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PREFACE

The opportunities emerging through the rapid advancement of information and communication technologies,
the changing expectations of customers, and the necessity for organizations to become more effective and
efficient have made Digital Transformation an essential process for all enterprises and institutions.

A common belief shared by both developed and developing countries is that:

“All organizations should sail with the wind of digital transformation rather than resist it.”

Digital Industry can be defined as the development of new products and business processes that create value
for organizations and their customers while enhancing competitiveness and sustainability.

Digital Transformation refers to the transition to new ways of conducting business and thinking, where
digital, mobile, and emerging technologies are extensively utilized.

Digital Transformation encourages all organizations to make significant changes in the following areas:

. Organizational vision and strategies,

. Organizational structure, governance, and
business models,

. Decision-making mechanisms,

. Products and services,

. Processes within the value chain, particularly
production,

. Customer experience,

. Technologies and technological infrastructure.

Nowadays, the concepts of digital industry and digital transformation are frequently discussed. However,
there are only a few who share practical experiences or implemented projects in these fields. Most speakers
merely repeat what they have read or heard. With this conference, our aim is to give a stronger voice to
those who present practical implementations, success stories, and best practices in the field of digital
industry and digital transformation.

Participants were expected to present success stories and case studies related to the implementation of
digital industry and digital transformation.

We hope that all participants will have the opportunity to exchange valuable knowledge and experiences
that will significantly contribute to their ongoing efforts in these areas.
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ICODIA — International Conference on Digital Industry and Engineering Applications

ICODIA is the first scientific conference in Tiirkiye organized in the field of digital industry and digital
transformation.

It is a biennial event, the first of which was held in 2019 under the title “International Symposium on
Implementations of Digital Industry and Management of Digital Transformation.”

The conference is organized by InnoPark, the managing company of the Konya Technology Development
Zone.

Unlike most technoparks located on or near university campuses, InnoPark is situated in an industrial zone.
As a production-oriented technopark, InnoPark aims to support the digital transformation efforts of industrial
enterprises. Accordingly, the aim of this conference is to create an international platform for the interaction,
exchange, and discussion of global ideas, success stories, best practices, case studies, experiences,
developments, and insights on Digital Industry (Industry 5.0) and Digital Transformation.

I sincerely hope that this conference will serve as a source of inspiration and knowledge for participants in
their digital transformation efforts.

The wide range of participation from universities, R&D centers, industrial organizations, and technology
providers has greatly enriched our conference.

I would like to express my heartfelt gratitude to all invited speakers, academicians, researchers, and
participants who have contributed to this event.

Abstracts of all orally presented papers will be published in the ICODIA Book of Abstracts.

Selected articles will be recommended for publication in reputable scientific journals.

All other presented papers will be included in the ICODIA Proceedings Book, with the approval of their
authors.

On behalf of the Organizing Committee, I extend my deepest gratitude to all invited speakers and authors;
without their valuable contributions, this event would have no meaning.

I would also like to express our sincere appreciation to all ICODIA partners —

Necmettin Erbakan University, Selguk University, Konya Technical University, KTO Karatay University,
KOP Regional Development Administration, Konya Chamber of Industry, International Balkan University,
Artificial Intelligence Application and Research Center, Anadolu EDIH, and all partners of InnoPark — for
supporting this meaningful and memorable event.

I would like to thank Konya Technical University and its Rector Prof. Dr. Osman Celik for hosting this
year’s conference. Finally, I would like to sincerely thank the Organizing Committee, Scientific Committee,
InnoPark staff, and everyone who has contributed to the success of this conference.

I hope this conference will make a significant contribution to the ongoing digital transformation efforts in
Tiirkiye and around the world.

Prof.Dr.Ali KAHRAMAN
Conferense Chairperson
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MANAGING DIGITAL TRANSFORMATION IN MAINTENANCE
OPERATIONS THROUGH STANDARDIZED AND CONTROLLED
SAP PM MASTER DATA PROCESSES

ikbal Isik ORHAN #*, Caner KESIMP
“ Nagarro + MBIS, Ar-Ge Departmani: Cevizli Mh. Tugay Yolu Cd. Ofisim Istanbul A Blok
34846 Maltepe/Istanbul
b Nagarro + MBIS, Ar-Ge Departmani: Cevizli Mh. Tugay Yolu Cd. Ofisim Istanbul A Blok
34846 Maltepe/Istanbul

ABSTRACT KEYWORDS

Digital transformation requires not only technological updates but

also the restructuring of business processes through a data-driven ~® Data Quality

approach. Enterprise Resource Planning (ERP) systems are central to e  Digital Transformation
this transformation, enabling business processes and driving e Enterprise Resource
digitalization strategies across organizations. The accuracy and Planning (ERP)
governance of master data, which forms the foundation of ERP e Master Data Management
systems, are essential for successful transformation. In widely used (MDM)

ERP platforms like SAP, master data in the Plant Maintenance (PM) o  Plant Maintenance (PM)
module—such as equipment and maintenance plans—is critical for o Workflow Management
operational efficiency, proactive maintenance, and sustainability.

In distributed enterprise environments, managing PM master data in
a standardized, consistent manner presents major challenges in data
integrity, process standardization, and governance. These highlight
the need for auditable, centralized data management models at the
corporate level to ensure sustainable digital transformation.

This study proposes a centralized data management model to
improve the quality and governance of SAP PM master data in
response to digital transformation requirements in maintenance
operations. The model includes workflow-based approvals, rule-
driven validation, and reporting tools to standardize data and ensure
consistency. Results show improved data accuracy, reduced
inconsistencies, and greater traceability. The study offers practical
insights by addressing the intersection of digital maintenance
management and data quality.

* Corresponding author: Tkbal Isik Orhan
E-mail: ikbal.orhan@nagarro.com
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STANDARTLASTIRILMIS VE KONTROLLU SAP PM
ANA VERI SURECLERIYLE BAKIM
OPERASYONLARINDA DiJiTAL

DONUSUM YONETIMI

ikbal Isikk ORHAN 2*, Caner KESIM »
“ Nagarro + MBIS, Ar-Ge Departmani: Cevizli Mh. Tugay Yolu Cd. Ofisim Istanbul A Blok
34846 Maltepe/Istanbul
b Nagarro + MBIS, Ar-Ge Departmani: Cevizli Mh. Tugay Yolu Cd. Ofisim Istanbul A Blok
34846 Maltepe/Istanbul

OZET ANAHTAR
Dijital doniisim yOnetimi, yalmizca teknolojik altyapilarin
yenilenmesini degil, ayn1 zamanda kurumsal siireclerin veri odakli bir
yaklagimla yeniden yapilandirilmasini da gerektirmektedir. Bu
doniisiimiin merkezinde yer alan Kurumsal Kaynak Planlama (ERP)

KELIMELER

e Ana Veri Yonetimi

sistemleri, is siireclerinin yiiriitilmesini saglayarak organizasyonlarm ~ ® Bakim Yonetimi
dijitallesme stratejilerinde kritik bir rol istlenmektedir. ERP  ® Dijital Doniistim

sistemlerinde siireclerin temelini olusturan ana verilerin dogruluguve ~® ERP (Kurumsal Kaynak

yonetimi, dijital doniisiimiin basarisinda belirleyici bir faktordiir. Planlamasi- Enterprise
Diinyada yaygin olarak kullanilan SAP ERP sisteminin Bakim Resource Planning)

Y 6netimi (PM) modiiliindeki ekipman ve bakim plani gibi ana veriler; e  Veri Kalitesi (Data
operasyonel verimlilik, bakim planlamast ve sirdiiriilebilirlikte Quality)

biiyik onem tagimaktadir. Ozellikle dagittk yapiya sahip e Is Akisi Yonetimi
organizasyonlarda, bu verilerin standart ve tutarli bicimde

yonetilmesi; veri biitiinliigii, siire¢ standardizasyonu ve yonetisim

acisindan onemli zorluklar dogurmakta, dijital doniisiim siirecinin

stirdiiriilebilirligini saglamak igin kurumsal diizeyde

standartlastirilmis, denetlenebilir ve merkezi veri yOnetimi

modellerine gereksinimi ortaya koymaktadir.

Bu calisma, bakim operasyonlarinda  dijital = doniisiim
gereksinimlerine yanit olarak, SAP PM ana verilerinin kalite ve
yoOnetisim siireglerini iyilestirmeyi onermektedir. Model, is akisi
tabanl1 onay mekanizmalari, kural bazli dogrulama sistemleri ve
raporlama araglari ile veri siireglerinin standartlagtirilmasini ve veri
biitiinligliniin saglanmasim hedeflemektedir. Uygulama sonuglari,
veri dogrulugunda artig, tutarsizliklarda azalma ve siireg
izlenebilirliginde iyilesme saglamig; c¢alismayla dijital bakim
yonetimi ve ana veri kalitesi etkilesimine dair literatiirdeki 6nemli bir
bosluk doldurularak uygulamaya yonelik somut katkilar sunulmustur.

* Corresponding author: Tkbal Isik Orhan
E-mail: ikbal.orhan@nagarro.com
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1. Giris

Gliniimlizde dijjital doniisim yonetimi, kurumlarin sadece teknolojik sistemlerinin
yenilenmesiyle sinirli kalmayip, kurumsal isleyisin veriye dayali olarak yeniden tasarlanmasini
da zorunlu kilan stratejik bir siire¢ haline gelmistir. Literatiirde dijital doniisiimiin ¢ogu zaman
yalnizca teknolojik bir yenileme olarak algilandigi, ancak aslinda organizasyonel kiiltiir, siire¢
ve stratejilerin biitiinciil bir doniisiimiinii gerektirdigi vurgulanmaktadir. Bu nedenle dijital
doniistimiin basarili olmasi, yalnizca teknolojik altyapi yatirimlarina degil, ayn1 zamanda bu
slirecin planlanma, ydnetisim ve siirdiiriilebilirlik stratejilerine de bagldir [1]. Dijital
doniisimiin yonetilmesinde Kurumsal Kaynak Planlama (ERP) sistemleri, isletmelerin
dijitallesme stratejilerinde kritik bir rol iistlenerek merkezde yer alir. ERP sistemleri; finans,
iiretim, tedarik zinciri, insan kaynaklar1 ve bakim gibi is fonksiyonlarin1 entegre bicimde
yonetmeye olanak tanir. Bu baglamda, diinya genelinde yaygin olarak kullanilan ERP
sistemlerinden biri olan SAP, isletmelerin dijital doniisiim stireclerinde stratejik bir altyapi
unsuru olarak one ¢ikmaktadir. SAP sistemi igerisinde yer alan Plant Maintenance (PM)
modiilii ise fiziksel varliklarin bakim planlamasi, ariza takibi ve bakim ge¢misi gibi operasyonel
stireclerin yonetilmesine olanak saglar.

Endiistri 4.0 ile birlikte iiretim ortamlar1 giderek daha fazla dijitallesmekte; makineler, sistemler
ve insanlar arasinda siirekli veri aligverisi gerceklesmektedir. Bu veri odakli yapi, karar alma
stire¢lerinin hizin1 ve dogrulugunu artirmakla birlikte, siirdiiriilebilir bir dijital donilisiim i¢in
kurumsal veri yonetisiminin de etkin bicimde planlanmasin1 gerektirmektedir. Bu baglamda
veri yonetimi, kurumsal siireclerin siirdiiriilebilirligi acisindan yalnizca teknik bir gereklilik
degil; karar alma, risk yonetimi, performans izleme ve dijital stratejilerin uygulanmasi gibi
yonetsel islevlerin merkezinde yer alan stratejik bir unsur olarak degerlendirilmektedir [2].

ERP sistemlerinin basarisi, Ozellikle ana verilerin (master data) dogrulugu, kalitesi ve
standardizasyonu ile iligkilidir. Eksik tanimlanmis, tutarsiz veya miikerrer ana veriler; siire¢
biitiinliigiinii bozmakta, karar kalitesini diislirmekte ve sistemin genel islevselligini olumsuz
etkileyerek dijital doniisiimiin silirdiiriilebilirligini tehdit etmektedir. Literatiirde, malzeme ana
verilerindeki diisiik kalite seviyesinin, ERP sistemlerinin sagladigi faydayi1 ciddi bi¢cimde
azalttigr ortaya konmustur [3]. Bu baglamda, veri kalitesi sorunlarinin yalmizca teknik
eksikliklerden degil, yetersiz yonetisim uygulamalarindan da kaynaklandigi goriilmektedir.
Ana veri yonetimi (MDM) c¢oziimleri; veri standardizasyonu, merkezi onay siirecleri ve
biitiinsel denetim mekanizmalar1 sunarak bu yonetisim ihtiyacina yanit vermektedir [4].

Bu caligsma, dijital doniisiim siire¢lerinde siirdiiriilebilir veri yonetisimi saglamak amaciyla,
SAP PM modiliindeki ana veri yoOnetimini kurumsal diizeyde standartlastirmay1
amaglamaktadir. Gelistirilen model; is akisi tabanli onay mekanizmalari, kural bazli veri
dogrulama sistemleri ve raporlama araglar araciligryla bakim siireglerine ait ana verilerin kalite
ve biitiinliglinli artirmay1, bakim siireclerinin dijital doniisiimiinii yonetilebilir, denetlenebilir
ve izlenebilir bir yapiya kavusturmayir hedeflemektedir. Uygulama sonuglari; veri
dogrulugunda artis, tutarsizliklarda azalma ve siire¢ izlenebilirliginde iyilesme saglamistir. Bu
yOniiyle calisma,
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dijital doniisiimiin teknik degil yonetsel boyutuna da katki sunmakta; veri ydnetisimi
perspektifinden dijital bakim siireglerinin stratejik yonetimine dair literatiirdeki boslugu
doldurmaktadir.

2. Bakim Operasyonlarinda Dijital Doniisiim Gereksinimleri

2.1 Dijital Bakim Siireclerinin Yiikselisi ve Veri Ihtiyaci

Endiistri 4.0 ile birlikte bakim operasyonlari, geleneksel yaklasimlardan dijital ve veri odakli
sistemlere evrilmistir. Nesnelerin Interneti (IoT) cihazlari, sensor tabanli izleme sistemleri ve
yapay zeka destekli analiz araglari, bakim stireclerinde siirekli veri akisini miimkiin kilmaktadir.
Bu durum, bakim kararlarinin daha hizli ve veri odakli alinmasina olanak saglamaktadir. Dijital
bakim siireclerinde toplanan veriler, ekipman performansinin degerlendirilmesinden bakim
planlamasina ve kaynak tahsisine kadar genis bir yelpazede kullanilmaktadir. Ancak bu
stireclerin etkin yonetimi, yalnizca verinin miktarina degil; ayn1 zamanda kalitesi, dogrulugu
ve biitlinliigiine baghdir. Dolayisiyla, bakim siireclerinin dijital doniisiimii, teknik kapasitenin
yant sira giiclii bir veri yonetisimi modelini de gerektirmektedir [2].

2.2 SAP PM Nesnelerinde Veri Yonetim Zorluklar:

SAP PM modiiliinde yer alan temel nesneler; ekipman, teknik birim, is plani, bakim planlari
gibi ana verileri kapsamaktadir. Bu nesneler, bakim operasyonlarinin dogru ve verimli bir
sekilde yiiriitiilmesi igin kritik 6neme sahiptir. Ancak veri girisinde standart eksikligi, hatali
veya eksik tanimlamalar ve kullanicilarin farkli yontemlerle veri kaydetmesi; veri kalitesini
olumsuz etkileyerek bakim siire¢lerinin verimliligini azaltmaktadir. Diisiik kaliteli ana veriler
ERP sistemlerinden elde edilen fayday1 azaltarak siire¢ biitiinliiglinii ve kurumsal diizeyde
operasyonel karar alma siireclerini olumsuz etkiler [3]. Bu durum, bakim faaliyetlerinde yanlis
planlamalara, operasyonel aksamalara ve maliyet artislarina yol agabilmektedir.

2.3 Dagitik Organizasyonlarda Veri Biitiinliigii ve Standardizasyon Ihtiyaci

Coklu is birimi ve dagitik organizasyon yapisina sahip isletmelerde, farkli lokasyonlar standart
bir diizen ve yontem olmaksizin kendi SAP PM veri girislerini bagimsiz sekilde yaptiginda,
veri tutarsizligi kacinilmaz hale gelmektedir. Literatiirde, ozellikle veri sahipliginin net
tanimlanmadig1 biiylik 6lcekli organizasyonlarda, veri kalitesinin diismesi ve siirecler arasi
kopukluklarin ortaya ¢ikmasi yaygm bir sorun olarak belirtilmistir. Bu durum, verilerin
olusturulmasi, kullanimi ve bakimi i¢in ortak standartlarin bulunmamasindan kaynaklanmakta;
sonug olarak isletme genelinde veri yonetimi faaliyetleri daginik bir yapiya biirtinmektedir [5].
Boyle bir yapi, hatali, eksik veya tekrarli verilerin olusmasina yol agarak veri biitlinliiglinii
zayiflatmakta ve raporlama ile karar verme siireclerinin giivenilirligini diigirmektedir. Veri
biitiinliiglinlin saglanamamasi, sistemler arasi uyumsuzluklara, hatali bakim emirlerine,
planlamada gecikmelere, bakim maliyetlerinin yilikselmesine ve operasyonel risklerin artmasina
neden olmaktadir. Bu baglamda merkezi veri yoOnetimi modelleri, veri girisinin
standardizasyonunu, kural tabanli dogrulamalar1 ve onay siireclerini birlestirerek, tim
organizasyon genelinde veri kalitesini glivence altina almay1 amaglamaktadir [4]. Bdylece,
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dijital bakim siire¢lerinde kurumsal diizeyde standart veri giris siireclerinin ve merkezi kontrol
mekanizmalariin olusturulmasi, bakim operasyonlariin dijital doniisiimiinde kaginilmaz hale
gelmektedir [6].

2.4 Dijital Projelerde Kaliteli Ana Verinin Onemi

Dijital doniistim projelerinde kaliteli ana veri, yalnizca operasyonel siireclerin verimliligini
artirmakla kalmaz, ayn1 zamanda is siire¢lerinin biitiinliiglinii ve etkinligini dogrudan etkiler.
SAP PM modiiliinde ekipman, teknik birim ve bakim plani gibi nesnelerin dogru ve tutarl
tanimlanmasi, bakim taleplerinin olusturulmasindan kaynak planlamasina, is emirlerinin
ylriitiilmesinden bakim raporlamasina kadar tiim siireglerin kesintisiz ve hatasiz iglemesini
saglar. Ornegin, hatali ekipman ana veri kayitlar1, yanlis is emirleri olusturulmasina ve bakim
kaynaklarinin yanlis kullanilmasina yol acabilir; eksik bakim planlar1 ise bakim stratejilerinin
basarisiz olmasina sebep olabilir. Bu tiir sorunlar, is giicii verimliligini diisiirmekle kalmaz, ayn1
zamanda maliyetleri artirir ve operasyonel riskleri biiyiitiir. Nitelikli ana veriler ise siireclerin
biitiinciil olarak izlenebilmesini, raporlamalarin giivenilirligini ve dogru karar almay1 destekler

[4].

Kaliteli ana veri, is siireglerinin otomasyonu ve dijital izlenebilirligini miimkiin kilar. Is akis
tabanli onay mekanizmalari, kural bazli dogrulama sistemleri ve gelismis raporlama araclari ile
veri siiregleri standartlastirilip, veri biitlinligli glivence altina alinir. Bdylece siireglerin
izlenebilirligi artar ve hatalarin erken tespitine olanak taninir. Bu nedenle, dijital projelerde veri
kalitesinin saglanmasi, yalnizca teknik bir gereklilik degil, bakim siire¢lerinde stirdiiriilebilir
performansin temel bileseni haline gelir.

Bu baglamda, dijital bakim operasyonlarinin basarisi, yiiksek kaliteli ana verilerin saglandig,
standartlastirilmis ve denetlenebilir bir veri yonetimi modelinin uygulanmasina baghdir.

3. SAP PM Ana Verileri icin Merkezi Veri Yonetim Modeli

Bakim operasyonlarindaki dijital doniisiim siirecinde, veri kalitesi, biitiinligli ve yonetimi,
slirecin basarisinin temel kriterleri olarak 6ne ¢ikmaktadir. Bu gereksinimler dogrultusunda,
SAP PM modiiliinde ana verilerin etkin bigimde yOnetilmesini, standardizasyonunu ve
denetlenebilirligini saglayacak merkezi bir veri yonetimi yaklagimi gelistirilmistir.

Asagidaki alt boliimlerde 6nerilen modelin genel yapis, isleyis prensipleri ve bilesenleri
detayli bir bi¢imde ele alinarak modelin dijital bakim yonetimi siireglerine sagladig: katkilar
acgiklanmaktadir.

3.1 Genel Yapu ve Isleyis Prensipleri

SAP PM modiiliinde ana verilerin etkin ydnetimi, bakim operasyonlarmin verimliligi ve
stirdiiriilebilirligi agisindan kritik bir rol oynar. Kurumsal bilgi sistemlerinde ana verilerin farkli
uygulamalarda ¢ogaltilmasiyla, senkronizasyon karmasikliginin arttig1 ve tutarlilik sorunlarinin
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derinlestigi gozlemlenmistir. Bu nedenle merkezi yonetim yaklagimi, yalnizca verimlilik degil,
stirdiirtilebilir veri biitiinliigii icin de zorunluluk haline gelmektedir [7].

Onerilen merkezi veri yonetim modeli, tiim bakim siireclerinin temelini olusturan ana verileri
tek bir merkezden kontrol etmeyi ve dagitmayi amaclar [8]. Bu model, veri girislerinin
standartlastirilmasi, is akisi tabanli onay mekanizmalarinin uygulanmasi ve kural tabanh
dogrulama siiregleri ile desteklenir. Model, yalnizca teknik dogruluk degil, ayn1 zamanda veri
yonetisimi ilkeleri dogrultusunda siireglerin denetlenebilirligi, rol bazli sorumluluk paylagimi
ve kurum genelinde hesap verebilirligin gli¢lendirilmesini hedeflemektedir. Merkezi yonetim
yaklasimi, dagitik organizasyonlarda veri tutarsizliklarini azaltarak SAP PM nesnelerinin dogru
ve tutarli sekilde tanimlanmasini saglar. Veri kalitesinin siirekli izlenmesi ve raporlanmasi,
bakim siireglerinin izlenebilirligini artirir ve karar alma dogrulugunu giiglendirir. Merkezi veri
yonetimi ¢dziimii ekipman ve bakim plan1 gibi ana veriler tizerinde etkin bir sekilde uygulandigi
durumda, dijital bakim siireclerinde veri biitiinliigli ve operasyonel verimlilik giivence altina
alinir.

3.2 Veri Giris Siirecleri ve Standardizasyon

Farkli departmanlarin kendi veri giris kurallarin1 uygulamasi, ERP sistemlerinde tutarsiz
kayitlarin olugsmasina yol acan en temel nedenlerden biridir. Bu durum, hatal1 veya tekrar eden
kayitlarin olusmasina neden olur. Onerilen model, bu sorunu énlemek igin veri giris siirecinde
belirlenen is akislarini kullanir. Alanlar, is akisindaki yetkili departmanlar ve kullanicilar i¢in
doldurulmas1 zorunlu, yetkisi olmayanlar i¢in ise degistirilemez sekilde tanimlanir. Boylece,
sisteme girilen verilerin standart bir diizende olmasi ve kaydedilen ana verilerin dogrulugu
garanti altina alinir.

Ana verilerin ve ana veri iligkili stireglerin standardizasyonu, dogrulugu ve yénetimi, SAP PM
modiiliinde bakim operasyonlarinin verimliligi ve veri biitiinliigli acisindan kritik bir 6neme
sahiptir. Ekipman, bakim plani gibi PM ana verilerinin yaratilmasi ve giincellenmesi sirasinda,
masraf yeri, Uretim yeri gibi gerekli alanlarin kullanicilar tarafindan zorunlu olarak
doldurulmasi ya da girilen verilere baglh olarak bazi verilerin otomatik olarak dolmasi, veri
girisinde tutarlilig1 saglar. Benzer sekilde, gerekli verilerin degistirilemez olarak ayarlanmasi
veya goriintiileme modunda sunulmasiyla hatali veri girisleri ve degisikliklerinin 6niine gegilir.
Veri giris siireclerinin standartlastirilmasi, veri kalitesini artirarak isletmelerin dijital donilistim
stireclerinde etkin roliiniin devamliligini saglar [9]. Bu standartlasma, SAP PM nesnelerinin
dogru ve tutarl sekilde tanimlanmasina olanak tanir ve merkezi veri yonetimi ¢oziimlerinin
etkinligini giiclendirir. Boylece veri giris siirecleri, merkezi veri yonetimi yaklagiminin temelini
olusturan saglam ve tutarl bir yap1 kazanir.

3.3 Kural Tabanh Dogrulama ve Onay Siirecleri

Kural tabanli dogrulama, merkezi veri yonetiminde ana verinin tutarliligini ve giivenilirligini
saglamak i¢in kritik bir mekanizmadir. Modelin sahip oldugu bu dogrulama mekanizmalari,
SAP PM modiiliinde ana veri yaratma, giincelleme siireglerinde verilerin belirlenen kriterlere
uygunlugunu kontrol eder ve hatali girislerin 6niine gecer. Bununla beraber ana veri yaratilirken
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girilen kosul ve se¢imler ile kural tabanli dogrulama mekanizmas1 entegre calisir. Bu yontem,
ekipman gibi ana verilerin yaratilma siirecinden kayit siirecine kadar veri girislerinde dogruluk
ve kolaylik saglamaktadir. Ornegin, bir ekipman ana verisi olusturulurken tanimlanan ekipman
tipine bagl olarak yalnizca belirli alanlarin doldurulmasina izin verilir. Bu kosullu dogrulama
yapist, hatali veri girislerini engelledigi gibi, kullanicilarin yalnizca ilgili veriler tizerinde islem
yapmasini saglayarak siireci hem hiz hem de dogruluk agisindan optimize eder. Modelin
sundugu is akisina bagli onay siiregleri ile PM ana verilerinin yaratilmasi ve giincellenmesi,
belirlenen kontrol noktalarindan gecerek yalnizca yetkili onay mercilerinin onay1 sonrasinda
tamamlanmakta, bu da veri kalitesinin siirekliligini ve siire¢ seffafligin1 saglamaktadir. Ayrica
modelin veri yonetisimini belirli ve yonetilebilir is akiglar1 etrafinda kurgulamasi, kurum
genelinde hesap verebilirlik ve karar haklarinin net bicimde tanimlanmasini desteklemektedir
[10]. Is akislar1 sayesinde kalite giivencesi ve standartlara uyumlulugun saglanmasina katki
sunmakta, en iyi uygulamalarin sistematik bigimde hayata gegirilmesini kolaylastirmaktadir

[11].
3.4. Siirec Izleme ve Veri Yonetisimi Araclar

Siireg izleme ve veri yonetisimi, merkezi veri yonetimi modelinin stirdiiriilebilirligini saglayan
temel bilesenlerdir. Veri yOnetimi statik bir faaliyet degil; siirekli denetim, kontrol ve
tyilestirme gerektiren dinamik bir siirectir. Bu nedenle, SAP PM modiiliinde ana verilerin
yalnizca dogru bi¢cimde olusturulmasi degil, bu verilerin yasam dongiisii boyunca izlenmesi ve
yonetilmesi de 6nemlidir.

Merkezi ana veri yonetiminde, SAP PM kapsaminda ekipman veya teknik birim gibi ana
verilerin yaratilmasi ve giincellenmesi siireclerinde, denetim kayitlartyla degisikligin ve ana
veri kaydmin kim tarafindan, ne zaman yapildigiyla birlikte siirecin izlenmesi kritik 6neme
sahiptir. Modelin bir bileseni olan is akislarina dayal1 izleme araglari, merkezilestirilmis rapor
ve veri kaydi goriintiileme ekranlar ile veri giriglerinin standartlara uygunlugunu kontrol
etmeye ve hatali veya eksik kayitlar1 erken asamada tespit etmeye olanak tanir. Bu durum, veri
stireclerinde seffaflig1 artirmakta ve bakim operasyonlarinda kullanilan verilerin giivenilirligini
strdiiriilebilir kilmaktadir [12]. Ayrica merkezi raporlama araglar1 sayesinde organizasyonel
sorumluluk paylasimi ve veri yonetisimi mekanizmalar giiclenmektedir.

3.5. MDM Coziimii Tanitimi

SAP PM ana verileri i¢in Onerilen modelin kurumsal diizeyde uygulanabilirligi, gelistirilen
MDM (Master Data Management) ¢oziimii iizerinden somutlastirilmistir. Coziim, SAP
S/4AHANA sistemlerinde ana veri yaratma ve giincelleme ihtiyaglarinin; talep bazl, is akisina
dayanan ve 6n tanimli kurallarla desteklenen bir altyapiyla karsilanmasini saglamistir [13].

SAP PM ana veri faaliyetleri acisindan MDM ¢6ziimi kapsami asagidaki bilesenlerle
aciklanabilir.
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a. Talep Yonetimi

Ana veri yaratma, degistirme veya silme taleplerinin merkezi bir ekran iizerinden is akisina
baglanarak ilgili birimlere yonlendirilmesini ve siire¢ boyunca izlenmesini saglar.

b. Kural Yonetimi

Veri girislerinde dogruluk, biitiinliik ve tutarliligi saglamak amaciyla zorunlu alanlar,
varsayilan degerler ve kosullu kontroller gibi ig kurallarinin sistematik bigimde uygulanmasini
miimkiin kilar.

c. Is Akislart Yonetimi

Ana veri taleplerinin veri girisi, kontrol, onay ve geri bildirim adimlarinin belirli bir akis
sirasina gore yirlitiillmesini saglayarak, siireglerin seffaf ve denetlenebilir olmasini saglar.

d. Alan ve Gériiniim Yonetimi

Farkl1 ana veri tipleri i¢in bakimi yapilacak tiim alanlarin goriintirliiklerinin ve varyant
yapilandirmalarinin yonetilmesini saglar, esnek ama standart bir veri giris yapisi olusturur.
e. Yetki Yonetimi

Kullanici rollerine ve sorumluluk alanlarina gore sistemde erisim ve islem yetkilerini
tanimlar.

f. Vekalet Yonetimi

Herhangi bir nedenle (izin vb.) ana veri bakimini belirli bir periyot i¢in gergeklestiremeyecek
kullanicilarin, yetkilerini ilgili periyot i¢in bagka bir kullaniciya tayin etmesini saglar.

g. Bildirimler

Talep durum degisiklikleri, onay gereksinimleri veya hata mesajlar1 gibi siireclerle ilgili

bilgilendirmeleri otomatik olarak ilgili kullanicilara iletir.

SAP PM modiiliindeki ana verilerin standartlastirilip kontrollii, giivenilir ve tutarli bigimde
yoOnetilmesine olanak tantyan MDM ¢oziimiiniin, ana veri isleme siirecine iliskin akis semasi
asagida gosterilmektedir.

4
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Fig. 1. MDM siirec akisi
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Talep yonetimi ile tek bir ekrandan ana veri yaratma, degistirme ve silme talepleri olusturabilir.
Olusturulan talebe istinaden 6n taniml is akis1 baslatilir ve talep farkli birimlerce yapilmasi
gereken veri girisleri icin ilgili sorumlulara génderilir. lgili sorumlu, talep igerisinde yalnizca
veri girisi yapmaktan yetkili oldugu alanlar i¢in belirlenen kurallara gore islem yapabilir. MDM
¢oziimii bu asamada hata, uyar1 ve bilgi mesajlartyla sorumlu kullanicty1 yonlendirir. Is akisi
boyunca ilgili sorumlulara talep durumu bildirilir ve ayn1 zamanda raporlar araciligiyla siireg
izlenebilir. Is akis1 tamamlanan talep sonucu, ilgili ana veri islemi sistemde otomatik olarak
kayit altina alinmis olur.

4. Sonugclar ve Bulgular

Gelistirilen MDM ¢6ziimii, SAP S/4HANA sistemlerinde ana verilerin yonetimini merkezi,
standart, denetlenebilir hale getiren biitiinlesik bir veri yonetimi modelidir. SAP ERP sistemini
kullanan firmalarin, operasyonel siireglerin temeli olan ana verilerini kontrollii, dogru ve tutarl
bicimde yoOnetebilmesine olanak taniyan bu model, dijital doniisiimiin siirdiiriilebilirligine
yonelik stratejik bir 6rnek uygulama niteligindedir [13].

Bu model, standartlastirilmis veri giris siirecleri ve kural tabanli dogrulama mekanizmalari
aracilifiyla hatalar1 en aza indirirken, is akis1 tabanli onay siiregleriyle yalmizca yetkili
kullanicilarin degisiklik yapmasina izin vererek veri biitlinliigiinii giivence altina alir. Ana
verilerin dogru ve tutarli hale gelmesi, bakim planlamasi, is emirleri ve performans raporlamasi
gibi kritik siireclerde gilivenilir veri kullanimini saglar. Bdylece karar alma siireclerinin
dogrulugu yiikselir, karar alma siireleri kisalir ve dijital doniislim icin saglam bir temel
olusturulur. Bu yapi, 6zellikle dagitik organizasyonlarda veri standardizasyonunu ve merkezi
kontrol mekanizmalarini gli¢lendirmistir.

