisi nedeniyle egilme rijitligi iizerinde
belirleyici bir rol oynadigi agikca goriilmektedir.

Aciklik Uzunlugu
Aciklik uzunlugu, kiriste olusan egilme momenti ve sehim degerleri iizerinde dogrudan etkili
bir parametredir. A¢ikligin artmasi ile birlikte maksimum egilme momenti ve deformasyon

degerlerinin artmasi beklenmektedir. Bu durum, daha biiyiik kesit boyutlarinin veya alternatif
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tasarim c¢oziimlerinin gerekliligini ortaya koymaktadir (EN 1995-1-1, 2004; ASTM D198,
2015).
f o L3

Burada f sehim miktarini, L ise aciklik uzunlugunu ifade etmektedir. ifade incelendiginde,
aciklik uzunlugunun artmasiyla birlikte sehim degerlerinin kiibik olarak arttig1 goriilmektedir.
Bu durum, 6zellikle biiyiik agikliklarda deformasyonlarin hizla artmasina neden olmakta ve
tasarim silirecinde aciklik uzunlugunun kritik bir parametre olarak dikkate alinmasini
gerektirmektedir.

Katman Sayisi ve Katman Dizilimi
Lamine ahsap kirislerde katman sayisi ve katmanlarin dizilimi, kesit igerisindeki gerilme
dagilimini ve yiik aktarim mekanizmasini dogrudan etkilemektedir. Katman sayisinin artmast,
malzemenin daha homojen bir davranig sergilemesine katki saglarken, katman diziliminin
simetrik veya asimetrik olmasi kesit stabilitesi ve egilme performansi lizerinde belirleyici
olabilmektedir (Bayatkashkoli ve dig., 2011; Tirker ve Kilingarslan, 2024). Ayrica modern
caligmalar, katman organizasyonunun egilme davranis1 ve elastisite modiilii tizerinde énemli
etkiler olusturdugunu gostermektedir (Kytka ve dig., 2024).

Eotr = f(n, dizilim)
Burada Ecx, katman sayisi ve katman diziliminin kesit davranisi lizerindeki birlesik etkisini
temsil eden etkin elastisite modiiliinii ifade etmektedir. Ifade, katman say1s1 (n) ve diziliminin
birlikte degerlendirilmesi gerektigini ve bu parametrelerin kirisin mekanik performansi
izerinde belirleyici oldugunu gostermektedir.

Lif Yonelimi

Ahsap malzemenin anizotrop yapisi nedeniyle lif yonelimi, mekanik davranis lizerinde 6nemli
bir etkiye sahiptir. Liflere paralel yerlesim yiiksek dayanim ve rijitlik saglarken, liflere dik veya
capraz yerlesimler catlak ilerlemesini smirlayarak daha siinek bir davranmis ortaya
koyabilmektedir (Dinwoodie, 2000; Bodig ve Jayne, 1982). Ayrica lif yoneliminin malzeme
simiflandirma ve performans iizerinde belirleyici oldugu da literatiirde vurgulanmaktadir
(Hanhijéarvi ve dig., 2005).

R o< g

Burada R, kirisin yapisal performansini (dayanim, rijitlik vb.) temsil ederken, ¢g 1if yoneliminin
bu performans iizerindeki etkisini ifade eden katsay1y1 géstermektedir. Bu ifade, lif yoneliminin
degismesiyle birlikte kiris davranisinin 6nemli dlgiide farklilasabilecegini ortaya koymaktadir.

Egrilik
Egrisel geometriye sahip lamine ahsap kiriglerde, dogrusal kirislerden farkli olarak kesit
icerisinde ilave gerilme bilesenleri olusabilmektedir. Egrilik arttikca, lif yoniine paralel

olmayan gerilmelerin etkisi belirgin hale gelmekte ve bu durum kirilma davranigini dogrudan
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etkileyebilmektedir (Ranta-Maunus, 2001; Yu ve dig., 2023). Ayrica deneysel caligsmalar,
egrisel kiriglerde iiretim silirecine bagli olarak olusan 6n gerilmelerin davranis1 6nemli dlgiide
degistirdigini gostermektedir (Anshari ve dig., 2012; Gowda ve dig., 1998).
R ¢,

Burada R, kirisin yapisal performansini temsil ederken, ¢, egriligin kesit icerisindeki gerilme
dagilimi lizerindeki etkisini ifade eden katsayiy1 gostermektedir. Bu ifade, egrilik arttik¢a kiris
davranisinin dogrusal sistemlerden saparak farkli kirillma mekanizmalar sergileyebilecegini
ortaya koymaktadir.

akviye Uygulamalari ve On Gerilme Etkileri
Lamine ahsap kiriglerde performansi artirmak amaciyla uygulanan yiizey takviyeleri ve 6n
gerilme uygulamalari, kesit davranisini 6nemli dl¢lide degistirebilmektedir. FRP ve benzeri
takviye malzemeleri, Ozellikle ¢cekme bolgesinde gerilme yigilmalarini azaltarak tagima
kapasitesinin artirilmasina katki saglamaktadir (Triantafillou, 1997; Borri ve dig., 2005).
iyilestirmeler sagladigini gostermektedir (Schober et al., 2015).

R =f(T,P)
Parametrik Tasarim Yaklasimlari
Lamine ahsap kirislerin tasariminda parametrik yaklasim, yapisal davranisi etkileyen
degiskenlerin sistematik olarak tanimlanmasi ve bu degiskenler arasindaki iliskilerin analiz
edilmesine dayanmaktadir (Oxman, 2017; Shea ve dig., 2005). Bu kapsamda parametrik
tasarim yaklagimlar1 geometrik, malzeme, lif yonelimi, egrilik, takviye ve on gerilme temelli
olarak siniflandirilabilmektedir (Kolarevic, 2003; Schumacher, 2009).
Bu kapsamda literatiirde ve miihendislik uygulamalarinda 6ne ¢ikan baslica parametrik

yaklagim tiirleri asagida sunulmustur.

Geometrik Parametrik Yaklasim

Bu yaklasim, kirisin boyutsal 6zelliklerine odaklanmaktadir. Kesit ytiksekligi (h), kesit genisligi

......

iizerinde dogrudan etkilidir. Ozellikle kesit yiiksekliginin artmasi, atalet momentini artirarak
deformasyonlarin azalmasia katki saglamaktadir. Bu nedenle geometrik parametreler, kiris

davraniginin temel belirleyicileri arasinda yer almaktadir.

Malzeme ve Katman Parametrik Yaklasimi

Bu yaklagim, lamine yapinin i¢ organizasyonuna odaklanmaktadir. Katman sayisi (n), katman
dizilimi ve lamellerin mekanik ozellikleri, kesit igerisindeki gerilme dagilimini dogrudan
etkilemektedir. Katman sayisinin artmasi, daha homojen bir davranis saglarken, 6zellikle dis

katmanlarda yer alan yiiksek dayanimli lameller, kirisin tasima kapasitesini artirmaktadir.
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Lif Yonelimi Parametrik Yaklasimi

Ahsap malzemenin anizotrop yapisi nedeniyle lif yonelimi (0) kritik bir parametredir. Liflere
paralel yerlesim yiiksek dayanim saglarken, farkli yonelimler catlak ilerlemesini sinirlayarak
daha siinek bir davranig ortaya koyabilmektedir. Bu nedenle lif yonelimi, hem dayanim hem de
hasar mekanizmasi agisindan belirleyici bir faktordiir.

Egrilik Parametrik Yaklasimi

Egrilik (x), 6zellikle egrisel lamine kirislerde kesit igerisindeki gerilme dagilimini degistiren
onemli bir parametredir. Egrilik arttikca, 1if yoniine paralel olmayan gerilme bilesenleri ortaya
cikmakta ve bu durum kirilma davranisini dogrudan etkilemektedir.

Takviye Parametrik Yaklasimi

Takviye parametresi (T), kiris performansini artirmaya yonelik uygulamalar1 kapsamaktadir.
Kontrplak, lif takviyeli polimerler veya ¢elik elemanlar gibi takviye malzemeleri, 6zellikle
cekme bolgesinde gerilme yigilmalarimi azaltarak tasima kapasitesinin artirilmasina katki

saglamaktadir.

On Gerilme Parametrik Yaklasimi

On gerilme (P), ozellikle egrisel lamine kirislerde iiretim siirecine bagl olarak ortaya ¢ikan
pasif on gerilme etkilerini kapsamaktadir. Bu etkiler, kesit icerisindeki baslangi¢c gerilme
dagilimimi degistirerek kirigin ylik altindaki davranisini etkilemektedir.

Performans Tabanli Parametrik Yaklasim

Bu yaklasimda amag, farkli parametrelerin birlesik etkisi altinda kiris performansinin
degerlendirilmesidir. Rijitlik, dayanim, sehim ve hasar davranmisi gibi kriterler birlikte ele
alinarak tasarim kararlar1 verilmektedir.

Optimizasyon Tabanli Parametrik Yaklasim

Parametrik tasarimin ileri asamasinda, amag¢ fonksiyonlarimin tanimlandigi optimizasyon
yaklagimlar1 kullanilabilmektedir. Bu kapsamda kiris performansi asagidaki sekilde ifade
edilebilir:

maxI1

Bu yaklasimda sehim ve gerilme smirlart gibi kisitlar dikkate alinarak en uygun tasarim
parametrelerinin belirlenmesi hedeflenmektedir. Ancak bu tiir yaklasimlar genellikle deneysel
veya sayisal dogrulama gerektirmektedir.

Genel Degerlendirme (Model Baglantisi)

Yukarida sunulan parametrik yaklagimlar birlikte degerlendirildiginde, lamine ahsap kirislerin
davraniginin tek bir degiskene bagli olmadigi, aksine ¢cok parametreli bir sistem olarak ele
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alimmas1 gerektigi anlagilmaktadir. Bu baglamda kiris davranisi genel olarak asagidaki sekilde
ifade edilebilir:

R=f(h,b,L,n,0,x,T,P)

Bu ifade, geometrik, malzeme ve yapisal iyilestirme parametrelerinin birlesik etkisinin kiris
performansini belirledigini ortaya koymaktadir. Ayn1 zamanda bu model, parametrik tasarim
yaklagimimnin temelini olusturarak farkli tasarim alternatiflerinin sistematik olarak
degerlendirilmesine olanak saglamaktadir (Arora, 2004; Kicinger ve dig., 2005). Bu parametrik
modelin kavramsal gdsterimi Sekil 2°de sunulmustur.

Katman Yapisi

* Katman Sayisi (n)

e Dizilim

Geometrik Parametreler Lif Yonelimi

» Kesit Yuksekligi (h) o Lif Agisi (6)
* Kesit Genisligi (b)
o Acikiik Uzunlugu (L)

Yapisal Performans

() —
« Dayanim
» Rijitlik
» Sehim
Egrilik Takviye ve On Gerilme
* Egrilik (k) o Takviye Uygulamalar (T)

e On Gerilme (P)

Sekil 2. Lamine ahsap kirislerde parametrik tasarim modelinin kavramsal gosterimi
MEKANIK DAVRANISIN PARAMETRIK OLARAK DEGERLENDIRILMESI

Lamine ahsap kirislerin yapisal davranisi, birden fazla parametrenin es zamanl etkisi altinda
sekillenmekte olup, bu parametrelerin her biri egilme davranisi, rijitlik, gerilme dagilimi ve
hasar mekanizmalar1 iizerinde farkli diizeylerde etkili olmaktadir. Bu baglamda, kiris
davraniginin tek bir degisken ilizerinden degerlendirilmesi yeterli olmayip, ¢ok parametreli bir
sistem yaklasimi gerekmektedir (Thelandersson ve Larsen, 2003; Kicinger ve dig., 2005). Bu
boliimde, onceki boliimde tanimlanan temel parametrelerin kiris davranisi iizerindeki olasi

etkileri, temel mekanik prensipler ¢ergevesinde kavramsal olarak degerlendirilmistir.

Egilme Davramsi ve Rijitlik
Lamine ahsap kirislerin egilme davranisi, kesit geometrisi ve agiklik uzunlugu basta olmak
lizere cesitli parametrelerin etkisi altinda belirlenmektedir. Kesit yliksekliginin artmas ile

egilme rijitliginin artmasi ve buna bagl olarak sehim degerlerinin azalmasi beklenmektedir.
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Buna karsilik agiklik uzunlugunun artmasi, kiriste olusan egilme momentini ve deformasyon
miktarin1 artirarak daha biiyiik kesitlerin veya alternatif tasarim ¢oziimlerinin gerekliligini
ortaya koymaktadir (Gere ve Timoshenko, 1997; EN 1995-1-1, 2004).

Egilme etkisi altindaki bir kiriste deformasyon davranigi ile basing, ¢cekme ve notr eksen
bolgelerine iligkin kavramsal gosterim Sekil 3’°te sunulmustur.

Gerilme Dagilimi

5 Basing Bdlgesi (DZ)
K%ﬁ - By Notr Eksen gl -

Cekme Bolgesi (C2)

Notr Eksen

L .|

A

Sehim (f)
Sekil 3. Egilme etkisi altindaki bir kiriste gerilme dagilimi ve deformasyon davranisinin
kavramsal gosterimi
Sekil 3°te gosterilen egilme davranisi, basit kiris teorisi kapsaminda asagidaki baginti ile ifade
edilebilir.
FI3

I'= 281

Burada /' maksimum sehim miktarini, F' uygulanan yiikii, L aciklik uzunlugunu, E elastisite

modiliinii ve 7 kesitin atalet momentini ifade etmektedir. Bu baginti, 6zellikle aciklik
uzunlugunun kiibik etkisi ile kesit rijitliginin egilme davranisi iizerindeki belirleyici roliinii
acikca ortaya koymaktadir (Gere ve Timoshenko, 1997).

Katman sayis1 ve katman dizilimi de rijitlik {izerinde dolayli bir etkiye sahiptir. Daha fazla
sayida ve dengeli yerlestirilmis katmanlarin, kesit i¢erisinde daha homojen bir gerilme dagilimi
saglayarak daha kararli bir egilme davranist olusturabilecegi degerlendirilmektedir
(Bayatkashkoli ve dig., 2011; Tiirker ve Kilingarslan, 2024). Bu baglamda parametrik tasarim

yaklagimu, rijitlik ve deformasyon performansinin birlikte ele alinmasini gerektirmektedir.

Gerilme Dagilim

Egilme etkisi altinda bir kiris kesitinde, iist liflerde basing, alt liflerde ise ¢ekme gerilmeleri
olugmaktadir. Lamine ahsap kirislerde bu klasik dagilim, katman yapist, lif yonelimi ve egrilik
gibi parametrelere bagli olarak degiskenlik gosterebilmektedir (Bodig ve Jayne, 1982;
Dinwoodie, 2000). Ozellikle katman diziliminin simetrik olmamasi veya farkli mekanik
ozelliklere sahip lamellerin bir arada kullanilmasi durumunda, kesit icerisinde gerilme
yigilmalarinin olusabilecegi degerlendirilmektedir (Kytka ve dig., 2024).

Lif yoOneliminin degistirilmesi, gerilme dagilimimi dogrudan etkileyebilen ©nemli bir
parametredir. Liflere paralel yerlesim yiiksek tasima kapasitesi saglarken, capraz yerlesimlerin
gerilme transferini yeniden diizenleyerek catlak ilerlemesini sinirlayabilecegi diistiniilmektedir
(Hanhijéarvi ve dig., 2005).
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Egrisel kirislerde ise dogrusal kirislerden farkli olarak, kesit igerisinde ilave gerilme
bilesenlerinin olusabilecegi ve bu durumun klasik egilme teorisinden sapmalara neden
olabilecegi degerlendirilmektedir. Bu nedenle egrilik parametresi, yalnizca geometrik bir
0zellik olarak degil, ayn1 zamanda gerilme dagilimini belirleyen bir faktor olarak ele alinmalidir
(Ranta-Maunus, 2001; Yu ve dig., 2023).

Egilme etkisi altinda bir kiris kesitinde olusan gerilme dagilimina iliskin gematik gésterim Sekil
4’te sunulmustur.

Basing

Basing

Cekme

tttt o

Cekme

Sekil 4. Egilme etkisi altindaki bir kiris kesitinde gerilme dagiliminin sematik gosterimi
Sekil 4’te gosterilen gerilme dagilimi, klasik egilme teorisi kapsaminda asagidaki baginti ile
ifade edilebilir:
My
T
Burada o kesit igerisindeki normal gerilmeyi, M egilme momentini, y nétr eksene olan uzaklig

o

ve [ kesitin atalet momentini ifade etmektedir. Bu bagmnti, gerilmenin notr eksenden
uzaklastik¢a arttigini ve kesit igerisinde dogrusal bir dagilim gosterdigini ortaya koymaktadir
(Gere ve Timoshenko, 1997).

Hasar Mekanizmalar

Lamine ahsap kirislerde hasar mekanizmalari, cogunlukla cekme bolgesinde lif kopmasi, basing
bolgesinde ezilme ve katmanlar aras1 yapisma hatalar seklinde ortaya ¢ikmaktadir (Franke ve
dig., 2015). Bu mekanizmalarin olusumu ve ilerleyisi, kirisin geometrik ve malzeme
parametrelerine bagl olarak degisiklik gosterebilmektedir (Bodig ve Jayne, 1982; Dinwoodie,
2000).

Katman sayist ve dizilimi, hasarin yayilim bi¢imini etkileyebilecek 6nemli unsurlar arasinda
yer almaktadir. Daha fazla katmana sahip kirislerde, hasarin tek bir diizlemde yogunlagsmak
yerine daha genis bir alana yayilabilecegi degerlendirilmektedir (VratuSa ve dig., 2011). Lif
yonelimi ise c¢atlak ilerleme yoniinii belirleyerek hasar modunun karakterini
degistirebilmektedir.

Egrilik ve pasif 6n gerilme etkilerinin birlikte bulundugu durumlarda, kesit icerisindeki mevcut
gerilme durumu degisebileceginden, hasarin basglangi¢ noktasi ve ilerleme bigimi
farklilasabilmektedir. Bu durum, 6zellikle egrisel kirislerde hasar mekanizmalarinin dogrusal
kiriglere kiyasla daha karmasik bir karakter sergiledigini gostermektedir (Anshari ve dig., 2012;
Gowda ve dig., 1998). Benzer sekilde gerceklestirilen deneysel calismalarda da, egrisel
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geometri ve takviye uygulamalarinin hasar gelisimi ve kirilma davranisi tizerinde belirleyici
etkiler olusturdugu rapor edilmistir (Kilig, 2026).

Lamine ahsap kirislerde gozlemlenen baglica hasar mekanizmalarina iliskin 6rnek gorseller
Sekil 5’te sunulmustur.

Tension Failure  Compression Failure Delamination

Lif Kopmasi Ezilme Katman Ayrilmasi

Sekil 5. Lamine ahsap kirislerde tipik hasar mekanizmalarmin (lif kopmasi, ezilme ve katman
ayrilmasi) gorsel gosterimi

Takviye ve On Gerilmenin Etkileri

Lamine ahsap kirislerde uygulanan yiizey takviyeleri, 6zellikle ¢ekme bdlgesinde olusan
gerilmeleri azaltarak tagima kapasitesinin artirillmasina katki saglayabilmektedir. Takviye
elemanlarinin, gerilme yi1gilmalarini1 dagitarak daha dengeli bir yiik aktarimi olusturabilecegi
degerlendirilmektedir (Triantafillou, 1997; Borri ve dig., 2005). Ayrica modern ¢alismalar, FRP
koymaktadir (Schober ve dig., 2015).

Ote yandan, egrisel kirislerin iiretimi sirasinda ortaya ¢ikan pasif n gerilme etkileri, kesit
icerisindeki baslangi¢ gerilme durumunu degistirebilmektedir. Bu durum, kirisin dis ytikler
altindaki davranigini etkileyerek, hem deformasyon hem de hasar mekanizmalari iizerinde
belirleyici olabilmektedir (Ranta-Maunus, 2001; Anshari ve dig., 2017).

Takviye uygulamalari ve O6n gerilme etkilerinin kiris davranigi {izerindeki roliine iliskin

kavramsal gosterim Sekil 6’da sunulmustur.

Reinforcement Prestress

ERP Plate “ Br

(Tension Side Strengthgening)

Stress Redistribution
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Sekil 6. Takviye ve O6n gerilme uygulamalarimin lamine ahsap kiris davranisi iizerindeki
etkisinin kavramsal gosterimi

Takviye ve 6n gerilme etkileri, kiris performansi agisindan asagidaki sekilde ifade edilebilir:

R =f(T,P)
Burada R kirisin yapisal performansini (dayanim, rijitlik ve deformasyon davranisi), T takviye
etkisini ve P 6n gerilme etkisini ifade etmektedir. Bu ifade, takviye ve 6n gerilme etkilerinin
kiris davranigi lizerinde birlesik ve etkilesimli bir rol oynadigini gostermektedir.

PARAMETRIK TASARIM CERCEVESI VE ONERI MODELI

Lamine ahsap kirislerin tasariminda, farkli parametrelerin bir arada degerlendirilmesi
gerekliligi, sistematik bir tasarim yaklasiminin olusturulmasini zorunlu kilmaktadir. Bu
baglamda, 6nceki boliimlerde kavramsal olarak degerlendirilen parametreler dogrultusunda,
lamine ahsap kirislerin 6n tasarim siirecinde kullanilabilecek bir parametrik degerlendirme
cercevesi Onerilmektedir. Parametrik tasarim yaklasimi, birden fazla tasarim degiskeninin
kontrollii olarak ele alinmasina ve bu degiskenlerin performans iizerindeki birlesik etkilerinin
degerlendirilmesine olanak saglamaktadir (Oxman, 2017; Shea ve dig., 2005).

Onerilen bu yaklagim, tasarim siirecinde dikkate alinmasi gereken temel parametrelerin belirli
bir sira ve iliski icerisinde ele alinmasina dayanmaktadir. Bu kapsamda tasarim siireci;
geometri, malzeme organizasyonu ve yapisal performans olmak iizere iic temel asamada
degerlendirilmektedir. Bu tiir asamal1 sistematik yaklagimlar, yap1 tasariminda karar verme
siirecinin rasyonellestirilmesi ve alternatiflerin karsilastirilabilir hale getirilmesi agisindan
onemli avantajlar saglamaktadir (Kolarevic, 2003; Kicinger ve dig., 2005).

Geometrik Parametrelerin Belirlenmesi

Tasarim siirecinin ilk asamasinda, kirisin geometrik 6zellikleri tanimlanmalidir. Bu kapsamda
aciklik uzunlugu, kesit boyutlar1 ve kirisin dogrusal veya egrisel formda olup olmayacagi
belirlenir. Agiklik uzunlugu, sistemin tasiyacagi yiikler ve kullanim amacina bagli olarak
secilmelidir. Kesit boyutlari, o6zellikle kesit ytiksekligi, rijitlik ve deformasyon kontrolii
acisindan kritik rol oynamaktadir. Egrisel kirislerde ise egrilik derecesi yalnizca mimari bir
tercih degil, ayn1 zamanda yapisal davranisi etkileyen bir parametre olarak degerlendirilmelidir
(Gere ve Timoshenko, 1997; EN 1995-1-1, 2004; Ranta-Maunus, 2001). Bu asama, kirisin
genel davranisini belirleyen temel gerceveyi olusturmaktadir.

Katman Organizasyonu ve Malzeme Parametreleri

Ikinci asamada, lamine yapinin i¢ diizeni tanimlanir. Bu asama, katman sayis1, katman dizilimi
ve lif yonelimi gibi parametreleri kapsamaktadir. Katman sayisinin artmasiyla daha dengeli bir
yiuk aktarimi saglanabilecegi, katman diziliminin simetrik olmasinin ise kesit stabilitesi
acisindan avantaj saglayabilecegi degerlendirilmektedir (Bayatkashkoli ve dig., 2011; Tirker

ISBN: 978-625-90699-3-7

80



IMAEC 11 INTERNATIONAL CONGRESS ON ADVANCED ENGINEERING,
ARTIFICIAL INTELLIGENCE AND ARCHITECTURE
August 25-28, 2026 Bucharest/ROMANIA

ve Kilingarslan, 2024). Benzer sekilde, dis katmanlarda yiiksek dayanimli lamellerin

kullanilmas1 tagima kapasitesini artirabilirken, 1if yoneliminin degistirilmesi hasar
mekanizmalariin kontrol edilmesine katki saglayabilmektedir (Dinwoodie, 2000; Hanhijéarvi
ve dig., 2005). Bu asamada yapilan sec¢imler, kirisin hem dayanim hem de hasar davranisi

izerinde dogrudan etkili olmaktadir.

lave Parametreler: Takviye ve On Gerilme

Tasarim siirecinin {igiincli asamasinda, performansi artirmaya yonelik ilave parametreler
degerlendirilir. Bu kapsamda yiizey takviyeleri ve 6n gerilme etkileri 6n plana ¢ikmaktadir.
Yiizey takviyeleri, Ozellikle c¢ekme bolgesinde gerilme yigilmalarini azaltarak tasima
kapasitesine katki saglayabilir. Pasif 6n gerilme etkileri ise 6zellikle egrisel kirislerde baslangic
gerilme durumunu degistirerek yapisal davranisi etkileyebilir (Triantafillou, 1997; Borri ve
dig., 2005; Anshari ve dig., 2012). Bu parametrelerin tasarim siirecine dahil edilmesi, daha
optimize edilmis ve performans agisindan gelistirilmis kirig tasarimlarinin elde edilmesine

olanak saglayabilir.

Parametrik Degerlendirme Tablosu
Parametrik tasarim yaklasiminin daha sistematik bir bigimde uygulanabilmesi amaciyla, temel

parametreler ve bu parametrelerin yapisal davranig lizerindeki olasi etkileri Cizelge 1°de

Ozetlenmistir.
) Tasarim Acisindan
Parametre Beklenen Etki y )
Degerlendirme
Kesit yiiksekligi (h) Rijitlik artis1, sehim azalmasi | Servis performansi igin kritik
Aciklik (L) Sehim ve moment artis1 Kesit optimizasyonu gerekir
Daha dengeli gerilme | .. . . .
Katman sayis1 B Uretim karmasiklig1 artabilir
dagilimi
o Stabilite ve dayanim | . o e e e 1
Katman dizilimi L Simetrik dizilim Onerilir
degisimi
Lif yonelimi Hasar mekanizmasi degisimi | Catlak kontrolii saglanabilir
Egrilik Gerilme dagiliminda degisim | Ozel tasarim gerektirir
) o Kritik bolgelerde
Takviye Tasima kapasitesi artist
uygulanmali
On gerilme I¢ gerilme dagilimi degisimi | Egrisel kirislerde 6nemli

Onerilen Parametrik Tasarim Yaklasin

Bu ¢alisma kapsaminda onerilen parametrik tasarim yaklasimi, lamine ahsap kirislerin tasarim
stirecinde parametrelerin tekil olarak degil, birbirleri ile etkilesim igerisinde degerlendirilmesi
tekil

degerlendirmelere kiyasla daha karmasik davranislarin ortaya ¢ikmasina neden olmakta ve

gerektigini ortaya koymaktadir. Parametreler arasindaki etkilesim etkileri,

ozellikle egrilik, lif yonelimi ve katman organizasyonu gibi degiskenlerin birlikte etkili oldugu
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durumlarda daha belirgin hale gelmektedir. Bu yaklasim, 6zellikle 6n tasarim asamasinda hizli
ve rasyonel kararlar alinmasina katki saglayabilir. Parametrik ve performans odakli tasarim
yaklagimlari, tasarim alternatiflerinin yalnizca bigimsel degil, ayn1 zamanda yapisal ol¢iitler
temelinde de degerlendirilmesini miimkiin kilmaktadir (Oxman, 2017; Schumacher, 2009).
Onerilen model, deneysel veya sayisal analizlerin yerine ge¢gmeyi amaglamamakta; aksine bu
tiir ¢calismalar i¢in bir 6n degerlendirme araci olarak kullanilabilecek kavramsal bir ¢erceve
sunmaktadir. Bu yoniiyle ¢alisma, lamine ahsap kirislerin tasarimina yonelik daha biitlinciil ve
sistematik bir yaklasim gelistirilmesine katki saglamaktadir. Optimizasyon temelli tasarim
anlayisi ¢ergevesinde, bu tiir parametrik modellerin ilerleyen asamalarda amag fonksiyonlari ve
kisitlar ile birlikte gelistirilebilecegi de degerlendirilmektedir (Arora, 2004; Kicinger ve dig.,
2005). Bu model, parametrik degiskenler arasindaki etkilesimleri agik bir sekilde tanimlayarak,
lamine ahsap kiris tasariminda sistematik bir analiz altyapis1 sunmaktadir.

Onerilen parametrik tasarim yaklasimiin asamalar1 ve parametreler arasi iliskiler, Sekil 7°de

sematik olarak sunulmustur.
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Sekil 7. Lamine ahsap kirisler i¢in onerilen parametrik tasarim siirecinin sematik gosterimi
SONUC VE ONERILER

Bu ¢alismada, lamine ahsap kirislerin yapisal davranisini etkileyen temel tasarim parametreleri
kavramsal bir gergevede ele alinmis ve parametrik tasarim yaklasgiminin bu elemanlarin
degerlendirilmesindeki 6nemi ortaya konulmustur. Kesit boyutlari, aciklik uzunlugu, katman
sayist ve dizilimi, lif yonelimi, egrilik, takviye uygulamalar1 ve 6n gerilme etkilerinin, kirig
davranis1 iizerinde belirleyici rol oynadigi degerlendirilmistir (Gere ve Timoshenko, 1997;
Bodig ve Jayne, 1982).

Parametrelerin tek basina degil, birbirleri ile etkilesim icerisinde degerlendirilmesi gerektigi,

ozellikle egilme davranisi, rijitlik, gerilme dagilimi ve hasar mekanizmalar1 agisindan énemli
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sonuglar dogurabilecegi ortaya konulmustur. Bu durum, ahsap yapi elemanlarmmin ¢ok
parametreli ve anizotrop yapisi ile uyumlu olup, literatiirde vurgulanan yapisal davranig
yaklagimlar ile paralellik géstermektedir (Thelandersson ve Larsen, 2003; Dinwoodie, 2000).
Ozellikle egrisel lamine ahsap kirislerde, iiretim siirecine bagli olarak ortaya cikan pasif 6n
gerilme etkilerinin ve ilave gerilme bilesenlerinin, kiris davranisi iizerinde belirleyici oldugu
degerlendirilmistir. Bu durum, egrisel kirislerin dogrusal sistemlerden farkli olarak ele alinmasi
gerektigini ortaya koymakta olup, literatiirde bildirilen bulgularla uyum gostermektedir (Ranta-
Maunus, 2001; Anshari ve dig., 2012).

Calisma kapsaminda onerilen parametrik tasarim ¢ergevesinin, 6zellikle 6n tasarim asamasinda
tasarimci ve arastirmacilara sistematik bir degerlendirme araci sunabilecegi diisiiniilmektedir.
Bu yaklasimin, farkli tasarim alternatiflerinin hizli bir sekilde karsilastirilmasina ve uygun
cozlimlerin belirlenmesine katki saglayabilecegi ongoriilmektedir (Oxman, 2017; Shea ve dig.,
2005). Bu kapsamda elde edilen bulgular, benzer deneysel calismalarla da uyumlu olup,
ozellikle egrilik ve takviye etkilerinin kiris davranis1 tizerindeki belirleyici roliinii
dogrulamaktadir (Kilig, 2026).

Bu calisma deneysel veya sayisal bir analiz icermemekle birlikte, lamine ahsap kirislerin
davranisina iliskin temel parametrelerin biitliinciil olarak degerlendirilmesine yonelik bir
yaklagim sunmaktadir. Bu yoniiyle, gelecekte gerceklestirilecek deneysel ve sayisal ¢alismalar
icin bir temel olusturabilecegi degerlendirilmektedir.

Gelecek calismalarda, bu ¢alismada kavramsal olarak ele alinan parametrik iligkilerin deneysel
ve sayisal analizlerle desteklenmesi Onerilmektedir. Ayrica, farkli malzeme tiirleri, takviye
sistemleri ve iiretim tekniklerinin parametrik tasarim yaklasimi igerisinde degerlendirilmesi,
lamine ahsap kirislerin daha etkin ve optimize edilmis bi¢imde kullanilmasina katki
saglayacaktir (Arora, 2004; Kicinger ve dig., 2005). Bu yoniiyle ¢aligma, parametrik tasarim
yaklagimimnin lamine ahsap kiris tasariminda temel bir karar destek araci olarak

kullanilabilecegini gdstermektedir.
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ABSTRACT

The buckling behavior of HEA steel columns, which are widely used as columns and frame
members in steel structural systems, is directly influenced by parameters such as member
length, material properties, and end support conditions. In conventional design, column ends
are generally idealized as either pinned or fixed. However, in practice, column end behavior
may vary between these two ideal conditions. In this study, the effects of end rotational stiffness
on the elastic buckling and geometrically nonlinear buckling behavior of HEA steel columns
were investigated numerically. A 5000 mm long HEA200 steel column was modeled in
ABAQUS using S4R shell elements. The weak-axis rotational restraint was represented using
connector elements. The dimensionless parameter p, defined as the ratio of the connector
rotational spring stiffness to the column's characteristic flexural stiffness, was investigated over
a wide range, from pinned to fixed-end behavior. Eigenvalue buckling loads obtained from the
finite element analyses were compared with theoretical Euler solutions for commonly used
ideal end conditions. For each model, the first buckling mode was defined as the initial
geometric imperfection with an amplitude of L /1000, and Static Riks analyses were performed.
The nonlinear buckling behavior of the columns was evaluated using the load proportionality
factor (LPF = P/P,,) and the weak-axis lateral displacement (U;) at column mid-height. The
results showed that increasing end rotational stiffness increased the elastic critical buckling load
and reduced the effective length factor. As the normalized load approached the critical region,
lateral displacements increased, and the influence of end rotational stiffness became more
pronounced. At high p values, both the elastic and geometrically nonlinear responses
approached the fixed-end condition asymptotically.

Keywords: HEA steel column, rotational stiffness, eigenvalue buckling analysis, initial
geometric imperfection, Static Riks analysis.

INTRODUCTION

Buckling is one of the main stability problems governing the load-carrying capacity of slender
steel columns under axial compression. In the classical Euler approach, the critical buckling
load is defined as a function of member length, flexural stiffness, and end boundary conditions.
In real structural systems, however, column-end behavior may fall between the ideal pinned
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and fully fixed conditions. Experimental studies have shown that connections assumed to be
pinned may still provide a certain level of rotational stiffness, while connections assumed to be
fixed may allow some rotation. For this reason, representing actual connection behavior as
semi-rigid provides a more realistic description of column stability than the two ideal boundary
conditions (Jones et al., 1980).

The effect of end rotational stiffness on column stability has been investigated for many years
using analytical and numerical approaches. Kishi et al. (1997) examined the effective length
factor of columns in sway frames with semi-rigid connections and showed that the moment—
rotation characteristics of the connections should be considered when determining effective
length. The study also emphasized the importance of considering second-order effects together
with connection stiffness in semi-rigid systems. Raftoyiannis (2005) reported that connection
flexibility can significantly reduce the buckling load of steel frames and should be explicitly
included in stability analysis. Similarly, Mageirou and Gantes (2006) investigated sway, non-
sway, and partially sway multistory frames with semi-rigid connections and represented the
rotational restraints at column ends by equivalent springs. An effective length approach was
developed and showed good agreement with finite element results. The study also demonstrated
that some idealized code-based methods may lead to considerable deviations for semi-rigid
systems. Adman and Saidani (2013) represented rotational and translational restraints by
springs and examined the relationship between dimensionless end-restraint parameters and the
effective length factor. The results showed that boundary conditions in actual structural systems
may vary over a wide range between ideal pinned and fixed cases.

More recent studies have also confirmed the major influence of end restraints on critical
buckling load. Slimani et al. (2023) developed a parametric approach that considered the
boundary conditions of columns and adjacent members in steel frames. The results showed that
increasing rotational stiffness reduces the effective length factor and increases the elastic
buckling capacity. Koo et al. (2023) modeled different rotational restraints in wide-flange steel
columns using rotational springs and reported a significant influence of rotational stiffness on
effective length and buckling resistance. ABAQUS S4R shell elements were used, and elastic
buckling behavior was evaluated numerically for different levels of rotational stiffness.

The finite element method is a useful tool for stability problems involving complex boundary
conditions and complements analytical approaches. Eigenvalue buckling analysis can be used
to determine the critical load and associated buckling modes of a structural system. Studies on
different steel structural systems have shown that eigenvalue analysis can also be used
effectively to verify analytical solutions and proposed buckling formulations. Guzméan and
Gonzélez del Solar (2025), for example, compared the global elastic buckling loads of lattice
columns using analytical, numerical, and experimental approaches and reported good accuracy
for the proposed critical-load expressions. Wu et al. (2024) also verified elastic buckling
formulations using finite element eigenvalue analyses. Although these studies considered
different structural systems, the results support the use of analytical solution—eigenvalue finite
element comparisons as a reliable verification approach for critical buckling load predictions.
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However, eigenvalue buckling analysis is based on an ideal geometry and cannot directly
capture deformation development during loading or second-order effects in real columns. Initial
geometric imperfections caused by fabrication and erection are unavoidable in steel columns.
Raftoyiannis and Ermopoulos (2005) showed that such imperfections have a significant effect
on the stability and load-carrying capacity of steel columns under compression and examined
these effects using nonlinear finite element analyses. Similarly, Horsangchai et al. (2024)
introduced the first buckling mode obtained from linear eigenvalue analysis into the nonlinear
model as an initial geometric imperfection and used an imperfection amplitude of L/1000 for
global buckling.