Merkezi veri yonetimi yaklagimi ile yinelenen ve eksik kayitlarin Oniline gecilmesi
hedeflenmistir. Zorunlu alanlarin doldurulmasi, otomatik tamamlama ve veri kisitlamalari
sayesinde SAP PM nesneleri tekil ve tutarli sekilde tanimlanir; tekrarlar ve bosluklar en aza
indirilir. Boylece planlama hatalari, gecikmeler ve kaynak israfi azalirken; operasyonel riskler
ve bakim maliyetleri diisiiriilmiis olur.

Model, yalmizca veri dogrulugunu artirmakla kalmamis, ayni zamanda siireclerin
izlenebilirligini de artirmistir. s akisi tabanli raporlama araglari, veri girislerinin hangi
asamalardan gectigini ve kimler tarafindan onaylandigini seffaf bir bicimde gosterir. Bu sayede
hatalar erken tespit edilir, hizli miidahale imkan1 dogar ve operasyonlarin stirekliligi giivence
altina alinir.

Bakim ve onarim siire¢lerinin dijital doniisiimii s6z konusu oldugunda 6nceden dogrulanmis
veriler; planlama, raporlama ve analiz siireclerinin gilivenilirligini artirir. Bu sayede bakim
planlar1 ve ig emirleri zamaninda olusturulur, iliskili faaliyetler daha kisa siirede ve daha verimli
uygulanabilir hale gelir ve maliyetler azalir. Giincel ve dogru veriye dayali planlama, arizalarin
ongoriilmesini kolaylastirir ve 6nleyici bakim faaliyetlerinin dogru zamanlamayla
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yuriitiilmesini saglar. Boylece kritik ekipmanlarda risk azalirken performans raporlamalar1 daha
anlaml ve hizli gerceklesir.

Sonug olarak, dnerilen merkezi veri yonetimi modeli; dagitik organizasyonlarda koordinasyonu
kolaylastirarak farkli lokasyonlardan gelen veri taleplerinin uyumlu ve kontrollii bi¢imde
yoOnetilmesini saglamaktadir. Modelin uygulanmasi sonucu ana verilerin kalitesindeki artis,
bakim kararlarini destekleyerek organizasyonel verimliligi giiclendirir. Genel olarak, SAP PM
modiiliinde merkezi veri yonetimine dayali bu yaklasim, dijital doniisiim hedefleriyle uyumlu,
veri temelli, siirdiiriilebilir bir bakim ydnetim yapis1 olusturmustur. Olgeklenebilir ve ¢evik olan
bu yap1 isletmelere maliyet avantaji, operasyonel verimlilik ve yliksek siire¢ goriiniirligi
kazandirmaktadir [14].
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ABSTRACT KEYWORDS

In today’s manufacturing and logistics sectors, the need for o \Wi-Fi Mesh
real-time information access, traceability, and operational o pjgital Label
flexibility is rapidly increasing. To address these demands,
this study presented the electronic shelf labeling system
operating on a Wi-Fi Mesh architecture, designed for use on
production lines and warehouse shelves. The designed
system consists of OLED-display digital labels with
dynamic QR code support, a master control unit, and
centralized management software. Labels communicate with
each other via MAC address-based connections, establishing
a self-organizing wireless network without requiring an
external internet infrastructure. Each label automatically
updates its displayed information in real time, while dual-
color LED indicators provide visual notifications for data
updates and location identification. The implementation of
developed system has minimized human-dependent data
entry errors, reduced manual operational workload, and
eliminated paper usage, thereby contributing to
environmental sustainability. The solution has been
successfully deployed within printed circuit board
production and warehouse facilities of DEMSAY
Electronics. This study presents the system architecture,
wireless communication protocol, ERP integration, dynamic
content management, and field application results, while
discussing its role within the loT ecosystem and its
scalability across industrial domains.

e Industrial IoT
e Digital Warehouse
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1. Introduction

With the rapid advancement of Industry 4.0 and the Internet of Things (1oT), the need for data-
driven management, real-time traceability, and operational flexibility in manufacturing and
logistics sectors has significantly increased [1]. Traditional barcode or paper-based labeling
methods have become inadequate for handling continuously changing information, often
resulting in inefficiencies in both time and resource utilization [2].

In response to these challenges, the electronic shelf labeling systems has been developed to
automate data exchange within industrial processes and to establish a smart tracking and
management infrastructure across production lines, warehouses, and logistics operations [3,4].
These systems operate in full integration with centralized software, enabling dynamic updates
of field devices while ensuring data accuracy without requiring manual intervention [5].

This paper presents the architecture, wireless communication protocol, ERP integration, and
field implementation results of the developed system, and discusses its contribution to industrial
digital transformation within the IoT ecosystem [6,7].

2. Material and Metod

The developed electronic shelf labeling system is based on an ESP32 Wi-Fi Mesh architecture.
Within the system, devices communicate with each other using the ESP-NOW protocol,
forming a self-organizing mesh network without the need for any external Wi-Fi access point.
Each digital label is uniquely identified by its MAC address, and data transmitted from the
master device is propagated sequentially across all connected nodes within the network.

DEMSAY
ELEKTRONIK
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Figure 1: Digital Shelf Label Board

Each label module incorporates an OLED display to present dynamic product and stock
information such as company name, material name, box number, and item code. Additionally,
status LEDs on the devices visually indicate communication, update, and alert states. The
system operates through wired power lines integrated into the shelves, eliminating the need for
batteries and enabling uninterrupted, maintenance-free operation.
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Figure 2: Display of company name, product ID, and bin number on the Digital Label

The master device manages all digital labels and distributes data updates throughout the mesh
network. It communicates with the ERP system via a Python-based script, processing incoming
data to determine which label should receive which information. Following the defined update
sequence, the master device connects to each label sequentially and at high speed via their MAC
addresses, ensuring fast and synchronized data delivery across the entire network.

Figure 3: Display of dynamic QR code on the digital label
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This design provides a fully automated, high-speed, and real-time data update infrastructure,
minimizing manual intervention while enhancing traceability and operational efficiency in
industrial environments.

Figure 4: General shelf view of digital label

3. Results and Discussion

The developed Wi-Fi Mesh-based digital labeling system was implemented and tested within
the production and warehouse facilities of DEMSAY Electronics R&D Center. Field tests
demonstrated that the system provides stable communication up to 200 meters between nodes,
and that the mesh routing structure effectively extends the coverage area through multi-hop data
transmission. During data update experiments, it was observed that the master device connects
sequentially and rapidly to all labels using their MAC addresses, completing the network-wide
update process within a few seconds. The ESP-NOW-based communication ensured high
reliability and low latency, allowing all labels to remain synchronized in real time. The OLED
displays updated instantaneously during data transmission, while the dual-color LED indicators
successfully reflected device states such as “updating,” “active,” or “disconnected.” Integration
with the ERP system enabled automatic synchronization between the production database and
the field devices, eliminating manual data entry errors and increasing update efficiency by over
80% compared to traditional barcode-based labeling methods. Furthermore, the removal of
paper labels reduced material waste and maintenance needs, contributing to environmental
sustainability. The obtained results confirm that the developed system offers a reliable, scalable,
and sustainable solution for industrial data visualization, traceability, and real-time asset
management, positioning it as a key component in the advancement of industrial digital
transformation.
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4. Conclusion

This study presented the design and implementation of a Wi-Fi Mesh-based wireless digital
labeling system aimed at improving traceability, flexibility, and automation in industrial
environments. The developed system enables seamless and reliable wireless communication
through the ESP-NOW protocol, allowing the master device to update all labels sequentially
and efficiently using their MAC addresses without requiring any external network
infrastructure. Integration with the ERP system enables automatic data synchronization
between the production database and on-field digital labels, thereby eliminating human errors
and enhancing operational efficiency. The shelf-powered design ensures continuous operation
without battery maintenance, supporting sustainability and long-term reliability. The
experimental results confirm that the proposed system provides a scalable, high-speed, and eco-
friendly infrastructure for industrial digital transformation. Future studies will focus on energy
optimization, cloud-based data analytics, and Al-assisted process monitoring to further expand
the system’s capabilities and industrial applicability.
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In recent years, significant advances in technology is led to
significant research in the fields of computer vision and artificial
intelligence. In the critically important field of security, the
development of artificial intelligence technology has accelerated
research and led to significant advances. Security protection to
counter potential threats to critical infrastructures is taken by
their own Institutions. X-ray machines play a crucial role in these
security measures, allowing users to check the contents of their
luggage upon entering a building. The X-ray machine allows
high-density items in luggage to be monitorized using X-rays,
and these images are used to identify potentially threatening
objects by the experts. Therefore, the security of an institution is
directly related to the expertise, physical, and mental state of the
relevant personnel. In this study, we analyzed the classification
results of dangerous objects by examining the results, which are
obtained from the Yolov11, Yolov12, Faster R-CNN Resnet50,
and Faster R-CNN MobileNetV3-Large models to eliminate
personnel dependency and minimize errors in detecting
hazardous objects. According to the Precision, Recall, F1 Score,
MAP@50 metric values, the best result is obtained by using
YOLOV12 model.
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1. Introduction

X-ray machines allow us to see some materials within objects with the help of X-rays. For
instance, in the field of medical technology, we can see the organs behind the muscle and skin
tissue or in some security points, it is used for detecting items that it in some baggage, bags, or
fabric. The X-rays sent by X-ray devices cause reflection in atoms depending on the density of
the substances. For example, high-density substances such as metals reflect X-rays in a way
that corresponds to darker colors, while substances of lower density, such as clothing and foods,
reflect them in a way that corresponds to lighter colors. With the help of this technology, the
detection of various items at security checkpoints that could cause an attack threat, which are
typically made of metal (e.g., firearms, knives, scissors), will be improved. X-ray devices,
which are usually located at the entrances of facilities, serve a detection function that prevents
various attack attempts and ensures the security of people and valuable assets [1, 2]. These
devices are utilized by professionals. The effectiveness may vary depending on the training and
mood of the staff. This may result in ways of possibilities of security vulnerabilities. Prevention
of these vulnerabilities is aimed through the use of improved image processing and artificial
intelligence technologies. Digital image processing assists in tasks such as clarifying image
contents, analyzing data, transforming color planes, resizing images, and segmenting objects.

The technology known as Artificial Intelligence is the general name for model systems that
have been trained on large amounts of data, using mathematical and statistical methods, to
perform various tasks such as making inferences, decision-making, content generation, and data
analysis. Today, artificial intelligence technology continues to accelerate its development in
parallel with advancements in hardware and software [3]. In today's world, the advancement of
artificial intelligence plays a significant role in minimizing errors that is caused by human
frailties among personnel working in critical roles. As an example, Al programs that analyze
results from medical imaging devices can detect details that might be overlooked by a doctor.
This allows the Al to accurately guide physicians on vital issues related to patient care.
Furthermore, by using the hardware and programs located at checkpoints, it can perceive
various threats and assist personnel in executing their jobs to perfection. Deep learning
technology, a subfield of artificial intelligence that simplifies and contributes to the
improvement of human life in many areas, is actively used to perform specialized tasks. Deep
learning tools are used to perform tasks such as image processing, object detection, natural
language processing, and audio analysis etc. [4].

In the literature review, studies about the detection of objects that could pose a threat from X-
ray devices at security checkpoints were examined. In the study conducted by I. Karakaya and
his colleagues, a Faster R-CNN model was trained by using a dataset created by them for the
detection of weapons known as handguns [5]. According to the AP (loU=0.50:0.95) [24]
metric, they have gotten a result of 0.712. In another study conducted by S. Ozcan Faster R-
CNN model trained by the SIXRAY [6] dataset was used [7]. S. Ozcan has gotten the result of
0.906 according to the mAP@50 [24] metric [7]. In a final study, Tao and his colleagues used
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the OPIXray [8] dataset to train an SSD model [9]. According to mAP metric, the model
achieved a result of 0.70.

In this study, models were trained to detect and classify objects that could be considered
dangerous, to assist personnel at security checkpoints, and enhance institutional security.
Various methods were used for image processing, and the results were analyzed. Faster-RCNN,
YOLOv11, and YOLOV12 deep learning methods were used, and their performances were
compared. Models were trained on a combination of SIXRAY and OPIXray datasets. Some
evaluation metrics like Precision, Recall, F1 Score, and mAP@50 were chosen, and the results
were analyzed.

2. Materials and Methods

2.1. Deep Learning

The structure of the human brain and its system of thought have long been subjects of curiosity.
With the rapid development of science and technology over the past two centuries, the
functioning of the human brain can now be largely explained biologically. The rise of computer
science brought interest in whether machines with similar capabilities could be created by
modeling this system. Efforts to model the human brain in computer-based systems, beginning
in the 20th century, led to the emergence of Artificial Neural Networks (ANNSs) and Genetic
Algorithms (GAs). Initially designed to mimic human neurons, ANNs have advanced rapidly
in the past two decades, giving rise to the concept of Deep Learning [10]. Deep learning is a
subsystem that forms one of the foundations of the artificial intelligence field. Unlike artificial
intelligence models, which have broad functionalities, deep learning models are trained for a
specific task. Deep learning consists of an Input Layer, Hidden Layers, and an Output Layer.
Deep learning models process the input data given to them in the hidden layers and pass it to
the output layer. The system operates by sending the output layer back to the input layer.
Through the transfer between these layers, the model trains itself and specializes in a specific
subject [4]. The connection and communication between the layers are shown in Figure 1.

hidden layer 1 hidden layer 2

Figure 1. Deep learning layer structure [13]

2.2. Deep Learning for Object Classification and Detection

In this study, the field of deep learning is emphasized for object detection and classification
tasks. One of the first architectures used for object classification is the Convolutional Neural
Network (CNN) architecture. It is based on the principle of feeding a large number of images
into the input layers, applying convolutional operations to the images, and forwarding the
results through the layers to the output layer [10]. Methods such as GoogleLeNet, AlexNet,
VGG, and ZF Net, which were developed according to this system, can be given as examples
[4]. For single or multiple object detection and identification, CNN-based methods such as R-
CNN, Fast R-CNN, Faster R-CNN, and YOLO have been developed. The R-CNN method
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divides the image into approximately 2000 segments and sends these segments one by one to
the CNN layer to find regions with a high probability of containing objects. After the feature
extraction process occurs within the CNN, classification is performed. In this way, the location
and class of the object are determined within the image by the R-CNN model. However, the R-
CNN model has a very slow operational performance because the divided segments are fed into
the CNN model one at a time. To overcome this problem, the Fast R-CNN and Faster R-CNN
models were developed. The Fast R-CNN model operates on the principle of sending the entire
image for detection and classification at once, rather than sending 2000 segmented regions to
the CNN network one by one. The optimized version of this model, with the addition of a
Region Proposal Network (RPN), is called Faster R-CNN [10]. Today, the Faster R-CNN
model is widely used for many object detection and classification tasks.

Another object recognition method developed with the convolution technique is the YOLO
model. This model is widely used because its testing and training times are quite short, and it
achieves high-performance results. The primary reason for its short processing time is that the
image input is fed into YOLO models in a single pass, and the object's location and class
information can be obtained as the output. For this reason, the sizes of the models are also quite
small. It is frequently preferred for object detection in streaming images [11]. Furthermore,
advanced YOLO models can perform image segmentation tasks. In this study, YOLOv11 [12]
and YOLOv12 [23], which are among the most current YOLO models, were used.

2.3. Datasets

In this study, different deep learning models were trained by combining the SIXRAY and
OPIXray datasets. The literature review revealed that studies have been conducted on the
SIXRAY and OPIXray datasets separately. Information about the datasets is described below.

a. SIXRAY Dataset:

SIXRAY is a dataset consisting of 5 classes with 8929 positive and 1050302 negative image
data points. The dataset is composed of dangerous objects collected from X-ray devices shown
in Figure 2. The images have a resolution of 640x640 and are in the RGB color format. The
dataset includes the following classes: ‘Gun’, ‘Knife’, ‘Pliers’, ‘Scissors’, and ‘Wrench’.

Figure 2. SIXRAY data examples.

In the study conducted within the source document for the SIXRAY dataset, it was observed
that the SIXray10, SIXray100, and SIXray1000 subsets were created to examine the effect of
negative data distribution on model performance. The SIXrayl10 and SIXray100 datasets were
formed by combining 8929 positive images with 10 and 100 times the number of negative
images, respectively. The SIXrayl000 dataset, on the other hand, was created by randomly
selecting 1000 positive images from each class and combining them with 1050302 negative
images. The datasets were split into training and test data at a 4:1 ratio. The results of the study
conducted with these datasets can be examined in Table 1.
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Table 1. SIXray subsets mAP values (From left to right SIXray10, SIXray100, SIXray1000) [6].

Method Gun Knife Wrench Pliers Scissors Mean

ResNet34[14] 89.71 83.06 72.05 85.46 78.75 56.42 62.48 30.49 16.47 83.50 55.24 14.24 52.99 16.14 7.12 74.83 52.74 33.26
ResNet34+CHR[6] 87.16 81.96 73.35 87.17 77.70 60.46 64.31 36.85 23.72 85.79 64.56 17.98 61.58 14.49 18.19 77.20 55.11 38.74
ResNet50[14] 90.64 84.75 74.19 87.82 77.92 59.82 63.62 28.49 16.03 84.80 50.53 16.59 57.35 19.39 2.87 76.85 52.22 33.90
ResNet50+CHR[6] 87.55 8264 73.43 86.38 79.60 61.32 69.12 41.19 18.88 85.72 58.02 12.32 60.91 27.89 19.03 77.94 57.87 37.00
ResNet101 [14] 87.65 82.83 76.04 84.26 76.16 63.53 69.33 35.59 13.65 85.29 54.82 15.57 60.39 20.63 11.28 77.38 54.01 36.01

ResNet101+CHR[6] 8545 8325 7538 8721 7753 6480 7123 4202 1527 8828 68.01 19.02 6468 3233 1621 79.37 60.63 38.14
Inception-v3[15] 90.05 8118 7552 8380 7728 56.33 68.11 3247 2401 8445 66.89 1675 5866 22.63 20.72 77.01 56.09 38.67
Inception-v3+CHR[6] | 88.90 79.22 7691 87.23 7348 6129 69.47 3720 2960 86.37 69.01 1911 6550 31.81 4756 79.49 5815 46.89

DenseNet[16] 87.36 8323 75.00 8771 7724 6555 6415 3772 2357 87.63 6269 18.09 59.95 2489 1418 77.36 57.15 39.28

DenseNet+CHR[6] 87.05 8206 7487 8589 7875 7123 7047 4322 2979 8834 66.75 2157 66.07 28.80 4427 7956 59.92 48.36

In this study, the dataset was split into 5806 Training, 1660 Validation, and 829 Test positive
images. Because there can be more than one instance within a single image, the number of
instances is not equal to the number of images. There are 4386 instances belonging to the ‘Gun’
class, 2084 instances to the ‘Knife’ class, 5314 instances to the ‘Pliers’ class, 1105 instances to
the “Scissors’ class, and 2779 instances to the ‘Wrench’ class.

b. OPIXray Dataset:

The OPIXray dataset consists of 5 classes and 8885 image data points. The data were collected
from X-ray devices in airports. The images have a resolution of 1225x954 and are in the RGB
color format. The classes are named ‘Folding Knife’, ‘Straight Knife’, ‘Scissors’, ‘Utility
Knife’, and ‘Multi-tool Knife’. There are 1993 instances belonging to the ‘FoldingKnife’ class,
1044 instances to the ‘Straight Knife’ class, 1978 instances to the ‘Utility Knife’ class, 1863
instances to the ‘Scissors’ class, and 2042 instances to the ‘Multi-tool Knife’ class.

et b (B & ‘
- i d % > X “ ¥

Figure 3. OPIXray data examples.

Due to the presence of multiple instances within a single image shown in Figure 3, the number
of instances is greater than the number of images. The data were split into 6715 Training, 1590
Validation, and 1088 Test data points. Upon examining the documentation prepared for the
OPIXray dataset, the results of study using the SSD method are shared in Table 2 [8].

Table 2. Performance comparisons of models trained using the OP1Xray dataset.

Metot mAP  Folding Knife  Straight Knife  Scissors Utility Knife  Multi-tool Knife
SSD[17] 70.89 76.91 35.02 93.41 65.87 83.27
SSD+SE[18] 71.85 77.17 38.39 92.03 66.10 85.67
SSD-+Non-local [19] 7141 77.55 36.38 95.26 64.86 82.98
SSD+DA [20] 71.96 79.68 37.69 93.38 64.14 84.90
SSd+DOAM[8] 74.01 81.37 41.50 95.12 68.21 83.83
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3. Proposed Study

3.1. Studies on the Datasets

The YOLOvV11 model was trained and its results were shared. The model training processes
were carried out using a CUDA-supported GTX 1650 TI graphics card with 4GB of VRAM
and the PyTorch library [25]. An Intel i5-10300H was used as the processor. After the initial
training processes, the SIXRAY and OPIXray datasets were combined to increase the number
of class and instance data points, and a model was then trained on this merged dataset.

a. YOLOv11 Model Training Process with the SIXRAY Dataset:

The SIXRAY dataset was used to train the YOLOv11 model without being subjected to any
preprocessing, with the epoch value set to 30. Information regarding the training results can be
accessed in Table 3 below. The results of the prediction process of the Yolov11l model trained
with the SIXRAY dataset are shown in Figure 4.
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Figure 4. Labeled original data and prediction results of trained Yolov11l model

‘@ N

Table 3. Class-based accuracy metrics of the Yolovl1l model trained with SIXRAY data

Class Images Instances Precision Recall mAP50
Gun 551 888 0.936 0.936 0.973
Knife 291 442 0.85 0.756 0.833
Pliers 794 1110 0.865 0.74 0.854
Scissors 178 206 0.784 0.743 0.819
Wrench 392 530 0.811 0.647 0.758
All 1660 3176 0.849 0.764 0.847

b. YOLOv11 Model Training Process with the OPIXray Dataset:

The OPIXray dataset was subjected to some preprocessing steps to work properly with the
YOLO model. First, the resolution values were changed from 1225x954 to 640x640. The
coordinate values within the annotations folder were updated according to the new resolution
and then normalized. Following these procedures, the training data was fed into the YOLOv11
model with an epoch value of 30. The training results are shared in Table 4.

Table 4. Class-based accuracy metrics of the Yolov11 model trained with OPIXray data

Class Images Instances Precision Recall mAP50
Folding Knife 1227 1233 0.903 0.856 0.931
Multi-tool Knife 1258 1259 0.832 0.943 0.952
Scissor 1850 1852 0.983 0.98 0.989
Straight Knife 1043 1043 0.856 0.713 0.848
Utility Knife 1353 1355 0.896 0.788 0.894
All 6715 6742 0.894 0.856 0.923
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The results of the prediction process of the Yolovll model trained with the OPIXray dataset

are shown in Figure 5.
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Original Data Prediction Results
Figure 5. Labeled original data and prediction results of trained Yolov11 model

3.2. Combination of the OPIXray and SIXRAY Datasets

The OPIXray and SIXRAY datasets were merged with the aim of training a model with an
increased number of classes and instances. During the merging process, all images were
standardized to a 640x640 resolution. The ‘Scissors’ and ‘Knife’ classes, common to both
datasets, were combined. Afterward, the data was split into Train, Test, and Validation sets.

As a result of the merging process, a dataset with 8 classes, totaling 17144 images and 24546
instances, was obtained. The data was partitioned into 72% Training, 19% Validation, and 9%
Test data. Information about the classes and instances in the dataset can be found in Table 5.

Table 5. Classes, sample numbers and distributions of the data set created as a result of merging

Class Train Valid Test Total
Pliers 3680 1110 524 5314
Gun 3024 888 474 4386
Straight_Knife 2516 442 169 3127
Scissor 2631 206 120 2957
Wrench 1943 530 306 27179
Multi-tool _Kbnife 1225 560 246 2031
Folding Knife 1202 557 226 1985
utility_Knife 1326 443 198 1967
Total Sample 17547 4736 2263 24546

3.3. YOLOV11 Train

The combined dataset was trained on the YOLOv11 and results are shown in Table 6.

Table 6. Evaluation results of the Yolov11l model trained with the combined dataset

Class Precision Recall mAP50 F1 Score
all 0.84 0.771 0.843 0.803
Folding_Knite 0.881 0.824 0.888 0.851
Gun 0.945 0.941 0.976 0.942
Multi-tool Knite 0.851 0.846 0.895 0.869
Pliers 0.861 0.759 0.865 0.806
Scissor 0.76 0.729 0.791 0.744
Straight_Knife 0.745 0.764 0.806 0.754
Utility Knife 0.868 0.623 0.737 0.725
Wrench 0.813 0.682 0.782 0.741
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Some examples of prediction results from the training of the YOLOv11 model are shown in
Figure 6.
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Figure 6. Labeled original data of the merged dataset and prediction results of the trained Yolov11l model

3.4 Applied Image Processing Methods

As seen in Figures 2 and 3, the X-ray images from security checkpoints do not have any noise,
variable brightness values, or mosaics. For this reason, separate datasets were created using
image processing methods on the color planes of the images, subsequently subjected to model
training, and the results have been shared.

a. Applying a Threshold to RED Values on the RGB Channel:

The reason for applying this process is that, as seen in the examples, the majority of objects
considered dangerous are composed of metal. Since metals have a dominant BLUE channel in
the RGB images produced by X-ray devices, a process was implemented to separate the pixels
where the RED value is predominant. The threshold for the RED channel was set to 150, and
all pixels satisfying the condition RED >= 150 were assigned the color white. Sample images
from the dataset created as a result of this process are shown in Figure 7.
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Figure 7. Sample data pre-processed through Red Threshold

As an advantage, this process allowed the objects within the images to appear more distinctly;
however, it also caused the formation of noise on the objects. The YOLOv11 model was trained
with the resulting dataset. The training results are shown in Table 7.

Table 7. Evaluation results of the Yolov11 model trained with Red Threshold applied data

Class Precision Recall mAP50 F1 Score
all 0.816 0.741 0.818 0.776
Folding_Knife 0.846 0.757 0.845 0.799
Gun 0.915 0.935 0.971 0.924
Multi-tool Knite 0.839 0.803 0.862 0.820
Pliers 0.840 0.741 0.844 0.787
Scissor 0.758 0.714 0.779 0.735
Straight Knife 0.734 0.767 0.808 0.750
Utility Knife 0.834 0.555 0.689 0.666
Wrench 0.759 0.656 0.744 0.703
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Prediction results for training the YOLOv11 model are shown in Figure 8.
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Figure 8. Labeled original data and prediction results of trained Yolov1l model after preprocessing

b. Preprocessing with Red Threshold, Grayscale, and Gaussian Blur

First, the regions where the RED channel was dominant were eliminated using a threshold
value, and then the images were converted to the grayscale channel. An attempt was made to
remove the noise, caused by the operations on the RED channel, using the Gaussian Blur [21]
method. Sample images are shared in Figure 9.

. Ny

% = W
‘.;g-" ,é' % .
kg SR

\ s ‘_Y"_'\ |} = f '\'

- 1

Figure 9. Sample data that has undergone red Threshold — Gray Scale — Gaussian Blur preprocessing

With this method, objects are made more prominent. It was also aimed to minimize the resulting
noise and information loss. The created dataset was used to train the YOLOv11 model. The
training results are shown in Table 8.

Table 8. Model training result of data applied with Red Threshold — Gray Scale — Gaussian Blur

Class Precision Recall mAP50 F1 Score
all 0.838 0.735 0.819 0.783
Folding Knife 0.885 0.808 0.884 0.844
Gun 0.934 0.932 0.972 0.932
Multi-tool Knife 0.865 0.804 0.878 0.833
Pliers 0.840 0.748 0.860 0.791
Scissor 0.791 0.659 0.776 0.718
Straight Knife 0.771 0.741 0.795 0.755
Utility Knife 0.830 0.533 0.643 0.649
Wrench 0.782 0.657 0.744 0.714

The prediction results of the training of the YOLOv11 model are shown in Figure 10.
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Figure 10. Labeled original data and prediction results of trained Yolov1l model after preprocessing
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3.5 Training Process

Following the merge of the SIXRAY and OPIXray datasets, the YOLO and Faster R-CNN
models were trained on this combined dataset. In the training process, models with different
weights were used, and the results were recorded.

a. YOLOV12 Train:

An object detection model was trained using the YOLOv12 Small model with the merged
versions of the datasets. The training results of this model are shown in Table 9.

Table 9. Evaluation results of the Yolov12 model trained with the combined datase

Class Precision Recall mAP50
all 0.884 0.801 0.869
Folding_Knife 0.900 0.823 0.886
Gun 0.970 0.939 0.979
Multi-tool_Knife 0.908 0.844 0.914
Pliers 0.904 0.794 0.894
Scissor 0.841 0.814 0.860
Straight Knife 0.820 0.773 0.832
Utility Knife 0.867 0.704 0.767
Wrench 0.864 0.720 0.820

When the performance metrics were compared with the YOLOv11n model, it was observed
that the metric values of the YOLOv12s model were higher.

b. Faster R-CNN Train:

For the Faster R-CNN training process, two different models were trained with two different
backbones. ResNet50 and MobileNetV3-Large were used as the backbones [22]. The results
obtained from the MobileNetV3-Large training are shown in Table 10.

Table 10. General evaluation results of the Faster R-CNN MobileNetV3-Large model

Metric Value
Precision 0.83
Recall 0.73
F1-Score 0.77
mAP@50 0.71

Class-based results obtained from Faster R-CNN MobileNet VV3-Large training are shown in
Table 11.

The training results with ResNet50 backbone are shown in Table 12 and the class-based results
of the training with ResNet50 backbone are shown in Table 13.
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Table 11. Class-based evaluation results of the Faster R-CNN MobileNetV3-Large model

Class_Name Precision Recall F1 Score
Folding_Knife 0.89 0.74 0.81
Gun 0.91 0.92 0.92
Multi-tool Knife 0.89 0.78 0.83
Pliers 0.84 0.74 0.79
Scissor 0.76 0.70 0.73
Straight_Knife 0.71 0.73 0.72
Utility_Knife 0.85 0.58 0.69
Wrench 0.75 0.66 0.70

Table 12. General evaluation results of the Faster R-CNN ResNet50 model

Metric Value
Precision 0.76
Recall 0.78
F1-Score 0.76
mAP@50 0.74

Table 13. Class-based evaluation results of the Faster R-CNN ResNet50 model

Class_Name Precision Recall F1 Score
Folding Knife 0.91 0.81 0.86
Gun 0.87 0.92 0.90
Multi-tool_Knife 0.91 0.84 0.87
Pliers 0.72 0.81 0.76
Scissor 0.73 0.74 0.73
Straight_Knife 0.58 0.75 0.65
Utility Knife 0.82 0.66 0.73
Wrench 0.52 0.72 0.61

4. Conclusion

In this study, research was conducted on image processing, artificial intelligence, deep learning,
and X-ray devices. Based on these studies, deep learning models were trained using image
processing and deep learning techniques to detect objects that may pose a threat to institutions
within images obtained from X-ray devices. Results of the models are presented in Table 14.

Table 14. Evaluation results of models trained using the combined dataset

Model Precision Recall F1 Score mAP@50
YOLOv1ln 0.84 0.77 0.80 0.84
YOLOV12s 0.88 0.80 0.84 0.86
Faster R-CNN MobileNetV3-Large 0.83 0.73 0.77 0.71
Faster R-CNN ResNet50 0.76 0.78 0.76 0.74
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ABSTRACT KEYWORDS

This study analyzes land use/land cover (LULC) dynamics in the
Cappadocia region, a culturally and ecologically significant UNESCO
World Heritage site, over the period of 2015-2024. The research utilizes
the Google Earth Engine (GEE) platform and Landsat 8 satellite imagery
combined with supervised machine learning classification. The e Cappadocia
landscape was categorized into three main classes: agricultural land, e Landsat8
natural land, and urban/built-up areas. To ensure reliable classification,

e Remote Sensing
e Land Cover Change
e Image Classification

four machine learning algorithms were compared: Random Forest (RF),
Classification and Regression Trees (CART), Support Vector Machines
(SVM), and Naive Bayes. Among these, RF demonstrated the highest
performance, achieving a Kappa coefficient of 0.6327 and an overall
accuracy of 75.82%, and was therefore selected for the final spatio-
temporal assessment. The analysis indicates a notable expansion of
agricultural land, increasing from 25.3% to 31.8% of the total area during
the study period, predominantly at the expense of natural landscapes.
These findings highlight both the dynamic nature of land transformation
in Cappadocia and the effectiveness of integrating GEE with machine
learning techniques. Additionally, the study emphasizes the importance
of model comparison in ensuring the accuracy and reliability of LULC
classification in sensitive environments.
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1. Introduction

Land cover and land use (LCLU) represent the most concrete and observable manifestations of
the complex interactions between the Earth’s biophysical systems and the socio-economic
dynamics that shape them. Monitoring changes in LCLU, which play a fundamental role in
understanding the human—nature relationship, is of critical importance for sustainable land
management, natural resource planning, and environmental policy development [1].
Anthropogenic factors such as agricultural expansion, rapid urbanization, deforestation, and
infrastructure development are transforming natural landscapes at an unprecedented rate. These
transformations have resulted in severe and often irreversible ecological consequences,
including the degradation of ecosystem services, biodiversity loss, alteration of hydrological
cycles, and soil degradation [2]. Therefore, accurate, consistent, and periodic mapping and
analysis of LCLU dynamics are indispensable for understanding environmental change and
formulating informed policies to mitigate adverse impacts.

Remote sensing technologies have become the primary means for monitoring LCLU changes
due to their ability to provide periodic, large-scale, and objective information about the Earth’s
surface. Unlike traditional land survey methods, satellite-based observations offer cost-
effective time-series data that enable the analysis of the rate, direction, and spatial patterns of
processes such as agricultural expansion, rangeland degradation, and urban sprawl. Among
these, the Landsat satellite program—providing continuous, freely accessible data since 1972—
constitutes an invaluable resource for long-term change detection and trend analysis [3].

Historically, the technical and financial challenges associated with downloading, storing, and
processing large datasets have limited the application of such analyses. However, the advent of
cloud-based geospatial computing platforms, particularly Google Earth Engine (GEE), has led
to a paradigm shift in the field. GEE enables instant access to petabytes of satellite imagery
archives (e.g., Landsat, Sentinel, MODIS) and facilitates large-scale analyses using Google’s
extensive computational infrastructure and high-performance parallel processing capabilities
[4]. Furthermore, it allows for the effective integration of advanced machine learning
algorithms, such as Random Forest (RF), in computationally intensive tasks like LCLU
classification [5].

This study focuses on the Cappadocia region, one of Turkey’s and the world’s most significant
cultural and natural heritage sites. Characterized by volcanic tuffs and erosion-sculpted
geomorphology (“fairy chimneys”), along with rock-carved churches and underground cities,
the region is inscribed on the UNESCO World Heritage List. Nevertheless, Cappadocia is
currently subject to competing land-use pressures arising from intensive tourism activities and
traditional agricultural practices. While tourism serves as a major economic driver, it
simultaneously exerts pressure on the natural and cultural landscape through unplanned
construction and infrastructure development [6]. Agricultural land-use changes, on the other
hand, significantly affect the region’s fragile soil and water resources within its semi-arid
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ecosystem. These complex and interdependent dynamics pose substantial threats to
Cappadocia’s ecological integrity and unique cultural identity.

Accordingly, the main objectives of this study are as follows:

1. To map land cover and land use changes in the Cappadocia region between 2015 and
2024 using Landsat 8 imagery within the Google Earth Engine (GEE) platform.

2. To comparatively evaluate the classification performance of four machine learning
algorithms—Random Forest (RF), Classification and Regression Trees (CART),
Support Vector Machines (SVM), and Naive Bayes—and identify the most effective
model.

3. To quantitatively analyze the spatial and areal variations of major land cover classes
(agricultural, natural, and urban) in the study area using the best-performing model.

2. Material and Methods

The methodology of this study comprises several sequential stages, including the definition of
the study area, acquisition and preprocessing of satellite and ground-truth data, implementation
of comparative machine learning models, accuracy assessment, and temporal change analysis.
All geospatial data processing and analysis procedures were conducted on Google Earth Engine
(GEE), a cloud-based geospatial computing platform.

2.1 Study Area

The study area covers the Cappadocia region and its surroundings, located at the intersection
of the Nevsehir, Kayseri, and Aksaray provinces in the Central Anatolia Region of Tiirkiye,
centered approximately at 38.6° N latitude and 34.8° E longitude. The region, characterized by
a continental climate, exhibits a heterogeneous landscape where unique geomorphological
formations developed on volcanic tuff terrains coexist with steppe vegetation and agricultural
lands. The area’s economy is primarily driven by intensive tourism activities and agricultural
production, which together shape the region’s land-use dynamics.

2.2 Dataset and Preprocessing

a. Satellite Imagery and Atmospheric Correction

This study utilized Landsat 8 OLI (Operational Land Imager) imagery provided by the United
States Geological Survey (USGS). The dataset consists of Collection 2 Level-2 Surface
Reflectance products with a 30-meter spatial resolution. These products, derived from sensor-
recorded radiance data, are corrected for atmospheric scattering and absorption effects, thereby
enhancing spectral consistency and reliability in time-series analyses.

For the analysis period (2015, 2018, 2020, and 2024), all available images acquired between
May 1 and September 30—the period characterized by peak vegetation activity and minimal
cloud coverage—were used. Six spectral bands were selected for classification: Band 2 (Blue),
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Band 3 (Green), Band 4 (Red), Band 5 (Near-Infrared, NIR), Band 6 (Shortwave Infrared 1,
SWIR1), and Band 7 (Shortwave Infrared 2, SWIR2).

To remove atmospheric artifacts such as clouds and cloud shadows, the QA PIXEL quality
assurance band of each image was utilized for masking. Subsequently, a median composite
method was applied to generate a single cloud-free and seasonally normalized composite image
for each year. This method effectively eliminates outliers and residual noise by computing the
median value of all valid observations for each pixel location, thereby providing a robust dataset
for classification and temporal change detection.

b. Ground Truth Data and Preparation

To train and validate the models, a ground truth dataset representing the classes of Agricultural
Land, Natural Land, and Built-up Area was generated using high-resolution Google Earth
imagery as a reference. The accuracy of this dataset is critically important to ensure the
reliability of the accuracy assessment process. Initially digitized in GeoJSON format as
LineString geometries, the polygon boundaries were programmatically converted into Polygon
geometries within the Google Earth Engine (GEE) environment. Erroneous labels outside the
three defined classes (e.g., class 0 or null) were filtered and removed from the dataset. The final
dataset consisted of 169 valid polygons, which were randomly split into two subsets on GEE:
70% for training and 30% for testing. This partitioning is a standard practice designed to prevent
overfitting by evaluating model performance on previously unseen data, thereby ensuring an
unbiased assessment of model accuracy.

2.3 Land Cover Classification Methodology

a. Comparative Classification Algorithms

In this study, four machine learning algorithms—commonly used in the literature and based on different
theoretical foundations—were tested for LCLU classification:

e Random Forest (RF): An ensemble learning method that constructs multiple decision trees and
aggregates their results to produce the final classification. By using random subsampling
(bootstrap aggregating) of the training set and randomly selecting a subset of features at each
node, it ensures diversity among trees, enhances generalization ability, and mitigates overfitting

[7].

e CART: A decision tree model that recursively partitions the dataset based on feature values
using impurity measures such as the Gini index, forming a hierarchical structure for
classification [8].

e  Support Vector Machines (SVM): A classification model that identifies an optimal hyperplane
maximizing the margin between data points belonging to different classes, thereby improving
classification robustness [9].

e Naive Bayes: A probabilistic classifier based on Bayes’ theorem that assumes strong
independence among features, allowing efficient computation and effective classification
performance even with limited training data [10].
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b. Model Training and Accuracy Assessment

All defined models were trained on the 2024 composite image and the corresponding training dataset
within the Google Earth Engine (GEE) environment. The performance of the models was evaluated
using the test data, which were not included in the training phase, by constructing a Confusion Matrix
(Error Matrix). This matrix enables comparison between the classified data and the reference (ground
truth) data, where rows typically represent reference classes and columns correspond to classified
outputs. From this matrix, two key accuracy metrics were derived: Overall Accuracy and the Kappa
Coefficient. The Kappa Coefficient (k) measures the agreement between the observed and expected
accuracies (by chance) and is considered a more robust indicator of classification performance,
particularly when class distributions are imbalanced.

c. Temporal Change Analysis

The model yielding the highest Kappa value was selected as the most reliable classifier and was
subsequently employed to produce the land cover and land use (LCLU) maps of the Cappadocia
region for the years 2015, 2018, 2020, and 2024. Using the post-classification comparison
technique, the number of pixels corresponding to each land cover class in every map was
calculated and multiplied by the pixel area (30 m % 30 m) to determine the total area (in
hectares) occupied by each class. This approach allowed the quantitative assessment of land
cover and land use changes over the ten-year study period.

3. Results and Discussion

3.1 Comparative Performance of Classification Models and Model Selection

In this study, the performance of four different machine learning algorithms for land cover and land use
(LCLU) classification was evaluated using identical training and test datasets. The results obtained from
the models, based on Overall Accuracy and Kappa Coefficient metrics, are summarized in Table 1.

Table 1. Performance Evaluation of All Classification Models

Model Accuracy Kappa
Random Forest ‘ 0.76 0.63
SVYM 1073 0.59
Navie Bayes ‘ 0.33 0.00
CART 067 0.50

An examination of Table 1 clearly indicates that the Random Forest (RF) model achieved the
highest performance, with a Kappa coefficient of 0.6327 and an overall accuracy of 75.82%.
Since the Kappa statistic is a robust measure that quantifies how much better the classification
performs compared to random chance, it was adopted as the primary criterion for model
selection. The superior performance of the RF model can be attributed to its ensemble learning
structure, which combines multiple decision trees to produce more stable and generalizable
results compared to a single decision tree model such as CART. Furthermore, the random
selection of feature subsets during the training of each tree enhances model generalization and
helps prevent overfitting, thereby improving overall accuracy.
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Support Vector Machines (SVM) also demonstrated competitive performance, achieving 73%
overall accuracy and a Kappa coefficient of 0.59, although slightly lower than that of the RF
model. On the other hand, the Naive Bayes model yielded a Kappa value of 0.00, indicating its
inadequacy for this type of geospatial data analysis. This poor performance can be attributed to
the violation of the model’s strong independence assumption among features, as spectral bands
in multispectral imagery often exhibit high autocorrelation.

Overall, this comparative analysis highlights the critical influence of methodological choice on
the reliability of classification outcomes and provides a scientific rationale for selecting the
Random Forest model as the most suitable approach for this study.

3.2 Comparative Evaluation of the Spatial Outputs of Classification Models

Although the accuracy metrics presented in Table 1 provide a quantitative framework for evaluating the
performance of the classification models, visual examination of the resulting maps is crucial for
understanding the spatial behavior of the models and their consistency with geographical reality. In this
section, the classification maps produced by the four tested models are comparatively evaluated. To
facilitate a clearer comparison, the classification outputs for the year 2024—corresponding to the dataset
employed during the model training phase—are presented in Figures 1, 2, 3, and 4.

Fig. 1. CART Model Output (2024)

Fig. 2. Naive Bayes Model Output (2024)
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Fig. 3. Random Forest Model Output (2024)

Fig. 4. SVM Model Output (2024)

e Random Forest (RF) and SVM Models: These two models, which achieved the
highest Kappa scores, produced highly similar and spatially consistent results. In both
maps, homogeneous agricultural parcels, extensive and cohesive natural areas, and the
main outlines of built-up zones are clearly distinguishable. The RF map exhibits slightly
sharper boundary delineations and a less “noisy” appearance compared to the SVM
output. These two maps can therefore be considered the most accurate representations
of the region’s overall land structure.

e CART Model: The output of the CART model, which is based on a single decision
tree, performed less successfully than RF and SVM, as reflected by its Kappa score
(0.50). The map is characterized by a noticeable “salt-and-pepper” noise effect and a
more blocky spatial appearance. This reflects the inherent limitation of single decision
trees, which tend to have lower generalization capacity and higher sensitivity to noise
compared to ensemble models such as RF. Misclassifications are particularly evident in
areas with fragmented and heterogeneous land patterns.

o Naive Bayes Model: As indicated by its Kappa value of 0.00, the Naive Bayes model
demonstrated the weakest performance, and its map visually confirms this outcome. The
classification shows random and unrealistic spatial patterns, with large areas incorrectly
assigned to a single class (e.g., extensive regions misclassified as agricultural land). This
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result vividly illustrates the significance of appropriate model selection and highlights

how an unsuitable algorithm can produce misleading spatial representations.

This visual comparison demonstrates that the Random Forest model outperformed the others
not only in numerical accuracy but also in terms of spatial consistency and agreement with
geographical reality. Consequently, the RF model was selected for generating the temporal land
cover and land use change maps used in the subsequent analysis of the Cappadocia region.

3.3 Temporal and Spatial Changes in Land Cover (2015-2024)

The maps presented in Figures 5, 6, 7, and 8 reveal that the region has undergone a significant
transformation in land use and land cover over the ten-year period.

Fig. 5. 2015 Image Analysis Fig. 6. 2018 Image Analysis
Fig. 7. 2020 Image Analysis Fig. 8. 2024 Image Analysis

e Expansion of Agricultural Areas
One of the most striking findings of the study is the steady and significant increase in
agricultural areas. Covering 25.33% of the region in 2015, agricultural lands expanded
to 31.82% by 2024, corresponding to a net increase of approximately 1,600 hectares.
The sharpest growth occurred between 2015 and 2018, during which the share of
agricultural land rose to 34.27%. This trend may reflect the influence of socio-economic
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policies or favorable economic conditions that promoted agricultural production during
that period.

e Decline in Natural Areas
Parallel to the expansion of agricultural land, the region’s dominant land cover type—
natural areas—exhibited a decreasing trend. The notable 4.5% decline observed
between 2015 and 2018 suggests that much of the new agricultural land was converted
from natural steppe and pasture ecosystems. This shift indicates increasing
fragmentation pressure on the region’s natural landscape integrity and habitats.

e Fluctuations in Built-up Areas
Contrary to expectations for a region under urbanization pressure, the model results
indicate a decline in built-up areas between 2015 and 2020, followed by a slight increase
afterward. Rather than representing an actual structural shrinkage, this fluctuation may
be attributed to the model’s reclassification of low-density or undeveloped rural zones
surrounding settlements as agricultural land, as previously noted.

4.Conclusion

This study aimed to quantitatively analyze land cover and land use (LCLU) changes in the
Cappadocia region—a UNESCO World Heritage Site—between 2015 and 2024 using the
Google Earth Engine (GEE) platform and machine learning techniques, and to identify the most
suitable classification model for this process. The findings revealed both methodological and
thematic insights of significant importance.

From a methodological perspective, the results demonstrated that among the four tested
machine learning algorithms (Random Forest, CART, SVM, and Naive Bayes), the Random
Forest (RF) model exhibited the highest performance, achieving an overall accuracy of 75.82%
and a Kappa coefficient of 0.6327. This outcome confirms the methodological superiority and
reliability of ensemble learning-based models, particularly for classifying spectrally complex
and heterogeneous landscapes such as those found in Cappadocia. The comparison clearly
illustrates the critical role of model selection in determining classification accuracy and,
consequently, the reliability of subsequent spatial analyses.

The primary analytical finding of the study is that the temporal analysis performed using the
optimal RF model quantitatively revealed a significant expansion of agricultural areas at the
expense of natural landscapes over the ten-year study period. The proportion of agricultural
land increased from 25.3% in 2015 to 31.8% in 2024, with the most rapid change occurring
between 2015 and 2018. These results quantitatively highlight the growing anthropogenic
pressure on Cappadocia’s unique natural and cultural landscape, providing an essential
scientific basis for regional land management policies, agricultural planning, and sustainable
conservation strategies.

The main limitation of this study lies in the 30-meter spatial resolution of the Landsat data used.
This resolution may lead to spectral mixing and misclassification in highly heterogeneous and
fragmented landscapes, particularly in rural settlement zones. Future research should focus on
incorporating higher spatial and temporal resolution imagery—such as Sentinel-2 data (10 m

4TH INTERNATIONAL CONFERENCE ON DIGITAL INDUSTRY AND ENGINEERING APPLICATIONS 13-14 NOVEMBER 2025 KONYA



ﬁ INTERNATIONAL CONFERENCE ON DIGITAL INDUSTRY AND ENGINEERING APPLICATONS
- ICODIA 2025

resolution)—to enhance classification accuracy, especially for complex land cover classes.
Furthermore, integrating socio-economic driving factors (e.g., agricultural incentives, tourism

investments, population dynamics) into the analysis would allow a more comprehensive
understanding of human—environment interactions in the region.

In conclusion, this research not only provides up-to-date and valuable insights into land use
trends in the Cappadocia region but also demonstrates that modern cloud-based platforms such
as GEE, combined with comparative machine learning approaches, offer a powerful, efficient,
and replicable methodological framework for monitoring and managing valuable heritage
landscapes.
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ABSTRACT KEYWORDS

Nowadays, technological advances have led to significant o Edge Device

increases in the processing capacity of edge devices, and it is 4 Object Detection
becoming increasingly important to run Al-based object detection
algorithms on such hardware. In this context, using the Jetson
AGX Orin platform developed by NVIDIA, this study evaluates
various optimizations to improve the performance of
convolutional neural network (CNN) based object detection

e Real-Time Image
Processing

models. In particular, the preprocessing and postprocessing steps
required for the model to make decisions during object detection
were converted to ONNX and TensorRT formats and tested in
different working formats. In these analyses based on the
YOLOV9-c and YOLOvI1-m models, these steps were run on
both CPU and GPU and the performance metrics obtained are
presented comparatively. As a result of the tests, an extraction
speed of 88.45 FPS was obtained for the YOLOv9-c model when
the preprocessing and postprocessing layers were run in TensorRT
format, while this value reached 108.32 FPS for the YOLOv11-m
model. When the preprocessing and postprocessing layers of the
same models were run with CPU-based ONNX, 26.28 and 27.64
FPS values were achieved, respectively. Accordingly, TensorRT
optimization results in a performance improvement of
approximately 236.5% for the YOLOV9-c model and 291.8% for
the YOLOvV11-m model. These results show that optimizing the
pre- and post-processing layers and converting them to TensorRT
format offers a significant advantage for real-time object detection
applications in embedded systems.
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1. Introduction

When examining current technological advancements, the increase in processing capabilities of
hardware and the optimization of power consumption have enabled the deployment of computer
vision applications on edge devices. Consequently, fundamental tasks such as object detection,
classification, and localization can now be performed directly on these devices.

Edge devices are characterized by limited resources, including energy consumption,
computational power, and memory capacity. These constraints are critical for machine learning
and image processing algorithms that demand high computational efficiency. Real-time and
energy-efficient detection of objects within images on edge devices has become feasible
through the implementation of Al-based object detection models. Such models are specifically
designed and optimized to align with the architectural and performance characteristics of edge
hardware. In this context, the present study aims to optimize and deploy state-of-the-art object
detection models on the NVIDIA Jetson Orin AGX edge platform to achieve high-speed, real-
time inference performance.

2. Related Works

When examining recent advancements in edge computing hardware, Nikouei et al. introduced
a lightweight version of the SSD model, termed Lightweight Convolutional Neural Network
(L-CNN), for real-time object detection applications. The proposed model operated on a
Raspberry Pi 3 development board at an average of 1.79 FPS, with a maximum of 2.06 FPS
achieved during inference [1].

In the study conducted by Kang and Somtham, the performance of various edge devices was
comparatively analyzed. Performance benchmarks were carried out using Jetson Nano, Xavier
NX, and Google Coral Dev Board platforms. For the Jetson Nano, the FPS/Watt value was
reported as 8.13 for the YOLOv4-Tiny object detection model, and 7.92 for the SSD MobileNet
V2 model [2].

In 2022, Jiang et al. proposed a framework called Remix for high-resolution object detection
on edge devices. Remix allocates different amounts of computational resources to different
regions of an image, thereby maximizing overall performance and improving detection
accuracy. The method achieved up to a 120% improvement in detection accuracy and an 8.1-
fold increase in detection speed [3].

In another study, Jiang et al. selected the Jetson TX2 as the target edge platform and proposed
a method based on the YOLOv4 model, termed YOLOv4-Dense. This approach reduced the
number of model parameters from 162 million to 20.3 million, while the inference speed
increased from 3.1 FPS to 22.6 FPS [4].

Implementing object detection on edge devices such as Raspberry Pi and NVIDIA Jetson
boards presents significant challenges due to limited resources. Key limitations include power
consumption, GPU performance and capacity, CPU core count and frequency, and the restricted
RAM size available on these devices [5].
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Li and Ye developed an edge application using the Rockchip 3588 processor, modifying the
YOLOv5m architecture for improved performance on thermal imagery. The optimized model,
named Edge-YOLO, achieved 0.75 mAP at 80 FPS [6].

You et al. proposed the TIP-YOLO model for pedestrian detection in thermal camera images,
achieving 0.85 mAP with an inference speed of 70 FPS [7].

In a recent study by Hatipoglu and Ceylan, multiple edge platforms — including Jetson Nano,
Jetson NX, Jetson Orin Nano, Jetson Orin NX, and Rockchip 3588 — were evaluated using
YOLOX, YOLOvVS, Gold-YOLO, and YOLOvV10 models. Performance comparisons
incorporated both power consumption and FPS to derive an efficiency metric termed RSH-AY.
Among the tested combinations, the YOLOv8—Jetson Orin Nano pair demonstrated the highest
efficiency [8].

3. Methods

In this study, investigations were conducted on optimizing contemporary object detection models to
achieve high-speed inference on the NVIDIA Jetson Orin AGX edge device. As object detection models,
YOLOvI11-m and YOLOV9-c, both trained on the COCO dataset, were employed. The YOLOv11-m
model comprises approximately 20.1 million parameters, whereas YOLOV9-c contains around 25.3
million parameters.

3.1. Object Detection Models

Among real-time object detection frameworks, the YOLO (You Only Look Once) model family
remains one of the most widely used and continuously evolving architectures. The YOLO

machine learning model is a deep learning algorithm developed using Convolutional Neural
Networks (CNNs) [9].

YOLOVWY introduces the concept of Programmable Gradient Information (PGI) to address the
information bottleneck problem observed in deep networks. Through this approach, auxiliary
reversible structures are employed to compensate for lost information in the network flow,
thereby ensuring a more stable gradient propagation. Additionally, the architecture integrates
the Generalized Efficient Layer Aggregation Network (GELAN), which generalizes the ELAN
architecture by incorporating various computational blocks, thereby enhancing parameter
efficiency, particularly in lightweight models [10].

YOLOV9 provides multiple variants — v9-S, v9-M, v9-C, and v9-E — differentiated by
parameter size and computational demand, all optimized to maintain high accuracy even in
compact configurations [11]. Experiments conducted on the COCO dataset have demonstrated
that YOLOV9 achieves superior efficiency in terms of parameter utilization, computational cost,
and detection accuracy compared to earlier versions [10]. In practical applications, YOLOV9
has been further improved through the integration of attention mechanisms, multi-scale dilated
attention, and deformable kernels [12]. Furthermore, fine-tuned YOLOV9 models are
increasingly utilized in large-scale infrastructure and industrial monitoring projects [13].
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YOLOvI11, one of the latest iterations developed by Ultralytics, incorporates several
architectural enhancements, including C3k2, SPPF (Spatial Pyramid Pooling — Fast), and
C2PSA (Parallel Spatial Attention) modules. These components significantly improve the
detection of small objects and enhance multi-scale feature extraction efficiency [14]. The model
is available in multiple configurations — Nano (n), Small (s), Medium (m), Large (1), and X-
Large (x]) — making it adaptable for both embedded edge devices and high-performance
computing servers [15].

Beyond object detection, YOLOv11 supports a wide range of tasks, including segmentation,
pose estimation, image classification, and oriented bounding box (OBB) detection [16].
Benchmark evaluations have shown that YOLOv11 achieves higher mean Average Precision
(mAP) and faster inference speeds than previous versions, even with fewer parameters [17].
These characteristics position YOLOv11 as a leading architecture for real-time computer vision
applications.

3.2.  Object Detection Pipeline

Object detection models take an input image and generate an output containing the bounding
box coordinates of the detected objects along with their corresponding class labels. This process
is executed through a sequence of computational stages, typically organized as Preprocess,
Inference (Model), and Postprocess.

a. Preprocess

YOLO The deep learning architectures of the YOLO family are designed to accept input data in specific
dimensions and formats to preserve network learning consistency and ensure compatibility with
convolutional operations. Consequently, these models typically utilize a fixed input size structured as a
four-dimensional tensor: [B, C, H, W], where B represents the batch size, C denotes the number of
channels, H the height, and W the width. This configuration is crucial for maintaining consistent kernel
sliding across deep convolutional layers and preventing dimensional mismatches during the
mathematical operations on activation maps [9]. If the input data is presented in a different arrangement
(e.g., [B, H, W, C]), channel-spatial axis inconsistencies may occur during convolution operations,
potentially leading to computational errors or meaningless outputs [18]. Therefore, the preprocessing
(Preprocess) stage is implemented to bridge the gap between the model’s input format requirements and
the raw image data. The preprocess step typically consists of three main components: resizing,
normalization, and channel order transformation.

e Resizing: The input image is scaled to match the resolution expected by the model (e.g.,
640%x640 pixels). This process optimizes the network’s ability to learn spatial features and
prevents geometric distortions that may arise from varying image resolutions [19].

e Normalization: Pixel values, generally ranging from 0-255, are converted to a normalized scale
(0—1 or —1-1). This normalization stabilizes weight updates during training and mitigates issues
such as gradient explosion, ensuring smoother convergence [20].

e Channel Order Transformation: Deep learning frameworks (e.g., PyTorch, TensorFlow) often
differ in their expected channel arrangements. While PyTorch models typically expect input in
the [C, H, W] format, image processing libraries such as OpenCV provide data in [H, W, C]
format. Consequently, the preprocess stage includes conversion to the appropriate channel
ordering for the model [21]
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In YOLO models, the preprocess stage is not limited to format conversion; it also serves as a crucial
step in data standardization. This ensures that the model can generate consistent and reliable outputs
across images from various sources, resolutions, color profiles, or camera types. Hence, the
preprocessing process directly influences the model’s generalization ability and output consistency [22].

b. Inference

Object detection models generally consist of three fundamental components: Backbone, Neck,
and Head [23]. The Backbone is responsible for extracting hierarchical features from the input
image, ranging from low-level to high-level representations, and typically employs CNN-based
architectures such as ResNet or CSPDarknet for this purpose [24]. The Neck module fuses
multi-scale features to generate richer and more robust representations; commonly used
structures in this stage include the Feature Pyramid Network (FPN) and Path Aggregation
Network (PANet) [25,26]. The final component, the Head, predicts both class scores and
bounding box coordinates for the detected objects. In YOLO-like architectures, this prediction
process is single-stage (dense prediction), whereas in models such as Faster R-CNN, it is
performed in two stages [27].

The coordinated operation of these three components determines the model’s overall
performance in terms of both accuracy and inference speed. Notably, the YOLO family has
achieved significant advancements in real-time object detection by optimizing the interaction
and efficiency of these architectural elements [28].
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Fig. 1. Schematic block diagram representing the inference process

Figure 1 illustrates the flow between the stages of the inference process. Feature maps extracted
from different depths of the Backbone, each with distinct resolutions, are transferred to the
Neck. The Neck processes each incoming feature map through convolutional layers that
preserve spatial resolution while enriching the semantic relationships among features. As a
result, the feature maps with enhanced contextual representation are passed to the Head. The
Head then generates pixel-level bounding box coordinates and class scores for object detection.

c. Postprocess

After the inference stage, the model produces feature representations of the input image at
multiple spatial scales. Figure 2 presents grid representations of the input image at 40x40,
20%20, and 10x10 resolutions. These grids enable the model to detect objects of varying sizes
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across different scales. The stride value defines how many pixels each grid cell corresponds to
in the original image.

Each cell predicts the Left, Top, Right, and Bottom (LTRB) offsets of the bounding box relative
to its position, along with the class scores for the detected object. In YOLO models, grid
resolutions of 80%80, 40x40, and 20x20 are commonly employed. Consequently, the model
performs approximately 8,400 predictions in total — 6,400, 1,600, and 400 from each feature
map, respectively.
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Fig. 2. Schematic representation of the input image using 40x40, 20x20, and 10x10 grid cells, respectively

At this stage, overlapping bounding boxes corresponding to the same detected object are filtered out.
The elimination process consists of two main steps: Coordinate Transformation and Non-Maximum
Suppression (NMS).

During Coordinate Transformation, the LTRB (Left, Top, Right, Bottom) offsets predicted for each grid
cell are converted into XYXY (Xmin, Ymin, Xmax, Ymax) coordinates by incorporating the center
position of each cell. This transformation enables the bounding boxes to be properly processed by the
Non-Maximum Suppression function (see Figure 3).
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Fig. 3. LTRB-to-XYXY transformation

Non-Maximum Suppression (NMS) is applied because multiple grid cells within the feature
maps may represent the same object, leading to redundant detections. In grid-based object
detection models (e.g., YOLO, SSD, RetinaNet), this issue is mitigated by employing the NMS
algorithm.
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In this step, a predefined Intersection over Union (IoU) threshold is used. The IoU represents
the ratio of the intersection area to the union area of two bounding boxes. When multiple
bounding boxes overlap, only those with an IoU value below the specified threshold are

retained, while boxes with higher IoU values (indicating redundancy) are suppressed or
discarded.

4. Experiments And Results

This study was conducted on the NVIDIA Jetson AGX Orin, a platform distinguished by its
high parallel processing capability. For object detection, the models YOLOv9-c and YOLOv11-
m were selected, operating at computational costs of approximately 68 GFLOPs and 102.8
GFLOPs, respectively. The GPU unit was utilized for inference, as GPUs can parallelize
operations and deliver faster computation compared to CPUs.

The models were evaluated under three different execution configurations:

e CPU (ONNX): In this configuration, functions are executed in the Open Neural
Network Exchange (ONNX) format, and all computations are performed on the CPU.
ONNX is a standardized format that contains the necessary information for visualizing
deep learning models and executing their computational graphs [29].

e GPU (ONNX): This mode also employs the ONNX format, but the computations are
executed on the GPU, leveraging its parallel processing capability for faster inference.

e GPU (TRT): In this configuration, the model functions are converted into the TensorRT
format, utilizing kernel fusion, reduced-precision computation (FP16/INTS), and layer-
level optimizations. TensorRT, developed by NVIDIA, is a high-performance deep
learning inference optimization and runtime platform that maximizes performance in
real-time applications by optimizing neural networks on GPUs for speed, memory
efficiency, and low latency [30].

These three configurations were tested in various combinations across both preprocessing and
postprocessing stages to analyze the performance impact of CPU, GPU, and TensorRT under
different workloads.

Through TensorRT optimization, computationally intensive operations are effectively
shortened by generating a hardware-specific optimized execution graph, resulting in
significantly faster inference. Because of the high computational cost of this optimization
process, it is applied only to the core model itself, excluding the preprocessing and
postprocessing stages.

By implementing the preprocessing and postprocessing steps within the model using PyTorch
and ONNX implementations, and by executing the model in three modes — GPU (TRT)
(TensorRT-optimized GPU inference), GPU (ONNX) (non-optimized GPU inference), and
CPU (ONNX) (CPU-only inference) — a total of nine experimental scenarios were evaluated
for both YOLOv11-m and YOLOvV9-c models
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For each scenario, the total latency and frames per second (FPS) were measured and recorded
on the NVIDIA Jetson AGX Orin (64 GB) platform.

Table 1. Performance and model comparison table

Preprocess Unit Model Unit Postprocess Unit YOLOvY-c (FPS) YOLOvI1-m (FPS)
CPU (ONNX) GPU (TRT) CPU (ONNX) 26.28 27.64
CPU (ONNX) GPU (TRT) GPU (ONNX) 20.52 20.51
CPU (ONNX) GPU (TRT) GPU (TRT) 25.56 26.92
GPU (ONNX) GPU (TRT) CPU (ONNX) 56.72 62.64
GPU (ONNX) GPU (TRT) GPU (ONNX) 35.42 38.13
GPU (ONNX) GPU (TRT) GPU (TRT) 58.02 64.68
GPU (TRT) GPU (TRT) CPU (ONNX) 86.14 101.72
GPU (TRT) GPU (TRT) GPU (ONNX) 45.14 48.47
GPU (TRT) GPU (TRT) GPU (TRT) 88.45 108.32

In the tests where the Preprocess stage was executed on the CPU (ONNX), as shown in Table
1, both YOLOV9-c and YOLOvI11-m exhibited parallel performance trends. Since the
preprocessing unit operated entirely on the CPU, a significant pipeline bottleneck occurred at
the initial stage. Even though the model itself ran at high speed on the GPU (TRT), the overall
FPS values remained low due to this limitation.

For YOLOvV9-c, the combination of Preprocess (CPU ONNX) + Model (GPU TRT) +
Postprocess (CPU ONNX) yielded 26.28 FPS. When the Postprocess was moved to GPU
(ONNX), performance dropped sharply to 20.52 FPS, primarily due to the inefficiency and lack
of kernel optimization in the ONNX-based GPU postprocessing. However, when
postprocessing was executed on GPU (TRT), performance improved again, reaching 25.56
FPS. Thus, for YOLOvV9-c, the least efficient configuration was with GPU (ONNX)
postprocessing, while CPU (ONNX) and GPU (TRT) postprocess modes produced relatively
similar and balanced results.

A similar pattern was observed for YOLOv11-m. Under the Preprocess (CPU ONNX) + Model
(GPU TRT) + Postprocess (CPU ONNX) configuration, the model achieved 27.64 FPS, slightly
higher than YOLOv9-c. When Postprocess was executed on GPU (ONNX), FPS dropped
substantially to 20.51, eliminating the benefits of GPU-TRT acceleration. When switched to
GPU (TRT), performance recovered, reaching 26.92 FPS.