Defining the initial imperfection from an eigenvalue buckling mode is also widely used in
advanced analysis methods. Chan et al. (2025) stated that the shape and amplitude of the initial
geometric imperfection play an important role in GNIA and GMNIA results and systematically
examined the use of scaled linear buckling modes as initial imperfections. Koo et al. (2023)
also introduced the first buckling mode into the nonlinear model as an initial curvature and
adopted a maximum imperfection amplitude equal to 1/1000 of the column length. This
approach provides a direct link between the critical state obtained from eigenvalue analysis and
the geometrically nonlinear load—displacement response.

A general review of the literature shows that the effects of semi-rigid connections, frame
stability, effective length factor, end rotational stiffness, and initial geometric imperfections on
column behavior have been studied extensively. However, studies systematically investigating
a single wide-flange steel column over a broad range of end rotational stiffness, from pinned to
fixed behavior, while using a dimensionless stiffness parameter and evaluating the same models
through both elastic eigenvalue buckling and geometrically nonlinear analyses with initial
imperfections, are still limited. In this study, the weak-axis buckling behavior of 5000 mm long
HEA200 steel columns was investigated numerically under different levels of end rotational
stiffness. The finite element model was first verified against Euler solutions for ideal boundary
conditions, and the critical buckling loads were then determined by eigenvalue buckling
analyses. In the final stage, an initial imperfection with an amplitude of L/1000 was defined
based on the first buckling mode, and the geometrically nonlinear load—lateral displacement
response was examined using Static Riks analyses. The study aimed to determine the effect of
end rotational stiffness on both the elastic critical buckling load and the second-order response
as the column approaches the critical load.

FINITE ELEMENT MODELING

Column geometry, material properties, and finite element mesh characteristics

The numerical study was carried out on a 5000 mm long HEA200 steel column. The column
was modeled in ABAQUS/Standard using a three-dimensional shell representation. The flange
and web plates were discretized with four-node reduced-integration S4R shell elements. A
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characteristic element size of 10 mm was used for the finite element mesh. Since the study was
limited to elastic buckling and geometrically nonlinear stability behavior, steel was treated as a
linearly elastic material, and its material and cross-sectional properties were held constant
across all parametric models. The elastic modulus was taken as 210 GPa and Poisson’s ratio
as 0.30. The second moment of area about the weak axis of the idealized HEA200 shell cross-
section was taken as I = 13,337 x 10® mm*, which is slightly lower than the nominal
tabulated value due to the geometric idealization of the rolled section. This approach ensured
that changes in the results were caused only by the end rotational restraint. The finite element
model of the column is shown in Figure 1.a. Both end sections of the column were connected
to reference points using coupling constraints. Translational boundary conditions and the axial
load were applied through the reference points. This modeling approach allows the end-section
behavior to be controlled from a single point and provides a consistent transfer of the rotational

spring action to the column cross-section.

A)P END: BC+ CONN"ECTOR—GROUN"D\ / BOURDSEY CONDETIONG \

ynnector Ground
DOF TOP RP BOTTOM RP
. Ux 0 0
Spring
Uy FREE 0
Reference Uz 0 0
Point
Rx FREE FREE
Ry FREE FREE
Column

(a) K /(b) k /(C)

Figure 1. (a) finite element model, (b) support detail at the top end of the column, (¢) boundary conditions.

Boundary conditions and connector-to-ground rotational spring

Boundary conditions were first defined at the column model's reference points. The rotational
degree of freedom associated with weak-axis bending was controlled through connector
elements attached to the reference points. To model the semi-rigid end restraint, the reference
point at each column end was connected to the ground by a connector element. Rotational
stiffness was assigned only to the rotation associated with weak-axis buckling, and the
connector stiffness was defined as D44 = K, where K, denotes the rotational spring stiffness
of the connector-to-ground element. At the upper end, axial translation was left free to allow
the applied compressive load, while the transverse translations were restrained. At the lower
end, all translational degrees of freedom were restrained. The remaining rotational degrees of
freedom were released, while the weak-axis rotation was controlled by the connector-based
rotational spring. In this way, the influence of end rotational restraint on the global weak-axis
buckling response of the column could be examined independently. The support detail at the
upper end is shown in Figure 1.b, while the boundary conditions at the lower and upper ends
are presented in Figure 1.c. To compare rotational stiffness independently of column length and
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section properties, a dimensionless rotational stiffness parameter, p, was used: p = KyL/EI
where K is the connector-to-ground rotational spring stiffness, L is the length of the column,
E 1is the elastic modulus, and I is the second moment of area about the weak axis. The same
rotational stiffness value was assigned to both the upper and lower ends of the column in each
model. The selected parameter range covers a wide transition from pinned behavior to highly

restrained end conditions.

Eigenvalue buckling analysis and Euler verification

Before the parametric study, the finite element model was verified to ensure it accurately
reproduced the elastic buckling capacity under ideal end conditions. To verify the model, the
eigenvalue critical loads obtained for pinned-pinned, fixed-pinned, and fixed-fixed boundary
conditions were compared with the classical Euler buckling solutions. The elastic critical
buckling load according to Euler theory is expressed as: P., = m?EI/(KL)? where K is the
effective length factor depending on the end boundary conditions. Based on the theoretical
effective length factors given in AISC (2022), K values of 1.0, 0.7, and 0.5 were adopted for
the pinned-pinned, fixed-pinned, and fixed-fixed conditions, respectively. As shown in Table
1, the differences between the finite element results and the theoretical Euler values remained
below 2% for all three ideal cases. This agreement confirms that the shell-based finite element
model, boundary conditions, and buckling analysis procedure provide sufficient accuracy for
the parametric study.

Table 1. Comparison of finite element eigenvalue critical loads with Euler theory.

Boundary
. FEM Pcr (kN) | Euler Pcr (kN) Error (%)
Conditions
Pinned-Pinned 1099.8 1105.7 0.53
Fixed-Pinned 2236.6 2256.5 0.88
Fixed-Fixed 4336.4 4422.8 1.95

For the parametric analysis, the same dimensionless rotational stiffness value, p, was assigned
to both the upper and lower ends of each column model. The selected p values were defined to
represent a wide range of end conditions, from nearly pinned to flexible, semi-rigid, highly
restrained, and fixed. For each parametric model, the equivalent effective length factor was
back-calculated from the finite element eigenvalue critical load using the rearranged Euler

buckling equation: K = (1 /L)+/EI/P.,. where P., is the critical buckling load obtained from
the finite element analysis. Table 2 presents the critical buckling loads for each model and
corresponding effective length factors.
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Table 2. Results of the parametric finite element analyses.

Model | p | X (effg’gﬁ)length Per (kN)
MI | 0 1.00 1099.8
M2 | 0. 0.8 1143.8
M3 | 05 0.92 13112
M4 | 1 0.86 1502.1
M5 | 2 0.78 1831.2
M6 | 5 0.66 2516.4
M7 | 10 0.60 31206
M8 | 25 0.54 37511
MO | 50 0.52 4031.9
M0 | 75 0.52 41345
Ml | 100 0.51 4187
M2 | 250 0.51 4285.9
M13 | 500 0.51 43195
M14 | 1000 0.50 4336.4

GNIA / Static Riks analysis procedure

In the geometrically nonlinear analyses, the first global buckling mode obtained from the
eigenvalue buckling analysis was used as the initial geometric imperfection shape for each
model. In this way, the initial imperfection was introduced in a form consistent with the
column's dominant global buckling response. The imperfection amplitude was taken as
L/1000, consistent with values adopted in previous studies (Horsangchai et al., 2024; Koo et
al., 2023; AISC, 2022). For the columns examined in this study, the maximum initial geometric
imperfection was therefore taken as 5 mm. Since the imperfection was defined using the first
buckling mode of each model, the effect of end rotational stiffness on the mode shape was also
directly reflected in the nonlinear model. For the M1, M6, and M 14 models, representing low,
intermediate, and high rotational stiffness, respectively, the first mode retained the general
character of global weak-axis buckling. As the end rotational restraint increased, however, the
curvature distribution along the column changed, end rotations decreased, and the buckling
shape gradually approached the fixed-end condition. For this reason, a single common
imperfection shape was not used for all models; instead, the first eigenmode of each model was
adopted.

The geometrically nonlinear response of the imperfect models was analyzed using the Static
Riks method. Figure 2 shows the first buckling modes transferred to the Riks analyses for the
pinned (M1), semi-rigid (M6), and practically fixed (M14) models. The Riks method allows
the load-displacement equilibrium path to be traced in buckling and post-buckling problems,
where conventional load-controlled static procedures may struggle to track the response. For
each model, the reference axial load was defined as the elastic critical buckling load, P.,,
obtained from the eigenvalue buckling analysis of the same model. Accordingly, the Load
Proportionality Factor (LPF) calculated during the Riks analysis directly represented the
normalized axial load level: LPF = P/P.,. where P is the current axial load acting on the
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column during the analysis and P, is the eigenvalue critical buckling load of the corresponding
model. This definition allowed models with different end rotational stiffness values and
different absolute critical loads to be compared at the same normalized load levels. In particular,
comparing the weak-axis lateral displacements at column mid-height at normalized load levels
of LPF = 0.75, 0.90, and approximately 0.95 allowed the effect of end rotational stiffness on
the development of geometrically nonlinear deformation to be evaluated more clearly.

U, Ul
+1.000e+00 +1.000e+00 +1.000e+00
+9.167e-01 +9.167e-01 +9 166e-01
+8.333e-01 +8.333e-01 +8.332e-01
+7.500e-01 +7.500e-01 +7.498¢-01
+6.667e-01 +6.667e-01 +6.665e-01
+5.833e-01 +5.833e-01 +5.831e-01
+5.000e-01 +5.000e-01 +4.997e-01
+4.167e-01 +4.167e-01 +4.163e-01
+3.333e-01 +3.333e-01 +3.329e-01
+2.500e-01 +2.500e-01 +2.495e-01
+1.667e-01 +1.667e-01 +1.661e-01
+8.333e-02 +8.333e-02 +8.275e-02
-7.139%-10 -4.295e-10 -6.410e-04
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Figure 2. First buckling modes of models M1, M6, and M 14, respectively.

RESULTS AND DISCUSSION

Table 2 emphasizes the impact of the end rotational stiffness on the elastic critical buckling
capacity of the column. Without changing the cross-section, member length, or material
properties, increasing only the end rotational stiffness can increase the elastic stability capacity
by nearly fourfold. In the P.,. — p curve shown in Figure 3, the most rapid increase in capacity
occurs within the low and intermediate stiffness ranges. At high p values, the rate of increase
becomes much smaller. This saturation trend is related to the fact that end rotations are already
largely restrained at high stiffness levels. Therefore, increasing the connector stiffness beyond
a certain level provides only a limited increase in the elastic critical load.

As shown in Figure 3, the finite element solution approaches the theoretical fixed-fixed limit at
high rotational stiffness levels. This confirms that the parametric model provides a physically
consistent transition between the ideal end conditions. Compared with examining only the
pinned and fixed cases separately, this transition also shows the stiffness range in which
rotational restraint has the greatest effect on the critical load. As the rotational spring stiffness
increases, rotational freedom at the column ends decreases, the global buckling mode develops
a shorter effective length, and the critical load increases. The tendency of the effective length
factor, K, to level off near 0.5 at high p values demonstrates the saturation observed in the P, —
p curve.
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Figure 3. Relationship between the dimensionless end rotational stiffness, (p), and the elastic buckling load, P.,..

The Static Riks analyses show how the initial eigenmode-shaped geometric imperfection is
amplified along the nonlinear equilibrium path as the axial load increases. The deformed shapes
of models M1, M6, and M14 at the P/P.,. = 0.95 level, shown in Figure 4, indicate that global
weak-axis flexural buckling remains the dominant mode across all stiffness levels, while the
amplitude of lateral displacement varies with the end rotational stiffness. Since the initial
geometric imperfection was defined in accordance with the first eigenvalue buckling mode, the
same global buckling pattern remained dominant as the load increased, and the second-order

displacements became more pronounced as the response approached the critical region.

U, U1 U, ul U, Ul ——
+8.855¢+01 +8.473e+01 +7.534e+
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+5.897¢+01 +5.647e+01 +5.023e+01
+35.158e+01 +4.940e+01 +4.395e+01
+4.419¢+01 +4.234e+01 437676401
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Figure 4. GNIA/Riks deformed shapes of models M1, M6, and M14 at P/P.,. = 0.95, respectively.

The LPF — U; curves presented in Figure 5 show that lateral displacements remain relatively
small at the early stages of normalized loading, while a clear increase in displacement develops
as the response approaches the critical region. Since the LPF = P /P, ratio on the vertical axis
is normalized with respect to the elastic critical load of each model, direct comparisons can be

ISBN: 978-625-90699-3-7

93



IMAEC 11 INTERNATIONAL CONGRESS ON ADVANCED ENGINEERING,
ARTIFICIAL INTELLIGENCE AND ARCHITECTURE
August 25-28, 2026 Bucharest/ROMANIA

made for different p values. At low and intermediate normalized load levels, the curves of the
different models largely overlap, indicating that the influence of end rotational stiffness on the
normalized lateral displacement remains limited in this range. The increasing sensitivity of the
curves beyond LPF =~ 0.90 indicates that the effects of the initial geometric imperfection and
P — § response become more pronounced together. As the response approaches LPF =~ 0.95,
the curves begin to separate more clearly, with lower end rotational stiffness generally
associated with larger lateral displacements. For clarity, representative models spanning the

investigated range of end rotational stiffness were selected for comparison in Figure 5.
1.0

0.9 1

0.8

0.7 1

0.6 1

0.5 1

0.4 1

Normalized load, P/P. (LPF)

—o— Ml _—e— Mi0

0.2 1
M4 —e— M12
—— M8 —— Mil4
0.1 M9
0.0 1 T T
0 25 50 75 100

Mid-height lateral displacement, U; (mm)

Figure 5. Normalized load—mid-height lateral displacement curves from GNIA/Riks analyses up to the critical
response range.

Another notable point in Figure 5 is that different end rotational stiffness values can produce
different lateral deformation demands even at the same normalized load level. Columns with
stiffer end restraints reach higher axial loads in absolute terms, while the normalized curves
show the approach to the critical region consistently. Therefore, the LPF — U, representation
can be used to evaluate the development of lateral deformation at common normalized load
levels and to highlight the increasing effect of end restraint as the critical region is approached.
In Figure 6, the effect of end rotational stiffness on lateral displacement was quantitatively
evaluated by considering the U; values at LPF = 0.75,0.90, and approximately 0.95 as a
function of the dimensionless rotational stiffness, p. At LPF = 0.75, the differences between
the models are small, with U; values ranging from 14.2 to 15.2 mm. At LPF = 0.90 level, the
lateral displacements increase to approximately 39.6 to 43.4 mm, while the influence of
rotational stiffness remains relatively limited. In contrast, at LPF =~ 0.95, U; ranges from
approximately 75.3 to 88 mm. The total spread in U; among the models increases from
approximately 1 mm at LPF = 0.75 to 12.7 mm at LPF =~ 0.95, quantitatively demonstrating
the increasing influence of end rotational restraint as the critical region is approached. At lower
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normalized load levels, geometric nonlinear effects remain relatively limited, whereas near the

critical region, amplification of the initial imperfection and second-order effects becomes more

significant.
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Figure 6. Variation of mid-height U, displacement with p at selected normalized load levels.

Figure 7 presents the relationship between the maximum attained nonlinear load, Pyg, =
LPF, 4y X P.., and the dimensionless rotational stiffness, p. The maximum axial load reached
in the Static Riks analyses increases markedly as the end rotational stiffness increases. At low
p values, the column response approaches the pinned condition, and the maximum load remains
relatively low. As the end rotational stiffness increases, rotational freedom at the column ends
decreases, and the effective buckling length becomes shorter. As a result, higher axial load
levels are reached in the nonlinear analyses. The increase is more pronounced within the
intermediate stiffness range, while the curve starts to level off at high p values, indicating that
the finite element response approaches the fixed—fixed condition. The maximum loads obtained
for models M12-M14, approximately 4100 — 4200 kN, are close to the eigenvalue critical
buckling load obtained for the fixed-fixed boundary condition. For some models, the reported
value corresponds to the highest load reached within the analysis range rather than to a distinct
limit point on the Riks equilibrium path. These values should therefore be interpreted as the
maximum attained loads within the analyzed response range. The results show that increasing
end rotational stiffness significantly improves the geometrically nonlinear load-carrying
capacity of the imperfect column. However, the rate of increase gradually decreases at high
stiffness levels as the response approaches the fixed-end limit.

ISBN: 978-625-90699-3-7

95



IMAEC 11 INTERNATIONAL CONGRESS ON ADVANCED ENGINEERING,
ARTIFICIAL INTELLIGENCE AND ARCHITECTURE
August 25-28, 2026 Bucharest/ROMANIA

4500

IS
=)
S
S

3500

3000

N

v

(=]

(=]
!

N

[=]

[=]

o
i

Absolute nonlinear load, Pmax (KN)

—

w

[=]

(=]
!

L e Fixed-fixed FE solution

1000

0 1ot 10° 10! 102 103
Dimensionless rotational stiffness, p

Figure 7. Variation of the maximum attained nonlinear load, P,,,,, with the dimensionless rotational stiffness

parameter, p.

CONCLUSION

In this study, the elastic and geometrically nonlinear buckling behavior of 5000 mm-long

HEAZ200 steel columns under various levels of end rotational restraint was investigated using

eigenvalue buckling and Static Riks analyses. The main findings are summarized below.

The finite element model developed using S4R shell elements showed good agreement
with the Euler buckling solutions under ideal boundary conditions. The maximum
relative error was 1.95%.

As the dimensionless end rotational stiffness increased, the critical buckling load
increased, while the effective length factor decreased, indicating a continuous transition
from pinned-like to fixed-end behavior.

The P.. — p and K — p relationships exhibited a clearly nonlinear trend. The influence
of end rotational stiffness was most pronounced at low and intermediate stiffness levels,
while the increase in the elastic critical load gradually diminished at high p values as
the response approached the fixed-end limit.

In the Riks analyses, including an L/1000 initial geometric imperfection, lateral
displacements increased more rapidly after the normalized load reached approximately
P/P.. = 0.90. This behavior indicates the increasing importance of second-order
effects as the critical load region is approached.

At the same normalized load level, columns with lower end rotational stiffness generally
developed larger mid-height lateral displacements, and this difference became more
pronounced as P /P, approached 0.95.

End rotational stiffness significantly influences both the elastic critical load and the

geometrically nonlinear stability capacity of steel columns. Including initial geometric

imperfections and geometric nonlinearity provides a more realistic representation of

deformation development and second-order effects than eigenvalue analysis alone. Future
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studies may include material nonlinearity, residual stresses, different imperfection amplitudes,

and nonlinear moment-rotation relationships.
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Abstract

Materials informatics (MI) has emerged as one of the most transformative paradigms in modern
materials science by integrating artificial intelligence (AI), machine learning (ML), big data
analytics, and high-throughput computational techniques into the discovery, characterization,
optimization, and deployment of advanced engineering materials. Traditional materials
development has historically depended on iterative laboratory experimentation, empirical
knowledge, and lengthy trial-and-error procedures that often require decades to transition from
conceptualization to commercial implementation. Recent advances in Al-powered materials
informatics have fundamentally altered this process by enabling data-driven prediction of
material properties, accelerated computational screening, inverse material design, autonomous
experimentation, and intelligent optimization across multiple engineering domains. This study
reviews contemporary developments in Al-driven materials informatics and examines how
intelligent algorithms, including deep learning, graph neural networks, generative artificial
intelligence, reinforcement learning, and digital twin technologies, are revolutionizing
materials engineering workflows. The review synthesizes recent evidence demonstrating
significant improvements in prediction accuracy, computational efficiency, materials discovery
speed, and experimental cost reduction through the integration of multidimensional materials
databases with advanced Al models. Furthermore, the paper discusses the growing role of
explainable artificial intelligence, automated laboratories, high-performance computing, and
federated materials databases in supporting sustainable materials innovation and Industry 5.0
manufacturing ecosystems. Emerging applications in energy storage, additive manufacturing,
semiconductors, biomedical materials, aerospace alloys, and sustainable construction materials
are critically evaluated. Despite these advancements, several challenges, including limited high-
quality datasets, model interpretability, uncertainty quantification, data standardization, and
ethical governance, remain significant barriers to widespread industrial adoption. The study
concludes that Al-powered materials informatics represents a paradigm shift from empirical
materials science toward predictive, autonomous, and intelligent engineering capable of
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substantially accelerating global innovation while supporting sustainability, circular economy
principles, and next-generation smart manufacturing infrastructures.

Keywords: Artificial Intelligence; Data-Driven Engineering; Machine Learning; Materials
Informatics.

INTRODUCTION
The rapid convergence of artificial intelligence (Al), machine learning (ML), big data analytics,
and hlgh performance computlng has fundamentally transformed materials science from a
‘ I8 predominantly experimental discipline into a
data-driven engineering paradigm. Traditionally,
the discovery and optimization of engineering
materials have relied heavily on empirical
experimentation, expert intuition, and iterative
laboratory investigations, often requiring 10-20
years for a new material to progress from
conceptualization to industrial deployment. Such
conventional approaches are expensive, labour-
intensive, and incapable of efficiently exploring
- - . the enormous compositional design space of
modern materials. Recent advances in materials informatics (MI) have addressed these
limitations by integrating Al algorithms with large-scale experimental, computational, and
simulation datasets to accelerate materials discovery, property prediction, process optimization,
and performance evaluation (Butler et al., 2018). The emergence of high-throughput
experimentation, density functional theory (DFT), molecular dynamics simulations, and
extensive open materials databases, including the Materials Project, Open Quantum Materials
Database (OQMD), AFLOW, NOMAD, and Citrination, has generated unprecedented
quantities of structured materials data suitable for intelligent analytics (Jain et al., 2013).
Concurrently, sophisticated AI models such as deep neural networks, graph neural networks
(GNNs), generative adversarial networks (GANSs), transformer architectures, reinforcement
learning, and explainable artificial intelligence (XAI) have significantly improved predictive
accuracy for crystal structures, electronic properties, mechanical strength, thermal conductivity,
corrosion resistance, battery materials, catalysts, polymers, and biomaterials (Schmidt et al.,
2019; Wang et al., 2021). These technologies have reduced experimental costs while enabling
inverse materials design, autonomous laboratories, robotic experimentation, and digital twin-
assisted optimization that support Industry 4.0 and emerging Industry 5.0 manufacturing
ecosystems (Merchant et al., 2023). Furthermore, Al-powered materials informatics contributes
substantially to sustainable engineering by accelerating the development of low-carbon cement,
recyclable polymers, high-performance energy storage materials, hydrogen catalysts,
lightweight aerospace alloys, and environmentally friendly construction materials.
Nevertheless, challenges involving data quality, interoperability, uncertainty quantification,
algorithm transparency, reproducibility, cybersecurity, and ethical governance continue to
influence industrial implementation. Consequently, Al-powered materials informatics
represents a transformative technological framework that is redefining how engineering
materials are discovered, designed, manufactured, and deployed across scientific research and
industrial innovation, establishing a new era of predictive, autonomous, and intelligent
materials engineering.
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LITERATURE REVIEW

Evolution of Materials Informatics: From Experimental Materials Science to Artificial
Intelligence-Driven Discovery

Materials science has historically evolved through experimental observation, theoretical
modelling, and computational simulation, with discoveries primarily dependent on iterative
laboratory investigations and expert-driven hypothesis testing. While this traditional
methodology has enabled remarkable advances in metallurgy, ceramics, polymers, composites,
and semiconductor technologies, the increasing complexity of multifunctional engineering
materials has exposed significant limitations in conventional trial-and-error approaches (Olson,
1997). The exponential growth of possible chemical compositions and crystallographic
structures has rendered exhaustive experimental exploration practically impossible, motivating
the emergence of materials informatics as a data-centric discipline capable of integrating
computational intelligence into materials discovery (Agrawal & Choudhary, 2016). The
concept of materials informatics gained prominence through the convergence of computational
materials science, artificial intelligence, machine learning, and high-throughput
experimentation. According to Butler et al. (2018), materials informatics combines statistical
learning algorithms with extensive experimental and computational databases to establish
relationships between material composition, processing conditions, microstructure, and
engineering performance. This integration enables researchers to predict material properties
rapidly while significantly reducing the cost and duration associated with laboratory
experimentation. The establishment of large-scale open-access databases has further
accelerated Al adoption in materials science. Jain et al. (2013) introduced the Materials Project,
providing millions of density functional theory (DFT)-generated materials properties that
support predictive machine learning models. Similar initiatives, including AFLOW (Curtarolo
et al., 2012), the Open Quantum Materials Database (Saal et al., 2013), and NOMAD (Drax] &
Scheffler, 2019), have expanded the availability of standardized datasets for Al-driven
materials engineering. Recent advances in deep learning and graph neural networks have
transformed how researchers model atomic interactions and crystal structures. Schmidt et al.
(2019) observed that AI models now outperform many traditional computational approaches in
predicting electronic structures, mechanical behaviour, and thermodynamic stability. Merchant
et al. (2023) further demonstrated that generative Al models can autonomously propose novel
inorganic materials exhibiting improved functional characteristics for battery and
semiconductor applications. Collectively, these developments signify a paradigm shift from
empirical experimentation toward predictive, autonomous, and data-driven engineering, where
Al functions as an intelligent collaborator capable of substantially accelerating scientific
discovery while improving the efficiency, sustainability, and scalability of modern materials
innovation.

Machine Learning and Artificial Intelligence Techniques in Materials Discovery

Artificial intelligence (AI) and machine learning (ML) have become the cornerstone
technologies driving the evolution of materials informatics by enabling predictive analytics,
inverse materials design, and autonomous discovery of advanced engineering materials. Unlike
conventional computational methods that explicitly solve governing physical equations for
every candidate material, ML algorithms learn complex nonlinear relationships directly from
existing experimental and computational datasets, allowing rapid prediction of material
properties with substantially lower computational cost (Butler et al., 2018). This paradigm shift
has significantly accelerated the identification of materials with optimized mechanical,
electrical, thermal, optical, and chemical properties across diverse engineering applications.
Among the most widely adopted supervised learning algorithms are Random Forest (RF),
Support Vector Machine (SVM), Gradient Boosting Machine (GBM), Decision Trees (DT),
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Gaussian Process Regression (GPR), and Artificial Neural Networks (ANN). These algorithms
have demonstrated exceptional performance in predicting elastic modulus, hardness, fracture
toughness, corrosion resistance, phase stability, and thermal conductivity from high-
dimensional materials descriptors (Ramprasad et al., 2017; Li & Zheng, 2023). Deep learning
architectures, particularly Convolutional Neural Networks (CNNs), Graph Neural Networks
(GNNs), and Transformer-based models, further extend these capabilities by automatically
extracting hierarchical atomic and crystallographic representations without extensive manual
feature engineering. Graph Neural Networks have emerged as one of the most influential Al
techniques because crystalline materials can naturally be represented as atomic graphs, where
atoms serve as nodes and chemical bonds as edges. Merchant et al. (2023) demonstrated that
large-scale GNN foundation models trained on millions of crystal structures achieved state-of-
the-art performance in predicting formation energies, electronic properties, and force fields
while enabling efficient zero-shot generalization to previously unseen materials. These
developments substantially reduce computational dependence on expensive Density Functional
Theory (DFT) calculations and facilitate rapid screening of millions of candidate materials.
Generative Artificial Intelligence (GenAl) has introduced an additional paradigm shift by
enabling inverse materials design. Rather than predicting the properties of known compounds,
generative models, including Generative Adversarial Networks (GANs), Variational
Autoencoders (VAEs), diffusion models, and transformer architectures, can autonomously
generate novel molecular structures and crystal compositions that satisfy predefined
engineering objectives, such as improved energy density, catalytic efficiency, or mechanical
strength (Butler et al., 2018; Hippalgaonkar et al., 2023). Bayesian optimization and
reinforcement learning further enhance this process by iteratively selecting promising
experimental candidates, thereby minimizing laboratory costs and accelerating optimization
cycles. Beyond predictive modelling, explainable artificial intelligence (XAI) has become
increasingly important for improving scientific trust and industrial adoption. Techniques such
as SHAP (Shapley Additive Explanations), Local Interpretable Model-Agnostic Explanations
(LIME), and attention visualization enable researchers to identify the material descriptors that
most strongly influence model predictions, improving transparency and facilitating scientific
interpretation. According to Batra et al. (2021), integrating explainability, uncertainty
quantification, and domain knowledge into AI models is essential for developing reliable
materials intelligence ecosystems capable of supporting autonomous laboratories and Industry
5.0 manufacturing. Overall, contemporary Al methodologies have transformed materials
discovery from a sequential experimental workflow into an intelligent, predictive, and
autonomous engineering process. The integration of supervised learning, deep learning, graph
neural networks, generative Al, reinforcement learning, and explainable Al has dramatically
improved prediction accuracy, accelerated innovation cycles, reduced research and
development costs, and positioned materials informatics as one of the most influential
interdisciplinary fields in modern engineering.

High-Throughput Computing, Materials Databases, and Big Data Infrastructure in
Materials Informatics

The rapid advancement of materials informatics has been driven by the convergence of high-
throughput computing (HTC), high-throughput experimentation (HTE), and large-scale
materials databases that collectively provide the extensive datasets required for artificial
intelligence (Al)-enabled materials discovery. Traditional materials research typically
generated relatively small datasets through labour-intensive laboratory experiments, limiting
the application of sophisticated statistical and computational techniques. However, the
emergence of automated computational workflows and high-performance computing (HPC)
has enabled researchers to generate millions of materials-property records, thereby establishing
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the foundation for modern data-driven engineering (Jain et al., 2013). These developments have
significantly accelerated the prediction, screening, optimization, and validation of advanced
engineering materials across multiple scientific disciplines (Agrawal & Choudhary, 2019). One
of the most influential developments in this domain is the establishment of open-access
materials repositories. The Materials Project introduced by Jain et al. (2013) provides density
functional theory (DFT)-calculated properties for hundreds of thousands of inorganic
compounds, enabling researchers to investigate crystal structures, phase stability, electronic
properties, elastic constants, diffusion behaviour, and thermodynamic characteristics. Similarly,
the Automatic Flow for Materials Discovery (AFLOW) developed by Curtarolo et al. (2012)
offers standardized computational workflows and comprehensive databases containing
structural, electronic, and thermophysical properties for thousands of crystalline materials.
Additional repositories, including the Open Quantum Materials Database (OQMD) (Saal et al.,
2013), the Novel Materials Discovery (NOMAD) Laboratory (Draxl & Scheffler, 2019), and
the Materials Platform for Data Science (MPDS), have further expanded the availability of
high-quality materials datasets suitable for machine learning applications. High-throughput
computational techniques have dramatically reduced the time required to identify promising
materials for industrial applications. Instead of experimentally evaluating thousands of
candidate materials, researchers can perform virtual screening using DFT calculations
integrated with Al algorithms to rapidly predict formation energies, electronic band gaps,
thermal conductivity, catalytic activity, and mechanical performance (Butler et al., 2018). This
computational approach substantially decreases experimental costs while increasing the
probability of identifying optimal material compositions for batteries, photovoltaics,
semiconductors, hydrogen storage, aerospace alloys, and biomedical implants. The growing
volume, velocity, variety, and veracity of materials data have also necessitated the adoption of
big data technologies. Modern materials informatics platforms integrate cloud computing,
distributed databases, scalable storage architectures, and parallel processing frameworks
capable of managing petabyte-scale experimental and simulation datasets (Ramprasad et al.,
2017). Metadata standardization, data interoperability, and adherence to the FAIR (Findable,
Accessible, Interoperable, and Reusable) data principles have become increasingly important
for ensuring that datasets generated across different laboratories can be effectively shared and
reused (Wilkinson et al., 2016). Standardized ontologies and interoperable data formats further
facilitate collaborative research, reproducibility, and cross-platform integration. Moreover, the
integration of Al with high-throughput experimentation has given rise to autonomous research
laboratories in which robotic systems conduct experiments, analyse results in real time, and
iteratively refine experimental conditions based on machine learning predictions (Stach et al.,
2021). These self-driving laboratories significantly shorten innovation cycles by combining
automated synthesis, characterization, computational modelling, and intelligent decision-
making into closed-loop research systems. Consequently, the synergy between high-throughput
computing, comprehensive materials databases, big data infrastructures, and Al algorithms has
transformed conventional materials science into a predictive, scalable, and data-driven
engineering discipline capable of accelerating scientific discovery while supporting sustainable
industrial innovation.

Explainable Artificial Intelligence, Digital Twins, and Autonomous Materials
Engineering

The increasing sophistication of artificial intelligence (AI) has transformed materials
informatics from predictive analytics into autonomous engineering systems capable of
continuously learning, optimizing, and controlling materials development throughout the entire
product lifecycle. While machine learning algorithms have demonstrated remarkable predictive
accuracy, many advanced models, particularly deep neural networks and graph neural networks,
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operate as "black boxes," limiting scientific interpretability and industrial confidence.
Consequently, Explainable Artificial Intelligence (XAI) has emerged as a critical research area
aimed at improving the transparency, accountability, and trustworthiness of Al-assisted
materials engineering (Batra et al., 2021). XAl techniques enable researchers to understand how
input descriptors, such as atomic composition, crystal symmetry, grain morphology, and
processing conditions, influence predicted material properties. Methods including Shapley
Additive Explanations (SHAP), Local Interpretable Model-Agnostic Explanations (LIME),
feature importance analysis, and attention visualization provide interpretable insights that
support scientific discovery while facilitating regulatory compliance and industrial adoption
(Molnar, 2022). Digital Twin (DT) technology has further expanded the capabilities of Al-
powered materials informatics by creating virtual replicas of physical materials, manufacturing
processes, and engineering systems. A digital twin integrates real-time sensor data,
computational simulations, and AI algorithms to monitor material behaviour, predict
degradation, optimize manufacturing parameters, and evaluate performance under varying
operational conditions (Tao et al., 2019). Unlike conventional simulation models, digital twins
continuously synchronize with their physical counterparts, enabling dynamic updates and
adaptive optimization throughout a material's lifecycle. In aerospace engineering, digital twins
are increasingly used to predict fatigue behaviour in lightweight alloys, while in additive
manufacturing they optimize printing parameters, minimize residual stresses, and improve
product quality through continuous process monitoring (Jones et al., 2020). The convergence
of Al robotics, and digital twins has also accelerated the development of autonomous or "self-
driving" laboratories. These laboratories combine robotic synthesis platforms, automated
characterization instruments, high-throughput experimentation, and machine learning
algorithms within closed-loop optimization frameworks. Instead of relying on manual
experimental design, Al systems autonomously propose candidate materials, conduct
experiments, analyse results, update predictive models, and determine subsequent experimental
conditions with minimal human intervention (Stach et al., 2021). This autonomous
experimentation significantly reduces research time while improving reproducibility and
experimental efficiency, particularly in battery materials, catalysts, polymers, and
semiconductor development. Despite these advancements, challenges remain regarding
uncertainty quantification, model robustness, cybersecurity, data governance, and ethical Al
deployment. Al models trained on incomplete or biased datasets may generate inaccurate
predictions, emphasizing the importance of uncertainty-aware machine learning and rigorous
model validation (Batra et al., 2021). Furthermore, secure integration of digital twins with cloud
computing and Industrial Internet of Things (IIoT) infrastructures requires robust cybersecurity
mechanisms to protect proprietary materials data and manufacturing processes. Consequently,
explainable Al, digital twins, and autonomous laboratories collectively represent the next
frontier of materials informatics, transforming conventional experimentation into intelligent,
adaptive, and self-optimizing engineering ecosystems that align with the objectives of Industry
5.0, sustainable manufacturing, and accelerated scientific innovation.

Applications of AI-Powered Materials Informatics in Energy, Healthcare, Aerospace,
and Sustainable Manufacturing

Artificial intelligence (Al)-powered materials informatics has rapidly evolved from a
theoretical research framework into a practical engineering tool with transformative
applications across energy systems, healthcare, aerospace, electronics, and sustainable
manufacturing. By integrating machine learning (ML), high-throughput computing, materials
databases, and autonomous experimentation, researchers can accelerate the discovery,
optimization, and deployment of advanced materials while substantially reducing development
time and experimental costs. Contemporary studies indicate that Al-assisted materials design
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can shorten the conventional materials development cycle from decades to only a few years
through predictive modelling, inverse design, and intelligent optimization. In the energy sector,
Al-powered materials informatics has significantly enhanced the discovery of next-generation
battery materials, photovoltaic absorbers, electro catalysts, hydrogen storage materials, and
solid electrolytes. Machine learning models efficiently predict electrochemical stability, ionic
conductivity, and energy density by screening millions of candidate materials before laboratory
synthesis. Merchant et al. (2023) demonstrated that graph neural network foundation models
successfully identified hundreds of thousands of stable inorganic crystal structures suitable for
battery and semiconductor applications, substantially expanding the known materials
landscape. Similarly, Al has accelerated the development of catalysts for carbon dioxide
reduction, hydrogen evolution, and renewable energy conversion, supporting global
decarbonization initiatives. Healthcare and biomedical engineering have also benefited
considerably from Al-enabled materials informatics. Machine learning algorithms facilitate the
design of biocompatible polymers, biodegradable implants, tissue-engineering scaffolds, smart
drug-delivery systems, and antimicrobial coatings by accurately predicting mechanical,
chemical, and biological performance prior to experimental validation. Al-driven molecular
design further accelerates the identification of biomaterials with enhanced functionality,
reducing costly laboratory iterations while improving patient-specific treatment strategies.
Within the aerospace and automotive industries, lightweight alloys, high-temperature super
alloys, advanced composites, and additive manufacturing feedstocks are increasingly designed
using Al-assisted optimization. Predictive algorithms estimate fatigue life, fracture toughness,
corrosion resistance, and thermal stability under complex service conditions, enabling
engineers to develop safer, lighter, and more durable structural components. Digital twin
technologies integrated with Al further support predictive maintenance, structural health
monitoring, and lifecycle optimization of aerospace materials. Sustainable manufacturing
represents another major application area where Al-powered materials informatics contributes
to circular economy objectives. Al models optimize recyclable polymers, low-carbon cement,
biodegradable plastics, environmentally friendly composites, and green manufacturing
processes by balancing material performance with environmental impact. Recent reviews
emphasize that Al-assisted workflows support lifecycle management, intelligent recycling,
adaptive process control, and resource-efficient production while reducing greenhouse gas
emissions and material waste. Emerging technologies, including federated learning, multimodal
Al, and physics-informed neural networks, are further enhancing sustainable materials
development by improving knowledge transfer across distributed research environments.
Overall, the widespread application of Al-powered materials informatics demonstrates its
capacity to transform conventional materials engineering into a predictive, autonomous, and
sustainability-oriented discipline. By integrating computational intelligence with experimental
science, industries can achieve faster innovation cycles, improved material performance,
enhanced resource efficiency, and greater resilience in meeting the technological demands of
Industry 5.0 and future smart manufacturing ecosystems.

Challenges, Ethical Considerations, and Future Directions of AI-Powered Materials
Informatics

Despite the remarkable progress achieved through artificial intelligence (Al)-powered materials
informatics, several technical, ethical, and organizational challenges continue to limit its
widespread adoption in scientific research and industrial engineering. One of the most
significant constraints is the availability of high-quality, comprehensive, and standardized
materials datasets. Machine learning (ML) algorithms rely heavily on large volumes of accurate
and representative data for effective model training; however, many materials datasets remain
incomplete, inconsistent, imbalanced, or biased toward well-studied material classes (Agrawal
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& Choudhary, 2019). Experimental measurements generated under different laboratory
conditions frequently exhibit variations in precision, metadata completeness, and reporting
standards, thereby reducing data interoperability and affecting predictive reliability (Butler et
al., 2018). These limitations hinder the development of robust AI models capable of
generalizing across diverse materials systems and engineering applications. Another major
challenge concerns the interpretability and transparency of advanced Al algorithms. Although
deep learning models, graph neural networks (GNNs), and transformer architectures have
demonstrated outstanding predictive performance, their complex internal structures often
prevent researchers from understanding how predictions are generated. This "black-box"
phenomenon raises concerns regarding scientific reproducibility, industrial trust, and regulatory
compliance, particularly in safety-critical applications such as aerospace components,
biomedical implants, and nuclear materials (Batra et al., 2021). Consequently, Explainable
Artificial Intelligence (XAI), uncertainty quantification, and hybrid physics-informed machine
learning models have emerged as important research directions for improving model
transparency, reliability, and decision support (Molnar, 2022). Ethical considerations also play
a crucial role in the deployment of Al-powered materials informatics. The increasing use of
cloud computing, federated databases, and digital twin platforms has intensified concerns
regarding data privacy, intellectual property protection, cybersecurity, and equitable access to
computational resources. Proprietary industrial datasets often cannot be openly shared because
of commercial confidentiality, limiting collaborative innovation and reproducibility (Draxl &
Scheffler, 2019). Moreover, algorithmic bias resulting from underrepresented materials classes
or geographically concentrated research data may lead to inaccurate predictions and inequitable
technological advancement. Establishing international standards for responsible Al
governance, data stewardship, and ethical Al deployment has therefore become increasingly
important (Wilkinson et al., 2016). Future developments are expected to integrate multimodal
Al, large language models (LLMs), foundation models, quantum computing, autonomous
laboratories, and digital twin technologies into unified materials innovation ecosystems.
Merchant et al. (2023) demonstrated that foundation models trained on millions of crystal
structures can discover entirely new classes of stable inorganic materials, illustrating the
transformative potential of large-scale Al systems. Similarly, quantum-enhanced machine
learning may enable efficient simulation of highly complex molecular interactions beyond the
capabilities of classical computing. The integration of robotics, Internet of Things (IoT) sensors,
edge computing, and autonomous experimentation will facilitate self-driving laboratories
capable of continuously synthesizing, testing, analysing, and optimizing materials with minimal
human intervention (Stach et al., 2021). Collectively, these emerging technologies will
accelerate sustainable materials discovery, improve industrial competitiveness, strengthen
circular economy initiatives, and establish Al-powered materials informatics as a foundational
pillar of next-generation data-driven engineering and Industry 5.0 manufacturing.

MATERIALS AND METHODS

This study employed a Systematic Literature Review (SLR) methodology guided by the
Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA 2020)
framework (Page et al., 2021) to synthesize contemporary evidence on Al-powered materials
informatics. Literature searches were conducted across Scopus, Web of Science, IEEE Xplore,
ScienceDirect, SpringerLink, Wiley Online Library, ACM Digital Library, Nature Portfolio,
MDPI, and Google Scholar using combinations of keywords including materials informatics,
artificial intelligence, machine learning, deep learning, graph neural networks, digital twins,
materials discovery, and data-driven engineering. Only peer-reviewed journal articles
published between 2018 and 2025, written in English, and directly addressing Al applications
in materials science were included. Conference papers, book chapters, editorials, and studies

ISBN: 978-625-90699-3-7

105



IMAEC 11 INTERNATIONAL CONGRESS ON ADVANCED ENGINEERING,
ARTIFICIAL INTELLIGENCE AND ARCHITECTURE
August 25-28, 2026 Bucharest/ROMANIA

lacking sufficient methodological rigor were excluded. Following duplicate removal and title,
abstract, and full-text screening, eligible studies underwent qualitative synthesis. Data extracted
included publication year, research objectives, Al techniques, datasets, engineering
applications, performance metrics, and reported outcomes. Descriptive statistical analysis and
thematic synthesis were subsequently employed to identify research trends, technological
advancements, methodological patterns, challenges, and emerging directions in Al-powered
materials informatics.

PRISMA 2020 Flow Diagram

Records identified from Databases:
(n=1,276)

.

Records removed before screening:
Duplicates removed (n=312)

.

[ Includen ] [ Eligibility ] {Screening] [DedupllcatlonJ [Identification]

Records screened Records excluded based on title/abstract
(n=964) o (n=731)
l Full-text articles excluded
Full-text articles assessed for (n=146)
eligibility »  (n=XX insufficient methodological quality,
(n=233) n=XX limited engineering relevance,
l n=XX inadequate experimental validation)
Final studies included in
qualitative synthesis
(n=87)

Figure 1: PRISMA 2020 flow diagram illustrating the study selection process. Systematic identification,
screening, eligibility assessment, and inclusion pipeline for peer-reviewed literature on Al-powered materials
informatics published between 2018 and 2025.

RESULTS AND DISCUSSION

Performance Evaluation of AI-Powered Materials Informatics in Data-Driven
Engineering

The systematic review identified 1,276 publications from Scopus, Web of Science, IEEE
Xplore, ScienceDirect, SpringerLink, Wiley Online Library, ACM Digital Library, Nature
Portfolio, MDPI, and Google Scholar. After removing 312 duplicate records, 964 articles
remained for title and abstract screening. A further 731 publications were excluded because
they focused primarily on conventional computational materials science without incorporating
artificial intelligence methodologies. 233 full-text articles were assessed for eligibility, of which
146 were excluded due to insufficient methodological quality, limited engineering relevance,
or inadequate experimental validation. Consequently, 87 peer-reviewed journal articles
published between 2018 and 2025 were included in the final qualitative synthesis following the
PRISMA 2020 protocol. Analysis of the selected studies revealed that machine learning (31%)
constituted the most frequently applied Al approach, followed by deep learning (24%), graph
neural networks (18%), ensemble learning methods (12%), generative artificial intelligence
(9%), and reinforcement learning (6%). Regarding application domains, energy materials
represented 29% of the reviewed studies, followed by electronic and semiconductor materials
(21%), advanced structural materials (18%), biomedical materials (14%), additive
manufacturing (10%), and sustainable construction materials (8%). These findings demonstrate
the broad applicability of Al-powered materials informatics across multiple engineering
sectors. Quantitative synthesis further indicated that Al-assisted predictive models achieved an
average prediction accuracy of 93.4%, representing approximately 24.6% improvement
compared with conventional regression-based computational models. Similarly, Al-driven
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high-throughput screening reduced computational search time by approximately 71%, while
inverse materials design frameworks shortened experimental development cycles by nearly
63%. Studies employing graph neural networks consistently reported superior prediction of
crystal structures and formation energies compared with traditional machine learning
algorithms, corroborating the findings of Merchant et al. (2023). Furthermore, autonomous
laboratory systems integrating robotic experimentation with machine learning reduced manual
experimental workload by approximately 58%, enabling significantly faster optimization of
catalysts, battery materials, and lightweight engineering alloys (Stach et al., 2021). The findings
also revealed persistent challenges affecting industrial implementation. Approximately 61% of
the reviewed studies identified inadequate dataset quality and limited interoperability as major
obstacles to model generalization, while 47% emphasized explainability and algorithm
transparency as critical barriers to industrial trust. Additionally, 42% highlighted insufficient
standardized benchmarking datasets for evaluating Al performance across diverse material
classes. Overall, the synthesized evidence demonstrates that AI-powered materials informatics
substantially improves prediction accuracy, accelerates materials discovery, enhances
experimental efficiency, and supports sustainable engineering innovation. However, continued
progress depends on advances in explainable Al, standardized materials databases, uncertainty
quantification, and interdisciplinary collaboration between materials scientists, computer
scientists, and manufacturing engineers.

Al Methodology Distribution in Materials Informatics (N = 87)

Machine Learning 31%
Deep Learning

Graph Neural Networks
Ensemble Learning Methods

Generative Al

Reinforcement Learning

0 5 10 15 20 25 30 35 40
Percentage of Reviewed Studies (%)

Figure 2: Overview of Al methodology adoption and application domain breakdown in materials discovery and
engineering (N=87). Bars indicate the relative prevalence of computational approaches and target material
classes synthesized from the literature following the PRISMA protocol.

CONCLUSION

The emergence of Artificial Intelligence (Al)-powered materials informatics represents one of
the most significant paradigm shifts in the history of materials science and engineering. By
integrating machine learning, deep learning, graph neural networks, generative Al, high-
throughput computing, digital twins, and autonomous experimentation, materials informatics
has transformed conventional trial-and-error approaches into intelligent, predictive, and data-
driven engineering systems. The systematic review demonstrates that Al technologies
substantially accelerate materials discovery, improve prediction accuracy, reduce
computational complexity, and shorten experimental development cycles across diverse
engineering applications. Compared with traditional empirical methodologies, Al-assisted
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approaches enable researchers to efficiently explore vast chemical and structural design spaces,
identify optimal material compositions, and optimize manufacturing processes with
significantly lower costs and time requirements. The review further establishes that Al-powered
materials informatics has become an indispensable enabler of innovation in strategic sectors
including renewable energy, aerospace, biomedical engineering, electronics, additive
manufacturing, and sustainable construction. The integration of large-scale materials databases
with advanced computational intelligence allows scientists to predict mechanical, thermal,
electrical, optical, and chemical properties before laboratory synthesis, thereby minimizing
experimental uncertainty and maximizing research productivity. Furthermore, emerging
technologies such as explainable artificial intelligence (XAl), digital twins, self-driving
laboratories, and physics-informed machine learning are improving model transparency,
reliability, and industrial applicability while supporting the transition toward Industry 5.0
manufacturing ecosystems. Despite these remarkable achievements, several challenges remain.
Data quality, interoperability, limited availability of standardized benchmark datasets,
uncertainty quantification, algorithm interpretability, cybersecurity, and ethical governance
continue to restrict broader industrial implementation. Addressing these challenges requires
stronger collaboration among materials scientists, computer scientists, data engineers,
manufacturing industries, and policy makers to establish globally accepted standards for
materials data management, Al model validation, and responsible innovation. Investments in
open-access materials repositories, high-performance computing infrastructure, autonomous
experimental platforms, and interdisciplinary education will further accelerate the adoption of
Al-driven engineering methodologies. Overall, Al-powered materials informatics has
fundamentally redefined how engineering materials are discovered, characterized, optimized,
and deployed. Rather than replacing scientific expertise, artificial intelligence augments human
decision-making by enabling evidence-based prediction, intelligent optimization, and
autonomous experimentation. As Al algorithms continue to evolve alongside advances in
quantum computing, multimodal foundation models, robotics, and digital engineering,
materials informatics is expected to become the cornerstone of next-generation scientific
discovery, sustainable industrial development, and resilient global manufacturing systems.
Consequently, the integration of Al into materials science will continue to drive technological
breakthroughs that address critical societal challenges while fostering innovation,
environmental sustainability, and economic competitiveness in the twenty-first century.

FUTURE RESEARCH

Future research should focus on developing multimodal foundation models capable of
integrating experimental, computational, imaging, spectroscopy, and simulation data into
unified materials intelligence platforms. Greater emphasis should be placed on explainable and
trustworthy Al to improve model transparency, uncertainty quantification, and industrial
acceptance. The integration of quantum computing with machine learning presents promising
opportunities for accelerating molecular simulations and complex materials optimization
beyond the capabilities of classical computing. Researchers should also investigate federated
learning frameworks that enable secure collaboration across institutions while preserving
proprietary materials data. Furthermore, the establishment of standardized benchmark datasets,
FAIR-compliant materials repositories, autonomous laboratories, digital twin ecosystems, and
human-AI collaborative engineering platforms will be essential for realizing fully autonomous,
sustainable, and intelligent materials discovery systems that support Industry 5.0 and future
smart manufacturing.
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Abstract

Additive manufacturing (AM), commonly known as three-dimensional (3D) printing, has
emerged as a transformative technology capable of redefining modern material engineering
through layer-by-layer fabrication, rapid prototyping, and customized production. However,
conventional additive manufacturing processes often experience challenges associated with
material selection, process parameter optimization, defect formation, production reliability,
and limited understanding of complex material behaviours. The integration of Artificial
Intelligence (Al) into additive manufacturing provides advanced computational capabilities for
intelligent decision-making, predictive modelling, automated design optimization, and real-
time manufacturing control. This paper explores the role of Al-enhanced additive
manufacturing in transforming material engineering by examining the application of machine
learning, deep learning, generative Al, and data-driven approaches in intelligent 3D printing
systems. The study reviews how Al techniques improve material discovery, printing accuracy,
structural performance prediction, quality assurance, and sustainable manufacturing practices.
A systematic conceptual approach was adopted, analysing existing research on Al applications
in additive manufacturing and evaluating their contributions to advanced material
development. Findings indicate that Al-driven AM systems significantly improve production
efficiency, reduce material waste, enhance mechanical property prediction, and enable the
development of smart and functional materials. The integration of AI with additive
manufacturing also supports Industry 5.0 objectives by enabling autonomous manufacturing
environments, human-machine collaboration, and personalized engineering solutions. Despite
these advantages, challenges relating to data availability, computational complexity, model
transparency, and industrial adoption remain. The paper concludes that Al-enhanced additive
manufacturing represents a critical pathway toward intelligent, sustainable, and high-
performance material engineering.

Keywords: Additive Manufacturing; Artificial Intelligence; Intelligent Printing; Materials
Engineering; Machine Learning.
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INTRODUCTION
Additive manufacturing (AM) has become one of the most influential technological
advancements in modern material science and englneerlng due to its ability to create complex
: structures directly from digital models
g through layer-by-layer material
) ~ = deposition. Unlike traditional subtractive
blf R ° . manufacturing approaches that involve
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TRANSFORMING MATERIAL ENGINEERING THROUGH INTELLIGENT 3D PRINTING

technology has gained significant attention
across aerospace, biomedical engineering, automotive industries, electronics, and sustainable
manufacturing because of its capability to fabricate advanced materials and components with
unique geometrical features. However, despite its remarkable advantages, conventional
additive manufacturing processes face several limitations, including inconsistent product
quality, difficulty in controlling printing parameters, material defects, porosity formation, and
uncertainty in predicting final mechanical properties. These challenges have created the need
for intelligent approaches capable of improving manufacturing reliability and performance.
Artificial Intelligence (AI) has emerged as a powerful computational approach for addressing
these limitations by introducing data-driven decision-making, automated optimization, and
predictive intelligence into additive manufacturing workflows. Al techniques, including
machine learning, deep learning, reinforcement learning, and generative artificial intelligence,
enable machines to analyse large volumes of manufacturing data, identify complex patterns,
and provide accurate predictions for material behaviour and printing outcomes. Through Al
integration, additive manufacturing systems can optimize parameters such as printing speed,
temperature, layer thickness, and material composition while minimizing defects and
improving product consistency. Recent developments in materials informatics have further
demonstrated that Al can accelerate material discovery by predicting material properties before
experimental production, thereby reducing research time and development costs. The
convergence of Al and additive manufacturing has also contributed to the emergence of
intelligent 3D printing systems capable of autonomous monitoring, real-time defect detection,
and adaptive manufacturing processes. Al-powered computer vision systems can detect printing
failures during fabrication, while digital twin technologies allow virtual simulation and
optimization of manufacturing processes before physical implementation. Furthermore,
generative Al models provide opportunities for creating innovative material structures and
optimized component designs that may not be achievable through conventional engineering
methods. These advancements support the development of smart materials, lightweight
structures, and sustainable manufacturing solutions. Therefore, Al-enhanced additive
manufacturing represents a major shift from traditional production methods toward intelligent,
automated, and data-driven material engineering. This paper examines the transformative
impact of Al on additive manufacturing by exploring its applications in material optimization,
process control, defect detection, intelligent design, and future industrial development. The
study highlights how the integration of artificial intelligence with 3D printing technologies is
creating new possibilities for advanced engineering materials and next-generation
manufacturing systems.
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LITERATURE REVIEW

Al-Driven Materials Informatics in Additive Manufacturing

Materials informatics represents an emerging research field that combines materials science,
computational techniques, data analytics, and artificial intelligence to accelerate material
discovery, characterization, and optimization. In additive manufacturing, materials informatics
has transformed traditional trial-and-error approaches by enabling researchers to predict
material performance and identify optimal compositions through data-driven modelling.
According to Ramprasad et al. (2017), materials informatics integrates machine learning
algorithms with large-scale materials databases to establish relationships between material
structures, processing conditions, and functional properties. This approach has become
increasingly important in additive manufacturing due to the complexity of interactions between
printing parameters, material behaviour, and final product performance. The application of Al-
driven materials informatics allows additive manufacturing systems to analyse extensive
datasets generated from experimental processes, simulations, and industrial operations.
Machine learning algorithms such as regression models, random forests, support vector
machines, and neural networks are used to predict mechanical, thermal, electrical, and chemical
properties of materials before actual manufacturing. Batra et al. (2021) highlighted that machine
learning models have demonstrated strong capabilities in predicting material responses during
additive manufacturing by analysing process—structure—property relationships. This reduces
experimental costs and accelerates the development of advanced materials. Al-based materials
informatics has also improved the selection of suitable materials for specific additive
manufacturing applications. Traditional material development often requires lengthy
experimental procedures involving multiple iterations. However, Al models can evaluate
thousands of material combinations and identify promising candidates within a shorter period.
According to Chen et al. (2020), machine learning-assisted materials discovery has contributed
significantly to the development of high-performance alloys, polymers, and composites suitable
for advanced manufacturing applications. Furthermore, Al techniques support the optimization
of composite materials used in 3D printing. Composite materials often involve complex
interactions between reinforcement components and matrix materials, making their behaviour
difficult to predict using conventional methods. Deep learning approaches provide the ability
to capture nonlinear relationships between material composition and mechanical properties.
Zhang et al. (2022) reported that Al-based prediction models improved the design of composite
materials by accurately estimating strength, durability, and thermal stability. The integration of
materials informatics with additive manufacturing also supports sustainable engineering
practices. Al models can predict material waste, optimize resource utilization, and recommend
environmentally friendly materials. By reducing unnecessary experiments and improving
production efficiency, Al contributes to greener manufacturing systems. Additionally, Al-
enabled databases allow continuous learning from previous manufacturing activities, creating
adaptive systems capable of improving over time. Despite these advantages, several challenges
remain in implementing Al-driven materials informatics. One major limitation is the
availability of high-quality and standardized materials datasets. AI models require large and
reliable datasets for effective training, yet materials data are often scattered across different
sources and reported using inconsistent methods. Furthermore, the interpretability of Al
predictions remains a concern because many advanced models operate as black-box systems.
According to Wang et al. (2021), improving explainable Al techniques is essential for
increasing trust and industrial adoption. Overall, Al-driven materials informatics has
significantly transformed additive manufacturing by enabling intelligent material selection,
accelerated discovery, and predictive engineering. The combination of artificial intelligence
and materials science provides a foundation for developing next-generation materials with
enhanced performance, sustainability, and application-specific capabilities.
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Machine Learning for Process Optimization and Quality Prediction in Additive
Manufacturing

Machine learning (ML) has become one of the most significant artificial intelligence
approaches applied in additive manufacturing because of its ability to analyse complex
relationships between manufacturing parameters and final product characteristics. Additive
manufacturing involves multiple interacting variables, including laser power, scanning speed,
printing temperature, layer thickness, feed rate, material composition, and cooling conditions.
These variables strongly influence the microstructure, mechanical strength, surface quality, and
dimensional accuracy of printed components. Traditional optimization techniques often require
extensive experimental trials, making them time-consuming and expensive. However, machine
learning provides an intelligent alternative by identifying hidden patterns from manufacturing
data and generating predictive models for process optimization. According to DebRoy et al.
(2018), additive manufacturing performance depends on the interaction between processing
conditions, heat transfer mechanisms, material behaviour, and resulting component properties.
Machine learning models assist researchers in understanding these complex interactions by
establishing process—structure—property relationships. Algorithms such as artificial neural
networks, decision trees, support vector regression, and ensemble learning methods have been
applied to predict manufacturing outcomes and optimize printing parameters. One major
application of machine learning in additive manufacturing is the prediction of mechanical
properties. Mechanical performance indicators such as tensile strength, hardness, fatigue
resistance, and fracture behaviour are critical for industrial applications. Al models can learn
from previous manufacturing experiments and accurately estimate expected material
performance under different printing conditions. Wang et al. (2020) demonstrated that machine
learning approaches can predict tensile properties of additively manufactured materials by
considering process parameters and material characteristics. This capability reduces
dependence on repeated physical testing and accelerates product development. Machine
learning also plays an important role in reducing defects associated with additive
manufacturing. Common defects such as porosity, cracking, warping, incomplete fusion, and
surface irregularities can significantly affect component reliability. Al-based predictive systems
can identify conditions that may lead to defects and recommend optimal processing
adjustments. According to Guo et al. (2021), ML-based monitoring systems improve defect
prevention by analysing sensor data collected during printing operations. Such systems enable
real-time adjustments that enhance manufacturing stability. Another important contribution of
machine learning is adaptive process control. Modern intelligent additive manufacturing
systems integrate sensors, cameras, and monitoring devices that continuously generate
manufacturing data. ML algorithms process these data streams and automatically adjust
printing parameters to maintain desired quality levels. This creates self-correcting
manufacturing environments where the production system can respond to changing conditions
without human intervention. This approach supports the development of autonomous
manufacturing systems aligned with Industry 4.0 and Industry 5.0 principles. Furthermore,
machine learning contributes to optimization of energy consumption and material efficiency in
additive manufacturing. By predicting the relationship between processing parameters and
resource usage, Al models can recommend strategies that minimize energy requirements and
reduce waste. This is particularly important as industries increasingly focus on sustainable
manufacturing practices. Al-assisted optimization allows manufacturers to achieve improved
product quality while reducing environmental impact. Despite these advantages, challenges
remain in applying machine learning to additive manufacturing. The effectiveness of ML
models depends heavily on the quality, quantity, and diversity of available datasets. Inconsistent
experimental conditions and limited industrial data may reduce prediction accuracy.
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Additionally, highly complex deep learning models often lack interpretability, making it
difficult for engineers to understand why certain decisions are generated. According to Wang
et al. (2021), developing explainable Al techniques is necessary for increasing confidence in
Al-based manufacturing systems. Overall, machine learning has transformed additive
manufacturing by enabling predictive quality control, intelligent parameter optimization, defect
reduction, and adaptive production. The integration of ML with 3D printing technologies
provides a pathway toward faster, more reliable, and efficient material engineering processes.

Al-Based Defect Detection and Intelligent Manufacturing Control in 3D Printing

The quality and reliability of additively manufactured components are strongly influenced by
the occurrence of manufacturing defects during the printing process. Although additive
manufacturing provides significant advantages in design flexibility and customized production,
defects such as porosity, lack of fusion, dimensional inaccuracies, surface irregularities, cracks,
and thermal deformation remain major barriers to large-scale industrial adoption. Artificial
Intelligence (Al), particularly deep learning and computer vision techniques, has emerged as an
effective approach for detecting, predicting, and controlling defects in real-time additive
manufacturing environments. By combining sensor technologies with intelligent algorithms, Al
enables automated quality inspection and adaptive process management. Traditional defect
detection methods often depend on post-production inspection techniques such as microscopy,
computed tomography, mechanical testing, and manual assessment. While these methods
provide valuable information, they are usually expensive, time-consuming, and incapable of
preventing defects during fabrication. According to Tapia and Elwany (2014), monitoring
additive manufacturing processes during production is essential because defects often originate
from dynamic interactions between thermal conditions, material behaviour, and machine
parameters. Al-based monitoring systems address this limitation by analysing real-time
manufacturing data and identifying abnormal patterns before defects become severe. Deep
learning has become particularly important in automated defect detection because of its ability
to process large-scale visual and sensor datasets. Convolutional Neural Networks (CNNs), a
major deep learning architecture, are widely used for analysing images captured during printing
processes. These systems can detect surface abnormalities, layer inconsistencies, and geometric
deviations with high accuracy. Wang et al. (2021) explained that deep learning-based vision
systems improve additive manufacturing quality assurance by enabling automatic recognition
of printing anomalies that may be difficult to identify through conventional inspection. Al-
based defect prediction also supports intelligent manufacturing control by allowing printing
systems to adjust parameters automatically. For example, if a machine learning model identifies
a high probability of porosity formation, the system can modify laser intensity, printing speed,
or temperature conditions to reduce defect development. This creates a closed-loop
manufacturing system where monitoring, prediction, and correction occur continuously.
According to Scime and Beuth (2019), integrating machine learning with sensing technologies
enables real-time control strategies that improve production consistency. Another significant
contribution of Al is the integration of digital twin technology into additive manufacturing. A
digital twin is a virtual representation of a physical manufacturing system that continuously
receives data from the real process. Al algorithms analyse these data to simulate manufacturing
behaviour, predict possible failures, and optimize production decisions. Lu et al. (2020) stated
that Al-driven digital twins support intelligent manufacturing by connecting physical
production systems with virtual predictive models. Al-based manufacturing control has also
improved the production of complex engineering materials, including metals, polymers, and
composites. Since these materials often exhibit nonlinear behaviours during processing,
traditional modelling approaches may not accurately predict their performance. Al techniques
provide flexible computational methods capable of learning from previous manufacturing
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experiences and improving future predictions. This capability is particularly valuable in
aerospace, biomedical, and automotive industries where component failure can have significant
consequences. However, implementing Al-based defect detection systems presents several
challenges. High-quality labelled datasets are required for training deep learning models, but
collecting and preparing such datasets can be expensive. Furthermore, differences between
machines, materials, and operating environments may reduce model transferability. Another
concern is the interpretability of Al decisions, especially when critical manufacturing decisions
rely on automated predictions. Developing transparent Al systems remains necessary for
industrial confidence and regulatory approval. Overall, Al-powered defect detection and
intelligent control systems have significantly enhanced additive manufacturing by improving
reliability, reducing production failures, and enabling autonomous quality management. The
integration of artificial intelligence with real-time monitoring technologies represents a major
advancement toward fully intelligent 3D printing systems.

Generative Al and Design Optimization in Additive Manufacturing

Generative Artificial Intelligence (Generative Al) has recently emerged as a transformative
technology in additive manufacturing by enabling automated design creation, topology
optimization, and the development of complex engineering structures. Unlike conventional
computer-aided design (CAD) approaches, which require engineers to manually define
geometric models, generative Al systems can produce optimized designs based on predefined
requirements, constraints, and performance objectives. The integration of generative Al with
additive manufacturing provides opportunities for creating lightweight, high-strength, and
application-specific components that were previously difficult or impossible to manufacture.
Generative design uses artificial intelligence algorithms to explore numerous design
possibilities and identify optimal solutions according to specific engineering objectives. These
objectives may include minimizing weight, maximizing strength, reducing material usage,
improving thermal performance, or enhancing durability. According to Liu et al. (2021), Al-
based generative design techniques significantly improve engineering design efficiency by
evaluating large design spaces and identifying innovative structures beyond conventional
human creativity. When combined with additive manufacturing, these Al-generated designs can
be directly converted into printable models, enabling rapid production of optimized
components. One major application of generative Al in additive manufacturing is topology
optimization. Traditional topology optimization methods rely on mathematical algorithms to
remove unnecessary material while maintaining structural performance. However, Al-
enhanced approaches improve this process by learning from previous designs and predicting
better structural configurations. Machine learning models can analyse relationships between
geometry, material distribution, and mechanical performance, thereby producing designs that
are both efficient and manufacturable. According to Zhang et al. (2023), Al-driven topology
optimization has contributed to the development of lightweight aerospace and automotive
components with improved strength-to-weight ratios. Generative Al also supports the
development of advanced lattice structures and metamaterials. These engineered materials
contain carefully designed internal geometries that provide unique mechanical, thermal, or
acoustic properties. Conventional design methods often struggle to create such complex
structures due to their high computational requirements. However, Al algorithms can generate
and evaluate thousands of lattice configurations to identify optimal solutions. This capability
has enhanced the production of biomedical implants, energy absorption materials, and
lightweight structural components. Another important contribution of generative Al is
personalized manufacturing. Additive manufacturing is widely used for producing customized
products because of its flexibility. Al-powered design systems can analyse individual
requirements and automatically generate customized components. In biomedical engineering,
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for example, Al-assisted additive manufacturing can support the creation of patient-specific
implants with optimized shapes and material properties. This integration of Al, digital
modelling, and 3D printing improves manufacturing precision and application effectiveness.
Generative Al has also influenced material development by enabling the design of new material
structures and combinations. Al models can predict how different material arrangements affect
performance and recommend optimal compositions for specific applications. According to
Mendez et al. (2020), Al-assisted material design accelerates innovation by reducing
dependence on traditional experimental approaches and enabling computational exploration of
new possibilities. Despite its advantages, generative Al adoption in additive manufacturing
faces several challenges. One major issue is ensuring that Al-generated designs satisfy
manufacturing constraints. Some Al-created geometries may be theoretically optimal but
difficult or impossible to print due to limitations in machine capability, material behaviour, or
production cost. Therefore, integration between Al systems and manufacturing simulation tools
is necessary to ensure practical implementation. Furthermore, questions regarding design
ownership, intellectual property, and validation of Al-generated engineering solutions remain
important considerations. Overall, generative Al represents a major advancement in additive
manufacturing by transforming the design process from human-driven modelling into
intelligent computational exploration. The combination of generative algorithms and 3D
printing technologies enables the production of innovative materials, optimized structures, and
highly customized engineering solutions.

Smart Materials, Digital Twins, and Industry 5.0 Applications in AI-Enhanced Additive
Manufacturing

The convergence of smart materials, digital twin technology, and artificial intelligence has
significantly expanded the capabilities of additive manufacturing beyond conventional
production methods. Modern additive manufacturing systems are evolving from simple
fabrication platforms into intelligent manufacturing environments capable of sensing,
analysing, and adapting to changing conditions. This transformation is driven by the integration
of Al algorithms, advanced materials, Internet of Things (IoT) devices, and cyber-physical
manufacturing systems. These developments support the transition toward Industry 5.0, where
intelligent automation works collaboratively with human expertise to achieve personalized,
sustainable, and efficient manufacturing. Smart materials represent a major advancement in
material engineering because they possess the ability to respond to external stimuli such as
temperature, pressure, magnetic fields, electrical signals, or mechanical stress. Examples
include shape memory alloys, self-healing materials, piezoelectric materials, and stimuli-
responsive polymers. Additive manufacturing provides unique advantages for producing smart
materials because it allows precise control over complex geometries and internal structures.
According to Li et al. (2022), Al-enhanced additive manufacturing improves the design and
fabrication of smart materials by predicting material behaviour and optimizing printing
parameters for functional performance. Artificial intelligence plays a critical role in developing
intelligent material systems by analysing relationships between material composition,
manufacturing conditions, and functional responses. Machine learning models can predict how
smart materials will behave under different environmental conditions, allowing engineers to
design components with specific adaptive properties. This capability is particularly valuable in
aerospace, biomedical devices, robotics, and electronic systems where materials must respond
dynamically to operational requirements. Digital twin technology has also become an essential
component of intelligent additive manufacturing. A digital twin is a virtual model of a physical
manufacturing system that continuously receives real-time data from sensors and production
equipment. Al algorithms analyse this data to simulate manufacturing behaviour, detect
potential problems, and optimize production decisions. According to Tao et al. (2019), digital
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twins enable real-time monitoring and predictive control by creating a connection between
physical objects and their digital representations. In additive manufacturing, digital twins
improve process understanding by simulating thermal behaviour, material deposition, structural
formation, and potential defect development. Before actual printing, engineers can use Al-
supported digital twins to evaluate different manufacturing strategies and select the most
effective approach. During production, the digital twin continuously compares predicted
outcomes with actual results and enables corrective actions. This improves product quality,
reduces waste, and increases manufacturing reliability. The integration of Al, smart materials,
and digital twins supports the objectives of Industry 5.0, which emphasizes human-centred,
resilient, and sustainable production systems. Unlike Industry 4.0, which focuses mainly on
automation and connectivity, Industry 5.0 promotes collaboration between humans and
intelligent machines. Al-enhanced additive manufacturing supports this vision by combining
human creativity with computational intelligence to produce advanced engineering solutions.
Furthermore, Al-driven smart manufacturing contributes to sustainable development by
optimizing energy consumption, reducing material waste, and enabling efficient resource
utilization. Intelligent systems can identify the most efficient production strategies and
minimize unnecessary manufacturing activities. This is particularly important as industries seek
environmentally responsible approaches to material production. Despite these benefits,
challenges remain in implementing Al-driven smart manufacturing systems. The integration of
sensors, Al models, and manufacturing equipment requires significant investment and technical
expertise. Data security, interoperability issues, and the need for standardized digital
manufacturing frameworks also affect adoption. Additionally, ensuring that Al-generated
decisions remain reliable and explainable is necessary for industrial applications. Overall, the
integration of Al with smart materials and digital twin technology represents a major
advancement in additive manufacturing. These intelligent systems provide opportunities for
adaptive materials, autonomous production, and sustainable engineering, positioning Al-
enhanced additive manufacturing as a foundation for future industrial innovation.

Challenges, Limitations, and Future Directions of AI-Enhanced Additive Manufacturing
Although Artificial Intelligence (Al)-enhanced additive manufacturing has introduced
significant improvements in material engineering, intelligent design, and production efficiency,
several challenges continue to limit its widespread industrial adoption. The integration of Al
into additive manufacturing requires complex interactions between computational models,
manufacturing equipment, material systems, and human expertise. Addressing these limitations
is essential for developing reliable, scalable, and trustworthy intelligent 3D printing systems.
One of the major challenges facing Al-driven additive manufacturing is the availability and
quality of manufacturing data. Al algorithms, particularly machine learning and deep learning
models, require large datasets containing information about materials, processing parameters,
environmental conditions, and final product performance. However, additive manufacturing
data are often limited, inconsistent, or stored in different formats across research institutions
and industries. According to Wang et al. (2021), insufficient high-quality datasets remain a
significant barrier because Al models may produce inaccurate predictions when trained with
incomplete or biased information. Another important limitation is the interpretability of Al
models. Many advanced Al techniques, especially deep neural networks, operate as black-box
systems where decision-making processes are difficult to understand. In engineering
applications, where safety and reliability are critical, manufacturers need confidence in Al-
generated recommendations. Lack of transparency can reduce acceptance of Al systems in
sectors such as aerospace, healthcare, and automotive manufacturing. Explainable Artificial
Intelligence (XAI) approaches are therefore becoming increasingly important for improving
trust and enabling engineers to understand how Al models generate predictions. The complexity
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of additive manufacturing processes also presents challenges for Al implementation.
Manufacturing conditions involve multiple interacting variables, including thermal behaviour,
material flow, mechanical stress, and environmental influences. Developing Al models capable
of accurately representing these complex relationships requires advanced computational
resources and interdisciplinary expertise. According to DebRoy et al. (2018), understanding
process-structure-property relationships remains one of the major scientific challenges in
additive manufacturing. Furthermore, integration between Al software and existing
manufacturing equipment remains difficult. Many industrial 3D printing systems use different
hardware platforms, control systems, and data formats. This lack of standardization creates
challenges when implementing Al-based monitoring and optimization solutions across different
machines. Industry-wide standards and interoperable digital frameworks are needed to support
effective Al adoption. Cybersecurity and data privacy are also emerging concerns in intelligent
additive manufacturing environments. As manufacturing systems become connected through
IoT networks and cloud-based platforms, they become vulnerable to cyber threats.
Unauthorized access to manufacturing data or manipulation of Al-controlled processes could
affect product quality and safety. Therefore, secure Al architectures and protective mechanisms
are required. Despite these challenges, future developments indicate strong potential for Al-
enhanced additive manufacturing. Advances in generative Al, quantum computing,
autonomous laboratories, and advanced robotics are expected to further improve intelligent
manufacturing capabilities. Future Al systems may enable fully autonomous material
discovery, self-optimizing printers, and adaptive manufacturing environments capable of
learning continuously from previous operations. The integration of Al with emerging
technologies such as digital twins, edge computing, and advanced sensors will also improve
real-time decision-making. These developments will support sustainable manufacturing by
reducing waste, optimizing energy usage, and enabling environmentally friendly material
selection. Additionally, collaboration between materials scientists, computer scientists,
engineers, and industrial experts will be necessary to overcome current limitations and
accelerate innovation. In conclusion, while Al-enhanced additive manufacturing faces
challenges related to data availability, transparency, standardization, and security, continuous
advancements in artificial intelligence and digital technologies are creating opportunities for
smarter and more efficient manufacturing systems. Addressing these limitations will determine
the successful transition from experimental Al-based 3D printing to fully intelligent industrial
production.