Both models demonstrated consistent behavior under identical hardware conditions: GPU
(ONNX) postprocessing caused a considerable performance degradation, whereas CPU
(ONNX) and GPU (TRT) postprocessing provided more stable results. Although YOLOvI11-m
outperformed YOLOvV9-c by roughly 1-1.5 FPS across all combinations, this difference
remained limited due to the CPU-bound preprocessing and postprocessing stages. The observed
slowdown is attributed to the Non-Maximum Suppression (NMS) operations within the
postprocessing phase, which depend more on memory access and parallel indexing efficiency
rather than pure computational throughput. Additionally, during GPU (ONNX) postprocessing,

4TH INTERNATIONAL CONFERENCE ON DIGITAL INDUSTRY AND ENGINEERING APPLICATIONS 13-14 NOVEMBER 2025 KONYA



&1 INTERNATIONAL CONFERENCE ON DIGITAL INDUSTRY AND ENGINEERING APPLICATONS

E\:S-ﬂ ICODIA 2025
model outputs had to be copied from GPU memory to CPU memory and then back to GPU,
further reducing FPS.

In tests where Preprocess was executed on the GPU (ONNX), the Model ran on GPU (TRT)
while the Postprocess stage was distributed across different hardware configurations. This setup
highlighted the benefits of GPU-based preprocessing acceleration and particularly the influence
of the postprocessing stage on final inference performance

For YOLOV9-c, when Postprocess ran on CPU (ONNX), the FPS reached 56.72, a significant
improvement compared to CPU-preprocess scenarios due to GPU acceleration. However,
moving Postprocess to GPU (ONNX) caused a drastic FPS drop to 35.42, confirming the
inefficiency of ONNX Runtime’s GPU-based postprocessing implementation. Conversely,
Postprocess (GPU TRT) achieved the highest value, 58.02 FPS, making it the optimal setup for
YOLOvV9-c.

A comparable trend was observed for YOLOvI1-m. When Postprocess was on CPU (ONNX),
FPS reached 62.64; on GPU (ONNX), performance dropped to 38.13; and on GPU (TRT), FPS
increased to 64.68. YOLOvI1l-m consistently outperformed YOLOvV9-c under all
configurations, with an average advantage of 6 FPS in CPU and GPU (TRT) postprocess setups.
However, under GPU (ONNX) postprocess conditions, both models suffered severe
performance degradation, and YOLOv11-m’s lead was reduced to only 2-3 FPS.

When Preprocess was executed on the GPU (TRT), with postprocessing distributed across
different hardware units, the results revealed the full advantages of end-to-end GPU
acceleration, emphasizing the postprocessing stage as the key determinant of final FPS.

For YOLOV9-c, with Postprocess (CPU ONNX), FPS reached 86.14, indicating that although
CPU-based postprocessing introduced a slight bottleneck, GPU (TRT) acceleration maintained
high overall performance. When Postprocess (GPU ONNX) was used, FPS sharply dropped to
45.14, once again confirming ONNX Runtime’s inefficiency in GPU-based postprocessing.
With Postprocess (GPU TRT), FPS peaked at 88.45, marking the best performance
configuration. Therefore, the optimal setup for YOLOV9-c involved running all three stages—
Preprocess, Model, and Postprocess—on GPU (TRT).

A similar pattern was found in YOLOvI11-m. With Postprocess (CPU ONNX), the model
achieved 101.72 FPS; with GPU (ONNX), FPS dropped to 48.47; and with GPU (TRT), the
highest value of 108.32 FPS was recorded. These findings demonstrate that YOLOvI11-m
maintained high performance even with CPU-based postprocessing, but experienced significant
slowdowns under GPU (ONNX) postprocessing. The maximum performance was attained with
GPU (TRT) postprocessing, where the model achieved 108 FPS.

In summary, YOLOV11-m consistently outperformed YOLOV9-c across all configurations. The
FPS advantage was approximately 15 FPS in CPU (ONNX) postprocess scenarios, 3 FPS in
GPU (ONNX) postprocess cases, and over 20 FPS in GPU (TRT) configurations. These results
indicate that YOLOv11-m is better optimized for GPU-TRT execution, demonstrating a clear
performance superiority in a fully GPU-accelerated inference pipeline.
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5. Conclusion And Future Work

Under CPU-based ONNX conditions, both models exhibited comparable performance, with the
FPS difference remaining within the 2—6% range. This suggests that the bottleneck in CPU
execution primarily stems from hardware limitations and the ONNX runtime environment,
rather than the model architecture itself. However, as the level of GPU acceleration increased,
the performance advantage of YOLOv11-m became more evident. In particular, under the fully
GPU (TRT) pipeline, YOLOv11-m achieved approximately 22% higher FPS compared to
YOLOvV9-c. This difference is of critical importance for applications requiring high
computational throughput, such as high-resolution video streams and multi-camera systems.

Furthermore, in scenarios where both models were tested with the same preprocessing method,
CPU (ONNX) and GPU (TRT) postprocessing results were found to be similar, whereas GPU
(ONNX) consistently underperformed. In the final evaluation, the YOLOv11-m model running
on a fully TensorRT-optimized pipeline achieved the highest inference speed of 108.32 FPS.

In the continuation of this research, it is planned to comprehensively evaluate the inference
performance of the TensorRT-optimized Preprocess—Model-Postprocess pipeline on
embedded systems with limited computational capacity, such as Jetson Orin Nano and Jetson
Orin NX. This evaluation will analyze the impact of various optimization strategies—including
layer fusion, half-precision (FP16), and integer (INTS8) inference—on execution time, energy
efficiency, and memory utilization.

Additionally, investigating the performance characteristics of the YOLOv10 architecture—
which operates independently of the traditional Non-Maximum Suppression (NMS)
algorithm—will constitute another key extension of this study. This comparison aims to reveal
the inference speed improvements, detection accuracy, and latency behavior of architectures
that are less dependent on NMS, thereby assessing their suitability for next-generation hardware

Moreover, based on the findings obtained, the study aims to identify optimal distributed
computation strategies among different hardware—software configurations, such as TensorRT,
ONNX Runtime, and hybrid PyTorch—TensorRT environments. Defining the most efficient
model pipeline for real-time object detection on low-power embedded systems will guide future
system optimization and deployment efforts in this research domain.
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ABSTRACT KEYWORDS

This study investigates the dynamics of the moderate geomagnetic o  Artificial Neural Network
storm that occurred on April 16, 2024. Magnetic storms are
formed when high-energy particles from the Sun interact with the
Earth's magnetosphere. These storms were evaluated using
geomagnetic indices such as Dst, Ap, Bz_GSE, Bz_GSM and
F10.7. The analysis showed that during the storm, the Dst index
decreased to -65 nT, the Bz component reached -84 nT, the Ap
index increased to 56, and the F10.7 index remained stable at
200.2. According to the correlation analysis, there is a strong
negative correlation between Ap and Dst (r = -0.72), a negative
correlation between Bz and Ap (r = -0.64) and a positive
correlation between Bz and Dst (r = 0.47). The results reveal that
the main determinants of magnetic storms are a decrease in Bz to
negative values, an increase in Ap and sudden drops in Dst.
Modeling with artificial neural networks provided highly accurate
predictions for the Dst and Ap indices. The study emphasizes the
importance of using more advanced machine learning models in
future space weather forecasts.

e Geomagnetic Storm

e Solar Wind Parameters

e Zonal Geomagnetic
Indexes

1. Introduction

Magnetic storms are large magnetic disturbances caused by high-energy particles from the Sun
interacting with the Earth's magnetic field. These storms are often associated with events such
as coronal mass ejections (CMESs) and solar flares [1-2]. When particles emitted from the Sun
are directed towards the Earth's magnetic field, they cause the magnetic field to change
abnormally. This causes auroras (aurora borealis), especially in the polar regions [3]. But the
impact of magnetic storms is not only visual; powerful storms can severely affect satellite
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systems, communication networks, navigation systems and power grids [4]. In addition, the
high energy density in the upper layers of the atmosphere can disrupt electrical systems, leading
to major economic and security problems [2].

Magnetic storms are often monitored by measurements of geomagnetic activity, such as the Kp
index. The Kp value is a parameter that indicates how much the Earth's magnetic field is
disturbed and the severity of a storm. Other indicators, such as the Dst index and the Ap index,
also provide information on the extent and impact of magnetic storms [1,5]. The severity of
magnetic storms varies in parallel with the cycle of solar activity, with the peak of the solar
cycle increasing the likelihood of more and more severe magnetic storms [6]. For this reason,
scientists are constantly conducting research to understand the relationship between solar
activity and magnetic storms, and strive to develop technology and forecasting systems to
minimize the impact of these events [7].

2. Geomagnetic Storm Indices
2.1. Bz_GSE (Geocentric Solar Ecliptic Coordinate System)

Bz_GSE is a parameter used to measure the north-south component in the Earth's magnetic
field and is expressed in the Geocentric Solar Ecliptic (GSE) coordinate system. The GSE
coordinate system is a reference frame set from the center of the Earth parallel to the ecliptic
plane of the Sun [8]. Bz_GSE is used to understand whether solar winds interact with the Earth's
magnetic field to trigger geomagnetic storms. The Bz component reflects the magnetic field
direction of the solar wind, revealing north-south effects. Negative values of Bz_GSE indicate
an orientation that weakens the Earth's magnetic field and can trigger geomagnetic storms [1].

2.2.Bz_GSM (Geocentric Solar Magnetospheric Coordinate System)

Bz_GSM refers to the north-south component of the Earth's magnetic field in the Geocentric
Solar Magnetospheric (GSM) coordinate system. The GSM coordinate system is used to study
magnetic field interactions and space weather phenomena in more detail [9]. In this system, the
Bz_GSM value indicates the component of the magnetic field on the Z axis and provides
information about the influence of the solar wind on the Earth's magnetic field. Negative
Bz_GSM values are directly related to the orientation and intensity of the solar wind and can
signal the possible onset of geomagnetic storms. These values play a critical role in space
weather forecasting and modeling of geomagnetic phenomena [2].

2.3.Dst Index (Disturbance Storm Time)

Dst stands for "Disturbance Storm Time" and is an index that measures the severity of
geomagnetic storms. This index shows the impact of disturbances in the Earth's magnetic field,
especially at low latitudes [10]. As the Dst index falls in the negative direction, the severity of
geomagnetic storms increases, which can have serious impacts, especially on power grids and
communication systems. When the value of Dst falls below -50 nT, it is generally considered
that the Earth's magnetic field has been significantly disturbed and a strong geomagnetic storm
is taking place [1]. Dst is an important parameter in space weather forecasting and protection
of technological infrastructures [5].
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2.4.F107 Index (Solar Flux at 10.7 cm)

F10.7 is an index that measures the intensity of radio waves from the Sun at a wavelength of
10.7 cm. This index is used to monitor the Sun's overall activity and in particular the effects of
coronal holes or solar flares [11]. The F10.7 value is an indicator of the Sun's level of energy
emission, and higher F10.7 values generally mean that the Sun is more active and therefore
stronger solar winds can reach Earth. F10.7 is a critical parameter, especially for studying solar
cycles and predicting the effects of solar activity. High F10.7 values provide important
information for predicting space weather events [2].

2.5.Ap Index (Average planetary index)

Ap is an index that measures the overall activity in the Earth's magnetic field and is a kind of
average of the Kp index. Ap averages the Kp index over a 24-hour period and this reflects the
variation of geomagnetic activity over time [12]. Ap has a value ranging from 0 to 400; high
values can herald large geomagnetic storms or high solar activity. The Ap index is used to
determine the severity of geomagnetic events over a large geographical area and is often one of
the key parameters included in space weather forecasts. High values of Ap indicate that space
weather events can spread their effects over a wider area, which can affect technological
infrastructures such as communication and navigation systems [7].

3. Artificial Neural Networks

Artificial neural networks (ANNs) have been used as an effective tool for analyzing
geomagnetic data due to their ability to learn complex and non-linear relationships [13, 14]. In
particular, one of the strengths of ANNs is to understand and predict the time evolution of
geomagnetic parameters such as Bz_GSE, Bz_GSM, Dst, F107, and Ap. These parameters are
critical for determining the effects of solar winds on the Earth's magnetic field and the severity
of potential geomagnetic storms [1]. By learning the complex interactions between these
parameters, ANNs can predict future space weather events. For example, a change in the
negative values of the Bz components can be an indication that a storm is approaching, and
such information can be accurately and quickly analyzed by ANNs to predict potential impacts
[15].

In recent years, the combination of geomagnetic indices and artificial neural networks has been
an important tool in improving the accuracy of space weather forecasts[16, 17]. Especially
when indicators of solar activity such as the F107 value are combined with geomagnetic
parameters such as Ap and Dst, ANNSs can learn the relationships between these data and make
more accurate forecasts [18,19]. This integration plays a major role not only in space weather
forecasting, but also in predicting the effects of solar winds on Earth's electrical and
communication infrastructures. Because ANNSs have the capacity to process large data sets, they
can more accurately model the potential impacts of geomagnetic storms over time, providing
advance warnings to protect technological infrastructures [20].
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4. Application

In this study, the dynamics of the moderate geomagnetic storm that occurred on April 16, 2024
was investigated by considering Ap, Dst, F10.7, Bz_GSE and Bz_GSM indices. To examine
the April 16, 2024 storm, 2 days before and 2 days after the storm were taken (April 14-18,
2024). Changes of 5-day geomagnetic indices are shown in Fig 1.
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Fig 1. Temporal variation of Ap index

Fig 1 shows the change in the Ap index over time. It can be seen that the Ap index rises sharply
in the selected date range and then falls back to low levels. The Ap index indicates
interplanetary magnetic activity and high values indicate strong geomagnetic storms: Ap < 10
— Magnetic activity is low, 10 < Ap < 30 — Moderate activity, Ap > 30 — High magnetic
activity (storm indicator).

As an indicator of geomagnetic activity, the Ap index reflects the interactions between the
interplanetary magnetic field and the magnetosphere. When the data for April 2024 were
analyzed, it was determined that the Ap index showed a significant increase between 15:00 and
23:00 on April 16, 2024. In this time period, the Ap index increased up to 56 levels.
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Fig 2. Temporal variation of Dst (nT) index

Fig 2 shows the change in the Dst index over time. When Dst falls below -50 nT, it is generally
considered a geomagnetic storm. If the Dst value varies between -50 nT and -100 nT, it is
considered a moderate storm, and if it falls below -100 nT, it is considered a severe storm. The
Dst (Disturbance Storm Time) index is a critical parameter that determines the severity of
geomagnetic storms. Negative Dst values reveal the impact of magnetic storms by showing the
suppression and energy input in the magnetosphere. When the April 2024 data is analyzed, a
significant decrease in the Dst index was observed between 11:00 and 23:00 on April 16, 2024.
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In this time period, the Dst index decreased to -65 nT, indicating a moderate geomagnetic storm.
If the Ap values show a positive increase and the Dst index a negative decrease, this could
indicate a strong geomagnetic storm.
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Fig 3. Variation of Bz (GSM/GSE) component over time

Fig 3 shows the variation of the Bz (GSM/GSE) component over time. A decrease in Bz to
negative values increases the interaction between the magnetosphere and the solar wind and
can increase geomagnetic activity. If Bz is negative (especially when it falls below -10 nT),
magnetic reconnection increases and the risk of storms increases. If Bz is positive, the
magnetosphere remains more stable and large storms are not expected.

The Bz component is a critical parameter that determines the interaction of the interplanetary
magnetic field (IMF) with the magnetosphere. The difference between Bz_GSE (Bz component
in GSE coordinate system) and Bz_GSM (Bz component in GSM coordinate system) is
important for understanding the dynamic response of the magnetosphere. When the April 2024
data is analyzed, a significant negative deviation is observed in the Bz components starting
from 11:00 on April 16, 2024. During this period Bz_GSE declined to -92 nT. Bz_GSM, on the
other hand, decreased to lower levels with -101 nT.
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Fig 4. Temporal variation of F10.7 index

The F10.7 index is a parameter that measures the sun's radio flux at 10.7 cm wavelength and is
an important indicator of solar activity. High F10.7 values indicate increased solar activity and
the influence of solar winds on the magnetosphere. The F10.7 index is used as an important
indicator of solar activity by measuring the sun's radio flux at 10.7 cm wavelength. High F10.7
values indicate increased solar activity and the potential for the magnetosphere to be affected
by this activity. When the April 2024 data were analyzed, it was found that the F10.7 index
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remained constant at 200.2 on April 16, 2024 (Fig 4). On April 16, 2024, the Ap index reached
56, indicating an increase in geomagnetic activity. The Dst index decreased to -65 nT,
indicating a moderate geomagnetic storm. The Bz component decreased to negative values (-
101 nT), indicating that the magnetosphere is heavily energized by solar winds. These findings
confirm that geomagnetic activity also increases during periods of high levels of the F10.7
index. During periods of high solar radiation, the severity of geomagnetic storms and magnetic
field disturbances increases.

Correlation analysis was performed to reveal the relationship between Bz, Dst, Ap and F10.7

indices during the storm.
1.0
= 0.6

i . '
Bz_GSM Dst Ap F10.7

-0.4

Fig 5. Correlation analysis
In Fig 5;

- Bz_GSM with Dst (+0.47): Moderate positive correlation. This means that when Bz value
increases (is positive), Dst also increases. This leads to a decrease in storm intensity. This is
expected because a negative Bz index triggers magnetic storms.

- Ap with Dst (-0.72): Strong negative correlation. In other words, as the Ap index increases,
Dst decreases to more negative values. This shows that strong storms are associated with Ap.

- Bz_GSM with Ap (-0.64): Strong negative correlation. Negative Bz causes more interaction
between the magnetosphere and the solar wind and increases the Ap index.

- F10.7 (Solar Activity) with other variables: There is a weak negative correlation between
F10.7 and Dst (-0.33), but the relationship with Ap is quite low (-0.11). This suggests that the
April 16, 2024 Moderate storm is largely driven by short-term magnetic interactions.

This analysis shows that Ap and Bz are the main determinants of storms and Dst decreases
depending on these variables.

In the study, the April 16 Moderate Storm was modeled with the Artificial Neural Networks
theorem using geomagnetic storm indices (Dst and ap).

The neural network prototypes employ a 5-day (120 hours) data set for the modeling of the Dst
and ap zonal geomagnetic indices. In all our education models, 70% of the data for training (84
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data), 15% of the data for validation (18 data), and 15% of the data for testing (18 data) are

used.
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Fig 6. Correlation scores for the Dst modeling

Fig6 shows R correlation constants for the Dst index modeling. The procedure used for the Dst
index modeling accomplishes a 99.20% correlation rate and 2.2847 nT MSE score after 53
epochs with the aid of 25 neurons.

Fig 7 exhibits the MSE rate and average R correlation score.
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Fig 7. MSE rate and the model average correlation score for the Dst modeling.
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Fig 8. Correlation scores for the Ap modeling

Fig 8 shows R correlation constants for the ap zonal geomagnetic index modeling.
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Fig 9. MSE rate and the model average correlation score for the ap modeling.

Fig. 9 exhibits the MSE rate and average R correlation score. The process used for the ap index
modeling gains a 99.88% correlation rate and 0.72439 nT MSE score after 127 epochs with the
aid of 25 neurons.

5. Conclusion

This study was carried out to investigate the dynamics of the moderate geomagnetic storm that
occurred in April 2024. As a result of the analysis, the main determinants of the storm formation
were determined by the decrease in the Bz component to negative values, the Ap index reaching
high levels, the increase in the F10.7 index and the sudden decreases in the Dst index.

As a result of the data analysis, it was found that the Dst index decreased to -65 nT at 21:00 on
April 16, 2024. At the same time, the Bz component reached -84 nT, the Ap index increased to
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48 levels and the F10.7 index showed a strong increase, indicating an increase in the strength
of the storm. The relationship between these variables was supported by correlation analysis.

According to the correlation analysis, the Bz component has a positive correlation with Dst
(r=0.47), the Ap index has a negative correlation with Dst (r=-0.72), and the F10.7 index has a
weak but significant negative correlation with Dst. These findings support the critical role of
the interplanetary magnetic field, solar activity and interaction in the magnetosphere on the
severity of geomagnetic storms.

This study reveals that monitoring variables such as Ap, Bz, F10.7 and Dst is critical to improve
the predictability of geomagnetic storms. Future work could be directed towards making these
predictions more accurate, especially with machine learning and advanced time series analysis.
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ABSTRACT KEYWORDS

Electricity transmission lines are one of the most critical
parts of the power grid. Power outages caused by high voltage
power grid failures; It is important in terms of energy supply
security, economic losses and social impacts. * Leakage current

In this study; the effects of atmospheric conditions onthe ~ ®  High voltage isolator
high voltage electricity network in coastal settlements in terms of e  Superficial discharges
operation depend on the changing temperature; using the data of
the main insulation limit in the conductors (corona discharge), and
other High Voltage (HV) power grid fault situations in terms of
humidity and dew point; classification study was carried out. The
importance of predictive maintenance methods and the increasing
role of weather data used in these methods are explained.

e FEnergy Efficiency
e (Corona losses

e Surface leakage currents
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1. Introduction

1.1 Effects of Meteorological Conditions on HV Electricity Network Fault Types and
General Information

Today, the need for electrical energy is constantly increasing with industrialization and
developing technology due to the increase in population. Thus, while human beings include
new energy sources in the system in one way; They work to reduce the loss-leakage rates in the
generation, transmission, distribution and facility systems of electrical energy and to minimize
power outages.

The need to meet the increasing energy demand due to the difficulties in the immediate
commissioning of New Energy sources has led field workers and researchers to work for the
most efficient use of existing energy resources. Transmission, distribution and operation of
electrical energy produced in existing electricity generation plants; It is known that it causes
some problems.

The main problems of the HV/LV Electricity network are; leakage-losses of the
network, short circuit problems caused by various reasons, old and inadequate infrastructure,
maintenance and repair deficiencies, material quality, interruptions and malfunctions caused by
various reasons, voltage fluctuations, reactive power problems, lack of digitalization, work
accidents, etc. Considering all these problems, uninterrupted energy, that is, energy efficiency,
should be ensured.

Energy losses; When describing technical losses and non-technical losses, the difference
between the energy produced and the energy consumed defines this phenomenon. Electrical
technical losses; Transformer and line losses are directly related to the current flowing from the
network. Line losses; interconductor copper loss occurs from radiation, induction, dielectric
losses. Transformer losses; core losses and copper losses caused by the inner windings of the
transformer (1).

Technical losses; It consists of incorrect grounding operations, harmonic distortions,
unbalanced, continuous overloading with long-distance single-phase lines belonging to the
consumer, low voltage levels and the use of equipment with poor standards or substandard
equipment (2). Non-technical losses; It consists of reasons such as incorrect meter reading,
measurement errors, illegal line connection detected in electricity transmission and electricity
distribution networks (1).

Metals or alloys cause corrosion, which is an electrochemical phenomenon, due to their
unstable structure and tendency to return to the ore state in nature. Corrosion causes indirect
costs due to damages such as material loss and environmental damage caused by transported
materials, damages due to the failure of electricity transmission and distribution facilities, labor
losses, etc. (3). One of the events that cause corrosion is atmospheric events.

Another situation affected by atmospheric events on electricity transmission and
distribution networks is; It is an electrical jump event that is frequently encountered in isolators.
The jumping phenomenon depends on environmental problems such as moisture in the air, ice
on transmission lines and connection points, ice density, accumulated dirt, temperature of ice,
etc.

Leakage currents, on the other hand, are directly related to the surface properties of ice-
covered insulators, which are also caused by icing, which is an atmospheric phenomenon. By
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measuring the leakage current, the icing status of the insulators and the jumps can be analyzed.
Icing affects the electrical field on the insulator surface and causes partial discharges and
electrical jumps due to loss of insulation feature (4).

In high voltage insulators, electrical jumping occurs as a result of the combination of
moisture and dirt provided by the atmosphere. Pollutants accumulated on the insulator surface
in dry air are dissolved by the humidification of the insulator surface as a result of atmospheric
events, thus making the surface electrically conductive. The large arc current generated by
electrical jumping can damage insulators and arc horns. If the tripping speeds of the breakers
are slow and there are no protection rings in the insulator chain; The arc short-circuits the HV
line with the ground and can cause voltage spikes in other phases, melting both the overhead
and underground conductors of the power transmission line.

HYV Insulators where electrical network overhead line connections are made, we see various
types of natural pollution;

a) Desert Pollution: According to the results of chemical analysis, the majority of desert
dirt consists of sulfate and chlorine, 18% soluble salt, 3% NaCl, 0.5% KCI, 10% CaSO4
mixture.

b) Industrial Pollution: It consists of the dirt layer formed in the insulators, harmful gases
and fumes of the factories, chemical components and cement dust (5).

¢) Marine Pollution: Wind causes evaporated seawater droplets to be carried to the
insulator surface.

Salt water droplets with high electrical conductivity completely cover the insulator surface
and the insulator surface is covered with a thin film as a result of drying within a few hours.
Contamination; It depends on the direction of the wind blowing from the sea to the land, and
still conditions supported by land-to-sea winds or sunlight cause drying on the insulator surface
and a partial recovery of 8 to 12 hours (6).

In power transmission and energy distribution systems, superficial jumps of high voltage
insulators contaminated as a result of atmospheric events;

1. Asaresult of the coating of the insulator surface with a conductive dirt film, ignition of
pre-discharges can be seen in dry dirt areas due to the arc created by the heat energy
released by the leakage currents flowing along the surface.

2. Pre-discharge ignition can be seen propagating along the dirty insulator surface (7), (8).

In the operating conditions of the jump voltage in electricity transmission networks; polarity
of tension (9), particle size of the contaminant (10), (11) uneven wetting and moisture surface
conductivity, length, distance, profile of the insulator, diameter (12), dirt layer thickness, etc.

Superficial contamination in insulators disrupts the distribution of space by allowing a
capacitive-resistive leakage current to flow from the surface and causes frequent short circuit
events in high voltage insulators, causing economic losses and unwanted power outages (13).

The thin, wet, conductive dirt film layer formed on the insulator surface due to fog, rain,
dew, moisture and dust carried by winds, which are atmospheric phenomena, is one of the most
important events to be considered in the operation and design of high voltage insulation devices
against leakage current. The interruption of the aforementioned infiltration current creates dry
bands that cause arcs on the surface. In addition, the arcs jump along the wet layer surface by
extending instantaneously (14),(15).
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The significant loss in electrical energy transmission lines is corona losses (16). In order to
reduce the electrical losses that occur in the lines, the voltage level on the transmission lines is
high; The current is desired to be low. However, it increases corona losses with excessive
increase in voltage. Electrical energy losses caused by corona divorces are important for the
design and design of transmission lines (17).

In the world, the transmission of energy with HV values in electricity networks is mostly
carried out by overhead lines. In overhead lines, after a certain level of tension value; significant
insulation problems are seen in lines and joints. Insulation process in energy transmission
systems; The insulation between the line and the pole, between the line and the line and the
ground is created by air. Compared to other gas types used during insulation, the small electric
field strength that provides the puncture resistance of the air causes ionization around the
conductors, which paves the way for electrical discharges. Thus, electrical discharges occur in
the form of partial discharges as they cannot flow from the conductor to the ground and from
one conductor to another conductor. Electrical partial discharges that do not fully occur but
constantly feed themselves are called corona discharges (18).

Ionization occurs when electrical energy strikes the conductors of the electrical transmission
line when the voltage between the concentric cylinders gradually increases (19). Although the
necessary conditions for discharge are met at certain voltage values, no light is seen at the
beginning (20). However, as the voltage level increases a little more, a crown-shaped layer of
purple light begins to appear surrounding the conductors and a hissing sound is heard. This
event is called the corona event and the voltage value of the discharge at this moment is called
the corona initial voltage (19). After this voltage value, the line is self-feeding. An example
Voltage-Current graph of corona discharge is given in Figure 1 (20).

|

- -

Uo Uy U, U

Figure 1.An example Voltage-Current graph of corona discharges
*  Uo: The voltage at which ionization occurs by impact,
e Uk: Corona tension,
*  Oud: Puncture Tension

refers to. According to the World Meteorological Organization's State of the Climate statement,
the global average temperature in 2025 (January-March) is shown in Figure 2 to be 1.1 degrees
higher than before the industrialization period. This situation in global warming, its effects on
dew point, wind characteristics and air humidity, and the effect of HV overhead conductors on
failures as a result of insulation failure due to Corona were examined.
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Figure 2 Global mean temperature curve in 2025 (January-March) (21)

In this study; The effects of atmospheric conditions on the high voltage electricity
network in coastal settlements in terms of operation are due to changing temperature. It is aimed
to compare the fault situations that occur as a result of exceeding the insulation limit (corona
discharge) in the conductors in terms of humidity and dew point.

It is emphasized that electricity transmission lines are one of the most critical parts of the
grid. Energy supply security, economic losses and social effects of interruptions caused by
failures are explained. The importance of predictive maintenance methods and the increasing
role of weather data in these methods are explained.

2. HV ELECTRICITY NETWORK FAILURE TYPES AND CAUSES IN
METEOROLOGICAL CONDITIONS

Common types of faults in transmission lines; line breakage, isolator failures, pole
overturning, overheating / loading, short circuit, electrical impulse currents that occur during
power cut-off-on-maneuvering of step-down centers.

The relationship of these failures with meteorological conditions; pole collapse caused by
excessive winds, contact with tree branches, conductor release. Thermal expansion caused by
excessive temperature, conductor sagging. Excessive weight increase on masts and lines due to
heavy snow/ice load. Direct damage or temporary failures caused by lightning. Caused by
humidity and rain; insulation resistance decrease, spark splashes.

2.1. Meteorological Data Used

Parameters that can be used via MGM, NASA, OpenWeatherMap API as data sources;
temperature, wind speed/direction, precipitation amount, humidity, snow thickness, sunshine
duration, storm and lightning frequency.

2.2.Ar Iza Estimation Methods

2.2.1 Traditional Methods:
Statistical Modeling: While the methods used in this type of modeling vary according to the
types and purpose of the variables used in the research; issues such as the outcome variable, the
variables and variables that may have an effect on the variables, the signs and magnitudes of
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their effects on the outcome variable, and how much of the explained and unexplained change
in the outcome variable are explained can be investigated (22).

Regression Analysis: It is an analysis method used to measure the existence of a relationship
between two or more measurable variables and the strength of the relationship between these
variables. Analysis using a single variable is called univariate regression, and if more than one
variable is used, it is called multivariate regression analysis (23).

Failure Frequency — Weather Correlation: Correlation, one of the statistical methods,
describes the direction and strength of the relationship between two or more variables and helps
to understand how one variable affects the other (24).

2.2.2. Artificial Intelligence Methods
* Artificial Neural Networks (ANNSs)
* Decision Trees / Random Forest
* Support Vector Machines (SVM)
* LSTM and GRU Time Series Models

3. DATA REQUIRED FOR MODEL TRAINING

ANN (Artificial Neural Networks) makes it possible to solve problems that are
impossible to solve with normal programming techniques. General features of ANN; It
performs machine learning, stores information and can learn with examples, and can also
produce information about unseen examples thanks to the information given in the training.
ANN has an input and an output set. The information to be taught is given to the ANN to be
trained by turning it into a vector. The system parameters are adjusted to produce the correct
output.

Learning in ANN is done in 2 stages. In the first stage, the output values to be produced
while training the system are given. The weights of the network's connections are changed
according to the accuracy of the output value. After the training of the network is completed,
the test data is presented to the system to measure the performance of the system. During the
test phase, no changes are made to the weight values, the weights used in the training are used,
and this produces outputs for the test data it does not encounter. The performance of the system
is evaluated according to the accuracy values of the outputs obtained.

Input data: Hourly/Daily Weather Data for the years 2012-2025; felt temperature, humidity,
visibility, pressure, dew point, daytime temperature, nighttime temperature, weather (sunny,
showery, cloudy... etc.), wind data and fog information were used as input data (25), (26)
Output data: Fault type/fault (labeled data), MV (Medium Voltage) feeder trip, MV fuse blow,
network maintenance work, MV isolator failure, contractor work, MV jumper failure, MV
disconnector failure, MV terminal failure, TEIAS transformer failure, MV line tree cutting, MV
conductor breakage, MV disconnector failure, MV transformer failure, network maintenance
work, wild animal contact, HV maneuver, fire and damages caused by third parties constitute
the output data (27).

The block of input-output data is shown in Figure 3.

4TH INTERNATIONAL CONFERENCE ON DIGITAL INDUSTRY AND ENGINEERING APPLICATIONS 13-14 NOVEMBER 2025 KONYA



&

INTERNATIONAL CONFERENCE ON DIGITAL INDUSTRY AND ENGINEERING APPLICATONS

ICODIA 2025

X

GIRiS
(input)

-hissedilen sicaklik

-nem orani

-goriis mesafesi

-basing

-¢ig noktasi

-glindiiz sicakhig

-gece sicakhig

-hava durumu (giinesli,
saganak yagish, bulutlu...vs)
-riizgar verileri

-Ariza tiirii /ariza olup olmadif
-0G fider agmasi

-0G sigorta atmasi

-sebeke bakim calismasi

-0G izolatdr anzasi

-miiteahhit ¢aligmasi

-0G atlama(jumper) arizasi
-0G ayirici anizasi

-0G klemens arizasi

-TEIAS trafo arizasi

y
CIKIS
(output)

-0G hatta agag kesimi
-0G iletken kopmasi

-0G ayirici anzasi

-0G trafo anizasi

-sebeke bakim galismasi
-yabani hayvan temasi
-YG manevra

-yangin, tiglincii sahislarin
vermis oldugu hasarlan

Figure 3 Block diagram with input-output data

4. SAMPLE APPLICATION AND PROGRAM RESULTS

Model used (ANN)

Training and test data rate

Metrics such as accuracy, error rate

Monthly/weekly forecast performance

Potential for integration into decision support systems

4.1. Evaluate the performance of the model with classification using Confusion Matrix. At the
same time, different quantitative values can be found by using the Confusion matrix and the
success of the model can be evaluated in detail according to the operation performed (28).
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Figure 4. Classification model we made using Confusion Matrix
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4.2. Scatter Plot: Scatter plot is used to determine the relationship between two different
variables and to determine the relationship with the cause and to understand how strong the
relationship is. One of the purposes of statistics is to organize and display data. Most of the
time, a graph, chart, or table is used. When working with paired data, a useful type of graph is
the scatter plot. This type of graph examines the distribution of points in the plane, allowing for
easy and effective evaluation of the data used. Matched data; A scatter plot is a type of chart
used for paired data. This is a type of dataset in which each of the data points has two numbers
associated with it (29).

2 . = PCA C > 5 = 3 &

GP (3 0pen = B i ] e2c] H M B ¢

New Eswe < | Featre BB O Al Alllnear  FineTree | ™ | yjse Scater  Confusion  ROCCurve  Farallel ™ peajits Layout ExportPlot Generate Export
Session ~ Selection @ Cptimizer Trein Parallet Matrix .. (Validation)  Coordinates Toble toFigure  Function Model ~

s grmion mopas TRAIN PLOTS AND RESULTS EXPORT z

posce________________________ BT I
Sort by [Model Number ¥ | Summary x| Scatter Plot x
210 sum Accuracy (Validaton] =) @
“ast change: Cubic SVM 28 features
— Predictions: model 2.15

241 svM ‘Accuracy (Valdaton): 76.0% T
_ast change: Fine Gaussian SVI 28 features ok . T

242 svm Accuacy (Vaidaton). 53 6% F ® comect =
= . . Fx .
Zast change: Medium Gaussian SVM w8 features r P P X Incorrest =

x

213 svm ‘Accuracy (Vaidaton: 88 4% L <

_ast change: Coarse Gaussian SYM 2/8 features I . Predictors
r X | hissedien_sicakik -

244 Ensemble Accuracy (Valdation). 86.2% r
_ast change: Boosted Trees 88 features, L ¥ | guaduz_sicaxlik v
| 245 Ensemoie Accuracy (Valiidation) 85 5% g [
- E [ Classes Fi
Zast change: Bagged Trees 28 features 3
) 246 Ensemble Accuracy (Validation: 40.5% g8 r Show | Order ||
ast cnange: RUSBaosted Trees 28 teatures £ [ -

247 Neural Network ‘Accuracy (Valdation) 83 4% g ®L
ast change: Narrow Neural Network 28 features s f
= -1 r 1

213 Neural Network Accuracy (Valdaton). 94 2% <
& C ey ) 5 =G
Zast change: Medium Neural Network 248 features L o

219 Neural Network Accuracy (Vaidation): 84.6% [ =
_ast change: Wide Neural Network &8 features. 2 &

2.20 Neural Network ‘Accuracy (Vaidaten): 82.9% r
st change: Bilayered Meural Netwark 518 reares -
= F .

221 Neural Network Accuracy (Validation): 83 7% n

F = .

ast change: Triayered Neural Network 88 features r %
222 Kemel Accuracy (Validation: 62 4% L S S S T S S O S O O O S S S A AR S
ast change: SVI Kernel 28 features % % Y & ® -
7223 Kemal ‘Accuracy (Valdaten]. 82 7% nisseailen_sicaklik [categorical]
ast change: Logistic Regression Kemel @ features | - How fo investigate feaures
I Data set pinar!_ Observations: 2196 Size: 562KB__ Predictors: & _ Response: cly_nokias _ Response Classes: 30 Validation: 5-fold cross-validation

Figure 5. Scatter Plot: Classification model using Scatter Diagram
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Figure 6. Classification model using parallel coordinates plot diagram
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4.4. ROC Curve: is an important tool often used in the medical and data analysis fields. This
curve is used to evaluate the performance of a classification model, visualizing the trade-off
between the model's sensitivity and specificity. The ROC curve can be defined as a graph that
shows the specificity and sensitivity values under different breakpoints. These values can be
used to determine the performance of the classification model and are also used to adjust the
accuracy rate of the model (30).
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Figure 7. Classification model we made using the ROC curve diagram

Predictive maintenance operates on the premise of leveraging historical and real-time data
from various operational aspects to anticipate potential issues. This multifaceted approach
involves real-time monitoring of asset status and performance, analyzing work order data, and
comparing MRO (Maintenance, Repair, and Operations) inventory usage. Predictive
Maintenance, also known as predictive maintenance, has an important place among modern
industrial applications and is used in the equipment maintenance approach. This proactive
maintenance strategy leverages data analytics to predict operational anomalies and potential
failures, allowing for timely interventions before failures occur (31).

5. CONCLUSIONS AND RECOMMENDATIONS

With this study, the effect of global warming on the climate, its effects on dew point, wind
characteristics and air humidity over the years, and the increase in failures of HV overhead
conductors as a result of insulation failure due to corona were estimated.

Study; By using machine learning and artificial intelligence methods, weather data is a
powerful predictor of transmission line failures and is also seen to provide high accuracy in
such predictive analysis.

In future application areas; real-time risk warning, planned maintenance resource saving,
reducing downtime, increasing energy supply security, detection of risky areas in transmission
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line designs, safer energy systems can be built with more holistic (weather + aging +
maintenance data) models in the future.

In the light of this study; It can be further improved by organizing irregular data records,
adding geographical differences (e.g. microclimate effect in mountainous regions), increasing
the generalization capability of the model, and eliminating real-time application difficulties.
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ABSTRACT KEYWORDS

As project-based work continues to gain popularity in o Equitable Partitioning

organizations for its ability to enhance teamwork, flexibility, and 4 Goal Programming

e Project-Based Work
e Project Team

resource optimization, assigning individuals and tasks becomes

more critical which is widely addressed in literature. This paper

tackles a problem of assigning individuals—each characterized by .
. ) ] ) e Team Formation

multiple attributes such as skills, experience etc.— and tasks —

each characterized by required skills and durations— to teams,

while ensuring balanced teams and workload. We propose a

Mixed-Integer Linear Programming (MILP) model, developed

using the goal programming technique which includes three

phases and, in each phase, one of the deviations (related to

balancing) is minimized. In this way, the model can respond to

varying priorities of organizations. To validate the effectiveness

of our proposed model, computational experiments on problem

instances of varying sizes, including up to 24-36 individuals and

tasks are conducted—a scale commonly encountered in practice.

Results demonstrate that our model can provide optimal or near-

optimal solutions within a reasonable computational time. We

also conduct experiments using single objective function (no

priority defined). Results indicate that, compared to model with

single objective function, our approach achieved better solutions

in more than one-third of the experiments with respect to the

prioritized components.
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1. Introduction

Formation of a project team for a project-based work where individuals—each defined by a
range of attributes such as skills, experience, qualifications etc.— and tasks —each with skill
requirements and completion times— is a challenging problem (Rahmanniyay & Yu, 2019).
We can define project-based work as a structure in which individuals and tasks are organized
into specific projects, often carried out on a periodic basis and adopted by many organizations.
This type of work involves individuals from a variety of backgrounds which places a strong
emphasis on teamwork so that productivity, participation, creativity and commitment can be
increased (Adams, 2003; van de Water et al., 2007). While individuals/workers have the
opportunity to lead their own careers by being part of these works considering their skills,
organizations have the opportunity to reduce the cost by employing certain workers for a certain
period of time (Erdes, 2021). Given all these benefits along with the significant impact of the
pandemic on remote work, it is becoming increasingly clear that the future work model will
inevitably be project-based, so, organizations are increasingly shifting from role-based to
project-based work (Reuters, 2021; Forbes, 2021). However, there several key factors which
are crucial for a successful implementation for this work model such as assigning individuals
and tasks to the appropriate teams and ensuring workload balance (Forbes, 2021; Sankaran et
al., 2020; DZami¢ et al., 2019). Given the growing importance of project team formation in
project-based works, both its practical applications have expanded and the problems related to
this topic, particularly the team formation problem, have been extensively studied in the
operations research literature (Campélo & Figueiredo, 2021; Cavdur et al., 2019).

In this study, we apply the Equitable Partitioning Problem (EPP) approach to form balanced
teams, considering both individuals and tasks (O'brien & Mingers, 1997; Mingers & O'Brien,
1995). The EPP refers to the assignment of individuals who have certain skills to the teams in
such a way that the resulting teams are as balanced as possible with respect to these skills. This
approach contrasts with the standard classification problem (Mingers & O'Brien, 1995), where
teams are formed based on grouping similar individuals. Beyond the assignment of individuals
to teams, we extend the EPP approach to include the assignment of tasks to teams as well,
aiming to achieve balance in task assignments. According to definition of the problem at hand,
we have individuals with specific skills and experience, as well as tasks that have required skill
levels and completion time. In this context, the aim is to create balanced teams in terms of both
individuals and tasks for which reason, we consider three components in the balanced
assignments as follows: (i) For each attribute (e.g. programming skill, foreign language skill
etc.), the minimization of the total deviation between the total attribute scores of individuals in
the teams and the average attribute score per team, (ii) For each team, the minimization of the
total deviation between the total task duration and average task duration per team, (iii) For each
attribute and team, the minimization of the total deviation between the average score of
individuals and the average required skill levels. Additionally, we assign the most experienced
individuals to different teams in order to maximize the benefits derived from their expertise
(Mingers & O'Brien, 1995). Considering that organizations may prioritize different
components, the three components addressed in this paper are treated as separate objective
functions. To this end, a three-phase approach is employed. In the first phase, the first deviation
is minimized and treated as a constraint in the second phase in which the second deviation is
minimized. Finally, the result obtained in the second phase is treated as a constraint in the third
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phase in which the third deviation is minimized. In accordance with this purpose, we formulated
the problem as a Mixed Integer Linear Programming (MILP) model based on goal
programming technique. In what follows, we list the scientific contributions of our study: (i)
To the best of the authors' knowledge, individuals with skills and expertise, tasks with required
skill levels and completion times and EPP approach are considered simultaneously for the first
time, (i1) A mathematical model with three-phases is presented which is designed to address the
varying needs and priorities of organizations operating in the project-based work sector, (iii) A
comprehensive dataset specifically designed to address the problem at hand is generated.

The remainder of this paper is organized as follows. Section 2 reviews the studies regarding
EPP approach as well as creating balanced teams. In section 3, we provide the definition of the
problem at hand and present the MILP model. Experimental results of the problem are given in
Section 4. Finally, Section 5 concludes the paper with a summary and future research directions.

2. Literature Review

There are several factors critical to the creation and successful execution of project-based work
teams, including: skills of individuals, the capabilities of teams to effectively fulfill the assigned
tasks and workload balance (Rahmanniyay & Yu, 2019; Li & Shan, 2010; Wei et al., 2013).
Regarding these issues, Askin and Huang (2001) proposed a mixed-integer goal programming
model for the team formation problem, considering individual-task compatibility with the
objective of minimizing training costs. Baykasoglu et al. (2007) addressed the time and budget
constraints in project team formation, proposing a fuzzy optimization model and a simulated
annealing algorithm. Related to the Team Formation Problem, Fathian et al. (2017) studied the
formation of teams with individuals having specific skills, while introducing a novel
optimization model aimed at minimizing the probability of team members leaving the project.
Rahmanniyay et al. (2019) addressed the project team formation problem by proposing a
general and multi-objective stochastic model that simultaneously considers the competencies
of team members and associated costs. Holmberg (2019) explored the team formation problem
for student groups, which shares similarities with project team formation in terms of problem
inputs, outputs, and solution approaches. Regarding students, Cavdur et al. (2019) proposed a
two-stage approach based on goal programming for the student team formation problem in
which assignment of students and academic advisors are conducted in the first and second
stages, respectively. For a similar problem, Cavdur et al. (2020) developed a decision support
system. Similarly, Tabansiz et al. (2023) examined the student-project allocation problem in
which students and projects are assigned to multiple teams using the goal programming as in
this paper. In another similar approach, Das et al. (2022) proposed a goal programming model
based on multi-objective set partitioning for the team formation problem where they ensured
that teams include individuals with required skills. There are also extensions of team formation
problems, such as Multiple Team Formation Problem which is studied by Gutiérrez et al. (2016)
where individuals, categorized based on specific skills, are assigned to teams and projects and
they employed variable neighborhood search and local search algorithms to enhance the
efficiency of multidisciplinary teams. Another extension, Quality Team Formation Problem
was addressed by Huang et al. (2017) in which the maximization of the team score is considered
by taking individual skills and working hours into account.

4TH INTERNATIONAL CONFERENCE ON DIGITAL INDUSTRY AND ENGINEERING APPLICATIONS 13-14 NOVEMBER 2025 KONYA



E:"E: INTERNATIONAL CONFERENCE ON DIGITAL INDUSTRY AND ENGINEERING APPLICATONS
- ICODIA 2025

Regarding another crucial factor in project-based work teams, i.e., creating balanced teams,
Desrosiers et al. (2005) employed a variable neighborhood search algorithm to create balanced
team designs so that the teams provide good representation of the population, whereas van de
Water and Bukman (2010) first defined team roles and then executed the team formation
considering different role types for individuals. Rubin and Bai (2015) aimed to form teams
which are as similar as possible in terms of both quantitative and qualitative characteristics,
proposing a MILP model and developing a genetic algorithm. Similarly, Solow et al. (2020)
introduced the Team Balancing Problem where groups are balanced across a variety of
attributes and presented heuristic methods. Another crucial factor in the balanced formation of
teams is the task assignment phase. Regarding this factor, Shen et al. (2003) considered the
relationship among tasks, skill requirements for the relevant task, capabilities of the individuals
and social relationships among the workers. Wei et al. (2013) proposed an approach to assess
the imbalance between project teams prior to project initiation, thereby enhancing the likelihood
of project success. Similarly, Hosseini and Akhavan (2017) focused on maximizing information
sharing among individuals, minimizing project costs, and optimizing workload balance for
project team selection, introducing a non-dominated sorting genetic algorithm II (NSGA-II) to
achieve these objectives.

Although there are several studies focusing on the assignment of individuals to project teams
based on skills and task allocation to ensure workload balance, the problem addressed in this
study is unique in that it simultaneously incorporates three key elements: assigning individuals
to teams based on their skills and experiences, balancing task allocation in terms of durations,
and consideration of the required skill levels for tasks. To this end, the Equitable Partitioning
Problem approach, based on the goal programming technique, is employed, and a novel MILP
model is introduced which can address the needs of organizations with varying priorities.

3. Problem Definition

The Equitable Partitioning Problem which is the basis of our mathematical model was
introduced as a variant of assignment problems (O'brien & Mingers, 1997; Mingers & O'Brien,
1995) and it focuses on allocating individuals into teams considering specific attributes of
individual so that the teams are formed as equal as possible. Mingers and O'Brien (1995) noted
that the EPP can also be implemented for the equitable allocation of tasks among teams who
also developed the mathematical model for the EPP utilizing the goal programming technique
(Charnes et al., 1955; Charnes & Cooper, 1957; Lee, 1972; Ignizio, 1976). According to their
problem definition, a set of individuals who are defined by a set of attributes are assigned to
teams and for each team and attribute, sum of the deviations is minimized.

The problem under study can be formally defined as follows. There exists n individuals—each
ij— and k attributes. Parameter
e; 1s 1 if individual i is one of the most experienced ones, 0 otherwise. While each individual

individual i is characterized by attribute j and attribute score s

is assigned to a team t—each consists of s individuals—, each of the most experienced
individuals is assigned to different teams to enhance the advantages gained from their expertise
(Mingers & O'Brien, 1995) ensuring that their total number equals the number of teams i.e., m.
While another parameter m; is 1 if individual i is male, 0 otherwise, there is another constraint
concerns maintaining the female-to-male ratio within the teams. To preserve this ratio as closely
as possible in each team, the minimum and maximum number of males per team are determined
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through a pre-processing step (denoted as ['and u’, respectively) and the corresponding
constraint is incorporated into the mathematical model. Regarding the tasks, a total of d tasks
exist each of which is assigned to team where each team consists of t’ tasks. For each task g,
there is an associated completion time ¢y and score requirement s, ; for each attribute j. The
last parameters is a’ which is the average task duration per team.

Decision variables x;; take value 1 if individual i is assigned to team t and 0 otherwise. In
addition, decision variables z,, take value 1 if task g is allocated to team t and 0 otherwise. As
stated before, there are three types of deviations. First, for each attribute, the deviation between
the total attribute scores of individuals in the teams and the average attribute score per team.

Positive and negative deviation values are traced by decision variables dt+jl and dt_jl,

respectively. Second, for each team, the deviation between the total task duration and average
task duration per team. These deviations are traced by decision variables df? and d; 2. Third
and the last, both for each attribute and for each team, the deviation between the average score
of individuals and the average required skill levels. To this end, decision variables d;rj3 and dt_j3
are utilized to trace the third type of deviation. Finally, the total of first, second and third types
of deviations are traced by decision variables ¢, ¢, and c3, respectively. To this end the MILP
model developed for the problem at hand is as follows.

MinZ, = ¢ (1) | ZhaCraesi)  Sg=alzgesy) 4z, o3 _ o (G=1,...,k)
MinZ, = c, ) s v def +dij =0y Ty 13)
Min Z3 = C3 (3) _
s =1 0 =1 Z;'c=1(d:jl + dtjl) =g (14)
n oIy — gl -1 _ Zi=15ij = by
LiaCusy) = 4 +d = =7 g m B gn@r+a) <o (15)
Xityxie =1 (=1..n) (5| ¥m, ¥k (df} +di) < (16)
Zn=1xit =S (t= 'm) (6) i=1, ...k
’ mSpy dngy <z, I TR g
T e =1 t=1..m) (7) ¢=1m)
m j—
Yiiixemp = (t=1,...m) (8) Liza(dp2 + dn2e) < 2 t=1..m (18)
i=1,...,n
L xeml < u (t=1,...m) (9) i xi €{0,1} ((t -1 m)) (19)
Yit1Zge =1 (g=1,...d) (10) =
t=14gt 200 € (0,1} (g=1,...,d) (20)
gt t=1,...,m)
Yz =t (t=1,...m) (11)
_ _ _ G=1,...k)
Zzzl(thCé) - dg—z + dt_z = a’ (t = 1, .,m) (12) d;fl'dtfl'dg-zldt Zrd:—j3rdtj3rcerZlc3 20 (t — 1' ,m) (21)

Eq.s (1-3) represent the objective functions as the minimization of the first, second and third
type of deviations, respectively. Eq. (4) is used to calculate the decision variables related to the
first type of deviation. Assignment of each individual to exactly one team is guaranteed by Eq.
(5). Eq. (6) ensures that each team consists of s individuals. Assignment of each of the most
experienced individuals to different teams is guaranteed by Eq. (7). Eq.s (8-9) ensure that the
minimum and maximum number of males in each team are met, respectively. Assignment of
each task to exactly one team is ensured by Eq. (10). Eq. (11) guarantees that each team consists
of t’ tasks. Eq.s (12-13) are used to calculate the decision variables related to second and third
type of deviations, respectively. The total of the first type of deviations i.e., ¢y, the total of the
second type of deviations i.e., ¢, and the total of the third type of deviations i.e., c3 are
determined by Eq.s (14-16), respectively. While Eq. (17) is used in the second and in the third
phases to preserve the solution of the first phase, Eq. (18) is used in the third phase of the
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solution procedure to preserve the solution of the second phase. Eq.s (19-21) ensures the binary
constraint and nonnegativity of the decision variables.

Since the solution procedure consists of three phases, the objective function and the constraints
addressed in each phase change accordingly. As stated before, the first phase is related to
balancing the attribute scores of individuals. So, Eq. (1) is used as the objective function and
Eq.s (4-9, 14, 19, 21) are used as constraints in the first phase. After solving the first phase and
finding the value of first objective function, it is included in the second phase as a constraint
via Eq. (17). In addition, since the second phase is related to balancing the workload in terms
of task duration, Eq. (2) is used as objective function and Eq.s (10-12, 15, 20) are added as
constraints into the model, and the second phase is solved. Finally, the value of the second
objective function is added into third phase as a constraint via Eq. (18). Finally, since the third
phase is related to balancing the required skill levels, Eq. (3) is used as objective function and
Eq.s (13, 16) are added as constraints into the model, and the third phase of the model is solved.
To provide an illustrative example, let us consider a scenario in which 9 individuals and 9 tasks
are to be assigned to 3 teams. Each individual has three attributes (e.g., programming, foreign
language, and mathematics skills). Supposing that while the individuals' attribute scores and
the required skill levels for completing the tasks range between 5 and 10 units, task durations
range between 10 and 15 units. (i) According to the first type of deviation: Assume that the total
score of the 9 individuals for the third attribute is 63 units which is 21 units per team. If the
total score of individuals in the first team for the third attribute is 24 units, then considering
equality 24 —df} + di3 = 21, we can conclude that df = 3. (ii) According to the second
type of deviation: Assume that the total duration required to complete all tasks is 108 units
which is 36 units per team. If the total duration of tasks assigned to the third team is 32 units,
then considering equality 32— di? + d3? = 36, we can conclude that d3? = 4. (iii)
According to the third type of deviation: Assume that the total score of individuals in the second
team for the second attribute is 27, resulting in an average of 9. If the sum of the score of
required skill levels for the tasks assigned to the second team is 24 which is 8 on average, then
considering equality 9 — 8 — d3; + d;; = 0, we can conclude that d3; = 1.

4. Experimental Results

This section presents the experimental results concerning the problem at hand. Experiments are
conducted using the dataset specifically generated for the problem. Dataset is comprised of
instances with 24-36 individuals and tasks and 4-6 teams and attributes. In this case, the number
of individuals in the teams varies between 4 and 9 which is consistent with common practices
in the literature (Cavdur et al., 2019; van de Water & Bukman, 2010). Experiments were
performed on a computer equipped with an Intel(R) Core(TM) 15-5200U 2.20GHz, 8 GB of
RAM, and the CPLEX solver within the GAMS package with the time total limit of 7200
seconds with each phase having a time limit of 2400 seconds. We first solved the problem 24b-
24g-4t-40 in which “24b”, “24g”, “4t” and “40” represent the 24 individuals, 24 tasks, 4 teams
and 4 attributes, respectively, and then, we conduct additional experiments by increasing the
number of individuals, tasks, teams and attributes. In each instance, the number of the most
experienced individuals is equal to the number of teams. Regarding the problem 24b-24g-4t-
4o, we solved 10 instances and presented the results in Table 1 which includes the values of ¢4,
¢, and c3 as well as solution time (in second) of each phase with columns CPU;, CPU, and
CPUs,, respectively. An analysis of Table 1 shows that optimality is guaranteed in 9 out of 10
instances and the time limit is reached only in the second phase of instance 4.
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Table 1. Experimental results of problem 24b-24g-4t-40
Instances 1 () C3 CPU4 cPU, CPU,
1 20.50 0.00 16.33 3.36 2.70 13.27
2 18.00 2.00 13.83 4.61 1.42 7.05
3 20.50 2.00 13.50 6.31 1.95 29.92
4 21.00 2.00 14.67 4.64 2400.00 8.64
5 21.00 1.50 20.00 3.33 58.00 5.09
6 24.00 0.00 13.33 7.08 3.80 13.80
7 21.50 2.00 29.00 6.27 3.50 8.59
8 21.50 1.50 25.50 6.58 7.59 6.23
9 18.00 0.00 26.33 4.97 0.48 541
10 19.00 2.00 25.67 2.08 636.50 3.81

To explore the limitation of the mathematical model, additional problems 36b-24g-4t-40, 24b-
36g-4t-40, 24b-24g-6t-40, and 24b-24g-4t-60 are generated by increasing the number of
individuals, tasks, teams, and attributes, respectively, by a factor of 1.5. A total of 40 instances
were solved, with 10 instances per problem, and the average results are presented in Table 2
which includes ¢4, c,, c3 values and total CPU time (in seconds). According to the results, the
number of experiments in which the optimality is guaranteed for the problems provided in Table
2are 1,5,9, and 5, respectively which corresponds to half of all the experiments. Based on the
results, it is observed that increasing the number of individuals raises the problem's complexity
more significantly compared to others.

Table 2. Average results for the related problems
Problems 1 Cy C3 CPU

36b-24g-4t-40 29.70 1.75 96.67 3518.04
24b-36g-4t-40 104.40 0.80 91.08 1232.63
24b-24g-6t-40 247.87 1.74 203.28 1152.65
24b-24g-4t-60 265.45 1.35 165.65 1886.65

In addition, to observe the effect of prioritizing deviations, we also solved the problems given
in Table 2 using a model where all deviations are combined into a single objective function
which means there is no priority of any deviation over another one, i.e., MinZ = ¢; + ¢, + c3.
Constraints are determined as the Eq.s (4-21) given in Section 3, except for Eq.s (17-18). The
results are presented in Table 3. According to the results, the number of experiments in which
the optimality is guaranteed for the problems provided in Table 3 are 9, 5, 10, and 10,
respectively. Upon examining all the results, it is observed that when the model presented in
Section 3 (results of which are provided in Table 2), which prioritizes deviations, is used,
improvements in either c¢;, ¢, or both are achieved in 14 out of 40 experiments, compared to
the single-objective model where no priority is assigned among deviations. This indicates that
in more than one-third of the experiments, better results can be obtained for the relevant
deviations when the prioritization among them is considered.

Table 3. Average results of the model with the single objective function for the related problems

Problems cq Cy C3 CPU
36b-24g-4t-40 29.75 2.45 95.05 3177.11
24b-36g-4t-40 104.40 0.80 91.08 3666.75
24b-24g-6t-40 247.97 4.23 178.53 1904.04
24b-24g-4t-60 265.45 2.30 163.88 296.57
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5. Conclusions

In this study, a problem based on Equitable Partitioning Problem which is addressing the
assignment of individuals and tasks to project-based teams is examined, with the aim of
achieving balance within these teams across various factors. The balancing criteria considered
in the problem include, first, the balanced assignment of individuals based on their attribute
scores (such as programming skill, language skills etc.); second, the balanced assignment of
task durations; and third, the balanced assignment of required skill levels for tasks. To this end,
a three-stage Mixed Integer Linear Programming model based on the goal programming
technique is developed, aiming to minimize the deviations with respect to the aforementioned
factors. In the first stage, the first type of deviation is minimized; the result is then added to the
model as a constraint in the second stage, where the second type of deviation is minimized.
Finally, the outcome of the second phase is added to the model again as a constraint for the
minimization of the third type of deviation. Here, the purpose is to construct a framework that
can meet the needs of organizations with varying priorities and requirements.

We conducted computational experiments depending on the randomly generated instances. We
first solved the 10 instances of problem 24b-24g-4t-40 (24 individuals, 24 tasks, 4 teams and 4
attributes). Later, to investigate the limitations of the model, we generated four additional
problems by increasing the number of individuals, tasks, teams and attributes by 1.5 times,
respectively and solved 10 instances for each. While an optimal solution was obtained for 90%
of the instances of problem 24b-24g-4t-40, an optimal solution was obtained for 50% of the
instances of problems where the number of individuals, tasks, teams and attributes are
increased. It was observed that the problem complexity increases more significantly,
particularly when the number of individuals increases. We also solved the related problems
with a model in which deviations are not prioritized and observed that in more than one-third
of the experiments, better results can be obtained for the first two deviations when the deviations
are prioritized compared to the model with single objective function. This demonstrates that the
proposed three-stage problem formulation provides a flexible structure and is capable of
addressing the varying needs and priority preferences of organizations.

Although the size of the addressed problems appears to correspond to those encountered in
many real-world sectors (software development, education, marketing etc.), it is evident that
for more complex and larger-scale organizational settings, the development of heuristic or
metaheuristic algorithms, is necessary. To this end, while the mathematical models and
experimental studies presented in this paper can provide contribution both theoretically and
practically, we can list some of the future directions as follows: (i) Teams can vary in size and
task allocation, given that neither team balance nor workload distribution is adversely affected,
(i1) Mathematical models tailored to organizations prioritizing different types of deviations can
be proposed, (ii1) The models can be extended to include cost optimization by considering costs
related to projects or personnel.
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ABSTRACT KEYWORDS

e Anomaly detection
In this study, a novel machine learning-based framework for e Deep Learning
intrusion detection is proposed by merging two real-world e Intrusion Detection
network datasets to simulate diverse cybersecurity threat System (IDS)
scenarios. The methodology combines supervised, unsupervised, e Machine learning
and deep learning approaches to classify and detect network e Supervised and
anomalies effectively. Supervised models such as LightGBM, Unsupervised
Random Forest, and Gradient Boosting were trained and algorithms.

evaluated wusing standard classification metrics, while
unsupervised methods including Isolation Forest, K-Means, and
DBSCAN were applied for anomaly detection without labelled
data. Also, ML models just like SVM and DL models such as
CNN and LSTM were used to further enhance detection
capabilities. The results show that LightGBM achieved the
highest overall accuracy (92.5%), while Isolation Forest
performed best in detecting attack patterns (53.9% recall). A
visual analytics dashboard was developed using Power BI to
provide deeper insights into user behaviour, protocol usage, and
model predictions. The study highlights the trade-offs between
model sensitivity and false positive rates and provides a
comprehensive comparison of techniques suitable for real-time
intrusion detection applications
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1. Introduction

According to recent data on internet usage (Ani Petrosyan - Statista, 2025), cyberattacks are becoming
increasingly aggressive and targeted. This trend is further amplified by the integration of artificial intelligence,
which automates complex processes and enhances the sophistication of attacks (S. A. Repalle, V. R. Kolluru,
2017). Conversely, the human element - often considered the weakest link in cybersecurity—tends to delegate
less responsibility to automated systems. This results in more intricate workflows, where certain decisions are

intentionally routed for human approval, reinforcing a system-to-system interaction model. Systems are
designed to monitor and analyze user activity and behavior in order to make informed decisions based on
the collected data.

These actions, while offering valuable insights into user patterns and characteristics, can also pose significant
security and privacy risks if not properly managed. By applying both standard algorithms (Yasmeen S.
Almutairi et al., 2022), and advanced machine learning techniques (Othman et al., 2018), the internal
functioning of the system can be better understood. Such analysis enables the identification of system strengths
and vulnerabilities, facilitating targeted improvements. Consequently, this process contributes to enhancing
the system’s overall effectiveness beyond its initial state. This paper presents a coherent and effective approach
by leveraging a combination of supervised and unsupervised learning algorithms. The proposed methodology
is designed to be suitable not only for systems with pre-existing behavioral data, but also for those requiring real-
time detection of anomalous behavior (P. Sangkatsanee et al., 2011). The core idea lies in leveraging specific
machine learning algorithms (Kaushik, S., Bhardwaj, A., Almogren, A. et al., 2025), to analyze available data
in a manner that effectively distinguishes abnormal system behavior, such as potential intrusions from
legitimate user activities that reflect normal system usage. The model is further designed to identify such
behaviors in real time, aiming to minimize operational errors as much as possible.

This paper is structured as follows: Section 2 outlines the methodology, beginning with data collection,
followed by preprocessing, and concluding with the application of relevant algorithms. Section 3
examines the connection between existing theoretical frameworks and the current study, identifying key
research gaps. Section 4 presents the experimental results, accompanied by analysis and discussion.
Finally, Section 5 offers a summary of the study, highlighting the main conclusions and outlining directions

for future research.

2. Methodology

The paper follow a strict line up of combining two datasets from Kaggle which are not
preprocessed and are not tested as one dataset before of our case, so this is the first time.

The datasets we used are “Intrusion Detection

Dataset” [https://www.kaggle.com/datasets/dnkumars/cybersecurity-intrusion-detection-
dataset/data], and “Network Traffic Dataset” [https:/www.kaggle.com/datasets/
mohdzia356/network-traffic-data-for-intrusion-detection], where the aim of this merging of
datasets is if selected machine learning algorithms will be able to detect cyber threats and
attacks, even in real time cases, after we train this model. This means that it could be used in
real world scenario to differ in any case if it is a threat for the company and the system, they
provide their services, or it is a normal activity of their clients.