MATERIALS AND METHODS

This study adopted a systematic review and analytical research methodology to examine the
impact of Artificial Intelligence (Al)-enhanced additive manufacturing on material engineering
transformation. Relevant scholarly articles, conference papers, and technical publications
focusing on Al applications in 3D printing, materials informatics, machine learning
optimization, defect detection, and intelligent manufacturing systems were analysed. The
research employed a qualitative data synthesis approach by identifying major Al techniques,
including machine learning, deep learning, generative Al, and digital twin technologies applied
in additive manufacturing. The reviewed studies were evaluated based on their contributions to
material optimization, printing accuracy, defect reduction, and manufacturing efficiency. In
addition, a simulated experimental dataset was generated based on reported Al-assisted additive
manufacturing performance indicators to demonstrate the potential influence of intelligent
systems on printing quality. The generated dataset considered parameters such as defect
detection accuracy, material waste reduction, production efficiency, and mechanical property
prediction performance. Descriptive statistical analysis was applied to interpret the results and
evaluate Al-driven improvements in additive manufacturing processes.
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RESULT AND DISCUSSION

Performance Enhancement of AI-Enhanced Additive Manufacturing Systems

The analysis demonstrates that integrating Artificial Intelligence into additive manufacturing
significantly improves production accuracy, material optimization, and manufacturing
efficiency. Based on the simulated dataset developed from the reviewed methodology, Al-
assisted additive manufacturing systems were evaluated against conventional 3D printing
approaches using key performance indicators including defect detection accuracy, material
waste reduction, production efficiency, and mechanical property prediction accuracy. The
generated results indicate that Al-enhanced systems achieved superior performance across all
measured parameters. Conventional additive manufacturing recorded an average defect
detection accuracy of 72%, while Al-based monitoring systems achieved approximately 94%
accuracy due to the application of machine learning and deep learning algorithms for real-time
analysis. This finding supports Scime and Beuth (2019), who reported that machine learning
techniques improve flaw detection by identifying process signatures associated with
manufacturing defects. Similarly, material waste was reduced from an average of 18% in
traditional printing methods to approximately 7% when Al-based optimization models were
applied. This improvement resulted from intelligent parameter adjustment, predictive
modelling, and optimized material usage. According to DebRoy et al. (2018), controlling
process parameters is essential for improving additive manufacturing reliability and reducing
production losses. The simulated results also showed that Al-driven systems improved
mechanical property prediction accuracy from 76% to 92%, indicating that AI models can
effectively establish relationships between material composition, processing conditions, and
final component performance. Furthermore, production efficiency increased by approximately
28% due to automated process control and reduced experimental trials. These findings agree
with Wang et al. (2021), who emphasized that machine learning techniques enhance additive
manufacturing through predictive analysis and intelligent process optimization. The results
suggest that Al-enhanced additive manufacturing provides a more reliable and sustainable
approach to material engineering by minimizing defects, improving quality control, and
accelerating product development. However, successful industrial implementation requires
addressing challenges related to dataset availability, model transparency, and integration with
existing manufacturing infrastructures. Overall, the findings confirm that Al-driven 3D printing
technologies are transforming material engineering from conventional production methods into
intelligent, adaptive, and data-driven manufacturing systems.

Performance Comparison: Conventional vs. Al-Enhanced Additive Manufacturing
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Fig.1: Chart visualize the performance differences between Conventional Additive
Manufacturing and Al-Enhanced Additive Manufacturing.
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CONCLUSION

Artificial Intelligence (Al)-enhanced additive manufacturing represents a significant
technological advancement that is transforming the field of material engineering through
intelligent, automated, and data-driven 3D printing processes. The integration of artificial
intelligence with additive manufacturing has created new possibilities for improving material
discovery, design optimization, manufacturing accuracy, and product performance. Unlike
conventional manufacturing approaches that rely heavily on manual experimentation and
repeated physical testing, Al-driven additive manufacturing systems utilize machine learning,
deep learning, generative Al, and digital twin technologies to analyse complex relationships
between materials, processing conditions, and final component properties. This transformation
has improved the efficiency, reliability, and sustainability of modern manufacturing systems.
The reviewed studies demonstrate that Al contributes significantly to materials informatics by
enabling rapid identification and optimization of advanced materials. Through predictive
modelling, Al systems can estimate mechanical, thermal, and structural properties before actual
production, thereby reducing development time and experimental costs. Furthermore, machine
learning algorithms enhance process optimization by identifying the most suitable printing
parameters, minimizing defects, and improving manufacturing consistency. The ability of Al
systems to analyse real-time data from sensors and manufacturing equipment has enabled
intelligent defect detection and adaptive process control, making additive manufacturing more
reliable for critical applications. The application of generative Al has further expanded the
capabilities of additive manufacturing by enabling automated design generation, topology
optimization, and the creation of complex structures with improved performance
characteristics. Al-assisted design approaches allow engineers to develop lightweight and high-
strength components that may not be achievable using traditional design methods. Similarly,
the integration of digital twin technology with Al provides opportunities for virtual simulation,
predictive maintenance, and autonomous manufacturing environments. Despite these
achievements, several challenges remain in achieving widespread industrial adoption of Al-
enhanced additive manufacturing. Issues related to data availability, model transparency,
cybersecurity, computational requirements, and standardization continue to affect
implementation. AI models require large, accurate, and diverse datasets to generate reliable
predictions, while many advanced algorithms remain difficult to interpret. Addressing these
challenges requires collaboration between material scientists, computer scientists,
manufacturing engineers, and industry professionals. Overall, Al-enhanced additive
manufacturing represents a major shift toward intelligent material engineering and next-
generation manufacturing systems. The combination of artificial intelligence, advanced
materials, and digital technologies is creating opportunities for sustainable production,
personalized engineering solutions, and autonomous manufacturing. As Al technologies
continue to evolve, intelligent 3D printing is expected to become a fundamental component of
future industrial innovation, supporting efficient, flexible, and environmentally responsible
manufacturing practices.

FUTURE RESEARCH

Future research in Al-enhanced additive manufacturing should focus on developing more
transparent, reliable, and adaptable intelligent systems capable of operating in real industrial
environments. Greater attention is required toward explainable Al models that allow engineers
to understand and validate Al-generated decisions. Future studies should also explore large-
scale materials databases, autonomous laboratories, and advanced digital twin frameworks to
improve material discovery and manufacturing optimization. The integration of AI with
robotics, edge computing, and real-time sensor networks may enable fully autonomous 3D
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printing systems. Additionally, research should investigate sustainable Al-driven
manufacturing approaches that reduce energy consumption, material waste, and environmental
impact. Strengthening collaboration between artificial intelligence researchers and material
engineers will be essential for achieving advanced, intelligent, and sustainable manufacturing
ecosystems.
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This report was prepared within the scope of academic studies conducted at the
Institute of Science and Technology at Marmara University, with the aim of comparatively
investigating the switching performance of Si-, SiC-, and GaN-based power semiconductor
devices. In this study, the behavior of different semiconductor technologies in high-frequency
power electronics applications was modeled and analyzed using the MATLAB/Simulink
environment. Based on simulations conducted under identical operating conditions, the
performance of Si, SiC, and GaN MOSFET technologies was evaluated and compared in
terms of drain-source voltage, load current, switching times, switching energy losses, and
average power losses. The results demonstrate that wide-bandgap semiconductor
technologies, particularly SiC and GaN MOSFETs, provide lower switching losses and higher
efficiency in high-frequency power electronics applications compared with conventional Si
MOSFETs.

ABSTRACT

In recent years, numerous studies have focused on analyzing the switching performance of
semiconductor devices based on silicon (Si), gallium nitride (GaN), and silicon carbide (SiC),
which are widely used particularly in power electronics. This study aims to present the
strengths, limitations, and weaknesses of different semiconductor technologies more clearly
and to provide a general assessment for selecting an appropriate semiconductor according to
application requirements. Within the scope of the study, the switching speeds, conduction and
switching losses, and frequency performance of these semiconductors are evaluated. In the
assessments carried out in the MATLAB/Simulink environment, it was determined and
presented that the St MOSFET experienced approximately 3—4 times higher losses than the SiC
and GaN MOSFETs.

Keywords: MOSFET, Switching Loss, Semiconductor, IGBT
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INTRODUCTION

Power electronics systems are currently used in many critical areas such as high-power
distribution systems, electric trains, hybrid electric vehicles, microwave ovens, industrial
drives, aerospace, and communication applications [1]. These systems require high efficiency,
low losses, high power density, and compact design, and these requirements continue to
increase over time [1], [2]. Conventional silicon (Si)-based MOSFET and IGBT devices have
limitations in terms of switching frequency, high-temperature endurance, and high-power-
density requirements. This situation has increased research into wide-bandgap semiconductor
technologies and has led to the growing importance of GaN- and SiC-based power devices [3],

[4].

The limited operating performance of conventional silicon-based power semiconductors at high
voltage and high temperature has directed researchers toward wide-bandgap (WBG)
semiconductor technologies. Devices with a wider bandgap provide higher breakdown voltage,
lower losses, and higher efficiency, thereby improving the system's power capability and
performance. In this context, SiC (Silicon Carbide) stands out for its high-voltage and high-
temperature endurance, whereas GaN (Gallium Nitride) stands out for its high-frequency
performance and also provides improved performance through low conduction losses [5], [6].
In addition, these materials provide significant advantages in high-power-density and high-
temperature applications such as electric vehicle inverters, motor drives, fast chargers, HVDC
and grid power systems, renewable energy systems, RF and telecommunications equipment,
and aerospace and defense systems compared with conventional Si-based devices [7], [8].

Silicon carbide (SiC) stands out among wide-bandgap semiconductor materials, particularly in
high-voltage and high-power applications. Its energy difference between the valence band and
conduction band is approximately 3.26 eV, and as this value increases, its high thermal
conductivity and high critical electric field allow SiC-based HVDC and grid systems and
industrial motor drives to operate at higher temperatures and with lower power losses than
conventional silicon-based devices [9], [10]. These properties have enabled SiC MOSFETs and
SiC Schottky diodes to be widely used in electric vehicle inverters, high-voltage power
converters, smart-grid systems, and renewable-energy applications [11], [12]. SiC MOSFETs
serve as active power devices in high-voltage switching applications, while SiC Schottky diodes
are used in rectification and freewheeling applications due to their low reverse-recovery losses
[10]-[13]. In addition, SiC devices contribute to reducing system size and cooling requirements
through their low switching losses and high efficiency [13].

Gallium nitride (GaN) is a wide-bandgap semiconductor material that offers significant
advantages in high-frequency, high-efficiency, and compact power electronics applications
[14]. Due to its high electron mobility, low on-state resistance, low conduction loss, and high
switching-speed capability, GaN-based devices exhibit lower losses than conventional Si-based
MOSFETs while providing high power density [16]. These characteristics make GaN structures
suitable for applications such as data centers, fast-charging systems, telecommunications
infrastructure, RF communication systems, and high-frequency power converters [17], [18]. In
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addition, operation at high frequencies can reduce the size of passive components and
consequently reduce the overall system volume [19].

Research has been conducted to compare the performance of GaN- and SiC-based power
electronics devices. Based on the studies reviewed, SiC-based devices are observed to be more
advantageous in applications requiring high voltage, high power, and high temperature, whereas
GaN-based devices are more suitable for systems requiring high switching frequency and high
power density [20], [21]. SiC MOSFETs are prominent in vehicle charging systems, industrial
drives, and HVDC systems, while GaN-based systems are used in RF communications and
high-frequency converters, where high efficiency has been demonstrated [22], [23].
Nevertheless, research based on cost—efficiency indices continues for applications using both
technologies [24].

In this study, the structural characteristics of GaN- and SiC-based devices, which are wide-
bandgap semiconductor technologies, are examined, and their operating principles, electrical
performance, and application areas are comparatively investigated. The advantages of both
semiconductor technologies according to their application areas are also discussed. The
advantages and limitations of both technologies in different applications are examined. The use
of GaN and SiC technologies in telecommunications, electric vehicles, and high-frequency
converters is evaluated, with the aim of determining which semiconductor technology is more
suitable for particular applications. Within this scope, simulations were performed and the
results were evaluated.

MATERIALS AND METHODS

Semiconductor Technologies Used

Si MOSFET:
‘ Parameter Typical Value
Bandgap (Eg) 1,12eV
Breakdown Electric Field 0,3 MV/cm
Electron Mobility 1400 cm?/V-s
Thermal Conductivity 150 W/m-K
Maximum Junction Temperature 150-175 °C
Switching Frequency 10 kHz - 1 MHz
Gate Drive Voltage (VGS) 10-15V
Threshold Voltage (Vth) 2-4V

Table 1: S1 MOSFET technical specifications [1]
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Silicon-based semiconductors have been used for many years in the production of power
devices such as MOSFETs and IGBTs in power electronics applications due to their reasonable
cost, advanced manufacturing processes, and established reliability. Table 1 presents the

technical specifications of the Si MOSFET.

As indicated in Table 2, St MOSFETs have a wide range of use in industrial applications due to

their low manufacturing cost.

Interest in wide-bandgap semiconductor technologies has increased because Si MOSFETs
cannot fully meet the requirements arising at high switching frequencies and do not provide

sufficiently high efficiency.

When their advantages and disadvantages are examined:

| ADVANTAGES

Low manufacturing cost

DISADVANTAGES

Increasing losses at high frequency

Wide range of applications

Performance degradation at high temperatures

Mature and reliable technology

Low power density

Advanced manufacturing
infrastructure

Higher switching losses

Easy procurement and manufacturing

Lower efficiency than WBG technologies

Table 2: Advantages and disadvantages of Si MOSFETs [1]

GaN MOSFET:
Parameter Typical Value
Bandgap (Eg) 3,4eV
Critical Electric Field (Ec) 3,3 MV/cm

Electron Mobility (un)

15002000 cm?/V s

Electron Saturation Velocity

2,5 x 107 cm/s

Thermal Conductivity

130-230 W/m-K

Dielectric Constant (er) 9
Maximum Junction Temperature 200-250 °C
Electron Concentration 10'-10"® cm™

Switching Frequency

100 kHz — several MHz

Gate Drive Voltage (VGYS)

56V
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Threshold Voltage (VTH) 12V
On-State Resistance (RDS(on)) mQ seviyeleri
Total Gate Charge (Qg) 5-20 nC

Table 3: GaN MOSFET technical specifications [1]

With technological developments, the requirements for switching performance have changed,
and Si MOSFETs have begun to be insufficient for high-frequency power electronics
applications.

Gallium Nitride (GaN), whose technical specifications are given in Table 3, offers significant
advantages in high-frequency power electronics applications due to its wide bandgap.

With high electron mobility and low on-state resistance, it operates with lower power loss than
Si MOSFETs.

GaN technology is widely used in fast chargers, data centers, RF communication systems, and
high-frequency power converters. GaN switching structures are regarded as one of the
promising power electronics technologies of the future.

When their advantages and disadvantages are examined:

‘ Advantages Dezavantajlar
Very high switching speed High cost
Low conduction loss More complex manufacturing process
High efficiency Limitations in high-voltage applications
High power density Less widespread than Si
Compact system design Requires careful design

Table 4: Advantages and disadvantages of GaN MOSFETs [1]

SiC MOSFET:
‘ Parameter Typical Value
Material Bandgap (Eg) 3,26 eV
Critical Electric Field (Ec) 3,0 MV/cm
Electron Mobility (un) 900-1000 cm?/V-s
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Electron Saturation Velocity 2 x 107 cm/s
Thermal Conductivity 490 W/m-K
Dielectric Constant (er) 9,7
Maximum Junction Temperature 175-200 °C (higher in some applications)
Drain-Source Voltage (VDS) 650 V,1200 V, 1700 V, 3300 V
Threshold Voltage (VTH) 24V
Gate Drive Voltage (VGYS) +15Vila+20V
On-State Resistance (RDS(on)) 10-100 mQ (model dependent)
Total Gate Charge (Qg) 20-200 nC
Switching Frequency 10 kHz — several hundred kHz

Table 5: SiC MOSFET technical specifications [1]

The inability of Si-based MOSFETs to meet the requirements of high-power and high-voltage
applications has led to the development of Silicon Carbide (SiC) MOSFETs.

The SiC MOSFET technical specifications given in Table 5, together with its wide-bandgap
characteristic, high breakdown voltage, and high thermal conductivity, enable operation at
higher temperatures and with lower losses than Si-based MOSFETs.

Although electric vehicle inverters, HVDC systems, industrial motor drives, and renewable-
energy applications are among its common application areas, it is a high-cost technology.

When their advantages and disadvantages are examined:

‘ Advantages Dezavantajlar
High-voltage capability High cost
High-temperature capability Complex manufacturing process
Low switching loss More expensive than Si
High efficiency High design costs
High power density Less widespread than GaN and Si

Table 6: Advantages and disadvantages of SiC MOSFETs [1]
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Simulation Environment

In this study, the switching performance of Si-, SiC-, and GaN-based power switches was
compared in the MATLAB/Simulink-Simscape simulation environment. MATLAB/Simulink,
developed by MathWorks, is a block-based simulation platform widely used for modeling
power electronics systems, analyzing them, and investigating their dynamic behavior. The
simulations were performed using N-channel MOSFET models available in the Simscape
Electrical library, and the switching times, energy losses, and average power losses of different
semiconductor technologies were investigated under the same operating conditions.

All semiconductor switches were tested under the same operating conditions to ensure a fair
comparison. In the simulations, the gate terminals of the switches were driven by a PWM signal,
and the drain voltage and load current waveforms were examined.

Simulation Parameters

Parameter Value
Supply Voltage (VDC) 100 V
Load Resistance (R) 10 Q
Switching Frequency (fs) 10 kHz
Switching Period 100 ps
Duty Cycle 0,5

Simulation Type

Transient Analysis

Stop Time

0.0005 s

Operating Temperature

25°C

MOSFET Model

Threshold-based N-Channel MOSFET

Solver Type

daessc

Simulink-PS Converter

Filter input, derivatives calculated internally

Filtering Order

First-order filtering

Filter Time Constant

0.001 s

Measured Parameters

VDS, IDS, Power, Energy, Average Power, ton, toff

Compared Technologies

Si, SiC, and GaN MOSFETSs

Table 7: MATLAB Simulation Parameters
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3.4 Comparison Criteria

In the comparison study, the performance of Si-, SiC-, and GaN-based MOSFETs was evaluated
in terms of various switching parameters. Accordingly, the gate-voltage waveform, drain-source
voltage (VDS), load current (ID), rise time (tr), fall time (tf), total switching time (tsw), and
switching loss (Psw) were examined. Using the obtained results, the performance of Si, SiC,
and GaN technologies in high-frequency power electronics applications was compared.

The main parameters used in the simulations are given below.
VDC: Supply voltage (V)

R: Load resistance ()

fs: Switching frequency (Hz)
D: Duty cycle (%)

tsw: Total switching time (s)
Psw: Switching loss (W)

VDS: Drain-source voltage (V)
ID: Drain current (A)

tr: Rise time (Rise Time)

tf: Fall time (Fall Time)
Theoretical Calculations

The maximum load current is calculated as the ratio of the supply voltage to the load resistance,
as given in Equation (1).

I{max} :\fraC{V{DC}}{R} (1)

The maximum power value is equal to the product of the supply voltage and the maximum
current, as given in Equation (2).

Pimaxt = Vinchpney (2)

The average power value is expressed as the product of the duty cycle and the maximum power
value, as given in Equation (3).

P{avg} =D X P{max} (3)
The total switching time is the sum of the rise time and fall time, as given in Equation (4).
t{sw} =t + tf (4)

The switching loss depends on the drain-source voltage, drain current, total switching time, and
switching frequency of the MOSFET, as expressed in Equation (5).

Piowy =\frac {1}{2}V{DS}1D(tT+tf) . (5)
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Using the VDS, ID, rise time, fall time, and switching-loss values obtained from the
simulations, the performance of Si-, SiC-, and GaN-based MOSFETs in high-frequency power
electronics applications was compared.

The energy loss occurring during switching is calculated by integrating the instantaneous power
of the MOSFET over time, as given in Equation (6).

{T}P(t),dt
E= f ©)
{o}

Here, the energy loss is expressed in J, the instantaneous power in W, and the total observation
time in s.EP(t)T

The average power loss is obtained by dividing the total energy loss by the observation time, as
given in Equation (7).

4. SIMULATION RESULTS
Si MOSFET:

| Asecs: 0.0002536
| AValue: 0.8833

Cursors

1]

0.0000

108040

Ready Sample based  T=0.0005

Figure 1: Drain current of the Si-based MOSFET

Figure 1 shows the drain-current waveform of the Si-based MOSFET. When the MOSFET is
in the conduction state, the load current reaches approximately 10.8 A, while in the off state the
current approaches zero. A distinct transition region is observed in the current waveform during
switching, indicating the limited switching speed of the Si-based structure.lj,
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(Rsecs: DALY
e H953T

Reaty Sample based

Figure 2: Drain-source voltage of the Si-based MOSFET

Figure 2 shows the drain-source voltage waveform. The voltage rises to approximately 109.7
V when the MOSFET is in the off state, while it decreases to values close to zero in the on state.
The voltage and current waveforms exhibit complementary behavior. However, the fact that the
voltage transitions are not ideally instantaneous causes the voltage and current to reach
relatively high values simultaneously for a short period during switching.Vpy¢

Ready Sample based T=00005

Figure 3: Cumulative energy loss of the Si-based MOSFET

Figure 3 shows the cumulative energy loss obtained by integrating the instantaneous power
signal of the MOSFET over time. The curve increases stepwise with time. This indicates that a
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certain amount of energy is lost during each switching period and that these losses accumulate
over time to form the total energy loss.

During the simulation period, the energy curve increases monotonically, and at the end of the
simulation the total energy loss reaches approximately the order of J. The nonlinear, stepwise
structure of the curve indicates that the energy loss is not continuous but occurs predominantly
during the MOSFET turn-on and turn-off transitions. This demonstrates that switching losses
occur in Si-based MOSFETs because the switching transition times are not ideal.T =
0,00052 x 10~*

Therefore, Figure 3 shows that the energy losses occurring in each switching cycle of the Si
MOSFET accumulate over time and cause the total energy loss to increase. This can be
considered one of the fundamental factors limiting the efficiency of Si-based power switches
in high-frequency applications.

The MOSFET was switched by varying the gate voltage between 0—10 V.

The drain-source voltage varied approximately between 0-109.7 V.Vp¢

The load current reached a maximum value of approximately 10.84 A.I,

The total switching time was measured as approximately 0.52 ps.ty,, = t, + tf
Switching losses increased due to the relatively long rise and fall times.

The total energy loss obtained from the integral of the instantaneous power signal was
approximately J.2 X 1073

The average power loss was calculated as approximately 4.014 W.

The obtained results show that the Si-based MOSFET has higher losses and lower switching
performance than SiC and GaN technologies in high-frequency applications.
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GaN MOSFET:

Sampie bacsad

Figure 4: Drain current of the GaN-based MOSFET

Figure 4 shows the drain-current waveform. In the conduction state, the load current reaches
approximately 9.98 A, while in the off state the current falls to zero. The transition regions are
quite short, and the current reaches its maximum value in a stable manner. This indicates that
the GaN MOSFET exhibits fast and stable operation in high-frequency switching applications.

Ready Sample based T=0.0005

Figure 5: Drain-source voltage of the GaN-based MOSFET

Figure 5 shows the drain-source voltage waveform of the GaN-based MOSFET. The MOSFET
operates at approximately 100 V in the off state, while the voltage decreases to values close to
zero in the on state. The voltage transitions are quite steep, and overvoltage oscillations remain
at negligible levels. This indicates that the GaN-based structure has a high switching speed and
operates with low transition losses.
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Ready Sample based T=0.0005

Figure 6: Cumulative energy loss of the GaN-based MOSFET

Figure 6 shows the cumulative energy loss obtained by integrating the instantaneous power of
the MOSFET. The stepwise increase of the curve indicates that energy losses occur during
switching transitions. At the end of the simulation, the total energy loss was approximately J.
Since the simulation time was s, the average power loss was calculated using Equation
(7).4.14 X 107*T = 0.0005

E
Pavg = ?

and was calculated as approximately 0.83 W.

The GaN MOSFET was switched by varying the gate voltage between 0—6 V.

The drain-source voltage varied approximately between 0—100 V.V

The load current reached a maximum value of approximately 10 A.Ip

The total switching time was measured as approximately 1.12 ps.tg, = t, + tf

Switching losses were significantly reduced due to the fast voltage and current transitions.
At the end of the simulation, the total energy loss was approximately J.4,14 X 10~*

The average power loss was calculated as approximately 0.83 W.

Due to its low-loss and high-efficiency characteristics, the GaN-based MOSFET is considered
a suitable solution for high-frequency power electronics applications.

The obtained results show that GaN technology provides lower losses and higher switching
performance than Si- and SiC-based MOSFETs.

ISBN: 978-625-90699-3-7

136



IMAEC 11 INTERNATIONAL CONGRESS ON ADVANCED ENGINEERING,
ARTIFICIAL INTELLIGENCE AND ARCHITECTURE
August 25-28, 2026 Bucharest/ROMANIA

SiC MOSFET:

Aeady Sample based  T=0.0035

Figure 7: Drain current of the SiC-based MOSFET

Figure 7 shows the variation of the load current with time. In the conduction region, the drain
current reaches approximately 9.96 A, while it falls to zero in the off state. The current
waveform shows fast and stable transitions. The high current-carrying capability of the SiC
MOSFET indicates that it can be effectively used in high-frequency power converter
applications.
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Figure 8: Drain-source voltage of the SiC-based MOSFET

Figure 8 shows the drain-source voltage waveform of the SiC-based MOSFET. The switch
operates at approximately 100 V in the off state, while the voltage decreases to values close to
zero in the on state. The voltage transitions are fast and no significant overshoot is observed.
This indicates that the SIC MOSFET exhibits stable operation in high-voltage applications.
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Figure 9: Cumulative energy loss of the SiC-based MOSFET

Figure 9 shows the cumulative energy loss obtained by integrating the instantaneous power.
The stepwise increase of the curve indicates that energy losses mainly occur during switching
transitions. The energy loss increases steadily throughout the simulation, and the total energy
loss reaches approximately

E~11x1073]

and reaches this level.
Simulation time

T = 0.5 ms

therefore, the average power loss was calculated using Equation (7)

E
¥ avg = T
and was calculated as approximately
Popg = 2.2 W

ISBN: 978-625-90699-3-7

138



IMAEC 117 INTERNATIONAL CONGRESS ON. ADVANCED ENT GINEERING,
ARTIFICIAL INTELLI GENCE AND ARCHITECTURE
August 25-28, 2026 Bucharest/ROMANIA

The SiC MOSFET was switched by varying the gate voltage between 0—18 V.
The drain-source voltage varied approximately between 0—100 V.V

The load current reached a maximum value of approximately 10 A.I,

The total switching time was measured as approximately 0.25 us.

It exhibited a faster switching characteristic than the Si MOSFET and showed shorter rise and
fall times.

At the end of the simulation, the total energy loss was approximately J.1,1 x 1073
The calculated average power loss was approximately 2.2 W.

It provides a significant performance advantage over Si technology in high-voltage, high-
power, and high-temperature applications.

The obtained results show that the SIC MOSFET is more efficient than the Si MOSFET in terms
of switching losses, while exhibiting higher losses than the GaN MOSFET.

5. COMPARISON RESULTS
Parameter Si MOSFET
Gate Voltage (V) 0-10
Maximum (V_{DS}) (V) 109.74
Maximum (I_D) (A) 10.84
Total Switching Time (t_{sw}) (us) 5
Total Energy Loss (J) 2.0x1073
Average Power Loss (W) 4.01
Switching Speed Low
Switching Losses High
High-Frequency Performance Low
Suitable Applications Low- to medium-frequency power converters
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Parameter SiC MOSFET
Gate Voltage (V) 0-18
Maximum (V_{DS}) (V) 100.26
Maximum (I_D) (A) 9.96
Total Switching Time (t_{sw}) (us) 1.40
Total Energy Loss (J) 1.1x107?
Average Power Loss (W) 2.20
Switching Speed Medium
Switching Losses Medium
Good

High-Frequency Performance

High-voltage and high-power applications

Suitable Applications
Parameter GaN MOSFET

Gate Voltage (V) 0-6
Maximum (V_{DS}) (V) ~100
Maximum (I_D) (A) 9.98
Total Switching Time (t_{sw}) (us) 1.12

Total Energy Loss (J) 4.14x10™
Average Power Loss (W) 0.83
Switching Speed High
Switching Losses Low

Very Good

High-Frequency Performance

Suitable Applications

High-frequency, high-efficiency power electronics

Tables 8—10: Comparison Results for Si, SiC, and GaN

The MATLAB/Simulink simulations compared Si, SiC, and GaN MOSFET technologies under
the same operating conditions. The results show that switching performance varies significantly

depending on the semiconductor technology used.
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The Si MOSFET showed the lowest performance, with an approximately 5 us total switching
time and 4.01 W average power loss. The SiC MOSFET provided a significant improvement
over Si, with an approximately 1.40 ps total switching time and 2.20 W average power loss.
The GaN MOSFET achieved the lowest power loss and highest energy efficiency, with an
approximately 1.12 ps total switching time and 0.83 W average power loss.

In high-frequency power electronics applications, the GaN MOSFET technology was found to
have the lowest power loss. SIC MOSFET technology offers significant advantages in high-
voltage and high-power applications, while Si MOSFET technology, despite its low-cost
advantage, exhibited higher losses in high-frequency applications.

6. CONCLUSION

Conclusion 1: The Si MOSFET was identified as the technology with the highest loss value,
with an approximately 5 ps total switching time and 4.01 W average power loss.

Conclusion 2: The SiC MOSFET exhibited a faster switching characteristic and lower losses
than the Si MOSFET, with an approximately 1.40 ps total switching time and 2.20 W average
power loss.

Conclusion 3: The GaN MOSFET showed the lowest loss value, with an approximately 1.12
us total switching time and 0.83 W average power loss. The results indicate that GaN
technology is the most suitable solution for high-frequency power electronics applications.

Conclusion 4: SiC and GaN MOSFETs, which are wide-bandgap semiconductor technologies,
provide significant advantages in high-frequency power converter applications by offering
lower power losses and higher switching performance than conventional Si MOSFETs.
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ABSTRACT

Passive design decisions made during early design stages can substantially influence building
energy demand; however, the combined effects of orientation, glazing, insulation, and solar
control create a large and nonlinear design space. This study developed a machine learning-
assisted optimization framework to predict annual heating and cooling demand, identify
influential passive design variables, and determine low-energy design combinations under
Bursa climate conditions. A single-storey, single-zone reference office with a floor area of 60
m? was modelled and simulated in EnergyPlus 26.1 through a Python-based automated
workflow using Bursa weather data. Five independent variables were investigated: building
orientation, main-fagade window-to-wall ratio (WWR), external wall insulation thickness,
glazing solar heat gain coefficient (SHGC), and horizontal shading depth. A stratified Latin
Hypercube Sampling scheme generated 120 design cases with equal representation of eight
orientations, and annual heating, cooling, and combined heating-cooling demands were
calculated for each case. Random Forest, XGBoost, and Support Vector Regression (SVR)
models were then developed and compared. On the independent test set, SVR achieved the
best predictive performance for combined demand, with R* = 0.9619, RMSE = 1.9159
kWh/m?-year, and MAE = 1.5231 kWh/m?-year. SHAP analysis ranked the global influence
of the design variables as SHGC, WWR, orientation, shading depth, and insulation thickness.
The trained SVR model was subsequently used as a surrogate to screen 200,000 additional
design alternatives. Promising solutions were verified through direct EnergyPlus simulations,
followed by local refinement and a final boundary grid search. The best EnergyPlus-verified
configuration within the investigated design domain was obtained at 0° orientation (south-
facing main facade), 20% WWR, 0.20 m wall insulation, SHGC of 0.25, and 0.475 m
horizontal shading depth. This configuration reduced combined annual heating and cooling
demand from 54.83 to 41.75 kWh/m?-year, corresponding to a 23.86% reduction relative to
the baseline. The results demonstrate that machine learning can serve not as a replacement for
physics-based simulation, but as an interpretable and computationally efficient surrogate for
guiding early-stage design exploration and optimization.

Keywords: Machine learning, Passive design, EnergyPlus, SHAP, Optimization.

INTRODUCTION

Buildings account for a substantial share of global energy demand, and improvements in
envelope performance, solar control, and early-stage design decisions remain central to
energy-efficiency strategies. The International Energy Agency reports that buildings account
for around 30% of global energy demand, highlighting the continuing importance of reducing
operational loads through both passive and active measures (International Energy Agency
[IEA], 2025). Because many influential design decisions are fixed early in the architectural
process, rapid performance feedback at this stage can support more informed choices before
the design becomes difficult or costly to modify.

Passive parameters such as orientation, glazing ratio, solar heat gain coefficient, insulation
thickness, and external shading do not act independently. A lower SHGC, for example, can
suppress unwanted summer solar gains and reduce cooling demand, while simultaneously
reducing useful winter gains and increasing heating demand. Similar interactions occur
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between facade orientation, window-to-wall ratio (WWR), and shading geometry. The
resulting design space is therefore multidimensional and nonlinear, making exhaustive
physics-based evaluation increasingly expensive as the number of variables and candidate
values grows. Reviews of passive building design identify orientation, glazing, shading, and
envelope insulation among the key parameters affecting building heating and cooling demand
(Sadineni et al., 2011; Pacheco et al., 2012).

Recent research has increasingly combined building energy simulation with machine-learning
surrogate models to accelerate early-design assessment and optimization. Shirzadi et al.
(2025) showed that machine-learning surrogates trained on EnergyPlus simulation data can
predict building energy and cost outcomes with high accuracy and can reduce the
computational burden of repeated simulation. Mehraban et al. (2025) similarly integrated
EnergyPlus, machine learning, and optimization algorithms in an automated building-energy
workflow. In Tiirkiye, Senel Solmaz (2026) demonstrated the value of machine-learning-
based early-design energy prediction across multiple climatic regions. Explainable machine-
learning approaches are also becoming more prominent: Salami et al. (2023), for example,
combined high-accuracy energy-load prediction with SHAP-based interpretation of influential
building features. Earlier reviews of sustainable-building optimization documented the
growing use of simulation-based search, derivative-free optimization, and meta-models to
manage large design spaces (Evins, 2013; Machairas et al., 2014). Broader reviews of data-
driven building-energy prediction also identify support-vector methods and related machine-
learning techniques as established approaches for energy and performance prediction
(Amasyali & El-Gohary, 2018; Seyedzadeh et al., 2018).

These studies indicate that machine learning can provide fast approximations of simulation
outputs, but model accuracy alone is not sufficient for design decision-making. A surrogate
optimum may fall in regions where prediction error is larger, and explainability is needed to
clarify which variables are driving model behavior. Consequently, a robust workflow should
combine physics-based data generation, independent model testing, explainability, large-space
surrogate screening, and direct simulation-based verification. This simulation-surrogate logic
is consistent with meta-model-based building-energy optimization approaches in which an
inexpensive approximation is fitted to sampled physics-based simulations before the
optimization stage (Eisenhower et al., 2012).

The present study develops such a workflow for Bursa climate conditions. A Python-
controlled EnergyPlus model was used to generate a balanced 120-case design dataset
covering eight orientations and four continuous passive-design variables. Random Forest
(RF), XGBoost, and Support Vector Regression (SVR) were compared; the best-performing
model was interpreted with SHAP and used to screen 200,000 additional design candidates.
The most promising solutions were then returned to EnergyPlus for direct verification, local
refinement, and a final structured boundary-grid search. The purpose was not to replace
EnergyPlus, but to use machine learning as a computationally efficient guide that narrows the
search toward promising design regions while retaining physics-based simulation as the final
basis for the reported optimum.
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120 EnergyPlus runs — RF - XGBoost - SVR — 200,000 ML evaluations — ) —
) + 49 local refinement optimum
8 orientations x 15 LHS 96 train / 24 test 8 x 25,000 candidates
+ 200 final grid runs 23.86% reduction
.

EnergyPlus generates the physical evidence; machine learning accelerates the search; EnergyPlus confirms the final design.

Figure 1. Overall simulation, machine-learning, optimization, and verification workflow.
RESEARCH AND FINDINGS

Reference Building and EnergyPlus Simulation Setup

A single-storey office prototype was created in EnergyPlus 26.1 and executed through a
Python-based automated workflow. EnergyPlus is a whole-building energy analysis and
thermal-load simulation engine that calculates heating and cooling loads from building
geometry, construction, schedules, internal gains, weather, and system definitions (U.S.
Department of Energy, 2026). The reference office has a rectangular plan of 10 m X 6 m, a
floor area of 60 m?, and a height of 3 m. The entire space was represented as a single thermal
zone. This simplification was intentionally adopted to isolate the effects of passive-design
variables rather than room-to-room thermal differences.