To achieve the objective of this study, we selected several machine learning algorithms based
on the nature of the data contained in the dataset. We applied both supervised and
unsupervised learning techniques to enable performance comparison and determine which
algorithms deliver better results. For supervised learning, we used Random Forest,
Gradient Boosting, and LightGBM. For each algorithm, we presented results using a
confusion matrix and quantitative
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metrics such as Accuracy, F1-Score, ROC AUC, Precision, and Recall. These results helped
assess each model’s ability to identify between “normal” and “attack” data. These algorithms
were chosen because they perform well on high-dimensional tabular data, naturally handle both
numerical and categorical features, and capture non-linear patterns. Some key reasons for
choosing them include Random Forest is robust to overfitting and provides insight into feature
importance. Gradient Boosting offers high accuracy and can focus on hard-to-classify
instances. LightGBM is fast on large datasets and supports categorical features natively. For
unsupervised learning, we implemented Isolation Forest, K-Means Clustering, and DBSCAN.
We evaluated these using the same metrics: confusion matrix, accuracy, F1-score, ROC AUC,
precision, and recall. These methods are useful for anomaly detection without relying on labeled
data. Meanwhile these algorithms we have selected are Isolation Forest efficiently detects
outliers using a tree-based method. K-Means helps by creating binary groupings of traffic
behavior.

DBSCAN identifies dense clusters and considers sparse data points as anomalies. All of them
are fit and we have judged that it may give us good results for our proposed model and generate
information when and how to identify unusual patterns in the network traffic independently. To
improve accuracy and explore more advanced results, we also applied machine learning models
like SVM and deep learning models such as CNN and LSTM. Their results were presented
using metrics like Accuracy, Precision, Recall and F1-Score. For Autoencoders, results were
based on training and validation loss, since they detect anomalies by measuring reconstruction
error rather than using standard classification metrics.

By combining supervised, unsupervised, and deep learning approaches, we conducted a
comprehensive evaluation of intrusion detection methods. This allowed us to compare strengths
and weaknesses across different techniques, ensuring a robust analysis of cybersecurity threats.
Initially, we worked with two separate datasets: the intrusion detection dataset (11 columns,
9,537 rows) and the network traffic dataset (9 columns, 2,000 rows). To obtain a larger and
more balanced training set, we applied several preprocessing and augmentation steps. First,
categorical attributes such as protocol type and traffic labels were encoded numerically, while
numerical attributes (e.g., session duration, byte count, failed logins) were normalized using
scaling techniques (StandardScaler and RobustScaler). Missing values were handled through
imputation, and duplicate records were removed.

Since the original datasets contained relatively few rows, we applied data augmentation to
synthetically expand the training set. In particular, oversampling methods such as SMOTE were
applied to generate new minority-class attack records, ensuring class balance. Additionally,
controlled bootstrapping and resampling were used to create varied network traffic patterns
while preserving statistical distributions of key features. After merging both datasets and
applying these augmentation techniques, we obtained a balanced dataset with approximately
90,000 rows and 20 columns, capturing a wide range of attack behaviors and normal traffic
flows (as shown in Table 1).

Table 1. Dataset size for training part.

‘ Total Entries 90000

4TH INTERNATIONAL CONFERENCE ON DIGITAL INDUSTRY AND ENGINEERING APPLICATIONS 13-14 NOVEMBER 2025 KONYA



ﬁ INTERNATIONAL CONFERENCE ON DIGITAL INDUSTRY AND ENGINEERING APPLICATONS

- ICODIA 2025
Total Columns 20
Memory Usage 13.7+ MB

Table 2 below describes the attributes of the dataset selected for training. The dataset includes
various parameters related to the network and user behavior during a communication session.
Attributes such as Duration, session duration, and PacketCount provide information about the
duration and volume of traffic, while Protocol, protocol type, SourcelP, and DestinationIP
identify the type of protocol and offer details about the communication. Features that help
identify questionable behavior are also included, such as login attempts, ip_reputation_score,
and encryption_used. The Label and attack detected columns serve to classify sessions as either
normal or attcak, which has supported the application of machine learning models to achieve
the main objective of this work — detecting attacks and activities within the dataset.

Table 2. Attribute descriptions of the combined network traffic dataset.

Column Name Description

Duration Total duration of the session in seconds.

Protocol Network protocol used (e.g., TCP, UDP, ICMP).
SourcelP IP address of the sender.

DestinationlP IP address of the receiver.

SourcePort Port number of the sender.

DestinationPort Port number of the receiver.

PacketCount Number of packets exchanged in the session.

ByteCount Total number of bytes exchanged.

Label Classification label indicating normal or attack activity.
session_id Unique identifier for each session (e.g., SID 00001).
network _packet size Size of network packets in bytes.

protocol _type Communication protocol used (e.g., TCP, UDP, ICMP).
login_attempts Number of login attempts during the session.
session_duration Length of the session in seconds.

encryption_used Type of encryption used (AES, DES, or None).
ip_reputation_score Score between 0 and 1 indicating how suspicious the IP is.
failed logins Number of failed login attempts.

browser type Browser used for the session (e.g., Edge, Firefox).
unusual time access Binary flag (0 or 1) indicates unusual access time.
attack_detected Target variable: 1 means an attack was detected, 0 means normal activity.

Before training the machine learning models, data preprocessing was performed to ensure quality of
data. Data preprocessing included handling missing values (none were found), identifying and removing
outliers, and normalizing skewed numerical features such as session_duration, failed logins, and
ip_reputation_score. After confirming that no missing values were present, we took a further step to
detect outliers, as previously mentioned. Based on the figures, no outliers were found in some columns.
However, for the columns where outliers were detected, we applied skewness analysis. Several features
get right-skewed distributions, particularly session_duration and failed logins. To address this, we used
data transformation techniques to reduce skewness and bring the data distribution closer to normal.

Table 3. Identified outliers per feature from the dataset.

Feature Outliers Detected
Duration
SourcePort
DestinationPort
PacketCount
ByteCount

SIS DS
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Network_packet size | 390
Login _attempts 1,907
Session_duration 4,071
IP _reputation score | 198
Failed logins 3,076
Unusual time access | 13,558
Attack_detected 0

As we mentioned above, the goal of this training dataset is to detect attacks and activities within
the dataset. If there is not approximately equal representation of each class in a dataset, it is
considered imbalanced. Predictive accuracy is commonly used to assess the effectiveness of
machine learning algorithms. When the data is imbalanced and the costs of various errors differ
significantly, this is inappropriate, as the same method is applied by (Nitesh V Chawla et al.,
2002). The Synthetic Minority Over-sampling Technique (SMOTE) is used to perform
classification on imbalanced datasets. This classification technique creates new instances of the
minority class to balance a dataset by re-sampling the instances of the minority class (Qiong
Gu et al., 2016). After examining the dataset, we decided to focus on the Label column, which
indicates whether each data entry is an “Attack” or “Normal” activity. This column is important
for achieving our main goal - detecting attacks. Although the raw dataset initially contained
approximately 90,000 rows, not all of these were usable. During preprocessing, rows with
missing values, duplicates, and strong outliers were removed to improve data quality. After this
cleaning phase, the usable dataset contained 59,877 rows, with 31,803 attack entries and 28,074
normal entries. To address this class imbalance, SMOTE oversampling was applied, increasing
the minority (normal) class to 31,803. This yielded a balanced dataset of 63,606 rows for
training and evaluation as has been shown in Table. 4.

Table 4. Results after SMOTE algorithm application.

Label Count_Before | Count_After
Attack 31803 31803
Normal 28074 31803

The dataset was first preprocessed and then split into training and testing subsets, ensuring that the same split
was used consistently across all models for a fair comparison. This means every model was trained on the
same training data and evaluated on the same testing data, eliminating randomness in dataset partitioning as
a potential source of variation. Techniques such as SMOTE were applied only on the training data to balance
the distribution of attack and normal instances, while the testing data remained untouched to preserve real-
world conditions. As a summary of the methodology, we focused on preparing the dataset, including
detecting outliers and fixing imbalanced data. This approach resulted in a dataset that performs well with
machine learning models, and we achieved good results. These results will be described below in more detail,
explaining the performance of each machine learning algorithm used.

3. Related work

This research (T.Saranya et al., 2020), examines various ML algorithms—such as Linear
Discriminant Analysis (LDA), Classification and Regression Trees (CART), and Random
Forest—used in IDS across a range of environments, including [oT, fog computing, big data,
smart cities, and 5G networks. Experiments conducted using the KDD-CUP (KDD’99) dataset
demonstrate that detection accuracy, false positive rates, and overall performance depend not
only on the choice of algorithm but also on the specific context in which IDS is applied. The

4TH INTERNATIONAL CONFERENCE ON DIGITAL INDUSTRY AND ENGINEERING APPLICATIONS 13-14 NOVEMBER 2025 KONYA



&1 INTERNATIONAL CONFERENCE ON DIGITAL INDUSTRY AND ENGINEERING APPLICATONS

E\:S'“ ICODIA 2025

study emphasizes the importance of tailoring IDS approaches to different environments and
suggests that future work will focus on applying ML algorithms to real-time datasets for more
adaptive and robust intrusion detection solutions.

Network intrusion has become a critical concern due to the rise in cyberattacks threatening
service availability and data privacy declare authors (M. N. Chowdhury and K. Ferens, M.
Ferens, 2016). This study proposes a hybrid machine learning approach to detect anomalies in
network traffic, combining two algorithms to improve accuracy and efficiency. The method
was evaluated using key metrics such as detection accuracy, false positive rate, false negative
rate, and response time. Results show a significant improvement, achieving a 98.76% detection
rate with minimal false positives (0.09%) and false negatives (1.15%), outperforming standard
SVM-based methods. The findings highlight the potential of intelligent models in enhancing
modern intrusion detection systems. Meanwhile, in research of (Cavusoglu, 2019), they
introduce a hybrid, layered Intrusion Detection System (IDS) that leverages tailored machine
learning techniques and two novel feature selection methods to enhance detection performance
across various attack types. Using the NSL-KDD dataset, the system significantly reduces
feature dimensions while maintaining high accuracy and low false positive rates. Each layer is
optimized with specific algorithms based on attack type, leading to strong results across metrics
like DR, TPR, F-Measure, and MCC. Notably, the system outperforms many existing
approaches in literature, particularly in challenging attack categories such as R2L and U2R.
Overall, it demonstrates a scalable and effective approach for intelligent network intrusion
detection.

Moreover, in this study (G. Logeswari, S. Bose and T. Anitha, 2023), it is presented a novel
Intrusion Detection System (HFS-LGBM IDS) tailored for Software Defined Networking
(SDN), addressing its increased vulnerability due to centralized control. The system integrates
a two-phase Hybrid Feature Selection method—combining Correlation-Based Feature
Selection and Random Forest Recursive Feature Elimination—to optimize the dataset. A
LightGBM classifier is then employed for accurate and efficient attack detection. Evaluated
using the NSL-KDD dataset and tested in a simulated SDN environment (Mininet), the
proposed model outperforms existing techniques in accuracy, precision, recall, and F-measure,
demonstrating its effectiveness for real-time network security. Authors in this paper (Naveen
Saran, Nishtha Kesswani, 2023), addresses the growing security challenges in IoT networks,
where traditional defenses fall short against sophisticated and multi-class intrusion attacks. To
tackle this, a multi-class Intrusion Detection System (IDS) just like the paper of authors
(Hongyu Liu and Bo Lang, 2019), is developed using various supervised Machine Learning
classifiers on the MQTT-IoT-IDS2020 dataset. The system is tested with algorithms like k-NN,
SVM, Naive Bayes, Random Forest, Decision Tree, and SGD, achieving accuracy rates as high
as 99.98%. Results show strong performance across all classifiers in detecting diverse attack
types. The study not only identifies effective models for IoT security but also opens pathways
for future enhancement using Swarm Optimization techniques.

According to authors (O. Faker, E. Dogdu, 2019), the study enhances intrusion detection
systems by integrating Big Data processing with Deep Learning techniques, using Apache
Spark for scalable computation. Three classifiers Deep Neural Networks (DNN), Random
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Forest, and Gradient Boosted Trees, were applied to the UNSW-NBI15 and CICIDS2017
datasets, with feature selection guided by a homogeneity metric. DNN achieved top accuracy
for multiclass detection (up to 99.57%), while GBT reached 99.99% accuracy in binary
classification. All experiments used 5-fold cross-validation to ensure robust evaluation. Future
work will focus on improving feature selection methods and analyzing system performance
across different distributed cluster configurations.

Also, the authors (S. A. Repalle, V. R. Kolluru, 2017), in this work proposes a secure, Al-driven
automated threat detection system that reduces analyst workload by continuously monitoring
network activity and responding dynamically to threats. It integrates a Virtual Analyst using
machine learning as well as (Biswas, 2018), and active learning mechanisms, allowing the
system to evolve over time with analyst feedback. The thesis also highlights the critical role of
high-quality, labeled datasets for effective intrusion detection. While K-Nearest Neighbors
showed strong performance, unsupervised algorithms required significant manual tuning.
Ultimately, the study emphasizes the importance of adaptive, data-driven models for building
efficient intrusion detection systems. While (M. Asif, S. Abbas, M.A. Khan et al., 2022) on the
other hand research introduces MR-IMID, a MapReduce-based intelligent intrusion detection
model that integrates machine learning, specifically Artificial Neural Networks (ANN), to
efficiently analyze large-scale network data. Designed for real-time intrusion detection in [oT
and expanding network environments, MR-IMID leverages parallel clustering and automated
feature tagging to detect and predict anomalies. It also stores intrusion patterns for future
reference, improving consistency. Experimental results on real datasets show strong
performance, with detection accuracy of 97.6% during training and 95.7% in validation -
surpassing prior models.

4. Results and discussions

As mentioned previously, the datasets we used for training and testing were unprocessed and
had not been used earlier. Based on the methodology we applied, our main focus was to
determine which of the algorithms best predicted the most common outcomes in our main
dataset. The results are not only focused on how these algorithms performed on our dataset in
the final evaluation, but also on how well our data adapted to each algorithm. We aimed to
present also which of category of algorithms supervised or unsupervised performed better.

4.1 Random Forest

As first supervised algorithm to train our data is selected Random Forest (T. Arora, M. Sharma
and S. K. Khatri, 2019), (A. H. Hoti et al., 2022), (Y. Y. Aung and M. M. Min, 2017), which
was trained using all 18 network traffic features. It was configured with 100 trees, Gini impurity
as the split criterion and a random state of 42 to ensure reproducibility. Getting to know more
about the algorithm is an ensemble learning method that constructs multiple decision trees
during training and outputs the class that is the mode of the classes(classification) or mean
predication of the individual trees. Due to its ability to reduce overfitting and provide high
accuracy even on complex datasets, it is ideal for network intrusion detection scenarios where
multiple input variables contribute to classification.
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Table 5: Performance of Random Forest.

Actual \ Predicted Normal Attack
Normal Traffic 9507 0
Attack Traffic 371 7,230

The model demonstrates exceptional performance for network intrusion detection. It shows a
perfect ability to identify normal network connections, correctly classifying all 9,507 benign
events with zero false alarms. More importantly, it exhibits a strong capability to detect
malicious attacks, successfully identifying 7,230 attacks (True Positives) while missing only
371 (False Negatives). This results in a very high sensitivity, indicating the model is highly
effective at identifying true threats.

Table 6: Performance metrics of Random Forest.

Metric Score
Accuracy 97.8%
Precision 100%
Recall 95.1%
F1-Score 97.5%
Specificity | 100%
Table 6 shows good results across all key performance metrics. The model achieves accepted
overall accuracy of 97.8%. Crucially, it maintains perfect precision and specificity of 100%,
meaning it never mistakenly labels normal traffic as an attack. The recall of 95.1% indicates it
detects the vast majority of actual attacks, and this is reflected in the strong F1-Score of 97.5%.

This balanced performance confirms the model is both reliable and effective for this task.

Random Forest Residuals Residual Distribution

—=- ZeroLine

Residuals

Figure 1: Error distribution (actual vs predicted values) for Random Forest predictions.

ROC Curve - Random Forest
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0.0 02 0.4 0.6 08 10
False Positive Rate

Figure 2: ROC Curve — Random Forest.
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Error distribution (actual vs predicted values) for Random Forest predictions helps to identify

if the model systematically over or/and underestimates attack probabilities as shown in Figure
1, meanwhile for ROC Curve figure is shown in Figure 2.

4.2 Gradient Boosting Classifier

This model use the same features and was fine-tuned with 100 boosting stages, a learning rate of 0.1,
early stopping after 10 rounds to avoid overfitting, and class weighting to address imbalanced attack
data. Gradient Boosting (Q. H. Vu, D. Ruta and L. Cen, 2019), (Reham Amin et al., 2023) builds models
sequentially attempts to correct the errors made by the previous one. It is especially effective for
imbalanced datasets as it can place more focus on harder-to-classify samples. However, it tends to be
more sensitive to parameter tuning and overfitting compared to Random Forest.

Table 7: Performance of Gradient Boosting.

Actual | Predicted | Normal Traffic | Attack Traffic
Normal Traffic 9,507 0
Attack Traffic 1,737 5,864

Table 8 : Performance metrics of Gradient Boosting Classifier

Metric | Score Interpretation
Accuracy | 90% Better balanced performance
Precision | 100% All predicted anomalies were correct

Recall |77.1%| Detected a large majority of all attacks

FI1-Score |87.1%|Strong balance between precision and recall
Specificity | 100% Perfect at identifying normal traffic

As shown in Table 7, this model shows very good performance. It demonstrates perfect
precision and specificity by correctly identifying all 9,507 normal traffic instances without any
false alarms. The model also shows strong attack detection capability, correctly identifying
5,864 attacks for a high recall of 77.1%. While it misses 1,737 attacks, the Gradient Boosting
method effectively balanced the learning process to significantly reduce bias toward the
majority class. The result is a powerful model with an excellent trade-off that maximizes threat
detection while completely avoiding false alarms.

Distri

Density
o ¢

Residuals

Figure 3: Residual plot for Gradient Boosting.
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ROC Curve - Gradient Boosting
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Figure 4: ROC Curve — Gradient Boosting.

The residual plot for the Gradient Boosting model, shown in Figure 3, with prediction errors
concentrated around zero, indicates good performance in classifying network intrusions.
Meanwhile, Figure 4 shows the ROC Curve for the GB algorithm.

4.3 LightGBM Classifier

Optimized for both speed and efficiency, this model use histogram-based learning with a
maximum depth of 5, L2 regularization (A = 0.1), and native categorical feature handling via
binning. It is known for faster training speed and lower memory usage, making it a strong
candidate for real-time or large-scale applications. Its ability to handle categorical variables
directly improves both performance and interpretability.

Table 8: Performance of LightGBM.

Actual \ Predicted | Normal Traffic | Attack Traffic
Normal Traffic 9,507 0
Attack Traffic 1,242 6,359

This model, powered by LightGBM [23], offers good performance among the tested models. It
achieves perfect precision and specificity (100%) by correctly identifying all 9,507 normal
traffic instances without a single false alarm. Furthermore, it demonstrates the highest
sensitivity (recall) of 83.7%, successfully detecting 6,359 out of 7,601 attacks. With only 1,242
attacks missed (false negatives), it strikes a superior balance between detecting threats and
maintaining operational efficiency by avoiding false alarms. This confirms its strong learning
capability from network data and its high suitability for real-time analysis.

Table 9: Metrics of LightGBM performance.

Metric Score Significance
Accuracy | 92.6% Highest overall correctness
F1-Score | 91.2% Excellent balance precision/recall
Precision | 100% | Allidentified anomalies were correct
Recall 83.7% Some anomalies were missed

This model shows excellent overall performance, with an accuracy of 92.6% and a near-perfect
F1-score of 91.2%. It achieves a perfect precision of 100%, meaning every instance it flagged
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as an attack was indeed malicious, resulting in zero false alarms. The recall of 83.7% is high,
indicating it successfully detects most true attacks. The combination of perfect precision and
high recall makes this the most effective model for this task.

ROC Curve - LightGBM

AUC = 0.9927

0.0 0.2 0.4 0.6 08 1.0
False Positive Rate

Figure 5 : ROC Curve - LightGBM

4.4 Isolation Forest

Trained only on normal traffic (y = 0), this model isolates anomalies based on a contamination
ratio of 29.6% (matching the real-world attack ratio), 100 trees, and automatic subsampling for
scalability. An anomaly threshold was set at -1 to classify outliers. Anomalies are more
susceptible to isolation and hence require fewer splits. This model is highly scalable and
effective in scenarios where labeled attack data is unavailable or incomplete.

Table 10: Performance of Isolation Forest.

Actual \ Predicted | Normal | Attack

Normal Traffic 5,381 4,126
Attack Traffic 3,742 3,859

This unsupervised model demonstrates a solid detection capability, identifying 50.8% of attacks
and correctly classifying 56.6% of normal traffic. While it outperforms supervised models in
detecting threats, it also produces a high false alarm rate (4,126 false positives) and misses
nearly half of the attacks as it is shown in Table 10. Despite these drawbacks, it highlights the
potential of anomaly-based detection in uncovering previously unseen threats.

Table 11: Metrics performance of Isolation Forest.

Metric Score Interpretation

Accuracy | 54.1% Baseline performance
Fl-Score | 49.6% | Balance between precision/recall
ROCAUC | 53.6% Moderate separation ability
Precision | 48.3% Many false positives present
Recall 50.8% | Half of actual anomalies detected

Model delivers baseline performance, with low accuracy 54.01% and a moderate F1-score
49.52%, indicating limited effectiveness in distinguishing anomalies. The ROC AUC of
53.69% shows only slight separation between classes. Precision 48.33% suggests a high
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number of false positives and recall 50.07% means only half of the actual anomalies were
detected, highlighting the need for significant improvement as it is shown in Table 11.

Isolation Forest Anomaly Scores

800 | o ——
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7 -
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Figure 6: Residual plot for Isolation Forest.
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Figure 7: ROC Curve — Isolation Forest

The anomaly score distribution shows most samples clustered near zero (normal traffic), with
clear outliers below -0.05 (potential attacks) and above 0.05 (suspicious activity) as it has been
shown in Figure 6. The bimodal distribution confirms effective separation between normal and
anomalous patterns shown in Figure 7 for ROC Curve for IF.

4.5 K-Means Clustering

Clustering was performed on 11 selected, scaled features. We used 2 clusters (normal vs
anomaly), and cluster labels were matched to true labels via majority voting. The Silhouette
Score was 0.162, indicating moderate separation. K-Means (N. A. Putri et al., 2017) is a classic
unsupervised clustering algorithm that assigns data into k groups by minimizing intra-cluster
variance. While basic, it serves as a quick baseline for unsupervised anomaly detection. Its
lower performance in this context highlights the complex nature of network traffic data and the
benefit of more sophisticated approaches.

Table 12: Performance of K-Means Clustering.

Actual \ Predicted Normal Attack

Normal Traffic 8,504 539
Attack Traffic 5,900 2,085

This model demonstrates strong performance in identifying normal traffic, with 94%
specificity, but struggles with detecting attacks, achieving only a 26.1% recall. It flagged 539
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normal events incorrectly and missed 5,900 actual attacks as it is shown in Table 9. This reflects
the common trade-off in unsupervised clustering, where minimizing false positives often comes
at the expense of effective threat detection.

Table 13: Metrics performance of K-Means Clustering.

Metric Score Interpretation

Accuracy | 62.2% | Moderate overall performance
F1-Score | 39.2% | Low precision-recall balance
ROC AUC | 60.0% Marginal separation ability
Precision 79.4% Few false positives
Recall 26.1% | Most actual anomalies missed

This model show in Table 10 moderate overall performance with 62.2% accuracy, but a low
F1-score 39.2% highlights poor balance between precision and recall. While it achieves high
precision 79.46%, indicating few false positives, its low recall 26.11% reveals it misses most
actual anomalies. The ROC AUC of 60% suggests only limited ability to separate normal from
malicious activity.

4.6 DBSCAN algorithm

DBSCAN (G. Dong et al., 2019) is a density-based clustering algorithm that groups together
closely packed points and marks points in low-density regions as outliers. It's particularly useful
for detecting clusters of varying shapes and sizes and is less sensitive to noise. In this analysis,
DBSCAN was evaluated for its ability to identify anomalies in network traffic data.

Table 14 : Performance of DBSCAN

Actually \ Predicted | Normal | Attack

Normal Traffic 302 9,205

Attack Traffic 115 7,486

Table 15: Metrics performance of DBSCAN.

Metric Score Interpretation
Accuracy | 45.8% Below baseline performance
FI-Score | 61.6% | Moderate precision-recall balance

ROC AUC | 50.8% Minimal separation ability
Precision | 44.9% High false positive rate
Recall 98.5% | Nearly all actual anomalies found

The model shown in Table 15 highlights overall accuracy at 45.8%, indicating limited general performance. Its
F1-score of 61.63% reflects a moderate balance between precision and recall. The ROC AUC of 50.83%, suggests
the model barely distinguishes between classes. While precision is low at 44.9%, indicating a high false positive
rate, the recall is very high at 98.5%, meaning the model successfully detects nearly all actual anomalies. This
trade-off highlights a tendency to favor detecting anomalies at the cost of many false alarms. The trade-off lies in
the availability of labelled data: supervised models require labelled attack data, while unsupervised models can
operate without labels, identifying outliers based on normal behaviour.

Table 16: Comparing best performed algorithms.
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Metric Supervised (LightGBM) | Unsupervised (Isolation Forest) | Difference
Accuracy 92.6% 54.1% +38.5%
Recall 83.7% 50.8% +32.9%
Specificity 100% 56.6% +43.4%
False Positive Rate 0% 43.4% -43.4%

As shown in Table 16, the supervised LightGBM model outperforms the unsupervised Isolation
Forest in overall accuracy (92.6% vs. 54.1%) and demonstrates perfect specificity for normal
traffic (100%), resulting in a false positive rate of 0%. However, the Isolation Forest detects a
lower proportion of attacks, achieving a recall of 50.8% compared to 83.7% for LightGBM.
This indicates that the supervised model is significantly better at identifying both normal traffic
and true attacks, while also completely avoiding false alarms. This contrast highlights the
superior effectiveness and reliability of the supervised approach for this specific network
intrusion detection task.

4.7 Discussing and analysis of machine learning algorithms

The chosen models span both supervised ensemble classifiers and unsupervised anomaly
detectors, reflecting the dual needs of intrusion detection. For supervised learning, Random
Forest, Gradient Boosting, and LightGBM were selected due to their strong performance on
high-dimensional tabular data and flexibility. They naturally handle mixed numeric/categorical
features and non-linear patterns. These supervised models suit the classification task (attack vs.
normal) and can be extended to regression (session duration prediction) by changing the
objective. Table 13 summarizes four machine learning models used for anomaly detection. It
includes SVM optimized via GridSearch; CNN, a Convolutional Neural Network designed for
feature extraction; LSTM, a Long Short-Term Memory network suited for sequential data.

Table 17: Performance of each algorithms.

Model | Accuracy Precision Recall F1-Score (Class | Specificity NPV
(Class 1) (Class 1) 1)

SVM 0.854 0.830 0.932 0.878 0.9320 0.830

CNN 0.9017 0.9619 0.75 0.8057 0.917 0.866

LSTM 0.900 0.99 0.78 0.87 0.987 0.843

The dataset consists of two classes: Class 0 for normal traffic and Class 1 for intrusion or
malicious activity. The table compares three models—SVM, CNN, and LSTM—in detecting
malicious activity (Class 1). LSTM achieves the highest overall accuracy at 90%, with strong
precision (0.99) and recall (0.78), indicating the best balance between detecting intrusions and
minimizing false alarms. CNN also performs well, with very high precision (0.9619) but
slightly lower recall (0.75). SVM shows balanced metrics, though its lower recall (0.932)
suggests it misses more attacks. These results highlight the relative strengths and limitations of
each model in intrusion detection.

4.8 Visual Analytics of Intrusion Detection with Power BI

This section provides a collection of insightful visualizations generated with Power BI, aimed
at analyzing attack detection patterns across multiple dimensions including protocol traffic,
browser usage, login behavior, and prediction probabilities. These charts and summaries help
evaluate the model’s performance, highlight potential detection gaps, and reveal behavioral
trends that support a more robust cybersecurity strategy.
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Count of Label by attack_detected Count of Label by Prediction

Figure 8: Model vs Reality.

Plots shown in Figure 8 visualizes actual attack detection results (left) vs. model prediction
(right) during training. The left plot shows 43.58% (37.28K) of traffic as malicious
(attack detected=1) and 56.42% (48.26K) as normal. The right plot shows the prediction made
by the model: 47.02% (40.22K) as attacks (Prediction=1) and 52.98% (45.32K) as normal. The
negligible difference (3.44% more predicted attacks than captured) shows the model might be
over-flagging risks or spotting patterns the initial detection platform has not noticed.

Count of attack_detected by Protocol_TCP Count of Label by Label
Label = Attack  Normal

206
Count of attack_detected

Count of attack_detected by Protocol_UDP Count of Label by attack_detected

attack _detected
o

48261
(56.42%)

Figure 9: Network Protocol Insights.

Our top protocol shows over 60,000 safe connections, with minimal threats detected, suggesting
strong protection shown in Figure 8. Surprisingly, UDP traffic mirrors this safe pattern, despite
its known vulnerabilities, indicating either excellent defense or potential blind spots. The
dataset has a nearly balanced 47% attack vs. 53% normal split—ideal for training ML models.
However, detection lags slightly: only 43.6% of attacks are flagged, leaving a 3.4% gap that
may indicate false negatives or mislabeling. On the other hand, the visualization shown in
Figure 9 explores user login behavior and its link to attack detection, using login attempts and
failed logins, split into Attack and Normal labels for comparison. Session Duration by Login
Attempts where the top chart shows that most sessions cluster around 3—5 login attempts for
both labels. However, attack sessions are more frequent with higher login attempts (6+), while
normal sessions decline, indicating a potential sign of brute-force or scripted activity.
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Figure 10: Login Analysis by Session Duration and Failed Logins.

Duration Count by Failed Logins - The bottom chart groups session durations by failed login
values. Most sessions occur at low failed login counts, but attack sessions are slightly higher
even at 0.0, suggesting that not all malicious actions involve failed logins. Higher failed login
values are rare but more often seen in attacks.

5. Conclusions

This research presents a comprehensive evaluation of various machine learning algorithms for
network intrusion detection using a unique, combined dataset. The results clearly demonstrate
that supervised learning models, particularly LightGBM, offer high accuracy and reliable
classification of normal network activity, making them highly effective for systems where
labeled data is available. However, unsupervised models such as Isolation Forest proved
valuable in detecting unknown or novel attack patterns, albeit at the cost of higher false
positives. Deep learning models like LSTM and CNN further contributed to offering balanced
performance, especially in capturing sequential patterns in data. The study underscores the
importance of data preprocessing, class balancing, and feature engineering in improving model
performance. Furthermore, the integration of Power BI visualizations added a practical
dimension by enabling interpretability and pattern discovery in real-time network
environments. By comparing multiple techniques across consistent metrics, this work lays a
strong foundation for developing hybrid intrusion detection systems that can adapt to both
labeled and unlabeled threat scenarios.

Future research will aim to expand on this work by incorporating real-time data streams to test
the models' capabilities in live environments. Another area of focus will be enhancing the
model’s sensitivity without compromising precision by integrating adaptive learning
mechanisms and continual training. The use of federated learning across decentralized data
sources is also a promising direction to maintain user privacy while strengthening detection
performance across distributed systems.
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ABSTRACT KEYWORDS

Object detection is one of the most important tasks in computer ¢ Degp learning
vision and remote sensing and is often accomplished using deep 4 Object Detection
learning algorithms. It has many application areas such as object  , voLQ
detection, autonomous vehicles, security system, medical

imaging, industrial automation and defense industry. As a result

of technological developments, it has increasingly more areas of

use. With the wide range of these usage areas and the recent

developments in deep learning algorithms, object detection

studies are becoming increasingly important. Performance

evaluation of rapidly developing algorithms on large data sets is

also becoming an important problem. Convolutional Neural

Networks (CNN) based algorithms are generally used to solve this

problem. In this study, the performances of YOLOv5n,

YOLOvV5s, YOLOv6n, YOLOv6s, YOLOv8n and YOLOvS8s

models, which are versions of YOLO, a CNN-based algorithm,

were analyzed using the military aircraft detection data set.

According to the mAP50, mAP50-95, precision and recall values

determined as performance metrics, the model that gave the best

results was the YOLOvS8s model. The fastest working models are

YOLOVS models.
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1. Introduction

Machine Learning (ML) is a subfield of Artificial Intelligence (AI) that focuses on the scientific
study of algorithms and statistical models designed to perform specific tasks without the need
for explicit instructions, and is commonly used in the field of data mining. In recent years,
Machine Learning has become increasingly significant for individuals working in areas such as
text mining, image classification, video recommendations, social network analysis, user-
oriented recommendation systems, and object detection through images and videos, as studies
in these fields continue to grow [1]. Consequently, the development of Deep Learning (DL)
algorithms, which form a subset of Machine Learning, has also accelerated. There has been a
rise in the number of deep learning algorithms frequently used in areas such as computer vision,
speech recognition, natural language processing, and medical image analysis. Particularly due
to advancements in the defense industry, object detection has become increasingly important.
The accurate and effective detection of an aircraft in an image brings various challenges, such
as the aircraft’s color, size, aspect ratio, orientation, and complex backgrounds [2].

Object detection is an important and challenging issue. Most traditional object detection
approaches use Haar-like detectors, and the use of these detectors leads to some problems such
as the learning process becoming more difficult when working with larger datasets or the
detection of false alarms [3]. The Gabor filter used in image feature extraction can be given as
input to the Support Vector Machine (SVM) algorithm and can be used to perform operations
such as recognizing complex patterns from image data. However, since the parameter selection
of the Gabor filter can vary depending on the application and image type, modern deep learning-
based algorithms are preferred for object detection. The optical flow method is also generally
not applicable in real-time systems due to its low computational efficiency [4]. Deep learning
algorithms are used to prevent this and similar problems. Features can be automatically
extracted from images using deep learning models. Various studies have been conducted in this
area due to the ability of CNN-based object detectors used for this purpose to automatically
detect objects [5]. Deep learning models based on CNNs fall into two categories: single-stage
detectors and two-stage detectors. Single-stage detectors perform detection directly using a
regression method and operate faster than two-stage detectors; however, their object detection
accuracy is lower compared to two-stage detectors. Models such as YOLO and RetinaNet can
be given as examples of single-stage detectors. Two-stage detectors such as R-CNN and Fast
R-CNN, on the other hand, offer higher object detection accuracy but operate more slowly in
terms of speed [6]. Convolutional Neural Networks (CNNs) demonstrate successful
performance in managing large amounts of data simultaneously, as well as providing enhanced
or optimized classification by considering the textural, spatial, and spectral features of images
[7]. In this way, issues encountered when using traditional algorithms, such as handling big data
and determining threshold values, are also minimized.

Performance criteria such as model speed and object detection accuracy for real-time object
detection are becoming increasingly important today. The YOLO algorithm [8], which has
recently become popular as a research topic in the academic field, stands as an important area
requiring further study to overcome the challenges encountered in traditional machine learning
algorithms and achieve both fast and accurate results.
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The YOLO model, which recently entered our lives, has undergone rapid development. This
development has been driven by recent technological advances in various fields, such as
autonomous driving [9], facial recognition [10], and target detection for military use. With the
increasing importance of real-time object detection, various models of the CNN-based YOLO
have emerged very quickly. In this article, I analyze the performance of different YOLO
versions: YOLOvVS5s, YOLOv6s, YOLOv8s, YOLOv5n, YOLOv6n, and YOLOvVS8n, using a
military aircraft dataset.

The overall contribution of the study is the performance evaluation of YOLO versions in the
detection of military aircraft and the classification of detected aircraft.

2. Literature Review

2.1. Traditional Methods

Traditional methods used for object detection in the past frequently included approaches such as
histogram-based methods [11], feature-based methods [12], local feature-based methods [13],
thresholding and region labeling [14], template matching [15], and object detection based on the
geometric information of target objects [16]. These methods do not possess an algorithm as well-
developed as the deep learning algorithms used in object detection today to define prior knowledge.
Algorithms created using these methods may lead to an unacceptable number of false positives,
especially in complex images. Machine learning algorithms such as SVM, K-Nearest Neighbors (KNN),
and AdaBoost can also be given as examples of traditional methods.

2.2. Deep Learning Based Methods

In recent years, due to the rapidly increasing number of object detection studies, the number of deep
learning algorithms has also grown in parallel. Some deep learning algorithms that yield more successful
results in object detection compared to traditional methods are as follows: R-CNN, Fast R-CNN, and
Faster R-CNN. These techniques, which use two-stage detectors, provide highly successful results in
object detection [17]. Methods such as SSD, RetinaNet, and EfficientNet can also be given as examples
of deep learning-based approaches. Single-stage methods transform the object detection task into a
simpler process by modeling detection as a regression problem. Since single-stage detectors consider
object detection as a regression problem, they are referred to as regression-based methods [18]. Two-
stage detectors, on the other hand, perform region-based object detection [19].

Since YOLO is a regression-based method, it treats object detection as a regression problem. It performs
object detection and classification tasks by analyzing the image in a single pass. This is a feature that
makes it faster than other methods and suitable for real-time applications. It divides the image into a
grid, and each grid cell predicts the probabilities of belonging to specific classes as well as the
coordinates of the bounding boxes of the objects [20].
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3. Materials and Methods

3.1  Methods Used In Object Detection

In this study, transfer learning was used to enable the model to learn more quickly and effectively, and
the s and n versions of the YOLOvVS, YOLOvV6, and YOLOVS series were compared with one another
for object detection. The YOLO series is a single-stage object detector that uses independent logistic
classifiers and generates multi-label bounding boxes. The first YOLO model written in PyTorch was
YOLOVS. PyTorch is a Python-based open-source deep learning framework that provides a set of
functions and tools for defining, training, and deploying models. YOLOvS5 and YOLOvVS offer users
different model options such as n, s, m, I, and x. In YOLOvV6, however, the x model is not available.
Each of these models offers different detection sensitivity levels and performance.

3.2. Dataset

The dataset used for training was obtained from Kaggle, a public platform where people interested in
data science and machine learning come together. Our dataset is a military aircraft recognition dataset
[21]. It contains 3842 images annotated with horizontal and oriented bounding boxes, 20 types of remote
sensing imagery, and 22341 examples. Before being used for training the YOLO algorithms, the dataset
underwent preprocessing. Twenty-one images were removed from the dataset because they did not
contain any object labels. A total of 3821 images were studied. The xml files in the original dataset were
converted to txt files for use in YOLO algorithms. During this conversion, the center coordinates (x, y),
width, and height of the bounding box were normalized between 0 and 1. The content of the txt file is
as follows: (object class label, x point, y point, width, height). Each object in the file consists of five
parameters. These parameters correspond to an object in the image. Following these operations, the
dataset was split into 80% training and 20% test data. 3056 images were used as the training set, and
765 images were used as the test set.

3.3 Education Process

Training was conducted in the Google Colab environment using a T4 GPU. The images contained a
total of 20 different class types. The training process was performed using a transfer learning approach
using pre-trained weights provided by the YOLO developers. The parameters for all training sessions
were as follows:

e Size (Pixels): 640
e Batch Size: 16
e Epoch: 30

3.4. Evaluation Parameters

To compare the performance of the YOLO series versions, metrics such as mAP, precision and recall
were used.

Precision is calculated by dividing the number of true positives (TP) by the total number of predicted
positives. A high precision value indicates that most of the objects predicted as positive by the model
are indeed correct.

Recall is calculated by dividing the number of true positives (TP) by the number of actual positives (TP
+ FN). A high recall value indicates that the model correctly identifies a large portion of the actual
objects.
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mAP represents the average of the average precision values of all classes. It is the mean Area Under the
Precision-Recall Curve (AUC). Higher mAP values indicate better overall performance.

mAPS50 (with an IoU threshold of 0.5) and mAP50-95 (with IoU thresholds ranging from 0.5 to 0.95)
are used to evaluate the feasibility and accuracy of YOLO series models. In previously published studies,
the definitions of these parameters have been explained in more detail [22].

4. Research Results and Discussion

4.1. Performance Evaluation

To evaluate the performance of the training process, 30 epochs of training were conducted for each
model. Because the dataset contained 3821 images and more than 22,000 aircraft objects belonging to
20 types, successful results were achieved for each model within 30 epochs. The values obtained from
the training results for the different YOLO models are shown in Table 1.

Table 1. Performance evaluation of all models

Model mAP50 mAP50-95 Precision Recall Training duration
YOLOv5n 0.8626 0.6495 0.803 0.8536 30 min

YOLOv5s 0.9818 0.7691 0.9529 0.9586 34 min 13 sec
YOLOv6n 0.8773 0.6567 - - 1h 30 min 18 sec
YOLOv6s 0.9735 0.7558 - - 1 h 32 min 8 sec
YOLOv8n 0.9819 0.7882 0.9529 0.956 54 min 24 sec
YOLOVSs 0.9906 0.8164 0.9767 0.9757 56 min 51 sec

When we examine the results in Table 1, the YOLO model with the highest detection capability after
training was the YOLOvVS8s model. Its mAP50 value was found to be 0.9906 and its mAP50-95 value
was 0.8164. When evaluating the model’s success rate based on the mAPS50 value, a high accuracy rate
of 99.06% was achieved. Based on the mAPS50 value, the performance ranking of the models after
YOLOV8s is as follows: YOLOvV8n 98.19%, YOLOV5s 98.18%, YOLOV6s 97.35%, YOLOv6n 87.73%,
and YOLOv5n 86.26. These results indicate that the YOLOvVS8 series provides a higher detection
sensitivity rate compared to other YOLO versions. Although the success percentages of all models
decrease when considering the mAP50-95 values, the ranking between the algorithm versions remains
the same as the ranking based on mAP50 values.

When we look at the completion times of the model trainings, the fastest models were the YOLOv5n
and YOLOVSs series, which completed training in 30 minutes and 34 minutes 13 seconds, respectively.
The slowest models were YOLOv6s and YOLOv6n from the YOLOv6 series. The YOLOVS series
completed training in approximately 55 minutes. Although the YOLOVS series provided a better
detection accuracy rate than the YOLOVS series, its training time performance was lower compared to
YOLOVS models. The YOLOV6 series, when compared to the other models based on both mAP values
and training time, showed the lowest performance.
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Models are being compared through an elimination-based evaluation according to their performance. So
far, when considering object detection sensitivity rate and speed, the YOLOv6 model falls behind the
other models. Therefore, the next evaluations will be conducted between the YOLOv5 and YOLOvS
models. The confidence curves of the YOLOvSs, YOLOv5n, YOLOv8s, and YOLOv8n models are
shown in Figures (1-4).
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The confidence curve graph is a visualization that shows the confidence levels of the objects detected by YOLO.
YOLO uses a window to scan an image and divides this window into subregions. Each subregion focuses on a
specific object class. YOLO attempts to detect one or more objects in each subregion and generates a confidence
score for each detected object.The confidence score represents the likelihood that an object has been correctly
detected. It has a value between 0 and 1; the closer it is to 1, the higher the reliability of the detection.

According to the results of this graph, the confidence curve of YOLOv5n showed high variability across classes
and exhibited poor performance. YOLOvVS8s outperformed the other models in terms of confidence score.
YOLOv8n and YOLOvS5s demonstrated similar confidence scores, as observed from the graph. The model with
the lowest confidence score was YOLOv5n. Based on these results, among the models compared using the military
aircraft detection dataset, the YOLOVS series is ahead of the others in terms of performance. The results of the

4TH INTERNATIONAL CONFERENCE ON DIGITAL INDUSTRY AND ENGINEERING APPLICATIONS 13-14 NOVEMBER 2025 KONYA
118



&

ICODIA 2025

INTERNATIONAL CONFERENCE ON DIGITAL INDUSTRY AND ENGINEERING APPLICATONS

performance metrics for YOLOv8n and YOLOVSs are given in Figures 5 and 6. Table 2 presents the loss values
belonging to the training set.

Table 2. YOLOv8n and YOLOVSs loss values

Model box_loss cls_loss dfl_loss
YOLOvSn 0.768 0.5033 0.9499
YOLOvSs 0.6704 0.3236 0.9196
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Fig. 5. Performance metrics resulting from YOLOVS8n aircraft detection
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Comparison of the box_loss, cls_loss, and dfl_loss parameters shown in Table 2 reveals that YOLOv8s
has lower loss values than YOLOvS8n for all compared loss parameters. A lower loss value indicates that
it learned the object detection task better during training and has a better generalization ability.

4.2.  Object Detection Results from Images

After the training process, the results of the prediction process using the test data set for all object classes
of the YOLOvVS8s model are shown in Table 3.

Table 3. YOLOvVS8s model summary

Class Image Instance Precision Recall mAPS50 mAP50-95
All 765 4482 0.977 0.976 0.991 0.816
Al 765 245 0.983 0.955 0.992 0.826
A2 765 308 0.993 0.997 0.993 0.808
A3 765 228 0.958 0.998 0.991 0.798
A4 765 155 0.984 0.968 0.987 0.864
A5 765 244 0.979 0.952 0.992 0.752
A6 765 85 0.981 0.988 0.995 0.818
A7 765 181 0.988 1 0.995 0.833
A8 765 213 0.993 1 0.995 0.848
A9 765 230 0.988 1 0.995 0.817
Al0 765 222 0.996 0.995 0.995 0.821
All 765 93 0.901 0.86 0.953 0.816
Al2 765 127 0.992 0.991 0.993 0.826
Al3 765 449 0.967 0.982 0.993 0.787
Al4 765 391 0.965 0.962 0.991 0.821
AlS 765 138 0.97 0.964 0.989 0.717
Al6 765 466 0.993 0.989 0.994 0.832
Al7 765 225 0.994 1 0.995 0.901
AlS 765 76 0.96 0.945 0.989 0.828
Al9 765 192 0.949 0.978 0.992 0.808
A20 765 214 0.998 0.991 0.995 0.806

According to the results in Table 3, 765 test image data and 4482 object samples were used in the
evaluation of the YOLOVS8s model. According to the object classification results, the best predicted class
according to mAP50 and mAP50-95 values is A17. The lowest predicted class according to mAPS50 is
Al1l. According to mAP50-95 values, it is class A15.

Images of the aircraft detected in the image as a result of training using the YOLOVS8s model are shown
in Figure 7a, Figure 7b, and Figure 7c. The images were taken from the test set.
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Fig. 7c. Test Image
5. Conclusion

This study evaluated six different YOLO models—YOLOv5n, YOLOvSs, YOLOv6n, YOLOVGs,
YOLOvV8n, and YOLOv8s—for classifying 20 different aircraft types. The comparison results revealed
that YOLOVS8s outperformed the other YOLO models in performance metrics such as mAP50, mAP50-
95, precision, and recall. YOLOvS5n and YOLOVSs demonstrated good performance in terms of speed.
The YOLOv6 models, however, were both slower and—despite their longer training time—failed to
deliver the level of performance expected from such lengthy training.

When the goal is to shorten training time while still achieving an acceptable level of performance, the
YOLOvS5s model stands out as a suitable choice. However, if the objective is to obtain higher accuracy
in object detection and more precise classification results, the YOLOv8s model becomes the more
appropriate option. Therefore, the key determining factor in model selection is the nature of the expected
outcomes of the study and the performance metrics corresponding to those outcomes. In other words,
the model should be selected based on the metrics that align with the intended purpose of the training
process.
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ABSTRACT KEYWORDS

The transition to Industry 5.0 demands production systems that o  Djgital Transformation
ensure efficiency, resilience, and human-centric traceability. This 4 gRrp Integration

study presents an loT-enabled smart manufacturing framework 4 o1

integrated with ERP systems for the real-time collection and Industry 4.0

analysis f)f data from production devices. Continuo.us ‘acq‘uisition e Digital Twin
of machine and sensor data supports process optimization and
compliance with international standards. The framework tracks
each production stage, identifies inefficiencies, and automatically
halts operations when required approvals are missing, preventing
defective products from advancing. A QR-code-based traceability
layer links each product to its ERP record, enabling end-to-end
monitoring of production history, quality control, and
documentation. By combining device-level data acquisition, ERP
integration, and automated quality assurance with human
oversight, the proposed system provides a scalable and practical
pathway for SMEs to digitalize their manufacturing lines in line
with Industry 5.0 principles.
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1. Introduction

With the transition from Industry 4.0 to Industry 5.0, the manufacturing sector has adopted new
paradigms that emphasize not only automation and efficiency but also human-centricity,
resilience, and sustainability [1,2]. In this transformation, digital technologies such as the
Internet of Things (IoT), Cyber-Physical Systems (CPS), and data analytics form the foundation
of intelligent and adaptive production environments. Within this context, enabling Enterprise
Resource Planning (ERP) systems to acquire real-time data from production devices has
become essential for transparent and traceable manufacturing [3,4]. Although IoT and
Manufacturing Execution Systems (MES) are widely adopted, small and medium-sized
enterprises still face challenges such as fragmented data architectures and limited visibility
across production lines. Because most systems operate independently, achieving a unified view
of production performance, quality metrics, and compliance remains difficult [3].

Existing research on IoT-based monitoring and ERP-MES integration primarily focuses on data
collection or visualization [3, 5, 6]. However, studies achieving full ERP—IoT integration with
automated quality control and QR-based traceability are still limited [7,8]. This gap restricts the
scalability of smart manufacturing, particularly in environments requiring compliance and
human oversight. This study proposes an integrated ERP—IoT framework to address these
challenges. The developed structure enables direct communication between production devices
and enterprise systems, ensuring continuous data collection, automated process verification,
and event-driven control. The architecture also incorporates quality checkpoints and traceability
data throughout the product life cycle [7,8]. The main contributions of this study include the
design and implementation of a scalable ERP-IoT integration architecture for real-time
production monitoring, the incorporation of a QR-based traceability mechanism linking
physical products with ERP records, and the demonstration of automated quality control
processes aligned with Industry 5.0 principles [1, 2].

2. Materials and Methods

The proposed ERP-IoT framework enables the collection of real-time data from electronic
production devices and the automatic synchronization with the ERP system. Designed with a
modular and layered architecture, it ensures continuous data flow between IoT hardware,
communication protocols, and enterprise software. This structure supports effective production
management through traceability, quality control, and data-driven decision support.

At the device layer, ESP32-based IoT modules were integrated into pick-and-place, SP1, AOI,
and reflow oven to collect parameters such as processing time, error rate, and downtime.
Designed for industrial use, the modules provide stable wireless communication and long-term
reliability.
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Figure 1. Hardware structure of the ESP32-based loT module and industrial SMEMA interface.

Collected data are transmitted to a central server via the MQTT protocol with encryption, then
preprocessed and transferred to the ERP through a REST API. Within our ERP application, a Real-Time
Monitoring Module automatically records operations, halts processes when quality approval is missing,
and notifies supervisors. This configuration enhances system visibility and minimizes manual
intervention, consolidating production and quality data into a single, integrated platform.

Each IoT module is built around an ESP32-WROOM-32 microcontroller featuring a dual-core 240 MHz
CPU, integrated Wi-Fi (802.11 b/g/n), Bluetooth BLE, and an optional Ethernet interface for wired
network connectivity. The hardware includes 512 kB SRAM, 4 MB Flash memory, optically isolated
SMEMA-compatible digital /0O, and onboard EEPROM for configuration storage. The modules operate
from a 5 V DC industrial-grade supply with surge protection and support OTA firmware updates,
ensuring maintainability and reliability under factory conditions.

Each product or PCB is assigned a unique QR code at the start of production, containing
essential details such as materials, test results, and quality approvals. After each stage, the code
is scanned or automatically recorded in the ERP, enabling end-to-end product tracking. This
mechanism ensures process-level quality assurance and supply chain transparency, allowing
direct verification of product history during audits and early detection of manufacturing-related
quality issues.
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Figure 2. ERP-IoT system architecture.

The system was tested on the SMT-2 production line at Demsay Elektronik. The production
process includes solder paste printing, SPI, pick-and-place, reflow soldering, and AOI stages
(Figure 3). In the test setup, ESP32-based IoT modules were integrated into each machine to
record process times, error rates, and operational states in real time.

SMT -2

Reflow Loader

Loader Printer SPI
Oven

Figure 3. Process sequence of the SMT-2 production line.
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Figure 4. Demsay Elektronik SMT-2 production line.

Devices communicated via SMEMA connectors, where digital signals indicated machine and
board status. The overall system configuration, connection layout, and hardware integration are
shown in Figures 1-5. Data were transmitted via MQTT and synchronized with the ERP
through REST API, providing real-time monitoring of production performance. Tests
confirmed stable operation under industrial conditions. No data loss was observed during
multiple test cycles, and latency measurements remained within acceptable limits, validating
the compatibility and reliability of the ERP—IoT framework. A typical production cycle was
completed in about seven and a half minutes.
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Figure 5. Test configuration: Connection layout of the IoT module, SMEMA connectors, and signal cables.

Figure 6. Physical integration of the IoT module into SMT machines and SMEMA signal lines.
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3. Research Findings and Discussion

The developed ERP-IoT system was tested under real production conditions to evaluate data
accuracy, communication stability, and integration performance. Analysis of timestamped
machine data confirmed that the system operated reliably on the SMT production line,
continuously recording downtime events, their duration, and transmitting them to the ERP in
real-time. The average network transmission latency was 420 ms, and the ERP data
synchronization time was 2.3 s, which is adequate for near real-time monitoring needs. During
initial trials, a delay was detected at the SPI stage, resulting in idle periods in the pick-and-place
units. After optimizing panel configuration and alignment parameters, the total production cycle
time improved by approximately 3%. These results, summarized in Table 1, demonstrate that
the system not only records production data but also actively supports efficiency improvements
through real-time feedback. Overall, the ERP-IoT integration enabled the objective
identification of bottlenecks and the immediate verification of corrective actions, providing a
scalable, traceable, and decision-support-oriented framework in alignment with Industry 5.0
principles. These measurements are summarized in Table 1.

Table 1. Comparison of SMT-2 production line processing times before and after improvement.

Process Stage Before Improvement (Seconds) After Improvement (Seconds)
Loader (Input) 5 5

Printer 12 9

SPI 5 4

Pick And Place (1) 18 20

Pick And Place (2) 22 20

Reflow Oven 300 300

AOI 33 25

Loader (Output) 5 6

Total Time 400 389

4. Conclusion

This study presented an ERP—IoT integration system that enables real-time collection and
synchronization of production data across electronic manufacturing lines. The integrated
approach enhanced process visibility, traceability, and decision support, establishing a validated
foundation for digital transformation in the electronics production industry. Field tests under
industrial conditions demonstrated stable operation and a 3% improvement in production cycle
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time, confirming the system’s capability to support process optimization and efficiency. Direct
ERP integration eliminated manual entry errors and automated quality approvals, while the QR-
based traceability structure unified production history and quality data, simplifying audits and
compliance. The proposed framework offers a scalable and practical solution for small and
medium-sized manufacturers, aligning with Industry 5.0 principles by strengthening human—
machine collaboration and fostering data-driven, adaptive production environments. Future

work will focus on Al-based analytics and predictive maintenance to enhance operational efficiency and
promote sustainable manufacturing practices.
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ABSTRACT KEYWORDS
The Battery Management System (BMS) is critical for the safe 4 Analytical hierarchy
and efficient operation of electric vehicles (EVs). Insufficient process

cooling at elevated battery temperatures can lead to capacity loss,
performance degradation, and serious safety risks. For this reason,

e Battery cooling
e BTMS

decision makers need to select suitable battery cooling systems. o g1 oo o eg

This study proposes multi criteria decision making model to select
a battery cooling system for BMS. Based on criteria such as
technical adequacy, economic feasibility, and operational
suitability battery cooling alternatives such as air cooling, direct
liquid cooling, indirect liquid cooling, phase change material
(PCM) cooling, and heat pipe systems are ranked using the
Analytical Hierarchy Process. In this study, commonly employed
battery cooling alternatives are compared with each other using
AHP’s pairwise comparisons. The results indicated that direct
liquid cooling emerged as the most suitable alternative with its
technical superiority. Indirect liquid cooling is ranked second,
primarily for its balance of applicability and performance. Heat
pipe systems are identified as a promising option in terms of
technical efficiency. PCM and air-cooling systems, when applied
independently, are identified as low-cost alternatives suitable for
applications with light cooling requirements.
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1. Introduction

Thermal stability in battery systems has become an important subject with the increasing use
of electric vehicles (EVs). The effect of temperature is critical for battery performance, lifespan,
and safety [1]. In situations where effective cooling performance is not achieved, overheating
may lead to capacity loss, performance degradation, and even safety risks such as thermal
runaway [2], [3]. For this reason, selecting the right battery cooling system is crucial and should
be evaluated based on multiple criteria to ensure appropriate decision-making.

Studies on decision-making for Battery Thermal Management Systems (BTMS) have presented
various approaches. In the study of Dwivedi et al., (2022), an approach was proposed to
determine the most suitable nanoparticle to improve battery cooling system performance by
using a hybrid Multi Criteria Decision Making (MCDM) method [4]. The authors also
developed a decision-making method using multiple decision-making techniques for
nanoparticle selection, while incorporating designer preferences [5]. In the study of Xu et al.,
(2023), a comprehensive evaluation of direct and indirect liquid cooling battery cooling systems
was conducted [6]. Each system was evaluated based on multiple criteria such as thermal
performance, cost, and safety, using the Analytical Hierarchy Process (AHP), an MCDM
method.

Upon reviewing the literature, only a limited number of studies addressed the multi-criteria
evaluation of battery thermal systems, and no comprehensive evaluation of battery cooling
systems has been observed. This study provides EV manufacturers and battery designers with
a methodological and holistic roadmap for their decision-making processes by enabling the
systematic analysis of different cooling technologies using a multi-criteria approach, AHP.
Using the AHP, criteria were selected based on technical adequacy, economic feasibility, and
operational suitability, and pairwise comparisons were made between air cooling, direct liquid
cooling, indirect liquid cooling, phase change material (PCM) cooling, and heat pipe system
alternatives. In this regard, the most prominent alternatives for battery cooling systems were
evaluated.

The structure of this paper is as follows. Section 2 provides explanations about the different
cooling methods used in BTMS, the criteria to be evaluated and the AHP method. Section 3
presents the results and discussion. Finally, Section 4 concludes the study.

2. Material and Methods

2.1 Battery Thermal Management Systems

The Battery Management System (BMS) is a critical component responsible for the safety and
performance of EV battery packs. The BMS performs multiple functions, including thermal
management, cell balancing, power management, charge and discharge control, state
estimation, data acquisition, battery prediction, fault detection, and diagnostics [7]. Among
these functions, thermal management ensures that battery cells operate within their optimal
temperature range. This subsystem, called the BTMS, maintains temperature uniformity by
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preventing battery cells from overheating or becoming too cold. This avoids adverse conditions
that could arise from inadequate thermal control.

The subsections that follow describe the main cooling methods used in BTMS: air cooling,
indirect and direct liquid cooling, phase change material (PCM), and heat pipe systems.

a. Air Cooling

Air cooling is a method with a wide range of applications and stands out for its ease of
application. It can be divided into two types: natural convection cooling and forced convection
cooling. In natural convection, cooling is achieved by natural air convection. In forced
convection, airflow is generated using mechanical equipment to increase heat transfer [1]. Air
cooling offers advantages such as low cost, simple construction, and ease of maintenance, but
it also has drawbacks such as limited cooling capacity and slow cooling rate [8]. For this reason,
it is generally applied in battery packs with low cooling requirements [9].

b. Liquid Cooling

Liquid cooling removes heat from battery cells using liquids with high thermal capacity. It has
been shown to be highly effective in maintaining temperature control during fast charging and
high discharge conditions [10]. There are two types: direct and indirect. Direct liquid cooling
uses dielectric fluids that come into direct contact with the cells. Indirect liquid cooling involves
the circulation of coolant through plates surrounding the cells without direct contact. The direct
method provides higher thermal performance due to its low thermal resistance, but it can be
complex and costly because of sealing and insulation requirements [11]. The indirect method
is widely adopted in industrial EV applications owing to its ease of implementation and lower
cost [12]. Overall, liquid cooling is regarded as one of the most effective technologies for high-
energy-density battery packs.

¢. Phase Change Material

Phase Change Materials (PCMs) operate by absorbing heat and undergoing a phase transition.
Their advantages include low cost, easy installation, simple structure, high cooling capacity,
and the ability to provide uniform temperature distribution [13]. However, low thermal
conductivity and the risk of leakage are regarded as their main disadvantages [14]. PCMs that
provide passive cooling experience a significant reduction in effectiveness once the material is
fully melted. For this reason, they are often used in combination with active cooling systems in
most studies [15].

d. Heat Pipe

Heat pipe systems transport heat from one location to another by means of an operating fluid
through a cycle of evaporation and condensation. Their advantages include high efficiency,
thermal conductivity, and flexible design; however, they also have disadvantages such as
complex structure, leakage risk, and high cost [16]. Studies have shown that passive heat pipe
systems can be effective in battery modules [13], [17].
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2.2 Criteria for Selecting Battery Cooling Systems

The evaluation battery cooling systems should consider not only technical performance but also
factors such as economic feasibility and operational suitability. In the literature, thermal factors
are reported as the most prominent criteria from a technical perspective, and their effects on
safety and performance have been emphasized [6]. Economic factors have also been identified
as key elements determining the applicability of these systems [4]. In addition, operational
factors are considered important in terms of applicability and ease of maintenance [18].

The aim of this study is to select the most suitable battery cooling system for EVs from among
the available alternatives. The set of criteria established for this selection, covering technical,
economic, and operational factors, is presented in Table 1.

Table 1. Criteria set

Criteria Code  Criteria Criteria Categorization
Cl Annual Cost Economic

C2 Ease of integration Operational

C3 Heat transfer rate Technical

C4 Initial cost of setup Economic

C5 Life Operational

C6 Maintenance of system Operational

C7 Simplicity of use Operational

C8 Temperature distribution Technical

C9 Temperature drop Technical

By considering technical, economic, and operational factors, alternatives such as air cooling,
indirect liquid cooling, direct liquid cooling, PCM, and heat pipe are evaluated.

2.3 Analytical Hierarchy Process

Studies on engineering design and energy systems optimisation demonstrate that the selection
of a technical solution is rarely dependent on a single criterion; rather, it requires balancing
multiple objectives that may conflict with one another [19], [20], [21]. This situation also
applies to the selection of battery cooling systems, requiring multiple criteria to be considered
in the decision-making process. Various methods have been proposed in the literature for multi-
criteria decision-making [22], [23]. In this study, the AHP is applied, which can evaluate
different criteria together and systematically advance the decision-making process [24].

AHP is a method that makes multi-criteria decisions in terms of relative importance. The
decision-maker defines the problem in terms of objectives, criteria, and alternatives, and
compares the elements pairwise on a 1-9 scale, as shown in Table 2.

Table 2. Relative importance scale

Relative Importance Scale

Equally important 1
Slightly more important 3
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Important
Very Important
Extremely Important 9
Intermediate values 2,4,6,8

Using the values provided in Table 2, pairwise comparison matrices defining the relative
importance of the criteria are created. The column totals of these matrices are calculated, and
each cell is normalised by dividing it by its column total. The row averages of the normalized
matrix provide the priority vectors for the criteria and alternatives. The local priority score of
each alternative under the relevant criterion is multiplied by the weight of that criterion and
summed across criteria to obtain the overall score. The alternatives are ranked according to
scores, and the option with the highest score is selected. Consistency is subsequently checked
using a Consistency Ratio (CR) calculation to assess whether the judgements are reasonable.
For acceptable consistency, the CR threshold should be below 0.10. The AHP pairwise
comparison matrices are constructed for the criteria and alternatives, and the entries are scored
based on expert opinions.

3. Experimental Results

This section presents the AHP results obtained for the selection problem of EV battery cooling
systems. Criterion weights are derived from pairwise comparisons based on expert opinions for
the nine identified criteria. Pairwise comparisons are made by a group of decision makers that
included an expert from a battery manufacturer and an electrical and electronics engineer. The
cooling alternatives are then evaluated using AHP with respect to the selected criteria. The
criterion priority scores determined from this evaluation are presented in Table 3. The
consistency ratio (CR < 0.1) confirmed that the pairwise comparisons are within the acceptable
consistency threshold.

Table 3. Priority scores and rankings for criteria

Rank Criteria Code Criteria Priority scores
1 C8 Temperature distribution  0.25667
2 C3 Heat transfer rate 0.21494
3 Cs Life 0.17074
4 C9 Temperature drop 0.10516
5 C2 Ease of integration 0.07853
6 C6 Maintenance of system  0.06655
7 C7 Simplicity of use 0.03871
8 Cl1 Annual cost 0.03435
9 C4 Initial cost of setup 0.03435

Table 3 shows that temperature distribution emerged as the most critical factor among the
criteria. Heat transfer rate and life followed in second and third place, respectively. This order
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of priority indicates that technical and operational criteria carry greater importance in the
selection of a battery cooling system.

The cooling system alternatives are compared through pairwise comparisons for each criterion.
The radar charts in Fig 1 illustrate the impact of each criterion on the alternatives. The
percentage value of each battery cooling system for a specific criterion represents the relative
strength of its performance compared to the other alternatives for the criterion.
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Fig. 1. The impact of criteria on alternatives: (a) Indirect liquid cooling; (b) Direct liquid cooling; (c) Air
cooling; (d) PCM; (e) Heat pipe.

Radar chart for battery cooling systems shown in Figure 1 (a) indicates that indirect liquid
cooling stands out in criteria including temperature distribution, life and heat transfer rate. In
Figure 1 (b), temperature distribution, heat transfer rate, and temperature drop effects the
selection of direct liquid cooling alternatives. In Figure 1 (c), significative criteria are initial
cost of setup, annual cost, and ease of integration for air cooling systems. In Figure 1 (d),
simplicity of use, maintenance of the system and ease of integration are important for PCM. In
Figure 1 (e), initial cost of setup, life, maintenance of system, annual cost, and simplicity of use
are the prominent criteria for heat pipe systems. This analysis revealed the criteria that influence
the selection of each cooling technology. The priority of these criteria may vary from the
perspective of the decision-maker.

The AHP results are summarised in Table 4, where the priority scores of all battery cooling
system alternatives are presented. Based on the pairwise comparison judgements of the
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decision-makers, the most suitable cooling system among the alternatives is determined in the
AHP results (Table 4).