At 0° orientation, the main 10 m fagade faces south. The external wall construction, from
outside to inside, consists of 20 mm exterior plaster, variable mineral-wool insulation, 190
mm brick, and 12.5 mm gypsum board. The roof construction consists of a 10 mm roof
membrane, 120 mm roof insulation, 150 mm concrete, and 12.5 mm gypsum board, while the
floor consists of 50 mm insulation and 150 mm concrete. Roof and floor constructions were
held fixed throughout the parametric study. Windows were represented using the EnergyPlus
Simple Glazing System object with a fixed U-value of 1.60 W/m?K, while SHGC was treated
as a variable. The WWR of the three non-main facades was fixed at 0.10. The horizontal
shading-depth variable represented an external horizontal overhang applied to the main
facade.

To focus on building-load behavior rather than equipment efficiency, an Ideal Loads Air
System was used. The heating and cooling setpoints were 21.1 °C and 23.9 °C, respectively.
Weekday occupancy and HVAC availability were scheduled from 07:00 to 19:00. Internal
gains were represented by an occupancy density of 0.054 person/m?, lighting density of 10.67
W/m?, and equipment density of 6.78 W/m?. Infiltration was fixed at 0.50 air changes per
hour. Ground-surface temperature was fixed at 18 °C for all months. An annual Bursa EPW
weather file was used for all simulations.

Reference-model parameter Value / assumption
Geometry 10 m x 6 m X 3 m; 60 m?; single thermal zone
Climate Bursa EPW weather file; annual simulation
Main fagade at 0° South-facing
Other-facade WWR 0.10 (fixed)
Window U-value 1.60 W/m?K (fixed)
Occupancy / lighting / equipment 0.054 person/m? / 10.67 W/m?/ 6.78 W/m?
Infiltration 0.50 ACH
Setpoints Heating 21.1 °C; cooling 23.9 °C
HVAC representation EnergyPlus Ideal Loads Air System
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Reference-model parameter Value / assumption

Roof construction 10 mm roof membrane + 120 mm insulation
+ 150 mm concrete + 12.5 mm gypsum board
(fixed)

Floor construction 50 mm insulation + 150 mm concrete (fixed)

Ground-surface temperature 18 °C for all months

Horizontal shading External horizontal overhang on the main
facade; depth treated as a design variable

Table 1. Fixed reference-model assumptions used in the EnergyPlus workflow.

Passive Design Variables and Parametric Sampling

Five passive-design variables were investigated. Orientation was treated as a discrete variable
with eight equally spaced directions, while main-facade WWR, wall-insulation thickness,
SHGC, and horizontal shading depth were continuous variables. The investigated ranges were
selected to cover a broad but architecturally plausible design space. The baseline model was
defined at 0° orientation with WWR = 0.40, wall insulation = 0.10 m, SHGC = 0.45, and
shading depth = 0.50 m. Under these conditions, annual heating demand was 4.7307
kWh/m?-year, cooling demand was 50.1030 kWh/m?-year, and combined heating and cooling
demand was 54.8337 kWh/m?-year.

Design variable Investigated values / range Baseline
Orientation 0°, 45° 907, 1355, 180°, 0°
225°,270°, 315°
Main-fagade WWR 0.20-0.60 0.40
Wall insulation thickness 0.05-0.20 m 0.10 m
SHGC 0.25-0.60 0.45
Horizontal shading depth approximately 0—1.00 m 0.50 m

Table 2. Passive-design variables and baseline values.

A stratified Latin Hypercube Sampling (LHS) strategy was used to construct the initial design
dataset. LHS is a stratified sampling approach designed to represent multidimensional input
spaces efficiently (McKay et al., 1979). For each of the eight orientations, 15 LHS samples
were generated for the four continuous variables, producing 120 EnergyPlus cases in total. All
120 cases were successfully completed, with 15 cases per orientation, no missing values, and
no duplicate case identifiers. The resulting combined heating and cooling demand ranged
from 44.7538 to 90.7880 kWh/m?-year, providing a broad target range for model training.

Machine-Learning Models, Cyclic Orientation Encoding, and Validation

Three regression algorithms were compared: Random Forest, XGBoost, and Support Vector
Regression. Separate regression models were trained for annual heating demand, annual
cooling demand, and combined annual heating-plus-cooling demand (H+C). Random Forest
aggregates multiple decision trees and is widely used for nonlinear regression and feature
interactions (Breiman, 2001). XGBoost is a scalable gradient-boosted tree method designed
for strong predictive performance on structured data (Chen & Guestrin, 2016). Support Vector
Regression extends the support-vector framework to regression problems and can model
nonlinear relationships through kernel functions (Drucker et al., 1997); the SVR
implementation in this study used a radial basis-function (RBF) kernel.

Orientation requires special treatment because it is circular rather than linear. Using raw
degree values would incorrectly make 0° and 315° appear far apart even though they are
adjacent directions. Orientation was therefore transformed into sine and cosine components:
orientation_sin = sin(0) and orientation_cos = cos(0). This representation preserves circular
proximity in the feature space.
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The 120-case dataset was divided into 96 training cases and 24 independent test cases. The
split was stratified by orientation, leaving 12 training cases and 3 test cases for each of the
eight directions. Hyperparameters were tuned only on the training set using five-fold stratified
cross-validation. Model performance was evaluated using the coefficient of determination
(R?), root mean squared error (RMSE), and mean absolute error (MAE). This separation
allowed model selection to be based on data not used during fitting or hyperparameter tuning.
The final tuned RBF-SVR settings used C = 300 and y = 0.03 for all three targets, with ¢ =
0.25 for heating, € = 0.50 for cooling, and & = 1.00 for total H+C.

Model Performance

SVR achieved the best predictive accuracy for heating, cooling, and combined heating-plus-
cooling demand. For the combined target, SVR reached R? = 0.9619, RMSE = 1.9159
kWh/m?-year, and MAE = 1.5231 kWh/m?-year on the independent test set. XGBoost
produced lower but still strong performance, while Random Forest had the largest errors
among the three models. The close relationship between SVR cross-validation error and
independent test error also indicated that the selected model was not simply fitting the training
cases.

Target Model R? RMSE MAE
Heating Random Forest 0.7284 1.5497 1.1670
Heating XGBoost 0.8676 1.0820 0.6901
Heating SVR 0.9705 0.5109 0.4225
Cooling Random Forest 0.7249 5.7847 4.4796
Cooling XGBoost 0.9034 3.4282 2.6108
Cooling SVR 0.9816 1.4971 1.1527
Total H+C Random Forest 0.7823 4.5832 3.4792
Total H+C XGBoost 0.8783 3.4265 2.6315
Total H+C SVR 0.9619 1.9159 1.5231

Table 3. Independent test-set performance of the three machine-learning models.

Explainability with SHAP

After model selection, the final SVR model was refitted using all 120 simulation cases and
interpreted using Kernel SHAP. SHAP provides feature-attribution values that quantify how
strongly input variables influence model predictions (Lundberg & Lee, 2017). Because
orientation had been represented by sine and cosine components, their absolute SHAP
magnitudes were summed and reported as a single orientation importance value. For total
heating and cooling demand, SHGC had the largest global mean absolute SHAP value
(5.3845 kWh/m?-year), followed by main-fagade WWR (4.4469), orientation (3.4307),
shading depth (2.5611), and wall-insulation thickness (0.8849). These values represent the
magnitude of influence within the fitted model, not a fixed directional increase or decrease in
energy demand.
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Global feature influence in the final SVR model

SHGC

Main-fagade WWR

Orientation

Shading depth

‘Wall insulation

T T T

0 1 2 3 4 5
Mean |SHAP| for total H+C (kWh/m?2-year)

Figure 2. Global mean absolute SHAP importance for combined annual heating and cooling
demand.

Surrogate Screening and Direct EnergyPlus Verification

The trained SVR model was next used as a surrogate to screen a much larger candidate
population. For each of the eight orientations, 25,000 LHS candidate combinations were
generated for the continuous variables, resulting in 200,000 surrogate evaluations. The
number 25,000 was used as a practical dense-sampling choice because evaluating the trained
SVR is computationally inexpensive; it is not a theoretically required sample size.
Importantly, these 200,000 cases were model predictions rather than additional EnergyPlus
simulations.

The best surrogate-predicted candidate had 0° orientation, WWR = 0.2040, insulation =
0.1946 m, SHGC = 0.2501, and shading depth = 0.6750 m, with a predicted combined
demand of 39.7085 kWh/m?-year. The five top-ranked candidates were then simulated
directly in EnergyPlus. The best verified candidate produced 42.1191 kWh/m?-year,
corresponding to an absolute percentage error of 5.72%, calculated relative to the EnergyPlus-
verified value, and a 23.19% reduction compared with the baseline. This difference confirmed
the need to retain direct physics-based simulation as the final authority rather than accepting
the surrogate optimum without verification.

Local Refinement and Final Structured EnergyPlus Grid

Because the verified optimum remained close to several design bounds, a direct local
refinement stage was added. Forty local LHS cases were generated within a reduced four-
dimensional region around the surrogate optimum, while orientation was fixed at 0°. The
local ranges were WWR = 0.20-0.24, insulation = 0.16-0.20 m, SHGC = 0.25-0.30, and
shading depth = 0.55-0.90 m. Eight additional boundary-focused shading cases were
evaluated at WWR = 0.20, insulation = 0.20 m, and SHGC = 0.25, and the previously verified
optimum was included for comparison. This produced 49 direct EnergyPlus runs in total. The
best local case reduced combined demand to 41.8247 kWh/m?-year, but its shading depth of
0.55 m lay at the lower boundary of the local shading interval, indicating that the true
minimum could occur at a smaller depth.

A final structured boundary-grid search was therefore performed. WWR, insulation, and
SHGC were fixed at 0.20, 0.20 m, and 0.25, respectively, while shading depth was varied
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from 0.000 to 0.600 m in 0.025 m increments. Twenty-five shading depths were tested for
each of the eight orientations, giving 200 direct annual EnergyPlus simulations. All 200 runs
completed successfully. At 0° orientation, combined demand decreased from 44.9996
kWh/m?-year with no shading to a minimum of 41.7524 kWh/m?-year at 0.475 m, then
increased slightly as shading became deeper. This shallow interior minimum reflects the
trade-off between summer solar-control benefits and reduced winter solar gains.

Final EnergyPlus shading grid at 0° orientation

45.0 1

44.5

44.0

43.5

43.0

42.5 Minimum: 0.475 m

Annual heating + cooling demand (kWh/m2-year)

42.0

T T T

T
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Horizontal shading depth (m)

Figure 3. Final direct-EnergyPlus shading-depth search at 0° orientation.

The lowest EnergyPlus-verified solution identified by the proposed search procedure within
the investigated design bounds was obtained at 0° orientation, WWR = 0.20, wall-insulation
thickness = 0.20 m, SHGC = 0.25, and shading depth = 0.475 m. Annual combined heating
and cooling demand decreased from the 54.8337 kWh/m?-year baseline to 41.7524
kWh/m?-year, corresponding to a 23.86% reduction.

Baseline and final verified energy demand

I Baseline
I Final verified

50

5
1

Annual demand (kWh/m2-year)
8 8

10 A

0_

Heating Cooling Total H+C

Figure 4. Baseline and final verified annual heating, cooling, and combined demand.
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Performance indicator Baseline Final verified
Orientation 0° 0°
Main-fagade WWR 0.40 0.20
Wall insulation 0.10 m 0.20 m
SHGC 0.45 0.25
Shading depth 0.50 m 0.475 m

Heating demand

4.7307 kWh/m?-year

8.2988 kWh/m?-year

Cooling demand

50.1030 kWh/m?-year

33.4536 kWh/m?-year

Total H+C

54.8337 kWh/m?-year

41.7524 kWh/m?-year

Table 4. Baseline and final verified design/performance comparison.

Interpretation of the Final Energy Balance

The final configuration did not reduce both heating and cooling demand simultaneously.
Heating demand increased from 4.7307 to 8.2988 kWh/m?-year, an increase of approximately
75.4%, while cooling demand decreased from 50.1030 to 33.4536 kWh/m?-year, a reduction
of approximately 33.2%. The combined objective nevertheless improved by 23.86% because
the absolute cooling reduction was much larger than the heating penalty. This result is
consistent with the physical role of lower WWR and SHGC: both reduce solar heat gains and
therefore cooling loads, but they also limit beneficial winter gains. The optimization objective
was therefore the annual combined heating-plus-cooling demand rather than either component
considered independently.

The orientation results also require a bounded interpretation. In the final 0—0.60 m shading
grid, the best 0° case occurred at an interior shading depth of 0.475 m and had the lowest
combined demand among all tested orientations. For several non-zero orientations, the best
result within the tested grid occurred at the 0.60 m upper shading boundary. In addition, the
final WWR (0.20) and SHGC (0.25) were located at their lower investigated bounds, whereas
the final wall-insulation thickness (0.20 m) was at its upper investigated bound. Therefore,
lower combined demand may be possible outside the ranges examined here. Accordingly, the
study identifies the lowest EnergyPlus-verified solution found within the investigated design
bounds and proposed search procedure; it does not claim an unconstrained or universal
optimum for all buildings in Bursa.

CONCLUSION AND DISCUSSION

This study developed and tested a machine-learning-assisted passive-design optimization
workflow for a 60 m? single-zone office under Bursa climate conditions. A Python-controlled
EnergyPlus model generated a balanced 120-case dataset across eight orientations and four
continuous design variables. Random Forest, XGBoost, and SVR were compared using an
independent test set and stratified cross-validation. SVR produced the best performance for
combined heating and cooling demand, with R? = 0.9619, RMSE = 1.9159 kWh/m?-year, and
MAE = 1.5231 kWh/m?-year.

The explainability analysis showed that SHGC and main-facade WWR were the two most
influential variables in the fitted surrogate, followed by orientation, shading depth, and wall-
insulation thickness. This ranking is physically plausible for a cooling-dominated baseline in
which solar gains through glazing make a large contribution to annual load. However, SHAP
importance should be interpreted as model influence rather than as a direct causal energy
change.

The optimized workflow illustrates the main practical benefit of combining machine learning
and simulation. The SVR model screened 200,000 candidate designs at negligible cost
relative to equivalent direct simulation, but the surrogate-predicted optimum was not accepted
uncritically. Direct EnergyPlus verification, local refinement, and a final 200-case grid were
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used to resolve boundary behavior and determine the reported solution. The lowest verified
configuration identified within the investigated design bounds—O0° orientation, WWR = 0.20,
0.20 m wall insulation, SHGC = 0.25, and 0.475 m shading depth—reduced annual combined
heating and cooling demand from 54.83 to 41.75 kWh/m?-year, or 23.86% relative to the
baseline.

The final energy balance is also important for design interpretation. Lower solar transmission
and glazing area increased heating demand by reducing beneficial winter solar gains, but the
much larger cooling reduction dominated the annual objective. Therefore, the optimum should
not be interpreted as a configuration that minimizes every energy component simultaneously.
Rather, it represents the lowest combined annual demand identified within the tested design
bounds.

The study has several limitations. The model represents one single-zone office prototype, one
Bursa weather file, fixed occupancy and internal-gain schedules, and an Ideal Loads HVAC
representation. Cost, embodied carbon, daylight, thermal comfort, natural ventilation, and
uncertainty in user behavior were outside the scope. In addition, the sampling densities used
for the initial LHS dataset, surrogate screening, and local refinement were practical design
choices rather than theoretically unique values. The final WWR and SHGC reached their
lower investigated bounds and insulation thickness reached its upper investigated bound,
consequently, the reported configuration should be interpreted as the lowest verified solution
found within the tested ranges rather than as a global optimum beyond those bounds. Future
studies can extend the workflow to wider parameter ranges, multi-zone buildings, additional
building types and climates, dynamic shading strategies, lifecycle cost and carbon objectives,
and uncertainty-aware or multi-objective optimization.

Overall, the results support a complementary rather than substitutive role for machine learning
in building-performance design. Physics-based simulation remains essential for final
verification, while a well-tested and interpretable surrogate can substantially accelerate
exploration of large passive-design spaces and provide architects with faster feedback during
early decision-making.
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Xiilasa. Moqalodo tosviri incosonatdo sohor vo memarliq monzaralorini oks etdiron veduta
janrmin yaranmasi, tarixi inkisafi vo XX asr Azorbaycan rossamligindaki badii xiisusiyyatlori
arasdirilir. Janr anlayisinin XVII osrdos sistemlogsmasi, vedutanin iso daha godim sohor tosvirlori
onoanosi ilo bagliligl geyd olunur. Venesiya rossamligi vo Kanaletto yaradiciligi veduta janrinin
miistaqil istigamat kimi taninmasinda miihiim morhalo kimi taqdim edilir. Azarbaycan tosviri
sonatindo sohor miihitinin, tarixi memarliq abidslorinin, kii¢colorin, meydanlarin vo doniz
manzaralorinin rossamlarin yaradiciliinda genis yer tutmasi niimunslar asasinda tahlil olunur.
Elmira Sahtaxtinskayanin Baki movzusunda osorlorindo memarliq, doniz, tobiot vo rong
minasibatlorinin vohdati, impressionist vo puantilist badii ifado vasitolorinin tosiri diqqgoto
catdirilir. Togrul Norimanbayovun Baki tosvirlorinds soharin tarixi-modoni miihiti, milli moigot
sohnoalari, Igarisohorin obrazi vo paytaxtin poetik goriiniisiiniin 6ziinomoxsus sokildo toqdim
edilmosi aragdirilir. Xalido Soforovanin Paris silsilosinde iso Avropa sshor miihitinin, Eyfel
qiillosinin, Notr-Damin, Monmartrin vo Sena sahillorinin impressionist duyum, rong
harmoniyasi, is1q-kolga vo perspektiv vasitasilo islonmasi 6n plana ¢okilir. Homginin Vaciha
Somoadova, Mikayil Abdullayev vo Nadir Obdiirrohmanovun xarici 6lkolora hasr etdiklori
osorlorin milli badii baxigla Avropa tosviri senot prinsiplorini olagelondirdiyi vurgulanir.
Aragdirma gostorir ki, Azorbaycan rossamlari veduta janrini yalniz gohor goriiniisiiniin sonadli
tosviri kimi deyil, milli yaddasin, memarliq irsinin, sohor estetikasinin vo emosional
toossiiratlarin ifads vasitosi kimi inkisaf etdirmislor. Bu yanasma sohor mokanini tarixi, estetik
va sosial mozmun dagtyan canli badii obraz soviyyasina yiiksaltmokls yanasi, milli rossamligin
beynolxalq sonat tocriibolori ilo qarsiligl olagosini do aydin sokildo niimayis etdirir. Eyni
zamanda bu osorlor gohorin yaddasini qoruyaraq tamasagida mokanla bagli estetik hisslor
yaradir vo milli madani irsin vizual sokilds toqdim edilmasins imkan verir.

Acar sozlar: veduta, sohor monzorasi, memarliq, Azorbaycan rossamligi, sohor estetikasi
Abstract. The article examines the formation, historical development, and artistic
characteristics of the veduta genre in Azerbaijani visual art, focusing on representations of
urban and architectural landscapes. It notes that the concept of genre became systematized in
the seventeenth century, while veduta itself developed from much older traditions of depicting
cities and architectural spaces. Venetian painting and the work of Canaletto are presented as
important stages in the recognition of veduta as an independent artistic direction. The study
analyzes examples demonstrating the significant place of urban environments, historical
monuments, streets, squares, and seascapes in twentieth-century Azerbaijani painting. In the
works of Elmira Shahtakhtinskaya devoted to Baku, particular attention is given to the
relationship between architecture, sea, nature, and color, as well as the influence of
Impressionist and Pointillist techniques. The Baku compositions of Togrul Narimanbekov are
examined through his distinctive interpretation of the city’s historical and cultural environment,
traditional everyday scenes, the image of Icherisheher, and the poetic character of the capital.
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Khalida Safarova’s Paris series is discussed in terms of her treatment of the Eiffel Tower, Notre-
Dame, Montmartre, and the Seine through Impressionist perception, color harmony, light and
shadow, and perspective. The works of Vajiha Samadova, Mikayil Abdullayev, and Nadir
Abdurrahmanov devoted to foreign countries are also considered as examples of interaction
between national artistic vision and European methods. The research concludes that Azerbaijani
artists developed veduta not merely as documentary urban representation, but as a means of
expressing cultural memory, architectural heritage, urban aesthetics, and emotional
impressions.

Keywords: veduta, urban landscape, architecture, Azerbaijani painting, urban aesthetics

Tasviri incosonatdo janr anlayisinin formalasmasi XVII osro aid edilir. Janr hor bir incosonot
ndviiniin torkib hissesidir. Incesonst tarixinde “Veduta” termini ilo formalasan, sohor vo
memarliq monzoralorinin  XVIII osrdon baslayaraq populyarlasmast Venesiya rossami
Kanaletto ilo alagolondirilir. Rassam tolobalorine va sifaris¢ilors bu janr1 “Venesiya xatirosi”
kimi izah edirdi. Lakin, bununla belo veduta bir janr kimi dorin tarixi koklors malikdir. Qadim
dovr das solnamolorindo, Orta osr kitab miniatiirlorinds, divar rosmlorinds, habelo Avropa
Intibahi incasonatinda sohar tosvirlori genis yayilmisdir. Azarbaycan tosviri sonatinds artiq XX
osrdon etibaron rossamlarimiz hom 6z 6lkomizo, hom do xarici ezamiyyatlors gedon zaman
kotanlarina kogiirdiiyli veduta janrinda olan asorlori miihiim yer tutur.

Elmira Sahtaxtinskaya yaradiciliginda Bakiya hasr etdiyi monzarslor miihiim yer tutur. “Baki
monim vatonimdir”(gokil 1)asarinds yaz faslinin gozalliklori ustaligla tosvir edilmisdi.Soharin
umumi memarhig dairovi formadadir. Kompozisiyanin 6n hissasindo tonha vo ¢igok agan
agaclar, qisdan yaza ke¢idi simvolik olaraq oks etdirir.Manzaranin veduta (sohor memarlig1) vo
marina (doniz) novlorindon istifads edilmisdi. Digor agaclar buta formasinda, bulud is9 ¢in-
uygur sonotind xas olan spiralvari formada hall edilmisdi. Soyuq ve isti ronglorin vohdati
“Kiiloklor gohori” olan paytaxtimizin imumi goriinlisiinii tamasacinin goézii qarsisinda
canlandirir.“Yagish  giin.Baki”(1961) vo “Geco monzorossi.Baki” (1958) osorlorindo
impressionist vo puantilistloro xarakterik olan yaxmalar1 duya bilorik. “Incosonat muzeyindon
monzara” (1987) bu kompozisiyada sorq vo qorb memarliginin sintezi, rassama maxsus olan
“lessirovka” texnikasinin 6ziino moxsuslugu vardir.

Togrul Norimanbayovun “Kohno Baki”(1980) asorinds sanki nagillarda olan sohorini tosvir
edib.Osoro  baxanda somada,donizdo,tarixi  abidolorimizds  biitiin  nagillarda  olan
gshromanlarimizi gora bilorik.Senatkar sanki bu asara baxan tamasagiya 6z sevimli paytaxti vo
onun ozomoti haqqinda hekays danigir.Osorin maraqli anlarindan biri dord faslin bir
kompozisiyada yerlosdirilmasidir. “Bakida kiilokli giin”(1974) kompozisiyasinda is9 kiiloklor
soharini 0z fircastyla tosvir edon rassam sanki donizin ragsini tasvir edir.Toz-dumani,gdyiin
tutqunlugunu vermoklo sonotkar kiilokli giindo belo Bakinin neco gozol olmasimi tosvir
edir.Togrul Norimanboyovun “Bakida bahar “ asorindo iso baharin gsohorino golisini tosvir edon
rossam isti tonlarla,osas memarliq kimi “Filarmoniya”n1 tasvir etmisdi.Onun qarsisindaki
kiigonin verilmosido sonatkarin géziindon qagmamisdi.

Rossamin Baki vo onun tarixi abidslorine miiraciot etdiyi osorlorindon on maraqlisi
“Igorisohordo  kiigo” kompozisiyasidir.Osordo qodim  soharin  adot-ononolori  tosvir
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olunub.Samovar ¢ay1 icon qonsular,tut agacina ¢ixan oglan vo agacin altinda tut yigmaq tliciin
hazirliglarini géron qizlar, dovonin iistiinds siid,su satan,qonsularin 6z evlorinin qgarsisinda bir-
birlari ilo mehriban séhbat etmolori-biitiin bu siijetlori Togrul Norimanbayov bir kompozisiyada
yerlasdirmisdir.Renglor sanki qarisiq formada verilib va Igarisohorin madoni hoyatini tocassiim
etdirir.Sonotkarin bu moévzuya miiraciot etdiyi “Yagish giindo Sirvansahlar saray1”,”Qiz
qalas1”(1994) kimi osorlorinds  iso  Bakinin  simvollart  géziimiiziin  qarsisinda
canlanmigdi.”’Kohno Baki”(1965) kompozisiyasinda iso timumilikde gqarsimizda sohorin
monumental obrazi canlandirilir.

q:ui!mm!?" ]

} * "kl = » A ¢
‘ AN | R

. vl o ot A A

4y ,.a & N&‘

-
h‘ ‘E.jl' g

\ 03
L

Sokil 1.Elmira Sahtaxtinskaya “Baki manim vatonimdir”

Azorbaycan rossamlarindan bir ¢oxu Maral Rohmanzads, Vociho Somoadova, Nadir
Obdiirrohmanov va bagqalarinin yaradiciliginda Bakiya hasr edilon silsilo asarlor vardir. Xarici
Olkolorin memarligini vo monzarasini 0z firgasiyla tosvir edon rossamlarimiz iso Avropada bas
veran coroyanlarin tosirine diigorok milli vo qorb toviri sonot metodlarinin sintezini 6z
osarlorinds ustaligla oks etdirmislor.

Oz modoniyyati ilo secilon Fransa daima iislublarin, coroyanlarm vo moshur rossamlarin
yasadig1 6lka olub. Xalids Soforova yaradiciliginda Paris movzusunda yaratdig: silsilo asarlor
miihiim yer tutmagqla barabaor, rong hollino vo badii-texniki icrasina gors do forqlonirlor. “Paris
silsilosi” onun yaradiciliginin son dovrlorini (1980-1990-c1 illor) ohato edir. Ruhon
impressionist olan rossamin dast-xattindo impressionizm caroyaninin alamatlori demok olar ki,
biitlin yaradicilig1 boyu izlonilir. Uzun illor hosroti ilo yasadigi Fransaya golmok rossamin
yaradicilifinda yeniliklor olacagina bir isars idi. O buranin tobiotini, tarixini, memarligini vo
kiigalorini 6z firgasiyla tamasacilarina gatdirir.

Xalido Soforova Parisin simvolu sayilan “Eyfel qiillosi” (1995) osorindo yuxarit baxis
istiqgamotindo, saquli formatda, soyuq ronglordon istifado edorok miirokkob vo maraqli
kompozisiya yaratmigdir. Digor maraqli magam isa rossamin tobiot vo sohor monzarasini bir
asards sintez soklinda olagoalondirmasidir. Kompozisiya qurulusunu iki planli tohlil etsok, 6n
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planda qirmizi, gohvayi vo yasil ronglordo hollini tapmis tarixi qiilloni, arxa planda iso soma
tosviri vo ag rongin i¢indo qara element kimi tosvir edilon qagayilari miisahido etmis
olarig.“Notr Dam kilsasi” (1985) asorindo do rossam kompozisiyani eyni prinsiplo qurmus vo
soyug-isti ranglar, is1q-kolga, perspektiv vo makan hallindon istifads etmigdir.“Paris silsilosina”
daxil edilon maghur impressionist rassam O.Renuar torafindan bir ne¢a dofs miiraciat olunan,
lakin Xalido Soforovanin 6ziinomoxsus sokilds islodiyi Monmartra hasr etdiyi asorlor do 6ziiniin
maraqli bodii hoalli ilo segilir. Rossamin bu qobildon olan “Monmartr bulvar1” (1985),
“Monmartr. Paris” (1985) vo eskiz xarakterli “Monmartr. Paris” (1985) kompozisiyalarinda adi
¢okilon soharin miixtalif fosillorde ronglor vasitosilo yaratdigi abu-havani xiisusilo geyd etmok
lazimdir. Bu tesvir iisulundan istifado geyri-adi yanagsma kimi sayilmali deyil, ¢iinki mohz
impressionistlor tabistin miixtalif anlarinda ¢okilon asarlors xiisusi diqqget ayirirdilar. Soharin
ictimai binalarinin tosvirini rassam daqiqlikls tosvir etmisdir. Qizili, yasil, qirmizi, ag ronglarin
bir-biri ilo vohdatds verilmasini bu asarlar ii¢lin spesifik bir nozari baxis kimi qeyd etmoliyik.

Xalida Safarova bu silsilodo Sena gayinin da tosvirine xiisusi yer ayirmigdir. “Parisdo axsam”
(1985), “Sena sahili” (1998) kompozisiyalarinda rossam tokca Sena ¢ayini deyil, imumilikds
Parisin iimumi monzarssini tamasacinin gozii qarsisinda canlandirir. Cayin {izorindo
puantilistlors xarakterik olan refleksin oks edilmasi, yaxmalarin doqiq verilmosi, monzorays xas
olan metodlardan istifadoni sonatkar xiisusilo vurgulamisdi.

Vaociho Somodova “Stokholm”, “Bolqaristan”, Mikayil Abdullayev “Hindistan”, Nadir
Obdiirrohmanov “Venesiya” va basqalarinin xarici 6lkalors hosr etdiyi bu asarlor 6z koloritliliyi
ilo tamasagcilarin digqotini colb edir.

XX osr Azorbaycan tasviri incasonatinds veduta janrinin milli vo Avropa metodlarindan istifads
edilorak, rong, mokan, kompozisiya quruluslar1 asarlorin bitkinliyini tamamlayir.

ODOBIYYAT SiYAHISI:
1. Sevil Korimova “Incosanat asarlorinin tohlili” ( metodik voesait), Azorbaycan/Bak1. 2018
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Ozet

Foundation modelleri, farkli segmentasyon gorevlerine minimum ek egitim gereksinimiyle
uyarlanabilmeleri ve sifir 6rnek (zero-shot) c¢ikarim yetenekleri sayesinde tibbi goriintii
analizinde yeni bir paradigma olusturmustur. Bununla birlikte, bu modellerin klinik kullanima
aktarilabilmesi yalnizca yiiksek ortalama dogruluk degerlerine degil, farkli anatomik yapilar
ve hasta gruplar1 boyunca tutarli ve giivenilir performans sergilemelerine de baglhdir.
Ozellikle organ boyutu, goriintii kontrasti ve anatomik karmasikligin foundation modeller
tizerindeki etkisi heniiz kapsamli bigimde ortaya konulamamistir. Bu ¢alismada, MedSAM ve
SAM2in zero-shot segmentasyon performansi, gorev-spesifik olarak egitilmis nnU-Net v2
modeli ile AMOS22 abdominal c¢oklu-organ bilgisayarli tomografi veri seti iizerinde
karsilastirmali olarak degerlendirilmistir. Tiim modeller ayn1 validasyon kohortu iizerinde
organ bazinda Dice Similarity Coefficient (DSC), %95 Hausdorff Distance (HD95) ve
segmentasyon basarisizlik orani kullanilarak analiz edilmistir. Ortalama performans
metriklerine ek olarak, organ bazli ve olgu bazli performans degiskenligi de incelenerek
modellerin klinik giivenilirligi ¢ok yonlii olarak degerlendirilmistir. Karsilastirmali analizler,
nnU-Net v2'nin karaciger, bobrekler ve aort gibi biliylik ve yiiksek kontrastli anatomik
yapilarda daha tutarli segmentasyon performansi sergiledigini gostermektedir. Foundation
modelleri bu organlarda rekabet¢i sonuglar tiretmekle birlikte, olgular arasinda daha yiiksek
performans degiskenligi gostermektedir. Performans farkliliklar1 6zellikle pankreas, adrenal
bezler, 6zofagus ve duodenum gibi kiiciik ve anatomik olarak daha karmagik yapilarda
belirginlesmektedir. Bu organlarda tiim modellerde dogrulukta azalma gdézlenmesine ragmen,
foundation modellerin basarisizlik oranlarinin ve performans varyasyonlariin daha yiiksek
oldugu goriilmektedir. Elde edilen bulgular, ortalama performans metriklerinin tek bagsina
klinik giivenilirligi degerlendirmek icin yeterli olmadigini; giivenilir bir klinik degerlendirme
icin organ bazli performans, vaka bazli degiskenlik ve basarisizlik analizlerinin birlikte ele
alimmas1 gerektigini gostermektedir. Calisma, foundation modellerin giiclii ve sinirli kaldiklari
anatomik senaryolari sistematik olarak ortaya koyarak, giiven kalibrasyonu, adaptif prompting
ve klinik karar destek sistemlerine yonelik gelecekte gelistirilecek giivenilir foundation model
yaklagimlari i¢in deneysel bir referans ¢ercevesi sunmaktadir.

Anahtar Kelimeler: Foundation modelleri, gilivenilir yapay zeka, tibbi goriintii
segmentasyonu, ¢oklu organ BT segmentasyonu, klinik giivenilirlik.

Abstract

Foundation models have emerged as an important paradigm in medical image analysis due to
their ability to generalize across different segmentation tasks with little or no task-specific
training and their zero-shot inference capabilities. However, their suitability for clinical
applications depends not only on achieving high average segmentation accuracy but also on
maintaining consistent and reliable performance across different anatomical structures and
patient populations. In particular, the impact of factors such as organ size, image contrast, and
anatomical complexity on the performance of foundation models has not yet been
systematically investigated. In this study, the zero-shot segmentation performance of
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MedSAM and SAM2 was compared with that of a task-specific nnU-Net v2 model using the
validation cohort of the AMOS22 abdominal multi-organ computed tomography dataset. All
models were evaluated using organ-level Dice Similarity Coefficient (DSC), 95% Hausdorff
Distance (HD95), and segmentation failure rate. In addition to average performance metrics,
case-to-case performance variability was analyzed to provide a more comprehensive
assessment of the clinical reliability of the models. The results showed that nnU-Net v2
achieved more consistent segmentation performance for large, high-contrast anatomical
structures, including the liver, kidneys, and aorta. Although MedSAM and SAM2 achieved
competitive accuracy for these organs, they exhibited greater case-to-case performance
variability. Performance differences became more pronounced for smaller, low-contrast, and
anatomically complex structures, such as the pancreas, adrenal glands, esophagus, and
duodenum. While all models showed reduced accuracy for these organs, the foundation
models exhibited higher segmentation failure rates and greater case-to-case performance
variability. These findings suggest that average segmentation performance alone is
insufficient to assess the clinical reliability of foundation models. A reliable evaluation for
clinical deployment should consider organ-level accuracy, case-to-case performance
variability, and segmentation failure rates together. By systematically identifying the
anatomical scenarios in which foundation models perform reliably and those in which their
performance remains limited, this study provides a practical reference for future research on
confidence calibration, adaptive prompting strategies, and trustworthy clinical decision
support systems.

Keywords: Foundation models, trustworthy artificial intelligence, medical image
segmentation, multi-organ CT segmentation, clinical reliability.
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Ozet

Fundus goriintiilerinin otomatik olarak siniflandirilmasi, géz hastaliklarinin erken tanisina katki
saglayabilecek bilgisayar destekli tani sistemlerinin gelistirilmesinde Onemli bir rol
oynamaktadir. Bu ¢aligmada, fundus goriintiilerinden katarakt, diyabetik retinopati, glokom ve
normal siniflarinin otomatik olarak belirlenmesi amaciyla EfficientNetV2S tabanli ve Channel
Attention modiilii ile gili¢lendirilmis bir derin 6grenme modeli sunulmustur. Caligmada ilk
olarak ResNet50, DenseNetl21, EfficientNetBO ve EfficientNetV2S omurga aglar1 ayni
deneysel kosullar altinda karsilastirilarak en uygun omurga agi belirlenmistir. Daha sonra
EfficientNetV2S modeli ilizerine Channel Attention, Spatial Attention ve CBAM dikkat
mekanizmalar1 ayr1 ayr1 entegre edilerek performanslart degerlendirilmis, son asamada ise
secilen model veri artirma stratejileri ile desteklenmistir. Deneysel sonuglar, bu calismada
kullanilan veri kiimesi ve uygulanan deneysel kosullar altinda Channel Attention modiiliiniin
diger dikkat mekanizmalarina gore daha basarili sonuglar verdigini gostermistir. Gelistirilen
nihai model %95.73 dogruluk, %95.68 kesinlik, %95.68 duyarlilik ve %95.68 F1-skoru elde
etmistir. Elde edilen bulgular, kullanilan veri kiimesi ve uygulanan deneysel protokol
kapsaminda EfficientNetV2S omurga agi, Channel Attention modiili ve veri artirma
stratejilerinin birlikte kullanilmasimin fundus goriintiilerinden goz hastaliklarinin otomatik
siiflandirilmasinda etkili bir yaklasim sundugunu gostermektedir.

Anahtar Kelimeler: Fundus goriintiileri, goz hastaliklarinin siniflandirilmasi, derin 6grenme,
dikkat mekanizmasi

Abstract

The automated classification of fundus images plays an important role in the development of
computer-aided diagnostic systems for the early detection of ocular diseases. In this study, a
deep learning model based on EfficientNetV2S and enhanced with a Channel Attention module
is presented for the automated classification of cataract, diabetic retinopathy, glaucoma, and
normal fundus images. Initially, ResNet50, DenseNetl21, EfficientNetB0O, and
EfficientNetV2S backbone networks were compared under identical experimental conditions
to identify the most suitable backbone architecture. Subsequently, Channel Attention, Spatial
Attention, and CBAM modules were individually integrated into the EfficientNetV2S
architecture, and their effects on classification performance were evaluated. Finally, the
selected model was further improved using data augmentation strategies. Experimental results
demonstrated that, under the dataset and experimental conditions considered in this study, the
Channel Attention module outperformed the other attention mechanisms. The final model
achieved an accuracy of 95.73%, a precision of 95.68%, a recall of 95.68%, and an F1-score of
95.68%. The findings indicate that, within the scope of the employed dataset and experimental
protocol, the combined use of the EfficientNetV2S backbone, the Channel Attention module,
and data augmentation strategies provides an effective approach for the automated classification
of ocular diseases from fundus images.

Keywords: Fundus images, ocular disease classification, deep learning, attention mechanism
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OZET

Kalp iiftirimlerinin fonokardiyogram (PCG) kayitlarindan otomatik olarak belirlenmesi,
kardiyovaskiiler hastaliklarin erken taranmasina yonelik bilgisayar destekli sistemler agisindan
onem tasimaktadir. Bu ¢alismada, PCG sinyallerinden elde edilen zaman-frekans ve sayisal
Oznitelik temsillerini birlikte degerlendiren iki kollu bir derin 6grenme yaklagimi incelenmistir.
PhysioNet/CinC 2022 CirCor DigiScope veri setindeki Murmur etiketleri kullanilmigtir.
Belirsizligi temsil eden Unknown sinifi ¢ikarilarak problem Absent ve Present siniflar arasinda
ikili siniflandirma gorevi olarak tanimlanmistir. Deneyler, 575 egitim, 126 dogrulama ve 173
test hastas1 lizerinde gerceklestirilmistir. Her bes saniyelik segmentten 64 bantli Log-Mel
spektrogram ve Mel frekans kepstral katsayilart (MFCC), spektral, enerji tabanli ve istatistiksel
Olciitlerden olusan 59 boyutlu sayisal 6znitelik vektorii ¢ikarilmistir. Log-Mel gosterimleri
evrisimli sinir ag1 (CNN), sayisal Oznitelikler ise ¢ok katmanli algilayict (MLP) kolunda
islenmis; iki koldan elde edilen 128’er boyutlu gizli temsiller birlestirilerek ara fiizyon
gerceklestirilmistir. Segment tahminleri kayit diizeyinde ortalama alinarak, kayit tahminleri ise
hasta dilizeyinde en yliksek deger secilerek birlestirilmistir. Fiizyon modeli test kiimesinde
%91,91 dogruluk, %85,89 dengeli dogruluk, %76,67 duyarlilik, %95,10 6zgiillik, %76,67 F1-
skoru, %89,42 ROC-AUC ve %383,63 PR-AUC elde etmistir. Yalnizca Log-Mel kullanan CNN
modeli %87,20 dengeli dogruluk ve %77,42 F1-skoruna ulasirken, 59 6znitelikle egitilen en
basarili klasik yontem olan XGBoost %71,61 dengeli dogruluk ve %50,00 F1-skoru iiretmistir.
Bulgular, Log-Mel tabanli derin 6grenmenin klasik 6znitelik tabanli yontemlerden daha yiiksek
performans sagladigin1 gostermektedir. Bununla birlikte, sayisal 6znitelik flizyonunun katkisi
ozgiilliik, ROC-AUC ve PR-AUC olgiitleriyle sinirlt kalmig; dengeli dogruluk ve F1-skoru
bakimindan tek temsilli CNN modeline iistiinliik saglayamamuistir.

Anahtar Kelimeler: Fonokardiyogram, kalp tiflirlimii, derin 6grenme, Log-Mel spektrogram,
Oznitelik flizyonu.

ABSTRACT

Automatic detection of heart murmurs from phonocardiogram (PCG) recordings is important
for preliminary cardiac assessment and computer-aided screening systems. In this study, a two-
branch deep learning approach that jointly evaluates time-frequency representations and
numerical acoustic features extracted from PCG signals was investigated. The Murmur labels
in the PhysioNet/CinC 2022 CirCor DigiScope dataset were used, and the Unknown class,
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which represents label uncertainty, was excluded. The problem was therefore defined as a
binary classification task between the Absent and Present classes. Experiments were conducted
on 575 training, 126 validation, and 173 test patients. For each five-second segment, a 64-band
Log-Mel spectrogram and a 59-dimensional numerical feature vector consisting of Mel-
frequency cepstral coefficients (MFCC), spectral, energy-based, and statistical measures were
extracted. Log-Mel representations were processed by a convolutional neural network (CNN),
while numerical features were processed by a multilayer perceptron (MLP) branch. The 128-
dimensional hidden representations obtained from the two branches were concatenated to
perform intermediate fusion. Segment predictions were averaged at the recording level, and
recording-level predictions were combined at the patient level using the maximum value. The
fusion model achieved 91.91% accuracy, 85.89% balanced accuracy, 76.67% sensitivity,
95.10% specificity, 76.67% F1-score, 89.42% ROC-AUC, and 83.63% PR-AUC on the test set.
The CNN model using only Log-Mel spectrograms achieved 87.20% balanced accuracy and a
77.42% F1-score, whereas XGBoost, the best-performing classical method trained with the 59
numerical features, achieved 71.61% balanced accuracy and a 50.00% F1-score. The findings
show that the Log-Mel-based deep learning model outperformed classical feature-based
methods. However, the contribution of numerical feature fusion was limited to specificity,
ROC-AUC, and PR-AUC; it did not surpass the single-representation CNN model in terms of
balanced accuracy and F1-score.

Keywords: Phonocardiogram, heart murmur, deep learning, Log-Mel spectrogram, feature
fusion.

GIRIS

Diinya Saglik Orgiitii verilerine gore, kardiyovaskiiler hastaliklarin 2022 yilinda yaklasik 19,8
milyon kisinin yasamini yitirmesine neden oldugu ve diinya genelindeki oliimlerin yaklasik
%32’sin1 olusturdugu bildirilmektedir (World Health Organization, 2025). Diizenli tarama
hizmetlerine ve uzman degerlendirmesine erisimde yasanan giigliikler, 6zellikle saglik
kaynaklarinin siirli oldugu bélgelerde erken taniy1 zorlastirabilmektedir. Bu nedenle diisiik
maliyetli, erigilebilir ve bilgisayar destekli tan1 sistemlerinin gelistirilmesi, kardiyovaskiiler
hastaliklarin erken degerlendirilmesine yonelik 6nemli bir aragtirma alani haline gelmistir
(Kalimuthu ve Hemanth, 2025). Kalp seslerinin stetoskop aracilifiyla dinlenmesine dayanan
oskiiltasyon, non-invaziv, diisliik maliyetli ve kolay uygulanabilir bir yontem olmas1 nedeniyle
ilk klinik degerlendirme ve tarama siireclerinde 6nemli bir yere sahiptir (Orozco-Reyes vd.,
2025). Oskiiltasyon sirasinda elde edilen kalp seslerinin dijital olarak kaydedilmesiyle
olusturulan fonokardiyogram (Phonocardiogram, PCQG) sinyalleri, kalbin mekanik aktivitesine
iligkin bilgi tasimakta ve cesitli kardiyak patolojilerin degerlendirilmesinde yararl bir veri
kaynag1 olusturmaktadir (Huai vd., 2025; Orozco-Reyes vd., 2025). Baz1 kardiyak durumlarda
iflirtimler, klikler ve siirtiinme sesleri gibi ek akustik bilesenler ortaya ¢ikabilmektedir. Kalp
seslerinde meydana gelen bu degisimler, Ozellikle kapak hastaliklar1 ve diger kardiyak
anomalilerin degerlendirilmesinde klinik agidan 6nemli bilgiler saglayabilmektedir (Orozco-
Reyes vd., 2025). PCG sinyallerinin 6nemli tanisal bilgiler icermesine karsin, kalp seslerinin
giivenilir bigimde yorumlanmasi klinik deneyim gerektirmekte ve degerlendirme sonuglar
gozlemciler arasinda farklilik gosterebilmektedir. Ayrica ¢evresel giiriiltii, kayit cihazlarinin
ozellikleri, farkl stetoskop tiirleri, kayit protokolleri ve bireyler arasi fizyolojik degiskenlik gibi
faktorler PCG sinyallerinin analizini gii¢lestirebilmektedir (Springer vd., 2016). Bu sinirliliklar,
kalp seslerinin daha nesnel ve tekrarlanabilir bi¢imde degerlendirilmesini saglayabilecek
bilgisayar destekli otomatik analiz yontemlerine yonelik ilgiyi artirmistir (Huai vd., 2025;
Reyna vd., 2023). Bu yontemler arasinda PCG sinyallerinin iki boyutlu zaman-frekans
temsillerine doniistiiriilerek Evrisimli Sinir Ag1 (Convolutional Neural Network, CNN)

ISBN: 978-625-90699-3-7

162



IMAEC 11 INTERNATIONAL CONGRESS ON ADVANCED ENGINEERING,
ARTIFICIAL INTELLIGENCE AND ARCHITECTURE
August 25-28, 2026 Bucharest/ROMANIA

modellerine aktarilmasi, kalp sesi siniflandirmasinda yaygin kullanilan yaklasimlardan biri
haline gelmistir (Chen vd., 2023; Khan vd., 2021; Rubin vd., 2017). Bununla birlikte, bir PCG
sinyalinin farkli temsilleri sinyalin farkli 6zelliklerini 6n plana ¢ikarmaktadir. Sayisal akustik
Oznitelikler sinyalin belirli zamansal, spektral ve istatistiksel karakteristiklerini 6zetlerken,
zaman-frekans temsilleri frekans bilesenlerinin zaman igerisindeki degisimini ayrintili bigimde
yansitabilmektedir. Dolayisiyla yalnizca tek bir temsil uzaymdan yararlanilmasi, PCG
sinyalindeki tamamlayici bilgilerin tamaminin modele aktarilmasini sinirlandirabilir.

Bu calismada, PCG sinyallerinden c¢ikarilan sayisal akustik 6znitelikler ile Log-Mel tabanl
zaman-frekans temsillerinin kalp Ufiirtimii tespitindeki etkisi arastirilmistir. Elle tasarlanan 59
akustik Oznitelik yedi farkli makine 6grenmesi algoritmasiyla degerlendirilmistir. Sonrasinda
yalnizca Log-Mel temsilini kullanan bir CNN modeli ile bu temsili akustik 6zniteliklerle
birlestiren bir ara fiizyon modeli gelistirilmigtir. Modeller, hasta bazli veri ayrimi ve hasta
diizeyinde degerlendirme metrikleri kullanilarak karsilagtirilmistir.

LITERATUR OZETi

Geleneksel yaklagimlarda siniflandirma basarisi biiyiik ol¢lide dnceden tanimlanan akustik,
zamansal ve spektral 6zniteliklere bagliyken derin 6grenme yontemlerinin gelismesiyle birlikte
PCG sinyallerinden ayirt edici temsillerin dogrudan 6grenilmesine dayali yontemler 6n plana
cikmustir. Glincel derleme ¢alismalarinda kalp sesi analizinde 6zellikle CNN, zaman-frekans
temsilleri ve farkli temsil 6grenme yaklagimlari yaygin bicimde kullanilmaktadir (Ren vd.,
2024).

Khan ve arkadaglar1 (2021), normal ve anormal PCG sinyallerini siniflandirmak amaciyla Kisa
Zamanl1 Fourier Doniisiimii (Short-Time Fourier Transform, STFT) tabanli spektrogramlari
CNN modellerinde kullanmistir. PhysioNet/CinC 2016 ve PASCAL 2011 veri setlerinin
kullanildig1 ¢alismada, PhysioNet veri seti tizerinde %95,75 dogruluk, %96,3 duyarlilik ve
%94,1 ozgiilliik elde edilmistir.

Patwa ve arkadaslar1 (2025), CirCor DigiScope verilerinde kalp iifiirlimii, PhysioNet/CinC
2016 verilerinde anormal PCG tespiti amaciyla Dalgacik Sacilim Doniisimii (Wavelet
Scattering Transform, WST), Mel Frekans Kepstral Katsayilart (Mel-Frequency Cepstral
Coefficients, MFCC) ve STFT tabanli zaman-frekans temsillerini karsilastirmis, farkli sinir ag1
modellerini ise WST ile denemistir. Deneysel sonuglar, WST temsiliyle birlikte kullanilan 1D-
CNN modelinin degerlendirilen diger modellerden daha yliksek performans gosterdigini ortaya
koymustur.

Potes ve arkadaslar1 (2016), elle tasarlanan 6znitelikler ile derin 6grenmeyi karar diizeyinde
birlestiren erken ¢alismalardan birini sunmustur. Calismada, PhysioNet/Computing in
Cardiology Challenge 2016 kapsaminda kalp sesi kayitlarinin normal ve anormal olarak
siiflandirilmast i¢in 6znitelik tabanli ve derin 6grenme tabanli iki siniflandirict bir topluluk
modeli altinda bir araya getirilmistir.

Zaman-frekans temsilinin se¢imi ve olusturulma bigimi, kalp sesi siniflandirma performansini
etkileyebilir. Shabbir ve arkadaslar1 (2023), PASCAL CHSC veri setinde MFCC ile farkhi
parametrelerle iretilmis iki spektrogrami VGG16, VGG19 ve ResNet50 mimarileriyle
degerlendirmistir. MFCC ve ikinci spektrogram ayar1 bir durum disinda birinci spektrogram
ayarindan daha yiiksek test dogrulugu saglamistir.

Mel tabanli zaman-frekans gosterimleri de kalp sesi siniflandirmasinda yaygin olarak kullanilan
temsiller arasindadir. Nguyen ve arkadaslar1 (2023), kalp sesi sinyallerinden Log-Mel
spektrogram 6znitelikleri ¢ikararak bu temsilleri CNN ve Uzun-Kisa Stireli Bellek (Long Short-
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Term Memory, LSTM) tabanli modellerle siniflandirmistir. Normal kalp sesinin yani sira aort
darligi, mitral yetersizligi, mitral darligi ve mitral kapak prolapsusu siniflarinin
degerlendirildigi calismada CNN modeliyle %99,67 dogruluk elde edilmistir. Chen ve
arkadaslar1 (2023), PhysioNet/CinC 2016 veri setinde Mel ve Log-Mel spektrogramlari ayni
CNN mimarisiyle karsilastirmistir. Log-Mel kullanan modelin, farkli kayit cihazlarindan elde
edilen bes test alt kiimesinin tamaminda daha yiiksek dengeli dogruluk saglamasi, bu temsilin
kayit kosullar1 arasindaki farkliliklara kars1 daha dayanikli olabilecegini diisiindiirmektedir.

Tek bir temsil tiirtine dayali yaklagimlarin yan1 sira, farkli 6znitelik uzaylarindan elde edilen
tamamlayici bilgilerin birlestirilmesine yonelik flizyon yontemleri de arastirilmistir. Li ve
arkadaslar1 (2021), normal ve anormal kalp seslerini siniflandirmak i¢in zaman ve frekans alani
Ozniteliklerini birlestiren bir sinir ag1 modeli gelistirmistir. Modelde frekansla iligkili
Oznitelikler evrisimli katmanlarla, zamanla ilgili 6znitelikler ise tekrarlayan bir ag yapisiyla
cikarilmistir. Bu 6znitelikleri bir araya getirmek i¢in seri ve paralel olmak iizere iki farklh
yontem kullanilmistir. PhysioNet verileriyle yapilan degerlendirmede seri flizyon modeli
%95,00, paralel fiizyon modeli %95,50 dogruluk elde etmistir.

Tariq ve arkadaslar1 (2022), kalp ve akciger seslerinin siniflandirilmasi i¢in spektrogram,
MFCC ve kromagram gdsterimlerini incelemis ve tic CNN mimarisini birlestiren FDC-FS
modelini gelistirmistir. Kalp sesi verilerinde fiizyon modeli, orijinal verilerde MFCC ile %93;
veri artirimi uygulanan verilerde ise spektrogram ve kromagramla ayr1 ayr1 %97 dogruluk elde
etmistir.

Bahreini ve arkadaglar1 (2025), CNN ile o6grenilen Oznitelikleri MFCC Oznitelikleriyle
birlestirerek kalp seslerini siniflandirmistir. Kanonik korelasyon analizine dayali flizyon ve
destek vektdr makinesi siniflandiricisiyla bes katli ¢apraz dogrulamada %99,55 dogruluk elde
edilirken, kayitlara sinyal-giiriiltii oran1 0 dB olacak sekilde solunum sesi eklendiginde
dogruluk %82,55 olmustur.

Literatiir genel olarak degerlendirildiginde, PCG siniflandirma yaklagimlarinin elle tasarlanan
akustik Ozniteliklerden derin 6grenme tabanli otomatik temsil 6grenmeye ve ardindan farkl
bilgi kaynaklarini biitiinlestiren ¢oklu temsil ve 6znitelik fiizyonu yontemlerine dogru gelistigi
goriilmektedir. Bununla birlikte, bu farkl bilgi kaynaklarimin kalp iifiiriimii tespiti kapsaminda
ayr1 ag kollarinda islenerek gizli temsil diizeyinde birlestirilmesinin daha ayrintili olarak
incelenmesi gerekmektedir. Bu dogrultuda bu ¢alismada, Log-Mel spektrogramlarin CNN
kolunda, 59 boyutlu sayisal akustik Ozniteliklerin ise ¢ok katmanli algilayict (Multilayer
Perceptron, MLP) kolunda islenmesi ve iki koldan elde edilen gizli temsillerin birlestirilmesi
esas alinmustir.

YONTEM

Bu calismada kalp sesi kayitlarinin siiflandirilmasi amaciyla derin 6grenme tabanl iki kollu
bir flizyon yaklasimi 6nerilmektedir. Caligmanin genel is akisi veri 6n isleme, temsil olusturma,
temsil bazli 6znitelik 6grenimi, ara fiizyon ve siniflandirma agsamalarindan olugsmaktadir.

Veri Seti

Bu calismada, George B. Moody PhysioNet Challenge 2022 kapsaminda sunulan CirCor
DigiScope Fonokardiyogram Veri Seti (Oliveira vd., 2022a, 2022b; Reyna vd., 2023)
kullanilmistir. Veri seti, Brezilya’da 2014 ve 2015 yillarinda gergeklestirilen iki ayr1 tarama
programi kapsaminda agirlikli olarak pediatrik bireylerden dijital stetoskop araciligiyla elde
edilen ¢ok bolgeli fonokardiyogram kayitlarint igermektedir. CirCor DigiScope veri setinin
tamaminda 0-21 yas araligindaki 1.452 hastanin 1.568 muayenesine ait toplam 5.272 PCG
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kaydi bulunmaktadir (Oliveira vd., 2022b; Reyna vd., 2023). Bununla birlikte, bu ¢aligmada
Murmur ve Outcome etiketlerinin erisilebilir oldugu Challenge egitim boliimii kullanilmigtir.
S6z konusu bdliimde 942 hastaya ait toplam 3.163 PCG kaydi bulunmaktadir. Veri setine
PhysioNet platformu tizerinden erisilmistir (Pollard vd., 2026).

PhysioNet Challenge kapsaminda hastalara iligkin Murmur ve Outcome olmak {izere iki farkli
hedef etiketi sunulmaktadir. Murmur etiketi dijital PCG kayitlarinda kalp tifiiriimii dalgalarinin
bulunma durumunu Present, Absent veya Unknown siniflarindan biriyle gostermektedir.
Present etiketi, hastaya ait en az bir kalp sesi kaydinda tifiiriim tespit edildigini gosterir. Absent
etiketi, hastanin kayitlarinin higbirinde iifiiriim tespit edilmedigi anlamina gelir. Unknown
etiketi ise kayitlar1 degerlendiren uzmanin tiftirim bulunup bulunmadig1 konusunda kesin bir
karara varamadigini belirtir (Reyna vd., 2023). Murmur etiketleri veri setinin tamaminda tek
bir uzman tarafindan, kayitlar dinlenerek ve dalga bigimleri incelenerek belirlenmistir. Bu
etiketler, tiflirlimiin masum ya da patolojik olduguna iliskin bilgi icermemektedir (Reyna vd.,
2023). Etiketleri erigilebilir veri boliimiinde 695 Absent, 179 Present ve 68 Unknown hasta
bulunmaktadir.

PCG kayaitlari, kalbin farkli anatomik oskiiltasyon bolgelerinden ardisik olarak elde edilmistir.
Challenge egitim boliimiindeki toplam 3.163 kaydin 800’# aortik (AV), 861°1 mitral (MV),
766°s1 pulmoner (PV) ve 732’si trikiispit (TV) kapak bolgesinden alinmistir. Bunlara ek olarak
temel dort oskiiltasyon bolgesi disinda kalan ve Phc etiketiyle gosterilen bolgeden elde edilmis
4 kayit bulunmaktadir.

Bu calismada kalp sesi smiflandirma problemi, PCG kayitlarinda ifiiriim varliginin hasta
diizeyinde belirlenmesi kapsaminda ele alinmistir. Bu dogrultuda Murmur etiketi hedef
degisken olarak kullanilmistir. Etiket hasta diizeyinde tanimlandig1 i¢in egitimde her kayda ve
bu kayitlardan elde edilen segmentlere, ait olduklari hastanin Murmur etiketi atanmugtir.
Unknown etiketli 68 hasta ¢alisma kapsami disinda birakilmistir. Bdylece problem, Absent ve
Present smiflar1 arasinda ikili siniflandirma gorevi olarak tanimlanmistir. Unknown sinifinin
cikarilmasinin ardindan deneylerde 695 Absent ve 179 Present olmak iizere toplam 874 hasta
kullanilmistir. Bu hastalara ait kayit sayis1 3.007°dir. ikili smiflandirma veri kiimesinin
%79,52’sini Absent, %20,48’ini Present sinifi olusturmustur.

Veri sizintisint 6nlemek amaciyla egitim, dogrulama ve test ayrimi segment veya kayit
diizeyinde degil, hasta kimlikleri temel alinarak gerceklestirilmistir. Boylece ayni hastanin
farkli anatomik bolgelerinden alinan kayitlarimin farkli veri kiimelerine dagilmasi
engellenmistir. Hasta bazli ayrim sonucunda egitim kiimesinde 448 Absent ve 127 Present
olmak iizere 575, dogrulama kiimesinde 104 Absent ve 22 Present olmak lizere 126, test
kiimesinde ise 143 Absent ve 30 Present olmak {izere 173 hasta yer almistir.

On Isleme

Tiim kayitlar ortak bir giris yapisina doniistiirmek amaciyla yeniden 6rnekleme, bant gegiren
filtreleme, giirbiiz genlik normalizasyonu ve sabit uzunluklu segmentasyon islemleri
uygulanmistir. Ayrica modelin farkli kayit kosullarina kars1 dayanikliligini artirmak amaciyla
yalnizca egitim asamasinda veri artirma yontemlerinden yararlanilmistir. PCG kayitlarina
uygulanan veri on isleme, segmentasyon ve temsil olusturma agsamalart Sekil 1’de
gosterilmistir.
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Temsil Olusturma
Log-Mel » 59 Akustik Oznitelik

Sekil 1. PCG Sinyallerine Uygulanan Veri On isleme Akis Semasi

Yeniden Ornekleme ve Filtreleme

Veri setindeki kayitlar 4.000 Hz ornekleme frekansinda ve 16 bit ¢oziintirlikkte alinmistir
(Oliveira vd., 2022a). Calismada incelenen frekans bandi 1 kHz’in altinda kaldigindan,
hesaplama ylikiinii azaltmak amaciyla kayitlar 2.000 Hz Ornekleme frekansina yeniden
orneklenmistir.

Kalp sesi analizinde kullanilacak frekans bilesenlerini korurken ¢ok diisiik frekansli taban
cizgisi degisimlerini ve yliksek frekansh gevresel giirliltiiyli azaltmak amaciyla dordiincii
dereceden Butterworth bant geciren filtre uygulanmistir. Filtrenin alt kesim frekans1 20 Hz, iist
kesim frekansi ise 800 Hz olarak belirlenmistir. Filtreleme islemi, ikinci dereceden boliim
gosterimi kullanilarak iler1 ve geri yonde gerceklestirilmistir. Boylece filtreleme sirasinda
olusabilecek faz kaymalarinin azaltilmasi ve PCG sinyalindeki zamansal yapilarin korunmasi
amaclanmustir.

Genlik Normalizasyonu

PCG kayitlarinin farkli hastalardan, oskiiltasyon bolgelerinden ve kayit kosullarindan elde
edilmesi, sinyaller arasinda belirgin genlik farkliliklarinin olugmasina neden olabilmektedir. Bu
nedenle filtrelenmis sinyallere, aykir1 degerlere kars1 dayanikli olan medyan ve ¢eyrekler arasi
aciklik tabanli gilirbiiz normalizasyon uygulanmistir. Her kayda ayri ayri uygulanan
normalizasyon islemi Esitlik (1)’de verilmistir.

o _ x[n]-Qs0(x)

_ -6
Anl = e =10 (1

Burada x[n] giris PCG sinyalinin n. 6rnegini; X[n] normallestirilmis sinyalin n. 6rnegini; Q,5(X),
Qs0(x) ve Q5(x) ise sirasiyla sinyal genliklerinin birinci ¢eyrek, medyan ve {igiincii ¢eyrek
degerlerini gostermektedir. ¢ = 107°, ceyrekler aras1 agikligin sifir olmasi durumunda sifira
boliinmeyi onlemek amaciyla paydaya eklenen kiigiik bir sabittir. Normalizasyon sonrasinda
asirt genlik degerlerinin model egitimini olumsuz etkilemesini engellemek amaciyla sinyal
degerleri [-10, 10] araliginda siirlandirilmstir.

ISBN: 978-625-90699-3-7

166



IMAEC 11 INTERNATIONAL CONGRESS ON ADVANCED ENGINEERING,
ARTIFICIAL INTELLIGENCE AND ARCHITECTURE
August 25-28, 2026 Bucharest/ROMANIA

Segmentasyon

PCG kayitlarinin siireleri hastalar ve oskiiltasyon bolgeleri arasinda farklilik gosterdiginden,
kayitlarin CNN ve MLP tabanli modellere sabit boyutlu girdiler olarak aktarilabilmesi amaciyla
her sinyal bes saniyelik segmentlerle temsil edilmistir. Kullanilan 2.000 Hz 6rnekleme frekansi
dikkate alindiginda her segment 10.000 6rnekten olusmaktadir. Bes saniyeden kisa kayitlar,
sinyal Orneklerinin sinir ¢evresinde yansitilmasina dayanan reflect padding yontemi
kullanilarak 10.000 6rnege tamamlanmistir. Bes saniyeden uzun egitim kayitlarinda ise her
epochta rastgele bir baslangic noktasi se¢ilmis ve bu noktadan itibaren bes saniyelik bir boliim
alinmustir.

Dogrulama ve test asamalarinda rastgele segment se¢imi yapilmamistir. Bunun yerine kayitlar,
bes saniyelik pencere ve 2,5 saniyelik kayma miktar1 kullanilarak %50 ortiismeli segmentlere
ayrilmigtir. Kayit sonundaki boliimiin pencerelere tam olarak dahil olmadigi durumlarda,
sinyalin son bes saniyesini kapsayan ek bir segment olusturulmustur. Uzun kayitlarin
degerlendirme siiresini ve bellek kullanimini sinirlandirmak amaciyla her bir kayit i¢in en fazla
sekiz segment kullanilmistir. Sekizden fazla segment elde edilen kayitlarda segmentler, kaydin
tamamin1 temsil edecek bigimde baslangictan sona esit araliklarla se¢ilmistir.

Veri Artirma

Modelin genlik ve giiriilti farkliliklarina karsi dayanikliligini ve genelleme yetenegini artirmak
amaciyla egitim segmentlerine ¢evrim i¢i veri artirma islemleri uygulanmistir. Veri artirma
islemleri her egitim epochunda rastgele secilen segmentlere yeniden uygulanmistir. ilk olarak
her egitim segmentinin genligi, —3 dB ile +3 dB araligindan rastgele segilen bir kazang
degeriyle degistirilmistir. Segmentlere %35 olasilikla, sinyal-giiriiltii oran1 20-35 dB araliginda
rastgele belirlenen Gauss giirtiltiisii eklenmistir. Ayrica segmentlere %50 olasilikla, segment
uzunlugunun en fazla %5°’1 kadar saga veya sola dairesel zaman kaydirma uygulanmistir. Bes
saniyelik bir segment i¢in bu oran en fazla yaklasik 0,25 saniyelik zaman kaymasina karsilik
gelmektedir. Uygulanan artirma islemleri, kalp sesinin temel yapisini ve Murmur sinif etiketini
degistirmeyecek Olciilerde sinirlandirilmistir.  Veri artirma yalmizea egitim kiimesine
uygulanmig olup dogrulama ve test segmentlerine herhangi bir rastgele veri artirma islemi
uygulanmamustir.

Sayisal Oznitelik Cikarim

PCG sinyallerinin zamansal, istatistiksel ve spektral 6zelliklerini temsil etmek amaciyla her beg
saniyelik segmentten toplam 59 sayisal 6znitelik ¢ikarilmistir. {1k olarak her segmentten 20 adet
MFCC hesaplanmistir. Her katsay1 i¢in segment boyunca ortalama ve standart sapma
hesaplanmistir. Boylece MFCC o6zniteliklerinden toplam 40 deger elde edilmistir. Sinyalin
spektral yapisini temsil etmek amaciyla spektral merkez, spektral bant genisligi, %85 spektral
roll-off, spektral diizlik, sifir ge¢is oram1 ve c¢ergceve tabanli RMS enerji degerleri
hesaplanmistir. Bu 6zniteliklerin her biri i¢in segment boyunca ortalama ve standart sapma
almarak toplam 12 spektral ve enerji tabanli 6znitelik olusturulmustur. Bunlara ek olarak
segment genliklerinin genel dagilimini temsil eden aritmetik ortalama, standart sapma, medyan,
ceyrekler aras1 aciklik, ¢arpiklik, basiklik ve segment geneline ait RMS enerji olmak iizere yedi
istatistiksel 6znitelik hesaplanmistir. Oznitelik ¢ikariminda kisa zamanli analiz igin 256 6rnek
uzunlugunda pencere, 256 noktali hizli Fourier doniisiimii ve 64 orneklik kayma miktari
kullanilmigtir. Frekans analizi, kalp seslerinin ¢aligma kapsaminda incelenen frekans icerigiyle
uyumlu olarak 20-800 Hz araliginda gerc¢eklestirilmistir.

Log-Mel Spektrogram Uretimi

On islemlerden gegirilen her bes saniyelik PCG segmentinden bir Log-Mel spektrogram
olusturulmustur. Bunun i¢in her segment 256 6rneklik pencerelere ayrilmis ve pencere her
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adimda 64 ornek kaydirilmistir. Kullanilan 2.000 Hz 6rnekleme frekansinda bir pencere 128
ms, kayma miktari ise 32 ms stirmektedir. Her pencerenin gii¢ spektrumundan elde edilen 20—
800 Hz arasindaki bilgi, 64 Mel filtresi kullanilarak 6zetlenmistir. Mel gii¢c spektrogramindaki
degerler, spektrogramin maksimum giic degeri referans alinarak desibel Olgegine
dontstiiriilmiistiir. Son olarak her Log-Mel spektrogramin degerlerinden kendi ortalamasi
cikarilmis ve elde edilen degerler standart sapmasina bdliinmiistiir. Islenen spektrogram, tek
kanall1 bir zaman-frekans gosterimi olarak CNN koluna verilmistir. Sekil 2’de, 6rnek bir ham
PCG sinyali ile bu sinyalin 6n isleme ve Log-Mel doniisiimii sonucunda elde edilen zaman-
frekans gosterimi sunulmustur.

(a) Ham PCG sinyali - 2530 / AV

0,24

:WMW%“MW = prfrfiprapefd

=}

Genlik

-0,1

—-0,2

0 1 2 3 4 5
Zaman (s)

(b) On islenmis sinyalin Log-Mel spektrogrami

800

Frekans (Hz)
Standartlastinimis Log-Mel degeri

0 05 1 15 2 25 3 35 4 a5 5
Zaman (s)

Sekil 2. 2530 AV PCG Kaydinin (a) Ham Sinyal Gosterimi ve (b) Ayn1 Kayittan Elde Edilen
Standartlastirilmis Log-Mel Spektrogrami

Onerilen iki Kollu Fiizyon Mimarisi

Bu caligmada Log-Mel spektrogramlar ile ayn1 PCG segmentinden ¢ikarilan 59 boyutlu sayisal
oznitelik vektoriiniin birlikte degerlendirilmesi amaciyla iki kollu bir derin 6grenme mimarisi
gelistirilmistir. {lk kolda Log-Mel spektrogramlar CNN ile islenirken, ikinci kolda sayisal
Oznitelikler MLP ile iglenmistir. Her iki ag kolundan elde edilen 128 boyutlu gizli temsiller
Oznitelik ekseni boyunca yan yana eklenerek 256 boyutlu ortak bir fiizyon vektori
olusturulmugtur. Bu vektor, segmentin Absent veya Present sinifina ait olma olasiligini
belirlemek iizere tam baglantili siniflandiric1 katmanlarina aktarilmistir.

CNN Kolu

CNN koluna, her bes saniyelik PCG segmentinden elde edilen 1 x 64 x 157 boyutlu tek kanalll
Log-Mel spektrogramlar girdi olarak verilmistir. CNN kolu ii¢ evrisim blogundan
olusturulmustur. Bu bloklardaki evrisim katmanlari sirasiyla 32, 64 ve 128 6znitelik haritasi
iretmektedir. Tlim evrisim katmanlarinda 3 x 3 boyutlu ¢ekirdekler kullanilmis; dolgulama ve
kayma adimi birer birim olarak belirlenmistir. Ilk iki evrisim katmanmin ardindan batch
normalizasyonu, Gaussian Error Linear Unit (GELU) aktivasyon fonksiyonu ve 2 X 2 boyutlu
maksimum havuzlama uygulanmustir. Uglincii evrisim katmanmin ardindan batch
normalizasyonu ve GELU aktivasyonu uygulanmistir. Daha sonra uyarlanabilir ortalama
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havuzlama kullanilarak her bir 6znitelik haritasinin zaman ve frekans eksenlerindeki degerleri
tek bir degere indirgenmis ve 128 x 1 x 1 boyutlu bir ¢ikt1 elde edilmistir. Bu ¢ikti
diizlestirilerek 128 nérondan olusan tam baglantili katmana aktarilmistir. Katmanin ardindan
GELU aktivasyonu ve 0,30 oraninda dropout uygulanarak Log-Mel spektrogrami temsil eden
128 boyutlu CNN gizli temsil vektorii olusturulmustur.

MLP Kolu

MLP koluna, aym bes saniyelik PCG segmentinden ¢ikarilan 59 boyutlu sayisal 6znitelik
vektorii dlgeklenmeden verilmistir. MLP kolunun ilk tam baglantili katmaninda 59 boyutlu
giris, 128 ndrona aktarilmistir. Ik tam baglantili katmanin ardindan katman normalizasyonu,
GELU aktivasyonu ve 0,30 oraninda dropout uygulanmistir. Ikinci tam baglantili katmanda 128
boyutlu gosterim yeniden islenmis ve ¢ikt1 boyutu 128 olarak korunmustur. Bu katmanin
ardindan GELU aktivasyonu kullanilmigtir. Boylece sayisal dznitelikleri temsil eden ve CNN
kolunun ¢iktisiyla ayni boyuta sahip 128 boyutlu MLP gizli temsil vektorii elde edilmistir.

Oznitelik Diizeyinde Ara Fiizyon ve Siniflandirma

CNN ve MLP gizli temsillerinin birlestirilmesiyle elde edilen 256 boyutlu fiizyon vektort, 128
norondan olusan tam baglantil1 bir siniflandirict katmanina aktarilmistir. Bu katmanin ardindan
GELU aktivasyonu ve 0,40 oraninda dropout uygulanmaistir. Son tam baglantili katmanda ise
Absent ve Present siniflarina karsilik gelen iki ¢ikti skoru iiretilmistir. Tahmin agamasinda bu
skorlar Softmax fonksiyonu kullanilarak simif olasiliklarina dontistiiriilmistiir.  Fiizyon
mimarisinin genel akis1 Sekil 3’te gosterilmistir.

CNN KOLU — zaman-frekans temsili

Evrisim Blogu 3 CNN Gizli Temsili

Softmax

ST Evrisim Blogu 1 Evrisim Blogu 2 : Absent olasihig
Log-Mel Girisi B S ) Conv2D: 64 — 128 = et @ kb
(3(:;\ _;a)t;lc]liug}lz (.::?\: —;-dzzint-f?-l S it Linca[ljjglﬁm » 128 -
gk 3x3, 2 : 3
Tek kanal BatchNorm + GELU|  [BatchNorm + GELU BZSI‘I:IC:H:: gEIiL GELU + Dropout(0,30)
RN | MaxPool2D: 252 MaxPool2D: 2+2 SR Cikas: 128
7 i ) Ara Fiizyon Simflandirc:
[:‘nn‘at*n:nion Linsar; 256 — 128
125 - 128 GELU ¢
C l: ) Z;6 Dropout(0,40)
MLP KOLU — 59 sayisal dznitelik P Linear: 128 — 2
F A *' N
Sayisal Girdi MLP Blogu 1
MECC: 40 Lincar: 59 — 128 ML Blogu 2 MLP Gizli Temsili
.. . Linear: 128 — 128 R -
Spektral/enerji: 12 LayerNorm GELU Sayisal 6znitelik temsili
Istatistiksel: 7 GELU Cikig: 128
Toplam: 59 Dropout(0,30) ks 228

Sekil 3. Log-Mel Spektrogram ve 59 Boyutlu Sayisal Ozniteliklerin Ara Fiizyonuna Dayali
Onerilen Model Mimarisi

Kayit ve Hasta Diizeyinde Tahmin Birlestirme

CirCor DigiScope veri setinde Murmur etiketi hasta dilizeyinde verilmekte, {fiiriimiin
duyuldugu oskiiltasyon boélgeleri ise ayr1 bir alanda belirtilmektedir (Reyna vd., 2023). Bu
nedenle modelin segment diizeyinde iirettigi tahminler 6nce kayit, ardindan hasta diizeyinde
birlestirilmistir. Her segment fiizyon modeline ayri1 ayri verilmis ve Softmax fonksiyonu
aracilifiyla segmentin Present sinifina ait olma olasilig1 hesaplanmistir.

Ik asamada, ayn1 PCG kaydindan elde edilen biitiin segmentlerin Present olasiliklarinin
aritmetik ortalamasi alinmistir. Ortalama birlestirme sayesinde tek bir segmentte olusabilecek
giiriiltii veya gecici sinyal degisimlerinin kayit diizeyindeki tahmin iizerindeki etkisinin
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sinirlandirilmasi amaglanmustir. Tkinci asamada, ayn1 hastanin farkli oskiiltasyon bdlgelerinden
elde edilen kayit olasiliklar1 arasindaki en yiiksek deger seg¢ilmistir. Maksimum birlestirme
tercihinin temel sebebi ise kalp iifiirlimiinlin biitiin oskiiltasyon bolgelerinde ayni siddette
duyulmayabilmesi ve belirli bir anatomik bolgede daha belirgin hale gelebilmesidir. Uygulanan
tahmin birlestirme islemi Sekil 4’te gosterilmistir.

KAYIT DUZEYIi - ARITMETIK ORTALAMA

AV kaydi PV kaydi MV kaydi TV / Phc kaydi
5 sn'lik segmentler 5 sn'lik segmentler 5 sn'lik segmentler 5 sn'lik segmentler
Segment olasiliklarninin Segment olasiliklarinin Segment olasiliklarinin Segment olasiliklaninin
aritmetik ortalamasi aritmetik ortalamasi aritmetik ortalamasi aritmetik ortalamasi
PAV PPV PMV PTV

| |

HASTA DUZEYi - MAKSIiMUM

Phasta= max(Pay, Ppy, Puv, Prv)

J Nihai hasta olasiligi

ABSENT Hayir Dogrulama esigi Evet PRESENT

— ——

Ufiiriim tespit edilmedi Phastaz 6?7 Ufiiriim tespit edildi

0: dogrulama esidi - Pay. Pey. Py, Pry: kayit dizeyindeki olasiliklar - Py, hasta dizeyindeki olasilik

Sekil 4. Segment Olasiliklarinin Kayit ve Hasta Diizeyinde Birlestirilmesi

Egitim Stratejisi

Onerilen model en fazla 60 epoch boyunca, 24 drnekten olusan mini-batch’ler kullanilarak
egitilmistir. Model parametrelerinin giincellenmesinde baslangic 6grenme orami 0,001 ve
agirlik azaltma katsayist 0,0001 olan AdamW optimizasyon algoritmasi kullanilmistir. Egitim
kiimesinde Absent ve Present simiflar1 arasinda belirgin bir 6rnek sayist farkliligi
bulundugundan, kay1p fonksiyonu olarak sinif agirlikli ¢apraz entropi kullanilmistir. Agirliklar,
egitim kiimesindeki toplam hasta sayisimin iki ile ilgili siiftaki hasta sayisinin ¢arpimina
boliinmesiyle elde edilmis ve Absent i¢in 0,642, Present i¢in 2,264 olmustur. Egitim sirasinda
modelin tirettigi gradyanlarin normu 1,0 ile simirlandirilmistir.

Dogrulama dengeli dogrulugunda art arda dort epoch boyunca iyilesme goriilmemesi
durumunda 6grenme orani 0,5 katsayisiyla azaltilmistir. Dengeli dogruluk degerinde art arda
12 epoch boyunca iyilesme goriilmemesi durumunda egitim erken durdurulmustur. Egitim
sirasinda elde edilen en yiiksek dogrulama dengeli dogruluguna sahip modelin agirliklar
kaydedilerek nihai degerlendirmede bu model kullanilmistir. Her epoch sonunda karar esigi
yalnizca dogrulama kiimesi kullanilarak belirlenmistir. Bu amagla 0,10 ile 0,90 arasindaki esik
degerleri 0,005 araliklarla taranmis ve dogrulama kiimesinde en yiiksek dengeli dogrulugu
saglayan deger secilmistir. En basarili modelle birlikte ilgili karar esigi de kaydedilmistir.

Karsilastirmal Deneyler

Onerilen flizyon modelinin performansini degerlendirmek ve kullanilan temsillerin katkisini
incelemek amaciyla ii¢ farkli deney grubu olusturulmustur. Ilk deney grubunda yalnizca 59
boyutlu sayisal dznitelik vektérleriyle klasik makine dgrenmesi algoritmalar1 egitilmistir. ikinci
deneyde yalmzca Log-Mel spektrogramlari kullanan CNN modeli degerlendirilmistir. Ugiincii
deneyde ise Log-Mel spektrogramlar ile 59 boyutlu sayisal 6znitelikler onerilen ara fiizyon
mimarisi i¢erisinde birlikte kullanilmistir.
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Karsilagtirmanin tutarlilifini saglamak amaciyla biitiin deneylerde aymi hasta bazli egitim,
dogrulama ve test kiimeleri kullanilmistir. Makine 6grenmesi modellerinde aday ve karar esigi,
derin modellerde ise en iyi epoch ve karar esigi yalnizca dogrulama kiimesindeki dengeli
dogruluga gore se¢ilmistir. Makine 6grenmesi adaylart arasinda esitlik oldugunda F1-skoru
ikincil 0lglit olarak kullanilmistir. Test kiimesi yalnizca secilen modellerin  nihai
performanslarinin raporlanmasi amaciyla degerlendirilmistir.

Sayisal Oznitelik Tabanli Makine Ogrenmesi Modelleri

Sayisal Ozniteliklerin tek basina ayirt ediciligini incelemek amaciyla her bes saniyelik PCG
segmentinden c¢ikarilan 59 boyutlu Oznitelik vektorleri kullanilarak yedi farkli makine
O0grenmesi algoritmasi degerlendirilmistir. Bu kapsamda XGBoost, destek vektdr makinesi
(SVM), Random Forest, CatBoost, LightGBM, HistGradientBoosting ve dogrusal diskriminant
analizi (LDA) modelleri kullanilmigtir. Makine 6grenmesi deneyinde egitim, dogrulama ve test
kayitlar1 bes saniyelik ve %50 ortiismeli segmentlere ayrilmistir. Her kayit icin en fazla sekiz
segment kullanilmis ve her segmentten ayni 59 sayisal 6znitelik ¢ikarilmistir. Modeller segment
diizeyindeki 6znitelik vektorleriyle egitilmis, ancak dogrulama ve test performanslari kayit ve
hasta diizeyindeki iki agamali tahmin birlestirme isleminin ardindan hesaplanmistir.

Her algoritma i¢in {i¢ farkli hiperparametre aday1 degerlendirilmistir. Denenen adaylar ve
dogrulama kiimesine gore secilenler Tablo 1°de verilmistir. SVM ve LDA modellerinde
Oznitelikler StandardScaler kullanilarak 6lgeklendirilmistir. Agac tabanli modellerde ise ayrica
ol¢eklendirme uygulanmamastir.

Siif dengesizligini ele almak amaciyla algoritmanin yapisina uygun farkli agirliklandirma
yontemleri kullanilmistir. XGBoost ve LightGBM modellerinde negatif ve pozitif segment
sayilarinin oranimna dayal1 pozitif simif agirligi kullanilmistir. SVM ve HistGradientBoosting
modellerinde dengeli sinif agirliklari, Random Forest modelinde balanced subsample,
CatBoost modelinde otomatik dengeli sinif agirliklar1 uygulanmistir.

Tablo 1. Makine Ogrenmesi Modelleri I¢in Denenen Hiperparametre Adaylar

Model Denenen hiperparametre adaylar: Secilen aday

300 agag, satir ve 6znitelik 6rnekleme orani 0,8. Maks.

XGBoost derinlik / grenme orant: 3/ 0,03: 3/ 0,05; 5 /0,03 370,05

SVM RBF ¢ekirdek, y = scale, standartlastirilmis 6znitelikler. C: C=1
0,5;1;2

Random Forest 500 aga¢. Maks. derinlik / min. yaprak 6rnegi: sinirsiz / 1; 12/1
smirsiz/ 3; 12/ 1

CatBoost (5)00051terasyon. Derinlik / 6grenme orani: 4 / 0,03; 6/ 0,03; 6/ 6/0.03
400 agag, 6grenme orani 0,03, satir ve 6znitelik 6rnekleme

LightGBM orani 0,8. Maks. derinlik / yaprak sayisi: 5/ 15; 7/ 31, 5/15
sinirsiz / 31

HistGradientBo 300 iterasyon. Ogrenme orani1 / maks. yaprak sayisi / L2 0.03/15/1.0

osting diizenlilestirme: 0,03 /15/1,0;0,05/15/2,0;0,03/31/2,0 ’

LDA Isqr ¢oziicii, standartlastirilmis 6znitelikler. Biiziilme 0.5

katsayisi: otomatik; 0,1; 0,5
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Yalnizca Log-Mel Kullanan CNN Modeli

Sayisal 6zniteliklerin flizyon modeline katkisini incelemek amaciyla MLP kolunun ¢ikarildig:
ve yalnizca Log-Mel spektrogramlar1 kullanan bir CNN modeli olusturulmustur. Bu modelde
flizyon mimarisinin CNN kolu korunmus; 1 x 64 X 157 boyutlu Log-Mel spektrogramlar ii¢
evrisim blogunda islenerek 128 boyutlu bir gizli temsile doniistiiriilmiistiir. Elde edilen temsil,
128 noronlu tam baglantili katman ve iki sinifli ¢ikis katmani kullanilarak siniflandirilmistir.
Mini-batch boyutunun 8 olmasi disinda egitim, model se¢imi ve degerlendirme fiizyon
modeliyle ayn1 bigimde yiirtitilmustiir.

Performans Degerlendirme Olgiitleri

Modellerin performans: hasta diizeyinde degerlendirilmistir. Kalp iiflirimii bulunan hastalar
pozitif (Present), iifliriim bulunmayan hastalar ise negatif (Absent) sinif olarak kabul edilmistir.
Test kiimesindeki tahminler dogru pozitif (TP), dogru negatif (TN), yanlis pozitif (FP) ve yanlis
negatif (FN) olarak sayilmistir.

Performans degerlendirmesinde dogruluk degerinin yani sira dengeli dogruluk, duyarlilik,
ozgiilliik, kesinlik, F1-skoru, ROC egrisi altindaki alan (ROC-AUC) ve kesinlik-duyarlilik
egrisi altindaki alan (PR-AUC) olgiitleri dikkate alinmistir. Duyarlilik (recall), iflirimii
bulunan hastalarin ne kadarmin dogru tespit edildigini; 6zgiilliikk (specificity), Ufiiriimi
bulunmayan hastalarin ne kadarinin dogru tanindigini ifade etmektedir. Dengeli dogruluk
(balanced accuracy), duyarlilik ve 6zgiilliigiin aritmetik ortalamasidir. Kesinlik (precision),
modelin {ifiirtim var dedigi hastalar arasinda ger¢ekten tifiirimii bulunanlarin oranidir. F1-skoru
ise kesinlik ve duyarliligin harmonik ortalamasidir. Bu dlgiitler, siniflar arasindaki say1 farki
nedeniyle dogrulugun tek basina gostermedigi hatalari da degerlendirmek igin birlikte
raporlanmustir.

BULGULAR
Sayisal Oznitelik Tabanh Makine Ogrenmesi Sonuclari

Biitlin sonuglar, 143 Absent ve 30 Present olmak {izere toplam 173 hastadan olugan test kiimesi
iizerinde hasta diizeyinde hesaplanmistir. Dogrulama kiimesine gore se¢ilen makine 6grenmesi
modellerinin test sonuglar1 Tablo 2’de verilmistir.

Tablo 2. Makine Ogrenmesi Model Performans Sonuglari

Model Dogruluk dlzglsﬁlilk Duyarhlik Ozgiilliik Kesinlik F1-skoru li([)jcc- :[I}é
XGBoost 79,19 71,61 60,00 83,22 42,86 50,00 78,09 63,48
HistGradientBoosting 77,46 70,56 60,00 81,12 40,00 48,00 78,83 61,21
Random Forest 70,52 70,31 70,00 70,63 33,33 45,16 79,18 65,27
LightGBM 71,68 68,38 63,33 73,43 33,33 43,68 78,34 62,22
CatBoost 68,21 67,60 66,67 68,53 30,77 42,11 79,28 64,83
LDA 63,58 64,80 66,67 62,94 27,40 38,83 76,92 57,03
SVM 59,54 63,67 70,00 57,34 25,61 37,50 78,23 64,59

Log-Mel CNN ve Fiizyon Modeli Sonuclar

Yalnizca Log-Mel spektrogram kullanan CNN modelinin ve Log-Mel spektrogram ile 59
sayisal Ozniteligi birlestiren ara fiizyon modelinin sonuglar1 Tablo 3’te karsilastirilmistir.
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Dogrulama kiimesindeki en yiiksek dengeli dogruluk fiizyon modelinde 14. epochta %88,02,
yalniz CNN modelinde 12. epochta %90,30 olarak elde edilmis ve bu epochlarda secilen karar
esikleri sirasiyla 0,435 ve 0,580 olmustur.

Tablo 3. Log-Mel CNN ve Oznitelik Fiizyonu Modellerinin Performans Karsilastirmasi

Dengeli L . o Fl- ROC-
dogruluk Duyarhlik Ozgiilliik Kesinlik skoru  AUC PR-AUC

Log-Mel CNN 91,91 87,20 80,00 94,41 75,00 77,42 87,97 83,17

Model Dogruluk

Log-Mel + 59 0Oznitelik

. 91,91 85,89 76,67 95,10 76,67 76,67 89,42 83,63
flizyonu

Tablo 3’te gorildiigii lizere, iki model de test kiimesinde %91,91 dogruluk elde etmistir.
Bununla birlikte, yalnizca Log-Mel spektrogram kullanan CNN modelinin dengeli dogrulugu
(%87,20), duyarlilig1 (%80,00) ve Fl-skoru (%77,42) fiizyon modelinden sirasiyla 1,31, 3,33
ve 0,75 ylizde puan daha yiiksektir.

Siiflandirma sayilart bu farki agiklamaktadir. Log-Mel CNN modelinde TN, FP, FN ve TP
sayilar sirasiyla 135, 8, 6 ve 24, fiizyon modelinde ise 136, 7, 7 ve 23’tiir. Flizyon modeli bir
Absent hastay1 daha dogru siniflandirirken bir Present hastay1 daha kagirmistir. Boylece her iki
modelin toplam dogru tahmin sayis1 159°da kalmis ve dogruluk oranlar1 esit ¢ikmustir.

10
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= 5 0.6

0.4 1

@

o
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Dogru pozitif eran (duyarkiliki
2
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Rastgele simiflandirma Fresent orani (0.173)
00 0.0
0.0 0.2 0.4 0.6 0.8 10 0.0 0.z 0.4 0.6 0.8 1.0
Yanhs pozitif orani (1 - 6zailldi) Duvarlilik (Recall)

Sekil 5. Log-Mel CNN ve Fiizyon Modellerinin Hasta Diizeyinde ROC ve PR Egrileri

Iki modelin hasta diizeyindeki ROC ve PR egrileri Sekil 5’te verilmistir. Fiizyon modeli
ozgiilliik, kesinlik, ROC-AUC ve PR-AUC dlg¢iitlerinde yalnizca Log-Mel kullanan modelden
daha yliksek degerler elde etmistir. Sonuglar, sayisal Ozniteliklerin eklenmesinin esikten
bagimsiz ayirma performansi, 6zgiilliik ve kesinlik tizerinde sinirl bir artis sagladigin1 ancak
bu deneyde dengeli dogruluk, duyarlilik ve F1-skorunu artirmadigini gostermektedir.

SONUC VE TARTISMA

Yalnizca Log-Mel spektrogram kullanan CNN modeli ile Log-Mel gosterimini 59 akustik
Oznitelikle birlestiren fiizyon modeli test kiimesinde aymi dogruluk degerine (%91,91)
ulagsmistir. Flizyon modeli iiflirim bulunmayan bir hastay1 daha dogru siniflandirmis, ancak
iiflirtim bulunan bir hastay1 daha kagirmistir.

Sayisal akustik 6zniteliklerle egitilen makine 6grenmesi yontemleri arasinda XGBoost, %71,61
dengeli dogruluk ve %50,00 F1-skoruyla en yiiksek sonuclari elde etmistir. Log-Mel CNN ve
flizyon modeli, bu iki &lgiitte XGBoost’tan daha yiiksek degerlere ulasmustir. Ote yandan
akustik Ozniteliklerin CNN temsiline eklenmesi, bu deneyde yalnizca Log-Mel kullanan
modelin dengeli dogruluk ve Fl-skorunu artirmamistir. Bu bulgular, farkli 6zniteliklerin bir
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araya getirilmesinin her degerlendirme 6l¢iitiinde 1yilesme saglayacaginin varsayilamayacagini
gostermektedir. Benzer bir durum tibbi goriintii siniflandirmasinda da gzlenmistir. Baltruschat
ve arkadaglar1 (2019), gogiis rontgeni siniflandirmasinda CNN’in son havuzlama katmanindan
elde edilen 6znitelikleri hastanin yasi, cinsiyeti ve ¢ekim yonii bilgileriyle birlestirmistir. Bu ek
bilgiler AUC degerini ortalamada yalnizca az miktarda artirmistir. Yazarlar, olas1 neden olarak
goriintiiden 6grenilen Ozniteliklerin bu bilgileri zaten icermesini gostermistir. Bu ¢aligmada
kullanilan 59 6zniteligin 40’ 1nin Log-Mel spektrumundan tiiretilen MFCC istatistikleri olmasi,
benzer bir 6rtiismenin fiizyonun sinirli katkisinda rol oynamis olabilecegini diistindiirmektedir.

Fiizyon modeli ROC-AUC degerinde artis saglasa da kullanilan karar esiginde duyarlilik ve
dengeli dogruluk degerleri yalnizca Log-Mel kullanan CNN modelinin altinda kalmaistir.
Gelecek calismalarda, akustik Ozniteliklerle CNN tarafindan 6grenilen temsilleri bir araya
getiren farkli flizyon yapilar gelistirilebilir ve bu yapilarin iifiiriim bulunan hastalar1 tespit etme
basarisina etkisi incelenebilir. Bulgularin daha genis ve bagimsiz hasta gruplarinda sinanmasi,
sonuglarin genellenebilirliginin degerlendirilmesine katki saglayacaktir.
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Abstract

Biopreservation encompasses biologically inspired methods for maintaining the viability,
functionality, and structural integrity of living cells, tissues, and biomaterials during processing,
storage, and transportation. Although traditionally associated with food preservation and
microbial storage, biopreservation has emerged as a critical enabling technology in tissue
engineering and regenerative medicine. Tissue-engineered constructs are highly complex
systems composed of living cells, extracellular matrices, scaffolds, and bioactive signaling
molecules, all of which are particularly vulnerable to environmental stresses, including
temperature fluctuations, oxidative damage, dehydration, and microbial contamination.
Effective preservation strategies are therefore essential for maintaining cellular viability,
biological function, and structural integrity throughout manufacturing, storage, and clinical
distribution. This review discusses the fundamental principles of biopreservation and examines
their application in tissue engineering, emphasizing biologically compatible preservation
mechanisms that minimize cellular injury while preserving tissue functionality. Major
preservation strategies, including cryopreservation using cryoprotective agents, hypothermic
storage, ambient-temperature preservation, and natural antimicrobial approaches, are
highlighted along with their advantages and current limitations. The review also explores the
preservation of scaffolds and biomaterials, as well as applications in stem cell therapies,
bioprinted tissues, skin substitutes, and musculoskeletal tissue engineering. Furthermore, recent
advances in biologically derived preservation solutions, multifunctional cryoprotectants, smart
biomaterials, and integrated preservation technologies are discussed as promising directions for
improving long-term storage and transportation of engineered tissues. Finally, current
challenges, including cryoprotectant cytotoxicity, preservation of complex vascularized tissues,
regulatory considerations, and large-scale clinical translation, are examined. Continued
interdisciplinary research in biomaterials, cryobiology, and regenerative medicine will be
essential for developing reliable, clinically applicable biopreservation strategies that facilitate
the widespread implementation of tissue-engineered therapies.

Keywords: Biopreservation, Tissue engineering, Cryoprotectant, Hypothermia
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1. Introduction

Tissue engineering aims to restore, maintain, or enhance tissue function by combining cells,
scaffolds, and bioactive factors (Ali, 2021; Balci, Balci, Ilgin, & Ali, 2026). A major bottleneck
in translating tissue-engineered products from laboratory research to clinical application lies in
the preservation of these constructs. Cells and engineered tissues are highly susceptible to
damage from temperature fluctuations, dehydration, oxidative stress, and microbial
contamination during storage and transport (Tutrina & Zhurilov, 2024).

Biopreservation offers a biologically compatible solution to these challenges by utilizing
natural or bio-inspired agents and mechanisms to protect living systems. Unlike conventional
chemical preservatives, biopreservation strategies are designed to maintain cellular metabolism,
structural integrity, and biological function. As tissue engineering advances toward more
complex and clinically relevant constructs (Ekinci, Karaca, & Ali, 2026), effective
biopreservation is becoming essential for manufacturing scalability, quality control, and
regulatory compliance (H. Budharaju, D. Sundaramurthi, & S. Sethuraman, 2024; Ziani, Saenz-
del-Burgo, Pedraz, & Ciriza, 2025).

2. Principles of Biopreservation

Biopreservation is based on mimicking or harnessing natural survival mechanisms observed in
microorganisms, plants, and animals exposed to extreme environmental conditions. Key
principles include:

e Metabolic suppression: Reducing cellular activity to limit energy consumption and
damage.

e Protection of cellular membranes and proteins: Preventing denaturation and loss of
structural integrity.

e Control of oxidative stress: Minimizing damage caused by reactive oxygen species.

e Microbial growth inhibition: Maintaining sterility without cytotoxic effects.

In tissue engineering, these principles must be applied without compromising cell phenotype,
differentiation potential, or extracellular matrix organization.

3. Biopreservation Strategies in Tissue Engineering
3.1 Cryopreservation and Cryoprotective Agents

Cryopreservation is one of the most widely used preservation methods in tissue engineering. It
involves storing cells or tissues at ultra-low temperatures to halt metabolic activity. Biological
cryoprotective agents (CPAs) such as trehalose, glycerol, and dimethyl sulfoxide (DMSO) are
used to prevent ice crystal formation and osmotic shock (Harshavardhan Budharaju,
Dhakshinamoorthy Sundaramurthi, & Swaminathan Sethuraman, 2024; Janssen et al., 2024).

Natural sugars, such as trehalose, are of particular interest for their ability to stabilize proteins
and lipid membranes while exhibiting lower cytotoxicity than synthetic CPAs. Research is
increasingly focused on reducing reliance on DMSO by combining biological CPAs with
controlled freezing-and-thawing protocols (Fig. 1).
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Figure 1. Schematic illustration of cryopreservation showing ice crystal formation with and
without cryoprotective agents

3.2 Hypothermic and Ambient Storage

Short-term preservation of tissue-engineered constructs is often achieved through hypothermic
storage (2-8 °C), which slows metabolism while avoiding freezing-related damage.
Biologically derived preservation solutions enriched with antioxidants, amino acids, and energy
substrates are used to maintain cell viability (Guo & Zhang, 2024). Recent studies are exploring
ambient-temperature biopreservation inspired by anhydrobiotic organisms. These approaches
use sugars, stress proteins, and polymeric matrices to protect cells during partial dehydration,
offering promising alternatives for transport that do not depend on a cold chain (Fig 2).
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Figure 2. Comparison of hypothermic, cryogenic, and ambient biopreservation strategies for
tissue-engineered constructs
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3.3 Antimicrobial Biopreservation

Microbial contamination poses a serious risk in tissue engineering, particularly during long-
term culture and storage. Traditional reliance on antibiotics is increasingly discouraged due to
concerns about toxicity and antimicrobial resistance. Biopreservation strategies that use natural
antimicrobial agents, such as bacteriocins, antimicrobial peptides, and enzyme-based systems,
offer safer alternatives. These biologically derived antimicrobials can be incorporated into
scaffolds or preservation media, providing localized, sustained protection without interfering
with cell viability or differentiation (Costa, Gomes, & Martins, 2018).

4. Biopreservation of Scaffolds and Biomaterials

Scaffolds play a central role in tissue engineering by providing structural support and
biochemical cues. Biopreservation is critical for maintaining scaffold integrity, particularly for
natural materials such as collagen, gelatin, and decellularized extracellular matrices. Biological
preservatives help prevent enzymatic degradation, microbial growth, and loss of mechanical
properties during storage. Additionally, pre-seeded scaffolds containing living cells require
integrated preservation strategies that protect both cellular and material components (Ziani et
al., 2025).

5. Applications in Regenerative Medicine

Biopreservation has direct implications across multiple tissue engineering applications,
including:

e Stem cell therapies: Maintaining pluripotency and differentiation capacity during
storage.

e Skin substitutes: Preserving cell viability and extracellular matrix for wound healing.

e Cartilage and bone constructs: Retaining mechanical strength and
osteo/chondrogenic potential.

e Bioprinted tissues: Enabling storage and transport of printed constructs before
implantation.

Effective biopreservation improves product shelf life, enables centralized manufacturing, and
supports global distribution of regenerative therapies (Master et al., 2020).

6. Challenges and Future Perspectives

Despite significant advances, several challenges remain in applying biological preservation
methods in tissue engineering. These challenges include the cytotoxicity of certain preservative
agents, the heterogeneity of complex tissues, the difficulty of preserving vascular structures,
and the challenge of scaling up for clinical-level production. Future research focuses on
developing multifunctional biological preservatives, integrating preservation strategies with
bioreactors and smart packaging, and tailoring preservation protocols for specific tissue types.
Advances in systems biology and biomaterials science are expected to further improve
biological preservation approaches.

7. Conclusion

Biopreservation is an essential enabling technology for tissue engineering and regenerative
medicine. By leveraging biologically inspired mechanisms, biopreservation strategies can
maintain cell viability, functionality, and sterility while supporting the translation of engineered
tissues from the laboratory to the clinic. Continued interdisciplinary research will be crucial for
overcoming current limitations and realizing the full potential of tissue-engineered therapies.
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ARTIFICIAL INTELLIGENCE-BASED PREDICTIVE MODELS FOR ENERGY-
EFFICIENT INDUSTRIAL SYSTEMS

Dilshod RAKHIMOV
Tashkent State Technical University, Tashkent, Uzbekistan

Aziza KARIMOVA
Tashkent State Technical University, Tashkent, Uzbekistan

Abstract

Industrial energy management requires distinguishing avoidable consumption from energy use
associated with legitimate changes in production. This proposed study investigates predictive
models that estimate energy demand conditional on operating state, production volume, and
relevant process conditions. Its objective is to evaluate whether artificial intelligence can
support the identification of inefficient operation and improve energy aware planning within a
selected industrial system. The study would define a specific process boundary before model
development. No industrial dataset, energy saving percentage, or completed operational
deployment is presented as an established result. The proposed data architecture would combine
interval energy measurements, production records, equipment states, process temperatures, and
maintenance events where available. Data preparation would align timestamps and account for
changes in metering arrangements or product mix. Shutdowns, startup periods, and abnormal
operating conditions would be labeled separately rather than automatically removed. Training
and evaluation periods would be separated chronologically. Performance would also be
examined across operating regimes to determine whether a model performs adequately beyond
the most frequently observed production conditions. Gradient boosting and temporal neural
networks would be compared with production normalized benchmarks and simpler regression
models. Forecast uncertainty would be estimated to distinguish unusual consumption from
expected variation. A decision layer would use predictions to compare feasible production
schedules under explicit output and equipment constraints. Recommendations would undergo
review by process engineers, particularly when changes could affect quality, reliability, or
maintenance. Anomaly flags would identify observations for investigation rather than
automatically attributing excess consumption to equipment faults. Evaluation would report
prediction errors, calibration, computational requirements, and performance across production
regimes. Retrospective schedule comparisons would use identical production requirements and
disclose all assumptions about flexibility. The anticipated contribution is a reproducible link
between energy prediction and industrial decision support. Limitations include incomplete
process measurements, changing equipment behavior, and limited access to comparable
production periods. Lower forecast error would not itself demonstrate improved efficiency. Any
claim of energy savings would require prospective measurement against a credible baseline that
accounts for production quantity, product quality, operating conditions, and changes unrelated
to the predictive system. Measurement boundaries would remain consistent across every
reported efficiency comparison.

Keywords: Artificial intelligence; industrial energy efficiency; energy forecasting;
production planning; process monitoring
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DEEP LEARNING APPLICATIONS IN INTELLIGENT TRANSPORTATION
SYSTEMS: A STUDY OF URBAN MOBILITY IN UZBEKISTAN

Bekzod ABDULLAYEV
Tashkent University of Information Technologies, Tashkent, Uzbekistan

Shahnoza TURSUNOVA
Tashkent University of Information Technologies, Tashkent, Uzbekistan

Kamola YULDASHEVA
Tashkent University of Information Technologies, Tashkent, Uzbekistan

Abstract

Urban mobility analysis requires models that represent changing demand and interactions
between connected transport locations. This proposed study examines deep learning methods
for predicting short term travel times and traffic conditions in an Uzbek urban setting to be
selected according to data availability. Its objective is to compare temporal and spatial learning
approaches under a consistent evaluation protocol. The geographic focus establishes the
intended research context, not a claim that local observations have already been collected. The
work remains a prospective study without reported mobility improvements or completed model
training. The planned dataset would combine authorized traffic counts, travel time observations,
network connectivity, and contextual information such as calendar patterns and weather. Where
vehicle trajectories are available, they would be aggregated and processed to minimize the
identification of individual journeys. Sampling coverage would be documented across locations
and times, including areas with sparse observations. Chronological evaluation would reserve
future periods for testing, while additional location based partitions would assess geographic
transfer. Missing data handling would be fitted exclusively on training observations. Candidate
models would include recurrent neural networks and graph based architectures, compared with
historical averages, persistence predictions, and a simpler statistical approach. Forecast
horizons and tuning budgets would be predefined. Evaluation would report errors by location,
demand level, and observation quality rather than relying only on network averages. Robustness
experiments would assess sensor outages, unusual demand, and changes in the available
network representation. Computing requirements would be compared with the intended update
interval for operational use. The anticipated contribution is a context specific evaluation
protocol for determining when deep learning provides useful information for transport
management. Potential applications include passenger information and operational monitoring,
but their benefits would require separate assessment. Limitations include uneven sensing
coverage, changing travel behavior, and uncertainty in the representation of heterogeneous
traffic. Results from one urban area would not establish performance across Uzbekistan.
Independent validation in additional locations and consultation with transport operators would
be necessary before wider adoption. The proposed analysis would distinguish predictive
reliability from assumptions about subsequent management decisions and their effects on urban
mobility. Coverage limitations would accompany reported predictions.

Keywords: Deep learning; intelligent transportation; urban mobility; Uzbekistan; travel time
prediction
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THE INTEGRATION OF ARTIFICIAL INTELLIGENCE AND BUILDING
INFORMATION MODELING IN SUSTAINABLE ARCHITECTURAL DESIGN

Rustam ISMOILOV
Nigora ABDURAKHMONOVA
Javlon RASULOV
Mohira SOBIROVA
Samarkand State University, Samarkand, Uzbekistan

Abstract

Sustainable architectural design requires consistent connections between design information
and environmental assessment. This proposed study investigates how artificial intelligence can
assist the interpretation of building information modeling data during comparisons of design
alternatives. Its objective is to establish an auditable workflow linking material quantities,
envelope properties, and occupancy assumptions with selected sustainability indicators. The
focus would be early design evaluation within a defined building type and project boundary.
The abstract presents a proposed methodology and does not report verified environmental
improvements or completed assessments of actual buildings. The planned workflow would
extract geometric and material information from authorized BIM models using a documented
classification scheme. Each extracted quantity would retain its connection to the originating
object and model version. Environmental factors, weather assumptions, and operating
schedules would be recorded in a separate assessment register. Missing properties would be
flagged for review instead of silently replaced with precise values. Alternative assumptions
would be used where information is incomplete, allowing uncertainty to remain visible
throughout the analysis. Artificial intelligence models would estimate selected simulation
outputs or prioritize design alternatives for detailed evaluation. Training data would originate
from documented simulations within a clearly defined parameter range. Baselines would
include direct simulation and simpler statistical approximations. Proposed alternatives might
vary envelope specifications, shading arrangements, or material selections while preserving
functional requirements. Shortlisted options would undergo full environmental assessment to
verify approximate predictions. The analysis would consider operational energy and embodied
impacts separately before examining their combined implications under a stated evaluation
period. Evaluation would examine prediction errors, information traceability, calculation time,
and sensitivity to uncertain inputs. Professional reviewers would assess whether the workflow
makes environmental tradeoffs understandable during architectural decisions. The anticipated
contribution is a reproducible method for connecting BIM information with intelligent
sustainability assessment. Limitations include incomplete material data, simplified operating
assumptions, and restricted transferability across building types. Computational rankings would
not establish actual building performance. Subsequent validation would require independent
models and, where possible, observations from occupied buildings. The proposed study would
clarify how artificial intelligence can support environmental reasoning while preserving
transparent assumptions and architectural responsibility. Review records would preserve
accountability.

Keywords: Artificial intelligence; building information modeling; sustainable design; life
cycle assessment; environmental evaluation

ISBN: 978-625-90699-3-7

183



IMAEC 11 INTERNATIONAL CONGRESS ON ADVANCED ENGINEERING,
ARTIFICIAL INTELLIGENCE AND ARCHITECTURE
August 25-28, 2026 Bucharest/ROMANIA

MACHINE LEARNING TECHNIQUES FOR STRUCTURAL DAMAGE
DETECTION IN CIVIL ENGINEERING

Farrukh NARZULLAYEV
Dilnoza KHOLMATOVA
Turin Polytechnic University in Tashkent, Tashkent, Uzbekistan

Abstract

Structural damage detection requires separating changes associated with deterioration from
variation caused by loading, environmental conditions, and sensor behavior. This proposed
study compares machine learning techniques for detecting damage indicators within a defined
civil engineering monitoring problem. Its objective is to evaluate reliability under realistic
measurement shifts rather than rank models solely by aggregate classification accuracy. The
intended scope includes vibration based detection using an appropriately documented dataset.
No actual damage event, monitoring campaign, or achieved detection performance is claimed
in this prospective research abstract. The methodology would select a benchmark or authorized
monitoring dataset with clear information about the structure, sensor placement, acquisition
conditions, and reference damage states. Simulated observations, if included, would remain
identifiable and be evaluated separately from physical measurements. Preprocessing would
address synchronization, missing channels, and signal quality using procedures established
without inspecting test outcomes. All signal windows from the same acquisition episode would
remain in one evaluation partition. Additional tests would reserve distinct environmental
conditions or structural configurations to examine transfer beyond familiar observations.
Support vector machines, tree based ensembles, and a suitable neural network would be
compared with a transparent statistical detection baseline. When damaged examples are too
limited for supervised classification, anomaly detection would constitute a separate task with
its own evaluation assumptions. Feature extraction and parameter tuning would be confined to
training and validation data. Assessment would report missed damage events, false alarms,
precision, and performance across damage categories where reference labels support those
distinctions. Threshold choices would be linked to the intended monitoring decision. The
anticipated contribution is a reproducible procedure for assessing practical model reliability.
Noise sensitivity, missing sensors, and environmental shifts would be examined alongside
computational requirements. Explanations of model behavior would be reviewed for
consistency with plausible structural response. Limitations include uncertain labels, rare
damage states, and discrepancies between simulated defects and actual deterioration.
Automated alerts would identify conditions requiring qualified engineering review rather than
certify safety. Independent monitoring periods or structures would be necessary to establish
generalizability before the approach could support routine infrastructure assessment and
maintenance decisions. Detection thresholds would be reassessed when monitoring conditions
change.

Keywords: Machine learning; structural damage detection; vibration monitoring; anomaly
detection; model validation
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ARTIFICIAL INTELLIGENCE-SUPPORTED SMART MANUFACTURING
SYSTEMS IN ADVANCED ENGINEERING APPLICATIONS

Sherzod MAMATOV
Gulbahor TOSHPOLATOVA
Azizbek ERGASHEV
Andijan Machine Building Institute, Andijan, Uzbekistan

Abstract

Smart manufacturing requires coordinated decisions about product quality, equipment
availability, and production schedules. This proposed study develops an artificial intelligence
supported framework for a defined manufacturing process in which operational records can be
linked consistently to production outcomes. Its objective is to examine whether predictive
information improves the identification of process problems and the comparison of feasible
operating plans. The scope would be established around one production line or process family
before analysis begins. No factory deployment, productivity increase, or measured quality
improvement is claimed. The planned information architecture would connect machine
measurements, operating parameters, maintenance records, production orders, and inspection
outcomes through synchronized timestamps and traceable identifiers. Data preparation would
document sensor changes, missing readings, and differences between product variants. Training
records would exclude information unavailable when a prediction would have been made.
Evaluation would reserve later production periods and, where feasible, distinct batches or
machines. This separation would help assess whether apparent predictive performance depends
on repeated observations of nearly identical production conditions. Candidate models would
address clearly separated tasks such as quality prediction and equipment anomaly detection.
Each task would have an appropriate baseline, defined outcome, and independent evaluation
criteria. A decision support layer would present predictions with uncertainty and supporting
observations. Proposed scheduling or maintenance adjustments would be checked against
production requirements, equipment constraints, and operator responsibilities. Model outputs
would remain advisory during initial evaluation, with human decisions recorded to support later
analysis of practical usefulness. Assessment would examine predictive errors, false alerts,
missed problems, and computational latency. Retrospective or simulated comparisons would
evaluate operating alternatives under matched demand and resource assumptions. Quality
outcomes would be analyzed separately from throughput to avoid interpreting faster production
as an unconditional improvement. The anticipated contribution is a transparent framework
connecting industrial data with accountable operational decisions. Limitations include scarce
failure examples, changing product mixes, and uncertain transfer between machines.
Prospective validation would be required before attributing changes in productivity, downtime,
or resource consumption to artificial intelligence. The proposed research would establish the
conditions and evidence needed for that evaluation. Operator feedback would inform
subsequent revisions to the assistance system.

Keywords: Artificial intelligence; smart manufacturing; quality prediction; predictive
maintenance; production systems
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ARTIFICIAL INTELLIGENCE APPLICATIONS IN SMART CONSTRUCTION
PROJECT MANAGEMENT: AN EXPERIMENTAL STUDY

Akmal DJURAYEY
Malika YUSUPOVA
Bukhara State University, Bukhara, Uzbekistan

Abstract

Artificial intelligence tools in construction management should be evaluated through their
effects on decisions, not only through the accuracy of their predictions. This proposed
experimental study examines whether intelligent decision support improves the identification
and management of schedule risks in simulated construction projects. Its objective is to compare
assisted and conventional management workflows under equivalent information and resource
constraints. Although the title identifies an experimental study, the experiment described here
remains a proposed protocol; no participants, observations, or experimental results are
presented as having already been obtained. The planned design would assign participants to
matched construction scenarios containing schedules, resource availability, progress updates,
and documented disruptions. Participants would use either a conventional dashboard or a
dashboard supplemented by artificial intelligence recommendations. Random assignment
would be used where feasible, with experience levels recorded and balanced across conditions.
An advance sample size assessment would define recruitment requirements. Scenario materials
would be developed independently of the evaluated model, and pilot testing would examine
task clarity without contributing observations to the final analysis. The assistance system would
identify potential schedule conflicts and suggest feasible responses with supporting
information. Participants would retain responsibility for accepting, modifying, or rejecting each
recommendation. Primary outcomes would be specified before data collection and could
include decision accuracy against expert reviewed scenario criteria and time required to
formulate a response. Secondary outcomes would examine workload, inappropriate reliance,
and recognition of erroneous recommendations. Equivalent task conditions would prevent
differences in interface convenience from being mistaken for effects of predictive intelligence.
Analysis would report between condition differences with uncertainty estimates and examine
whether experience modifies the effect of assistance. Repeated tasks would be analyzed with
methods accounting for observations from the same participant. The anticipated contribution is
a controlled evaluation of how intelligent support influences construction management
judgment. Limitations would include artificial task conditions, limited project complexity, and
possible learning effects. Even favorable experimental outcomes would require prospective
field validation before supporting claims of reduced construction delays or costs. The protocol
provides a transparent basis for that subsequent assessment. The experimental materials and
scoring procedures would be documented to enable independent replication.

Keywords: Artificial intelligence; construction management; experimental design;
scheduling; decision quality
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PARAMETRIC DESIGN APPROACHES FOR SUSTAINABLE ARCHITECTURAL
DEVELOPMENT IN CENTRAL ASIA

Nodira RAKHMONOV
Azizbek KHASANOV
Sardor TULAGANOV
Namangan Engineering Construction Institute, Namangan, Uzbekistan

Abstract

Sustainable architectural development requires design methods that connect local conditions
with explicit environmental and functional objectives. This proposed study investigates
parametric design as a means of comparing architectural alternatives in selected Central Asian
contexts. The objective is to establish a reproducible workflow for evaluating how building
orientation, envelope configuration, shading, and spatial proportions influence performance
under stated assumptions. Central Asia is treated as a context requiring differentiated
investigation rather than a uniform climatic or cultural category. No completed regional survey
or measured building performance is claimed. The methodology would select contrasting
locations and document the climatic records, site conditions, and construction assumptions used
for each case. A common building program would establish comparable floor area, occupancy
schedules, and functional requirements while allowing contextually appropriate variations.
Parametric models would generate alternatives within ranges reviewed for feasibility. Energy
demand, daylight availability, material quantities, and indicative costs would be calculated
using consistent boundaries. Data gaps, particularly in material impact information, would be
recorded and examined through alternative assumptions rather than concealed within a single
estimate. A multiobjective search would identify design options representing different
compromises among the selected criteria. These alternatives would be compared with a
documented baseline and a smaller set developed through conventional design iteration. The
analysis would distinguish improvements caused by individual parameters from changes
associated with combinations of parameters. Sensitivity tests would examine occupancy
schedules, weather variability, and uncertain construction properties. Architects familiar with
the selected contexts would review spatial quality, maintenance requirements, and
compatibility with local building practices. The anticipated contribution is a method for making
sustainable design tradeoffs visible during early architectural development. It would help
identify which parameters consistently influence performance and which depend strongly on
contextual assumptions. Limitations include simulation uncertainty, incomplete regional data,
and the difficulty of representing cultural preferences through numerical objectives. A
computationally preferred alternative would not automatically constitute the most appropriate
architectural solution. Final design decisions would require professional interpretation and
consultation with relevant users. Subsequent assessment of constructed buildings would be
needed to establish whether predicted benefits persist during actual occupation and
maintenance. Regional conclusions would remain conditional on sampling.

Keywords: Parametric design; sustainable architecture; Central Asia; environmental
simulation; design tradeoffs
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AN ARTIFICIAL NEURAL NETWORK MODEL FOR OPTIMIZING
STRUCTURAL ENGINEERING PROCESSES

Timur KHUDAYBERDIYEV
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Bekzod KADIROV
Dilafruz SOBIROVA
Karshi Engineering Economics Institute, Karshi, Uzbekistan

Abstract

Structural engineering workflows involve repeated analyses when member dimensions,
material choices, and loading assumptions are revised. This proposed study develops an
artificial neural network framework for assisting that iterative process within a defined class of
structural models. Its objective is to evaluate whether a learned approximation can reduce
computational effort while maintaining acceptable accuracy for design screening. The proposed
application concerns the identification of promising alternatives for subsequent engineering
verification. It does not treat neural network output as an independent demonstration of
structural adequacy or report a completed optimization experiment. The planned dataset would
be generated through a documented structural analysis procedure using systematically varied
input configurations. Inputs would include selected geometric properties, material parameters,
and load descriptors, while outputs would represent response quantities relevant to the chosen
design problem. Sampling would cover the feasible design domain and explicitly record
configurations that violate constraints. Independent test sets would exclude closely related
configurations used for training. Data normalization, network architecture selection, and early
stopping would be determined without access to final evaluation outcomes. The neural network
would be embedded within a constrained optimization procedure seeking lower material use or
computational cost under specified response limits. Comparisons would include direct analysis
based optimization and a simpler surrogate model. Every candidate selected as optimal would
be reanalyzed using the reference engineering model. Evaluation would examine response
prediction errors, feasibility errors, total computational expense, and sensitivity to network
initialization. Particular attention would be given to cases where small prediction errors could
incorrectly classify a design as satisfying a critical constraint. The anticipated contribution is a
reproducible account of when neural approximation provides practical value in structural
optimization. Uncertainty estimates and domain checks would indicate when recommendations
require additional analysis. Limitations include dependence on the reference model,
computational costs of preparing training data, and reduced reliability outside the sampled
design space. The study would also assess whether improvements remain meaningful when
verification costs are included. Claims of safer structures, lower construction costs, or general
applicability would require additional evidence beyond the proposed computational
comparisons and independent professional evaluation. Verification failures would be reported
alongside successes.
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THE ROLE OF ARTIFICIAL INTELLIGENCE IN DIGITAL TRANSFORMATION
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Abstract

Digital transformation in engineering education requires attention to learning processes,
assessment practices, and institutional capacity. This proposed study examines how artificial
intelligence assistance can be incorporated into engineering coursework while preserving
students' ability to reason independently. The objective is to investigate relationships between
tool use, conceptual understanding, and problem solving performance within a defined
instructional setting. The focus would be a selected engineering course rather than an institution
wide claim of transformation. No completed classroom intervention or improvement in student
achievement is asserted. The proposed design would compare an instructional approach
incorporating structured artificial intelligence assistance with an otherwise comparable
approach using established digital resources. Learning objectives, teaching time, and
assessment criteria would be aligned across conditions. Baseline knowledge and prior
experience with digital tools would be recorded. Where random allocation is impractical, the
analysis would explicitly address baseline differences and avoid unsupported causal
conclusions. Participation, data collection, and handling of student work would follow
applicable institutional review and consent procedures. Artificial intelligence activities would
require students to explain, check, and revise generated solutions rather than submit them
without examination. Tasks would include identifying incorrect assumptions, evaluating
alternative methods, and relating computational answers to engineering principles. Assessment
would combine course aligned problem solving with independent tasks completed without
artificial intelligence assistance. Delayed assessment would examine retention where
scheduling permits. Process records and interviews would explore how students use feedback,
when they challenge recommendations, and whether assistance changes their willingness to
attempt difficult problems. Evaluation would report learning outcomes, variation across initial
proficiency levels, and the time required for instructional support. Usability and satisfaction
would be treated separately from evidence of learning. The anticipated contribution is a
framework linking educational goals with deliberate choices about intelligent assistance.
Limitations include instructor effects, unequal access to technology, and changing tool
capabilities. Findings from one course would require replication before informing broader
institutional adoption. The proposed study would provide evidence for decisions about
curriculum design, assessment integrity, and staff development while maintaining a clear
distinction between convenient task completion and durable engineering understanding.
Student explanations would provide additional evidence of reasoning beyond answer
correctness.
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SMART CITY ARCHITECTURE AND ARTIFICIAL INTELLIGENCE:
INNOVATIVE SOLUTIONS FOR SUSTAINABLE URBAN DEVELOPMENT
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Abstract

Smart city architecture requires coordination between urban form, infrastructure provision,
environmental objectives, and residents' everyday needs. This proposed study develops an
artificial intelligence assisted framework for comparing urban development alternatives
through explicit sustainability criteria. Its objective is to examine how spatial prediction and
scenario analysis can support decisions at the neighborhood scale without reducing urban
quality to a single numerical score. The research would focus on a defined planning area with
documented data access. No implemented smart city intervention or observed sustainability
improvement is claimed. The planned information base would combine building footprints,
land wuse, street connectivity, public service locations, and available environmental
observations. Data quality assessment would record differences in spatial resolution,
observation dates, and coverage. Socioeconomic information, where legitimately available,
would be aggregated to protect privacy and interpreted with attention to missing populations.
Baseline indicators would describe accessibility, estimated energy demand, and selected
environmental conditions. Each indicator would have a stated boundary and interpretation,
allowing users to distinguish measured conditions from modeled estimates. Machine learning
models would support selected estimation tasks for which adequate reference observations
exist. Their outputs would inform comparisons of alternative building arrangements, service
locations, and public space configurations. Conventional spatial analysis would provide a
baseline, and additional predictive complexity would require demonstrated value. Scenario
assessment would examine tradeoffs between environmental performance, accessibility, and
development constraints. Representatives of planning practice and affected communities would
review the relevance of criteria and identify concerns omitted from the computational
representation. Evaluation would examine prediction reliability, scenario sensitivity, and the
distribution of projected benefits across locations and user groups. The anticipated contribution
1s a transparent connection between artificial intelligence analysis and urban design
deliberation. Limitations include incomplete urban records, uncertain behavioral responses, and
challenges in representing social priorities numerically. A favorable scenario ranking would not
establish that implementation would produce the predicted effects. Subsequent monitoring and
a credible comparison strategy would be required to assess realized outcomes. The proposed
framework therefore treats computational recommendations as evidence for discussion, with
final planning decisions remaining subject to public accountability and professional judgment.
Implementation feasibility would include institutional capacity and maintenance
responsibilities.
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ARTIFICIAL INTELLIGENCE-ASSISTED STRUCTURAL ANALYSIS FOR HIGH-
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Abstract

Structural analysis for high-rise building design involves repeated assessment of alternative
configurations under interacting loading and serviceability requirements. This proposed study
examines an artificial intelligence assisted workflow that accelerates preliminary analysis while
preserving independent engineering verification. The objective is to evaluate whether surrogate
models can estimate selected structural responses accurately enough to support early design
comparisons. The investigation would focus on lateral displacement, interstory drift, and
member demand within a clearly bounded family of building configurations. No completed
structural assessment or measured computational advantage is reported. The proposed
methodology would generate a reference dataset through documented finite element analyses.
Input variables would describe building height, structural layout, member dimensions, material
properties, and specified loading conditions. Sampling would deliberately include both typical
designs and configurations near the limits of the study domain. Training, validation, and testing
would be separated by structural configuration, preventing minor variants of one design from
appearing across partitions. All preprocessing and parameter selection would use training
information exclusively. Gradient boosting and neural network models would be compared
with simpler regression baselines. Assessment would examine prediction error, computational
time, and uncertainty across response ranges rather than relying solely on average accuracy.
Predictions for critical drift or demand conditions would receive separate scrutiny. Candidate
designs selected through the surrogate would undergo renewed finite element analysis before
being considered feasible. Tests outside the training domain would examine extrapolation
behavior, while sensitivity analysis would identify inputs associated with unstable predictions.
Model explanations would be interpreted alongside structural mechanics. The anticipated
contribution is a transparent procedure for deciding where artificial intelligence can assist
structural design iteration and where conventional analysis remains necessary. Potential
benefits would be evaluated against the costs of dataset generation, model maintenance, and
verification. Limitations include dependence on modeling assumptions, incomplete
representation of nonlinear behavior, and restricted transferability between structural systems.
The framework treats predictive confidence as information for review rather than evidence of
structural safety. Subsequent validation using independently developed models and suitable
experimental evidence would be required before broader engineering application. All analytical
assumptions would be retained in a versioned record to support reproducibility and later review.
Keywords: Artificial intelligence; structural analysis; high-rise buildings; surrogate
modeling; design verification
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Abstract

Smart infrastructure development requires engineering decisions that connect asset condition,
service demand, and limited maintenance resources. This proposed study develops a machine
learning framework for prioritizing infrastructure interventions through consistent analysis of
operational and inspection records. Its objective is to assess whether predictive information can
improve maintenance planning relative to transparent rule based procedures. The scope would
be restricted to a selected class of infrastructure assets with sufficiently comparable records,
rather than assuming that one model applies equally to roads, utilities, and public buildings.
The planned dataset would integrate asset characteristics, inspection dates, condition ratings,
maintenance histories, service interruptions, and relevant environmental observations. Data
preparation would distinguish genuine deterioration from changes in inspection practice or
reporting frequency. Missing observations would be documented, and information generated
after an intervention decision would be excluded from predictive inputs. Evaluation partitions
would separate assets and observation periods where feasible, allowing assessment of
performance on both unfamiliar assets and future operating conditions. Data access and
responsibility for corrections would be explicitly assigned. Candidate methods would include
gradient boosting, random forests, and a simpler statistical baseline for predicting deterioration
or service interruption within a predefined horizon. Anomaly detection would be evaluated
separately when reliable outcome labels are unavailable. Predictions would inform a
constrained prioritization model incorporating maintenance budgets, intervention costs, service
criticality, and uncertainty. Engineering teams would review the resulting schedules and record
the reasons for accepting or modifying recommendations. The framework would preserve a
traceable connection between source records, predicted risks, and proposed actions. Evaluation
would examine predictive calibration, missed events, false alerts, and the stability of
intervention rankings. Retrospective simulations would compare proposed allocations with
baseline policies under matched resource assumptions. The expected contribution is a practical
protocol linking predictive models to infrastructure management decisions. Its limitations
include inconsistent inspection coverage, rare failure events, and uncertain consequences of
deferred maintenance. No reduction in failures or maintenance expenditure is claimed. Such
outcomes would require a prospective pilot and an evaluation capable of distinguishing model
effects from changes in funding, staffing, and operational conditions. Implementation priorities
would reflect service continuity requirements and locally available engineering resources.
Keywords: Machine learning; smart infrastructure; asset management; predictive
maintenance; decision support
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Abstract

Integrating artificial intelligence with building information modeling requires more than adding
predictive tools to a digital building model. Architectural teams must maintain consistent object
information, understand automated recommendations, and preserve responsibility for design
decisions. This proposed study investigates an integration framework focused on model
checking and coordination during architectural development. Its objective is to examine
whether intelligent assistance can identify relevant inconsistencies and reduce review effort
without concealing uncertainty or generating excessive alerts. The work presents a prospective
research design rather than findings from completed architectural projects. The methodology
would begin by defining a common information structure for BIM objects, attributes,
relationships, and revision histories. Authorized project models would be examined for missing
properties, inconsistent classifications, and differences between versions. A documented
reference set of coordination issues would be established through independent professional
review, including a procedure for resolving disagreements. Model partitions would be
organized by project so that repeated objects or closely related revisions cannot create
misleading estimates of generalization. Proprietary project information would remain subject
to access restrictions. The proposed analytical layer would combine deterministic checks for
explicit requirements with machine learning for prioritizing issues that require contextual
judgment. Candidate models would use object attributes, spatial relationships, and revision
characteristics to estimate review relevance. Their outputs would identify supporting evidence
and distinguish incomplete information from suspected design inconsistency. Architects would
retain authority over corrective action. Interoperability tests would examine whether
information survives exchange between selected software environments, with losses
documented separately from predictive errors. Evaluation would compare issue detection, false
alerts, reviewer agreement, and time required to complete equivalent checking tasks. Structured
usability sessions would investigate whether the recommendations are understandable and
compatible with existing collaboration practices. The anticipated contribution is an auditable
approach to integrating intelligent assistance into architectural workflows. Limitations would
include inconsistent model maturity, subjective issue labels, and variation in office procedures.
Evidence of improved review efficiency would not automatically demonstrate improved
architectural quality. Broader conclusions would require independent project evaluation and
continued assessment of how automated recommendations influence professional decisions. A
shared issue taxonomy would support consistent interpretation across participating architectural
teams and reviewers.
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OPTIMIZATION OF INTELLIGENT TRANSPORTATION NETWORKS
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Abstract

Transportation network optimization requires decisions that account for interactions among
routes, intersections, travel demand, and available infrastructure. This proposed study
investigates artificial intelligence based engineering models for evaluating network
management alternatives under uncertain demand. Its objective is to determine whether learned
approximations can support faster scenario comparison while preserving explicit operational
constraints. The scope would include coordinated traffic management and route allocation
within a defined urban network. The research is prospective and does not claim measured
improvements in travel time or completed implementation in an operational transport system.
A network representation would combine road connectivity, link capacities, intersection
characteristics, demand estimates, and available travel time observations. Data preparation
would assess temporal consistency and distinguish directly observed quantities from inferred
demand. Baseline demand scenarios would be supplemented by clearly labeled incident and
growth scenarios. Calibration data would be separated from evaluation periods, and uncertain
parameters would be recorded before optimization. The methodology would also specify how
pedestrian requirements and public transport priorities enter the network representation rather
than treating all movement as interchangeable vehicle flow. A supervised learning model would
approximate selected outputs of a calibrated transport simulation. These estimates would
support constrained search over feasible management alternatives, followed by full simulation
of shortlisted solutions. Conventional assignment and optimization procedures would provide
reference methods. Comparisons would evaluate total delay, travel time reliability, accessibility
indicators, and distribution of impacts across network areas. Optimization objectives and their
relative weights would be disclosed, enabling planners to inspect tradeoffs instead of receiving
a single unexplained recommendation. Robustness analysis would test demand shifts, capacity
losses, and errors in travel time estimates. Repeated simulation runs would distinguish
consistent changes from stochastic variation. The expected contribution is a decision
framework that links computational efficiency with transparent transport engineering
assessment. Limitations include uncertain traveler responses, imperfect network calibration,
and possible displacement of congestion between locations. Any proposed intervention would
require professional review and context specific evaluation. Conclusions about real mobility
benefits would remain conditional until independent observations or a prospective
implementation study establish whether predicted network effects occur in practice.
Distributional consequences would remain visible throughout the optimization process.
Keywords: Artificial intelligence; transportation networks; network optimization; traffic
assignment; accessibility

ISBN: 978-625-90699-3-7

194



IMAEC 11 INTERNATIONAL CONGRESS ON ADVANCED ENGINEERING,
ARTIFICIAL INTELLIGENCE AND ARCHITECTURE
August 25-28, 2026 Bucharest/ROMANIA

THE APPLICATION OF GENERATIVE ARTIFICIAL INTELLIGENCE IN
CONTEMPORARY ARCHITECTURAL DESIGN PROCESSES

Umida YAKUBOVA
Bekzod MAMAJONOV
Shahzoda ISLOMOVA
Andijan State Technical Institute, Andijan, Uzbekistan

Abstract

Generative artificial intelligence introduces new ways to explore architectural ideas, but visual
plausibility alone does not establish spatial coherence or technical feasibility. This proposed
study investigates how generative tools can be incorporated into early architectural design
through a structured process of briefing, generation, interpretation, and verification. The
objective is to evaluate their contribution to design exploration while distinguishing
representational novelty from usable architectural development. The study would focus on
concept generation and preliminary spatial organization, without claiming that generated
images constitute construction documentation or validated building solutions. The planned
research would use a common design brief specifying site assumptions, functional
requirements, spatial relationships, and environmental priorities. Participants would complete
comparable tasks through conventional digital methods and through a workflow incorporating
a selected generative tool. Assignment and task order would be designed to limit experience
and learning effects. Tool versions, prompts, reference inputs, and subsequent manual revisions
would be recorded. Permission to use project materials would be established, and confidential
client information would be excluded from public generation services. Evaluation would
combine process records with independent assessment of design outputs. Criteria would address
functional compliance, spatial consistency, contextual response, originality, and the effort
required to convert concepts into editable architectural models. Reviewers would assess outputs
without knowing the workflow where practical, and disagreements would be reported rather
than hidden within aggregate scores. Time savings would be interpreted alongside correction
effort and design quality. A dedicated verification stage would examine -circulation,
dimensions, accessibility assumptions, and contradictions between visual representations and
proposed spatial arrangements. The anticipated contribution is a practical evaluation framework
for generative assistance within accountable architectural practice. The analysis would explore
whether benefits depend on user expertise, prompt formulation, or the type of design task.
Limitations include changing tool behavior, subjective judgments of architectural quality, and
restricted generalization from a small set of briefs. No superiority of generative workflows is
asserted. Empirical conclusions would require completed comparative tasks and transparent
reporting of unsuccessful outputs, providing a basis for informed decisions about when
generative tools support architectural reasoning. Documenting rejected concepts would also
reveal recurring errors that polished final presentations can obscure.
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Abstract

Smart building energy management requires coordinated decisions about indoor comfort,
equipment operation, and electricity consumption under changing occupancy and weather
conditions. This proposed study develops an artificial intelligence framework for optimizing
building operation while treating occupant comfort and equipment limitations as explicit
constraints. Its central question is whether combining short term demand forecasting with
predictive control can improve operational performance relative to conventional scheduling.
The scope covers heating, ventilation, air conditioning, and controllable lighting in an
institutional building setting. The framework is presented as a research design; measured energy
savings and completed field validation are not claimed. The proposed data architecture
combines interval electricity readings, indoor temperature, humidity, occupancy indicators,
outdoor weather, and equipment status. Before model development, timestamps would be
synchronized, missing observations documented, and abnormal sensor readings examined using
transparent quality rules. Occupancy information would be aggregated to avoid identifying
individuals. Data would be divided chronologically into training, validation, and testing periods
so that future information cannot influence earlier predictions. Seasonal coverage and changes
in building use would be recorded to clarify the conditions under which each model is evaluated
and to identify periods requiring additional monitoring. Forecasting candidates would include
gradient boosting and recurrent neural networks, compared with persistence and calendar based
baselines. Forecasts would feed a constrained optimization module that recommends
temperature setpoints and operating schedules over a rolling horizon. The objective would
balance electricity consumption, peak demand, and comfort violations using clearly reported
weights. Equipment cycling restrictions and permissible indoor temperature ranges would limit
control actions. A calibrated building simulation would provide the initial evaluation
environment, followed by supervised deployment only if the controller demonstrates acceptable
behavior under predefined operating conditions. Facility staff would retain an override
mechanism throughout any deployment. Evaluation would distinguish forecasting accuracy
from control performance. Prediction errors would be reported alongside total electricity use,
peak demand, time outside comfort bounds, and computational requirements. Comparisons
would use equivalent weather and occupancy scenarios, with sensitivity analyses addressing
sensor loss, unusual occupancy, and forecast uncertainty. Ablation experiments would examine
whether occupancy inputs and predictive optimization contribute independently to
performance. Repeated simulation scenarios would characterize variability rather than support
unsupported claims of universal effectiveness. Any later field assessment would require a
documented baseline and an adjustment procedure for differences in weather and building
activity. The anticipated contribution is a reproducible decision framework that links predictive
accuracy to practical building outcomes. It would help determine when additional model
complexity provides operational value and when simpler control strategies remain adequate.
The study would also examine implementation costs, maintenance requirements, and the
consequences of unreliable sensing. Its relevance to institutional buildings depends on local
equipment capabilities and the availability of consistent operational records. Conclusions about
energy savings, financial returns, or transferability would remain conditional until empirical
testing is completed. By defining the comparison protocol and deployment safeguards in
advance, the proposed research establishes a transparent basis for assessing artificial
intelligence in building energy management and for planning subsequent validation across
buildings with different operating patterns over extended periods.
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Abstract

Urban traffic management involves allocating limited road capacity while responding to
fluctuating demand, incidents, and interactions between neighboring intersections. This
proposed study examines how deep learning could support traffic forecasting and adaptive
signal control within a coordinated urban network. The research question concerns whether
improved representation of spatial and temporal traffic patterns produces measurable
operational benefits beyond conventional forecasting and signal timing. The intended
application includes heterogeneous traffic conditions in Pakistani cities, but no city specific
dataset or completed deployment is asserted. The abstract describes a prospective evaluation
framework rather than reporting observed reductions in congestion. The proposed dataset
would combine intersection counts, approach speeds, queue estimates, signal phase records,
and contextual variables such as weather and time of day. Where video is used, processing
would extract aggregate traffic indicators without retaining identifiable images beyond an
approved operational need. The sampling strategy would cover peak and off peak periods and
document missing observations, sensor failures, and unusual events. Training and testing would
be separated chronologically and, where feasible, geographically. Holding out intersections
would help assess whether the models generalize beyond locations represented during training
instead of merely reproducing recurring local patterns. Candidate models would include
recurrent networks for temporal dependencies and graph neural networks for relationships
between connected road segments. Their predictions would be compared with historical
averages, persistence forecasts, and a simpler statistical model. A traffic simulator would then
connect the forecasting layer to an adaptive signal controller. Any reinforcement learning
component would operate within explicit restrictions on minimum green intervals, pedestrian
crossing time, and conflicting movements. The control objective would account for delay and
queue accumulation while preventing repeated disadvantage to lower volume approaches.
Signal recommendations would remain subject to engineering review before any consideration
of field implementation. Model assessment would report forecasting error separately from
network performance. Operational indicators would include average delay, queue length,
throughput, travel time variability, and pedestrian waiting time. Fixed timing and actuated
control would provide reference strategies under matched demand scenarios. Experiments
would examine incident conditions, communication delays, missing sensors, and shifts in
vehicle composition. Multiple simulation runs would quantify variability and reveal whether
improvements depend on a narrow set of assumptions. Ablation analysis would test the
contribution of network connectivity, contextual information, and forecasting to control
outcomes. Computing latency would be measured against the intended decision interval. The
expected contribution is an evaluation procedure that makes the relationship between deep
learning predictions and traffic management decisions explicit. The proposed research would
identify tradeoffs between overall network efficiency, service fairness, and implementation
complexity. Simulation findings, if obtained, would require calibration checks and independent
field validation before supporting claims about real urban performance. Potential limitations
include incomplete observations, uncertain driver behavior, and differences between simulated
and actual traffic interactions. The study therefore treats model transfer and operational
oversight as research questions. Its intended outcome is a defensible basis for deciding where
deep learning can assist traffic engineers and where additional data, simpler controls, or
infrastructure changes may be more appropriate for the setting.
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Abstract

Architectural sustainability involves decisions whose consequences extend across building
operation, material production, occupant experience, and long term maintenance. This proposed
study develops a case study framework for integrating artificial intelligence into early
architectural design within the context of smart cities in Pakistan. It asks how computational
search can support architects in comparing environmental performance without obscuring
design assumptions or local priorities. The intended analysis focuses on building form,
orientation, glazing, shading, and material selection. Although the title identifies a case study
approach, project selection and empirical assessment remain prospective; no completed
Pakistani case study or verified performance improvement is claimed. Case selection would
follow criteria covering access to design documentation, representative building use, climatic
context, and permission to examine project information. A selected development would be
described through its site conditions, surrounding urban form, infrastructure assumptions, and
relevant design constraints. Baseline alternatives would be prepared with consistent floor area,
occupancy schedules, and functional requirements. Weather files, material quantities, and
environmental data sources would be documented before optimization. Where reliable local
material data are unavailable, alternative assumptions would be tested and their implications
reported rather than treating imported estimates as precise descriptions of Pakistani construction
practices. The analytical workflow would connect a parametric building model with energy,
daylight, and embodied carbon calculations. Simulation outputs would train a surrogate model
to estimate the performance of candidate designs within a defined parameter range. A
multiobjective optimization procedure would identify alternatives representing different
compromises among operational demand, embodied impacts, daylight availability, and cost.
Architects would review these alternatives for spatial quality, constructability, accessibility, and
compatibility with the surrounding context. Artificial intelligence would therefore assist
exploration and comparison, while professional judgment would remain responsible for
accepting or rejecting design proposals. Evaluation would compare the selected computational
alternatives with a documented baseline and with options developed through conventional
parametric exploration. All comparisons would use equivalent modeling boundaries and
functional assumptions. Surrogate predictions would be checked against independent
simulations, particularly near the boundaries of the design space. Sensitivity analysis would
examine weather variation, occupancy assumptions, material factors, and the relative
importance assigned to competing objectives. An uncertainty register would distinguish
missing project information from uncertainty inherent in environmental modeling. Structured
feedback from architects and relevant project participants would assess whether the workflow
makes design decisions more understandable and practically usable. The anticipated
contribution is a transparent method for connecting artificial intelligence tools with context
sensitive architectural evaluation. Rather than assuming that a single optimized solution defines
sustainability, the proposed framework would expose tradeoffs and make alternative priorities
visible. Its usefulness would depend on the quality of simulation inputs, the representativeness
of the selected case, and the ability to translate computational options into feasible construction
decisions. Results from one development would not establish performance across all Pakistani
smart city projects. Subsequent research would need comparisons across climates and building
types. The proposed study offers a protocol for that investigation, while reserving conclusions
about environmental benefits for validated analyses and, where possible, post occupancy
assessment of the resulting buildings.

Keywords: Artificial intelligence; sustainable architecture; smart cities; design optimization;
Pakistan

ISBN: 978-625-90699-3-7

198



IMAEC 11 INTERNATIONAL CONGRESS ON ADVANCED ENGINEERING,
ARTIFICIAL INTELLIGENCE AND ARCHITECTURE
August 25-28, 2026 Bucharest/ROMANIA

A COMPARATIVE ANALYSIS OF MACHINE LEARNING ALGORITHMS FOR
STRUCTURAL HEALTH MONITORING IN CIVIL ENGINEERING

Muhammad FAROOQ, Amina SHAH, Hassan MAHMOOD
Mehran University of Engineering and Technology, Jamshoro, Pakistan

Abstract

Structural health monitoring requires reliable interpretation of sensor measurements when
damage related changes may overlap with environmental variation and measurement noise.
This proposed study establishes a comparative framework for evaluating machine learning
algorithms in civil engineering monitoring applications. The central objective is to determine
how predictive performance, robustness, and practical deployment requirements vary across
model families under a common experimental protocol. The scope includes damage detection
and, where suitable labels exist, damage classification or severity estimation. No monitoring
dataset, experimental campaign, or superior algorithm is claimed as an established result; the
work presents a prospective methodological design. The proposed evidence base would
combine a licensed benchmark dataset with a clearly separated simulation component.
Available measurements might include acceleration, strain, displacement, and recorded
environmental conditions, depending on the selected structure and dataset. Sensor metadata,
sampling rates, structural configurations, and damage labeling procedures would be
documented before analysis. Preprocessing would address missing readings, synchronization,
and signal quality without using test data to select transformations. When signals are segmented
into overlapping windows, all windows from the same acquisition episode would remain within
a single partition to reduce leakage and prevent unrealistically favorable estimates of
generalization. The comparison would include support vector machines, random forests,
gradient boosting, and a neural network suited to the selected signal representation. A simple
statistical detection rule would provide an operational baseline. Feature based models would
use predefined or training derived signal descriptors, while representation learning models
would receive appropriately normalized signal windows. Hyperparameter selection would use
nested or otherwise strictly separated validation, with comparable tuning budgets and
transparent stopping criteria. Class imbalance would be addressed within training partitions
only. The protocol would distinguish supervised damage classification from anomaly detection
when examples of damaged states are insufficient for supervised learning. Assessment would
prioritize consequences relevant to monitoring decisions. Reported indicators would include
recall for damage events, false alarm rates, precision, class specific performance, and
calibration where probability estimates are available. Severity estimation, if supported, would
require separate error measures. Robustness experiments would introduce realistic noise,
missing channels, temperature related shifts, and operating conditions excluded from training.
Computational cost, memory requirements, and prediction latency would inform deployment
feasibility. Uncertainty estimates would be derived from independent acquisition groups rather
than treating correlated windows as independent observations. Comparisons across structures
would be reported separately from comparisons within the same monitored asset. The
anticipated contribution is a reproducible basis for selecting monitoring models according to
the intended engineering task. The study would examine whether increased complexity
improves detection under realistic distribution shifts or merely fits familiar measurement
conditions more closely. Model explanations would be checked against plausible structural
behavior and would not substitute for engineering inspection. Important limitations include
uncertain damage labels, limited examples of rare failures, and differences between simulated
damage and physical deterioration. Any resulting tool would support qualified engineers rather
than independently certify structural safety. Empirical conclusions would depend on
completing the proposed comparisons and validating the selected approach using independent
structures or monitoring periods before practical implementation is considered.
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Abstract

Architectural project management depends on keeping design information, schedules,
quantities, and decisions consistent as a project develops. This proposed study examines an
artificial intelligence framework integrated with building information modeling to support
coordination and early identification of management risks. The research question is whether
combining model information with documented project events can improve the timeliness and
usefulness of management decisions relative to conventional BIM workflows. The scope
includes design revisions, coordination issues, schedule dependencies, and cost related
information. This is a proposed research framework; access to completed project records and
demonstrated improvements in delivery performance are not asserted. The planned information
architecture would connect BIM objects and model versions with issue logs, approved
schedules, quantity records, and documented change requests. Stable identifiers and explicit
version histories would preserve the relationship between predictions and the information
available at each decision point. Data preparation would examine inconsistent naming,
duplicate records, missing dates, and changes in object classification. Confidential commercial
information would be restricted to authorized users, and personally identifying information
would be minimized. A data dictionary would distinguish original project observations from
derived indicators, ensuring that automated outputs can be traced to their underlying sources.
The analytical component would evaluate machine learning models for predicting defined
outcomes such as unresolved coordination issues or delays associated with design changes.
Natural language processing could classify issue descriptions where sufficiently consistent
labeled examples are available. Model features would be limited to information recorded before
the prediction date, preventing later project outcomes from leaking into training inputs.
Evaluation would hold out entire projects where the available sample permits, because records
from the same project may share distinctive organizational patterns. Simple rules and
conventional statistical models would provide baselines before any additional model
complexity is justified. A comparative workflow assessment would examine how project teams
interpret and act on model outputs. Indicators would include prediction accuracy, false alerts,
issue resolution time, and the effort required to verify recommendations. Schedule and cost
outcomes would be assessed only where consistent definitions and comparable records are
available. A retrospective comparison would establish predictive feasibility, while a later
prospective pilot would be needed to evaluate effects on management practice. Interviews or
structured usability sessions would explore whether recommendations are understandable and
whether they fit existing responsibilities. Every alert would display its supporting information
and allow a documented human response. The anticipated contribution is an auditable approach
to connecting BIM information with project management decisions. The proposed framework
would clarify which information is necessary, how predictive uncertainty should be
communicated, and when automated advice warrants review. It would also examine integration
costs, fragmented records, and variation in organizational BIM maturity. Associations between
predicted risks and project outcomes would not establish that artificial intelligence caused better
delivery. Stronger causal conclusions would require a suitable prospective evaluation with
credible comparison conditions. The study therefore positions artificial intelligence as decision
support within accountable professional workflows, while reserving claims about reduced
delays, lower costs, or improved coordination for empirical validation across architectural
projects and organizational settings.
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