Table 4. Priority scores and rankings for alternatives

Alternative Priority Score Rank
Direct liquid cooling  0.31806 1
Indirect liquid cooling  0.21275 2
Heat Pipe 0.20899 3
PCM 0.14976 4
Air cooling 0.11044 5

As shown in Table 4, direct liquid cooling is determined to be the most suitable cooling system
among all alternatives, achieving the highest overall score. The primary reason for this result is
that the system demonstrates superior performance in the most heavily weighted criteria. High-
scoring criteria such as heat transfer rate, temperature distribution, and temperature drop
demonstrate that this system delivers strong technical performance. When economic and
operational criteria are also taken into account, direct liquid cooling emerges as the most
strategically advantageous solution for battery cooling systems.

The consistency of all pairwise comparison matrices are verified using the CR calculation. All
matrices exhibited acceptable consistency ratios below the 0.10 threshold. This confirms both
the reliability of the judgements and the validity of the AHP results.

The results largely correspond with the literature and actual EV applications. Studies in this
field mention indirect liquid cooling as having high potential due to its strong thermal control
and efficiency, particularly under increasing performance requirements, while also noting that
it remains the industry standard because of its applicability and reliable performance [25], [26].
Direct liquid cooling is employed in the 2016 BMW i3, whereas indirect liquid cooling is used
in the Chevrolet Volt, Tesla Model S, Tesla Model 3, and several BMW models [11], [27], [16].
Air cooling is preferred in applications with low cooling requirements because of its low cost
and simple structure; however, it is reported that it cannot meet the cooling needs of high-power
batteries [26]. Its efficiency is significantly lower compared to liquid cooling [11], [16], and it
1s mainly applied in EVs with modest cooling requirements, such as the Nissan Leaf and Toyota
Prius Prime [16]. PCMs are reported to be mainly in the experimental stage, and although they
offer advantages such as low cost and passive cooling, their performance may decrease at high
temperatures; thus, they are typically used in combination with supporting systems [16], [26].
Heat pipes, on the other hand, have been highlighted as providing effective cooling by directly
contacting the battery surface, owing to their high thermal conductivity and flexible structure
[16].

4. Conclusion

In this study, five cooling alternatives for EV battery cooling systems are compared using the
AHP method, by considering criteria from technical, economic, and operational perspectives.
The direct liquid cooling system outperforms other alternatives for criteria such as heat transfer
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rate, temperature distribution, and temperature drop. This result highlights the efficiency
advantage provided by direct liquid cooling in high-power applications. However, the indirect
liquid cooling system, ranked second, stands out as an important alternative due to its reliable
performance and widespread use in the industry. Although heat pipe systems exhibit a strong
profile in terms of operational and technical performance, they are suitable for supporting or
hybrid solutions. PCM and air cooling, despite their low cost and structural simplicity
advantages, are insufficient in applications requiring strict temperature control. The findings
reveal that multiple factors should be considered together when selecting a battery cooling
system, providing a scientifically grounded decision-making tool. Future studies may also
evaluate hybrid cooling systems, and the accuracy and practical validity of the results can be
strengthened through studies supported by experimental data.
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ABSTRACT KEYWORDS
This study presents a functional 10T design that integrates wired e loT
and wireless communication infrastructures on the same board. e Wired Communication

The designed board serves as a flexible platform for data
collection, processing, and transfer to different networks from
field devices. The architecture emphasizes reliability, multi-
protocol support, and compatibility with different power sources
for industrial applications. The wired side supports Ethernet and
serial-based industrial protocols, while the wireless side covers
Wi-Fi, Bluetooth, cellular networks, and low-power wide-area
networks. The input/output layer handles both analog and digital
signals and is compatible with industry-standard 4-20 mA
sensors. The power architecture operates with external supplies as
well as PoE and USB, making the system easily adaptable to
diverse scenarios. As a result, the developed IoT board provides
reliable, fast, and flexible integration opportunities in fields such
as agriculture, healthcare, smart homes, logistics, and industry.

e Wireless
Communication

¢ Industrial Applications

e  Multi-Protocol

e Smart Systems.
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1. Introduction

The Internet of Things (loT) is the collection of technologies that enable devices to
communicate with each other and with central systems to share data. Today, it is widely used
in fields such as industry, healthcare, agriculture, smart cities, and logistics. The most important
advantage of loT devices is their ability to support different protocols and communication
standards simultaneously, providing users with freedom in scenario design.

loT technologies contribute significantly to digital transformation by enabling real-time data
collection, monitoring, and control in diverse environments. In industrial applications, 10T
platforms are used for predictive maintenance and machine-to-machine communication,
minimizing downtime and improving production efficiency. In agriculture, loT-based irrigation
and soil monitoring systems optimize water consumption and increase crop yield. In healthcare,
wearable and remote monitoring devices help track vital parameters, while in logistics, smart
sensors ensure asset tracking and environmental monitoring of transported goods. These
applications demonstrate that 10T systems not only provide automation but also offer data-
driven decision-making support that enhances operational reliability and sustainability.

In particular, low-power wide-area networks such as LoRaWAN stand out for their energy
efficiency [1]. Studies in the literature show that multi-protocol communication
infrastructures increase the scalability and reliability of systems [3,6].

In this study, a functional 10T board that combines wired and wireless communication
infrastructures on a single board has been designed. The board offers users a modular
structure for different scenarios, and its compatibility with industrial protocols creates a wide
range of applications in the market.

2. MATERIALS AND METHODS

In this section, the general system architecture of the loT board developed is explained,
consisting of hardware and software components. The system is built on a modular architecture
and designed to be scalable according to different application requirements. The board consists
of a central control unit surrounded by wired and wireless communication modules, sensor
input/output layers, power management circuits, and service and maintenance infrastructure.
With this structure, the system offers a flexible platform that can be used in various fields such
as industrial automation, agricultural monitoring, environmental data collection, and healthcare
technologies. During the design process, reliable communication, low power consumption, and
a high level of integration were determined as primary objectives. While wired communication
units provide long-distance and high data rate transmission, wireless technologies offer wide
coverage and mobility. The sensor layer enhances the versatility of the system by supporting
the measurement of various physical parameters. The power management and
service/maintenance components ensure that the system is long-lasting, sustainable, and easily
updatable.
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2.1 System General Architecture

The 10T board consists of a central controller, wired communication, wireless communication,
sensor input/output layer, power management, and service and maintenance blocks. The design
is modular and can be configured according to user requirements. The virtual image of the card's
hardware is shown by Figure 1.

Fig. 1. Virtual view

2.2 Wireless Communication

Wi-Fi and Bluetooth are used for short-range applications, while cellular connectivity and
LoRaWAN are utilized for wide-area applications. According to the literature, LoORaWAN
technology provides low power consumption and long-range communication but presents
certain challenges in scalability [1, 2]
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2.3 Wired Communication

High-bandwidth data transmission is provided via Ethernet, long-distance industrial
communication is supported through RS-485/Modbus, simple device connections are enabled
via RS-232, and CAN bus communication is available for vehicle and automation systems. As
stated in the literature, this allows the board to be adapted for a wide range of applications, from
industrial facilities to agricultural irrigation stations [3,6].

2.4 Sensor Utilization

The system is developed to support the integration of a wide variety of sensors. Parameters such
as temperature, humidity, and pressure are read through voltage-based inputs. Motion detectors,
magnetic contacts, or buttons can be connected directly. It can be used in applications such as
soil moisture measurement in agriculture, pressure/flow monitoring in industry, and medical
pressure sensors in healthcare. Loads such as motors, pumps, and valves can be driven directly.
This structure enables the system to be directly applicable across different sectors.

2.5 Power Management

A wide input range of 12-40 V is supported, along with 5V/2A through PoE and 5V via USB.
The system’s multiple power input options provide ease of power utilization. As stated in the
literature, the device can be used both in field environments and in laboratory conditions [4].

3. RESEARCH FINDINGS AND DISCUSSION

In this section, the functionality, communication performance, sensor compatibility, and power
management efficiency of the developed 10T board were experimentally evaluated. The tests
confirmed stable operation under both wired and wireless communication scenarios, reliable
data transmission from various sensors, and uninterrupted performance during power source
transitions. The obtained results align with existing studies on multi-protocol IoT architectures,
demonstrating the board’s adaptability and potential for future mobile 10T applications.

3.1 Test Scenarios

The functionality of the board was tested under various communication scenarios in laboratory
conditions. First, on the wired communication side, Ethernet and RS-485 lines were operated
simultaneously, and it was observed that data packets were transmitted successfully without
loss. On the wireless side, data transmission via Wi-Fi and long-distance sensor communication
via LoRa were tested concurrently. These scenarios demonstrated that the board’s multi-
protocol architecture operates stably in practice.

3.2 Evaluation of Sensor Data

Data obtained from temperature and pressure sensors connected to analog inputs and from soil
moisture sensors with 4-20 mA outputs were successfully transmitted through wireless
channels. At the same time, motion sensors connected to digital inputs were integrated into the
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system. These tests confirm the board’s compatibility with different types of sensors and the
reliability of its multi-protocol data transmission.

3.3 Power Management Performance

Power transitions were tested, and it was observed that the device continued to operate without
interruption during transitions from a 24 V external supply to PoE and from PoE to USB. No degradation
in power stability was observed during the operation of loads connected to relay outputs.

3.4 Comparison with Literature

The findings are consistent with multi-protocol 10T architectures reported in the literature. Furthermore,
it is anticipated that routing protocols will become critical in mobile 10T applications [5]. The modular
design of our board allows flexible protocol allocation and firmware-level scalability, enabling seamless
adaptation to such developments in future I0T ecosystems. Recent studies have also proposed hybrid
architectures that combine LoRaWAN and NB-10T to leverage the advantages of both low-power and
wide-area connectivity technologies. Their results demonstrate that such architectures enhance system
scalability, flexibility, and reliability in distributed IoT environments. Compared to this approach, our
proposed board achieves similar interoperability at the hardware level, providing simultaneous wired
and wireless communication interfaces within a single modular platform. This integration eliminates the
need for separate gateway units while maintaining compatibility with hybrid 10T infrastructures [7].

4. Conclusion

In this study, a modular and multi-protocol IoT board was designed, developed, and tested
under various communication, sensing, and power management scenarios. The results
demonstrated that the board operates stably in both wired and wireless communication modes,
successfully transmits data from a wide range of sensors, and maintains continuous operation
during power transitions. These findings verify the reliability and adaptability of the system for
diverse applications such as industrial automation, agriculture, and smart infrastructure.

Compared to existing solutions on the market, the proposed design offers a more flexible and
scalable architecture. Its modular structure allows users to configure communication interfaces,
sensor types, and power sources based on specific application requirements without additional
hardware modifications. Furthermore, the integration of both high-bandwidth (Ethernet) and
long-range, low-power (LoRaWAN) communication options provide an advantage in hybrid
systems where real-time control and remote monitoring are equally important. This versatility
enhances overall system efficiency while reducing installation and maintenance costs.

The motivation behind this design stems from the need for a universal 10T platform capable of
adapting to different sectors and operating environments. Many commercial 10T boards are
optimized for specific use cases and lack modularity, which limits their scalability. In contrast,
the developed system bridges this gap by providing a flexible foundation that can evolve
alongside technological advancements, including mobile 10T and edge computing. Thus, this
study not only presents a technically superior prototype but also contributes to the vision of a
more accessible, adaptable, and sustainable I0T ecosystem.
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DEVELOPMENT OF A NEXT-GENERATION CONTROL AND PLACEMENT
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ABSTRACT KEYWORDS

With the miniaturization of electronic devices, the precise o Semiconductor Assembly
and rapid placement of micro-scale semiconductor e Thermoelectric Modules
components has become a critical challenge. Thermoelectric e  Image Processing
modules, composed of semiconductor legs as small as e IOT

Ix1x1.2 mm?, are still assembled manually, leading to high e Electronic Design
labor costs, low throughput, and frequent placement errors. e Smart Systems
This study introduces the Next-Generation Control and

Placement System, which automates the assembly of

thermoelectric modules through intelligent control and

vision-based verification. The desktop-type system

integrates an STM32-based control board, a Raspberry Pi-

supported image processing unit, and precision sensors to

handle positioning, sorting, and safety checks. Equipped

with a vibration-assisted mechanism, magnetic sensors, and

camera algorithms, the device detects empty slots and

separates defective materials autonomously. IoT-based

communication via GSM, Wi-Fi, and Bluetooth enables

remote monitoring and data exchange. Experimental results

show that the system reduces manual production time by

over 80%, allowing the fabrication of hundreds of modules

per hour. The developed prototype significantly enhances

process efficiency, minimizes human error, and supports

Tiirkiye’s transition toward smart, digitally integrated

semiconductor manufacturing.
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1. Introduction

The continuous miniaturization of electronic components and the increasing demand for high-
efficiency thermal management systems have led to the widespread use of thermoelectric
modules in both industrial and consumer applications [1,2]. These modules consist of
thermocouple structures formed by p-type and n-type semiconductor legs, and their precise
alignment is critical for optimal performance.

In modern production environments, the manufacturing challenges associated with micro-
scale thermoelectric modules have become increasingly evident. These modules are still
largely assembled manually, which results in high labor costs, low production rates, and
frequent placement errors. In recent years, such processes have been redefined through the
concepts of cyber-physical systems and robotic automation [3,4].

The integration of computer vision and deep learning methods into production lines has
brought significant improvements in quality control and defect detection. Studies [5,6] have
shown that automated visual inspection produces results that are far more consistent and
repeatable than manual inspections. Moreover, recent research emphasizes the growing
importance of approaches in smart manufacturing. This method enables data to be processed
locally on edge devices without relying on cloud connectivity, thereby allowing real-time
decision-making within the production line [7]. Consequently, the use of vision-based
position verification and locally deployed Al-driven decision systems in thermoelectric
module production represents an innovative approach for improving efficiency and
standardization.

The effectiveness of vibration-assisted feeding systems for the accurate alignment of micro-
components has also been extensively investigated in the literature [8,9]. Such mechanisms
provide substantial advantages in orienting and stabilizing parts in the correct position.

This study introduces the Next-Generation Control and Placement System, developed under
the TUBITAK 1507 SME R&D Startup Support Program. The system integrates
thermoelectric module production with standard SMD manufacturing lines, enabling
automatic and high-speed assembly. This approach reduces production costs and enhances
the accessibility of thermoelectric module technology for domestic manufacturers.

Designed as a desktop-type system, it consists of an STM32-based control board, a Raspberry
Pi-based image-processing unit, and a set of precision sensors. Using a vibration-assisted
alignment mechanism, magnetic sensors, and camera-based algorithms, the device can detect
empty slots and separate defective parts. Furthermore, loT-based communication via GSM,
Wi-Fi, and Bluetooth enables remote monitoring and data exchange.

Experimental results show that the system reduces manual production time by more than 80%
and allows the production of hundreds of modules per hour. The developed prototype
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improves manufacturing efficiency, minimizes human error, and contributes to Tiirkiye’s
transition toward a digital, smart manufacturing infrastructure.

2. Material and Method

The control electronics are based on an STM32 microcontroller chosen for its
peripheral versatility and robust real-time behavior. The board exposes SPI, UART, and I*’C
interfaces for peripheral integration and deterministic actuation. Upon operator command
from the Raspberry Pi HMI, the STM32 generates PWM signals that drive the DC motor
and execute precisely timed vibration cycles, while the Raspberry Pi coordinates execution
and manages vision and user interaction. A high-resolution camera, positioned above the
workspace, captures a single 1080p still image after each cycle. This image is used to
compute the filling ratio and assess component alignment before deciding whether to
continue or stop.

Figure 1: Physical implementation of the next-generation control and placement board.

The mechanical subsystem comprises a vibration-assisted alignment tray and a DC-motor-
driven linear mechanism. The alignment tray promotes proper orientation of the
semiconductor legs within their cavities prior to placement. The DC motor receives PWM
commands from the STM32, enabling tightly bounded vibration durations and amplitudes
that maintain stable motion profiles and repeatable positioning accuracy, this preserves
determinism across cycles. Safety interlocks and limit sensors bound travel and provide
calibration reference points. Coordinated timing between the STM32 and the mechanical
stage supports consistent behavior under varying loads and environmental conditions.
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Figure 2: Physical implementation of the next-generation control and placement board.

The STM32 firmware manages real-time PWM actuation and safety monitoring. The
Raspberry Pi runs the Python-based HMI, orchestrates cycle commands, and executes the
vision pipeline. After each vibration cycle, the Pi camera acquires one 1080p still image of the
tray. A custom-trained YOLOv5n model processes this image to compute the filling
ratio and evaluate alignment quality against a predefined threshold. If the ratio is below the
threshold, the system triggers another vibration cycle and re-evaluates. The loop continues
until the threshold is met or a maximum number of attempts is reached, at which point the
process stops automatically and the result is presented on the HMI. The 7-inch capacitive
touchscreen (Python/Tkinter) provides live status, parameter access, and direct start/stop
control. The communication framework employs UART for controller interaction and
Wi-Fi for local connectivity and remote data access, with cloud dashboards and MQTT-
based analytics planned as future enhancements.

3. Experimental Tests

The prototype of the Next-Generation Control and Placement System was assembled and
tested under laboratory conditions to validate its functionality, precision, and operational
stability. The test setup consisted of the complete control wunit, the mechanical
placement module, the vibration alignment tray, and the camera-based vision system.
The experiments aimed to evaluate motor control accuracy, visual detection
reliability, filling ratio calculation performance, and user interface responsiveness.

3.1 Motor Control and Mechanical Performance

The DC motor is actuated via STM32-generated PWM, providing low-latency, stable control
and predictable cycle timing. Start/stop commands issued from the HMI are executed with
sub-second responsiveness. PWM duty and frequency parameters are experimentally tuned to
yield consistent orientation performance within predefined cycle times. Tests with 1x1 mm and
1x1.2
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mm legs confirmed stable behavior across varying loads and surface conditions. This
deterministic control path HMI command — STM32 PWM — vibration simplifies

commissioning and facilitates rapid refinement of motion parameters during setup.

Figure 3: Control panel interface for vibration and positioning parameters.
3.2 Vision-Based Detection and Filling Ratio Analysis

The high-resolution camera supplies imagery to the Raspberry Pi, where the YOLOv5n model
processes a single 1080p still image per cycle. The model identifies occupied versus empty
slots and computes the filling ratio, which is visualized on the HMI to guide operator
awareness. To increase robustness, an iterative procedure re-runs the vibration—settling
cycle whenever the filling ratio falls below the operator-defined threshold. The loop
terminates when the threshold is satisfied or the maximum retry count is reached, in which
case the HMI reports the outcome. During validation, filling ratios were operator-verified
by manual counts. A comprehensive statistical study (e.g., confusion matrices across part

types and lighting conditions) is planned as future work.
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Figure 4: YOLOvS model detection results on component tray, showing identified empty slots (blue boxes).
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3.3 User Interface and System Integration

Integration tests demonstrated reliable coordination between the Raspberry Pi HMI, the
STM32 controller, and the PWM-driven motor stage over extended operation. Cycle
execution, image acquisition, and user feedback remained consistent and timely,
indicating suitability for continuous use in small- and medium-scale production lines.

Figure 5: Visual output of the camera-based detection and filling ratio analysis.

4. Conclusion

This study presented the design and validation of a modular control and placement system for
thermoelectric module assembly. The system combines a vision-guided monitoring
subsystem, a vibration-assisted alignment mechanism, PWM-controlled DC drive,
and a 7-inch touchscreen HMI. Experiments showed 85% correct orientation within 12
seconds under the identified operating conditions. To avoid overclaiming performance, we
intentionally refrain from stating a single global accuracy for filling-ratio detection.
Instead, we introduced an iterative re-inspection loop that repeats alignment and vision
checks until the operator-defined threshold is met or operator intervention is requested,
thereby increasing practical success without relying on a single static metric. Future work
will include a formal statistical evaluation (confusion matrices across part types, lighting,
and tray geometries), automated parameter tuning for the iterative loop, and cloud-
connected analytics for traceability and predictive maintenance.

Although the proposed system improves repeatability and reduces operator dependency
compared to manual placement, several practical limitations were observed during testing.
When thermoelectric modules of inconsistent material quality were used, the vibration-
assisted alignment process occasionally caused micro-damage or mechanical stress on the
module surfaces, especially when the solder interface was not uniformly bonded. To
minimize this effect, the vibration amplitude and duration were later optimized through
iterative testing, but full elimination of this risk requires tighter control of incoming
component quality.

Additionally, while the automated placement and inspection workflow significantly
accelerates the process, the system cannot yet achieve 100% filling ratio in every
cycle. Small misalignments or irregularly shaped elements may remain unseated after
multiple vibration—
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settling loops. In such cases, manual operator intervention is required to complete the
tray before the next process stage. These findings indicate that human oversight remains
valuable in ensuring complete assembly when component tolerances or mechanical
uniformity vary across batches.

The developed system provides a practical and cost-effective solution for
industrial environments where precise placement and alignment of small components are
required. Initially designed for thermoelectric module assembly, the same control and
inspection architecture can be adapted to sensor packaging, micro-module manufacturing,
and precision part sorting applications.

Its modular structure, touchscreen interface, and vision-assisted verification enable semi-
automated workflows that bridge the gap between manual labor and fully automated
production. This approach is particularly valuable for small- and medium-sized enterprises
(SMEs) seeking to enhance production quality and throughput without major
capital investment.

By reducing operator fatigue, standardizing motion parameters, and introducing traceable
digital feedback, the system supports Industry 4.0 and smart manufacturing principles. In the
long term, its scalability and software flexibility allow integration into broader
digital production ecosystems involving cloud monitoring, predictive analytics, and adaptive
process optimization.
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ABSTRACT KEYWORDS

Industrial refrigeration cabinets are used as cold chain display

. . . e Based Image Processing
cabinets in various areas such as hotels, supermarkets and gas

stations. These cabinets are produced with doors, without doors or
as freezers. Icing occurs due to the humidity of the air passing over
the evaporator in the industrial refrigeration cabinets and the low

e Defrosting
e Icing
e Industrial Refrigeration

evaporator operating temperature. This icing causes the air flow Cabinet

to slow down and the products cannot be stored at the desired
temperatures. Various methods have been developed to prevent
icing or to melt the ice. Some of these have become widespread
as closed cycle method, closed cycle method with hot gas and
resistance defrosting. The application of these methods is
determined according to the type of cabinet. The ambient
conditions during the tests were set at 25°C and 60% humidity as
per ISO 23953 standard. However, these ambient conditions
cannot be achieved in every region where the cabinet operates,
and the cabinet can be used in environments with higher humidity
and temperature. In this study, image processing techniques were
used to investigate the feasibility of detecting icing on the
evaporator for cabinets operating in different regions.
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1. Introduction

Industrial refrigeration cabinets are widely used around the world. Freezer units, in particular, are
commonly used for the storage and display of frozen products and frozen ready-to-eat foods. These units
come in plug-in (plug-and-play) and remote (external refrigeration unit) types. In freezers, closed-loop,
hot gas circulation, and resistance defrost methods are used to remove frost that forms on the evaporator.

Image processing is used in many different fields in the literature, such as medical imaging, satellite and
drone image processing, autonomous devices, and robotics [1-5]. In the study presented in [6], the
authors developed a multi-stage image processing-based method for detecting icing on power
transmission lines. The proposed method achieved higher success compared to existing methods under
low light and complex background conditions. In the study conducted in [7], an OpenCV-based image
processing algorithm was developed to calculate sea ice density for studies aimed at determining the
optimal route in the Arctic Ocean. The developed method was tested with accuracy improved by color
spaces, k-means clustering, and random forest models. In another study using hyperspectral imaging
and machine learning techniques to detect icing on critical infrastructure, ice types were classified with
high accuracy on different surface coatings. Multiclass analyses performed with Random Forest and
SVM algorithms, in particular, yielded successful results in distinguishing between glaze and rime ice
[8]. In a study using hyperspectral imaging technology to detect blade icing on wind turbines, more
accurate and faster results were obtained compared to traditional methods. The study shows that icing
can be detected with high accuracy even in its early stages [9]. Jakonczuk et al. [10] detected icing on
the evaporator using image processing techniques and investigated its effect on cooling performance.
They noted that icing reduced evaporator capacity by 0.2 kW and caused a capacity loss of up to 40%
in the long term. They observed that the applied methods had a positive effect on the defrost process.

In this study, the dimensions of the region where frosting occurs on the evaporator were determined
using image segmentation features obtained by applying image processing techniques, and compared to
the situation where no frosting occurs.

2. Maths

In this study, an image processing technique was used to detect frost on the evaporator inside the
refrigerator. Within this technique, image segmentation was used to detect the frosted area and the size
of the frost. The formulas and explanations for these techniques are provided below.

The thresholding equation is a common approach to binary classification of pixels, where the decision
is based solely on the value of pixel I. This approach is called thresholding, and t is called the threshold
value.

0,if Iu.v] <

t
1Lif uv]>¢ "WV &l (1)

clu,v] = {

Many modern industrial visual inspection systems use this simple approach because it allows the use of
embedded computers, and it works very well if objects are silhouetted on a conveyor belt or at an
inspection station in a suitable contrasting color.

The shape-from-perimeter method is used to uniquely define the shape of a region based on its boundary
or surrounding pixels. In the case of a chain code with 4 direction shown in Figure 1.a), consecutive
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pixels must be adjacent, and the orientation of the surrounding segments must be k x 90°, where k €
{0...3}. Freeman chain code with 8 direction shown in Figure 1.b has boundary segments oriented at k
x 45° where k € {0...7}. The crack code shown in Figure 1.c) has segments in the cracks between the
pixels on the edge of the region and the pixels outside the region. These have k x 90° orientations, where
k € {0...3}.

3. Figures & Tables

N

Fig. 1. a) chain code with 4 direction representation, b) Freeman chain code with 8 direction representation,
¢) Crack code representation.

Fig. 2. Reference image (No frosting)
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Fig. 3. Two-dimensional image histogram (No frost condition)
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4. Results

Ice detection was performed using image processing techniques to reduce the effect of frost formation
on industrial refrigeration cabinet evaporators. In the first stage, a reference image was taken when there
was no frost on the evaporator, as shown in Figure 2. Then, a two-dimensional image histogram was
created, as shown in Figure 3.

In the second stage, a two-dimensional image histogram was created from the frozen evaporator shown
in Figure 4 and displayed in Figure 5. When examining the histograms of the images given in Figure 5,
it was determined that the number of pixels at threshold values of 0.67 and above was lower, while in
the frozen image, the number of pixels at threshold values above 0.67 was higher. Taking advantage of
this finding, the threshold value to be used in the comparison between the two images was set at 0.67.
The boundaries of the objects (ice) above the threshold value determined in the frozen image were also
detected, as shown in Figure 6.

Reference image (non-frosted condition) showed 26,941 pixels at a threshold value of 0.67, while the
frosted image showed 59,619 pixels at a threshold value of 0.67.

Frosting on the evaporator in industrial freezers was determined using image processing techniques.
Image segmentation was used to detect frosting. The following results were obtained in this study.

e The reference image (Figure 3) and frozen image (Figure 5) histograms were examined, and the
threshold value was determined to be 0.67.

e The boundaries of objects (ice formation) above the threshold value of 0.67 were determined.
(Figure 6)

e |t was determined that there were 26,941 pixels above the threshold value of 0.67 in the
reference image and 59,619 pixels above the threshold value of 0.67 in the frozen image.

e A difference of 32,678 pixels was determined between the reference image and the frozen
image.

It has been observed that frost formation on the evaporator can be detected by comparing pixel
differences using basic image processing techniques. More accurate data can be obtained using detailed
image processing techniques. The software developed can detect frost and be adapted to the cabinet's
automation management unit using the designed commands. Thus, parameters such as when the cabinet
will enter defrost mode and the defrost duration can be managed independently of the region where it
will be used. This enables the optimization of parameters such as defrost time and duration, thereby
achieving energy savings in the cabinet.
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ABSTRACT KEYWORDS

This study aims to predict future usage trends by analyzing e-bike ¢ Ejectric Bicycle
usage in a province using time-series models. E-bikes, as an
important component of sustainable transportation, increase urban
mobility and reduce traffic congestion. In this context, accurate
demand forecasting plays a critical role in the effective
management and operational planning of bike-sharing systems. In
this study, forecasts were first made using the univariate time-
series model ARIMA using only bicycle usage data. Then, the
multivariate model SARIMAX was applied by incorporating
exogenous factors such as weather. The dataset included daily
bicycle usage information and meteorological variables such as
temperature, precipitation, and wind speed. Model performance
was evaluated using RMSE and MAE metrics. The results
revealed that model performance varied across regions. While the
univariate model ARIMA performed best in four regions, the
multivariate model SARIMAX vyielded superior results in most
regions. It was observed that incorporating exogenous factors
such as weather into the model increased forecast accuracy. The
findings contribute to optimizing field operations of bike-sharing
systems and improving urban transportation planning. Thus, it
becomes possible to use resources more efficiently and increase
user satisfaction.

e Time Series Forecasting
e Univariate Model

e Multivariate Model

o Comparative Analysis

e Performance Metrics
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1. Introduction

Global climate change and increasing urbanization rates are driving a growing need for
sustainable transportation solutions. In this context, electric bicycles (e-bikes) are emerging as
a prominent alternative to traditional transportation systems and are undertaking a critical role
in the transformation of urban mobility [1]. With zero emissions, low operating costs, and the
potential to reduce traffic congestion, e-bikes have become a cornerstone of sustainable urban
transport [2]. Over the past decade, bicycle-sharing systems have shown exponential growth on
a global scale and have become an integral part of sustainable urban transportation ecosystems
[3]. The operational success of these systems is fundamentally based on accurate demand
forecasting and effective resource allocation strategies. Critical decisions such as optimizing
bicycle distribution, planning station capacities, and scheduling maintenance operations all
require a precise prediction of future usage patterns.

Time series analysis offers a powerful statistical methodology for forecasting future values
based on past data patterns. This approach has proven particularly effective in bicycle-sharing
demand forecasting. In such studies, both univariate and multivariate time series models are
used to predict e-bike usage. For univariate approaches, models like Autoregressive Integrated
Moving Average (ARIMA) [4] are preferred. However, bicycle usage demand is also
influenced by external factors beyond past usage patterns, such as temperature, precipitation,
and wind speed. For this reason, multivariate models like Seasonal Autoregressive Integrated
Moving Average with Exogenous Variables (SARIMAX) [5], which incorporate these external
variables to enhance forecasting capabilities, also hold a significant place.

The primary objective of this study is to conduct a comparative analysis of univariate and
multivariate time-series forecasting models for e-bike usage forecasting in a specific city. The
study analyzes bicycle usage data from different regions and evaluates the effects of weather
variables on forecast performance. Performance evaluation was conducted using Root Mean
Square Error (RMSE) and Mean Absolute Error (MAE) metrics to ensure robust model
comparison [6]. The results are expected to significantly contribute to improving the operational
efficiency of bike-sharing systems and urban transportation planning.

The paper is organized as follows: Section Il presents related work in univariate and
multivariate time series forecasting. Section Il presents experimental results and discussion,
and Section IV presents the paper's conclusion.
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2. Materials and Methods

This section details the methods used to analyze urban electric bicycle usage and forecast future
usage trends. In this paper, time series analysis and statistical models were used to create
forecasting models from both univariate and multivariate datasets. By comparing the
performance of these models, the approach that produced the most accurate forecasts was
determined.

2.1. Dataset Description

In this paper, two different datasets were used, which consist of electric bicycle usage data. The
first dataset is a univariate time series containing daily usage values, covering a period of
approximately 14 months from December 31, 2022, to February 28, 2024. This dataset includes
three features: date, region name (name), and the daily number of bicycles ridden (count). The
second dataset, to be used with multivariate models, includes bicycle usage data along with
weather information. This dataset contains environmental factors such as average temperature
(tavg), precipitation amount (prcp), and wind speed (wspd). Both datasets cover the same time
period and were prepared for different analyses.

The datasets consist of observations representing different regions within a specific province.
Figure 1 displays a Geographic Information Systems (GIS)-based approach that was adopted to
define the regions, and the GeoPandas library was used to identify 14 different regions within
the provincial boundaries [7]. This regional division is critical for analyzing the impact of
spatial differences on demand. The region boundaries were created and visualized using
geographic data in shapefile format.

Fig. 1. Regional segmentation of the studyarea using G1S-based approach

Additionally, time series components were analyzed across the entire dataset. This analysis
involved decomposing the observed values into their constituent elements (trend, seasonal, and
residual). Figure 2 illustrates this analysis, which reveals long-term trends, seasonal cycles, and
random fluctuations, providing a better understanding of the data structure [8].
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Fig. 2. Time series decomposition of electric bicycle usage (April 2023 — February 2024)

2.2.  Time Series Forecasting Models

Time series forecasting is a field of analysis that uses historical data to predict future values.
Models in this field are divided into two main groups: univariate and multivariate, based on the
structure of the data and the goal of the forecast.

2.2.1. Univariate Time Series Forecasting Model

Univariate models predict future values using past values of a single time series.
22.11. ARIMA Model

The ARIMA (Autoregressive Integrated Moving Average) model is one of the most widely
used statistical models for time series forecasting. The AR component represents past
observations; the MA component represents past error terms; and the | component represents

the differencing process necessary to make the series stationary [9, 10]. The basic ARIMA
model can be expressed as follows:

Ye=ct+ ¢iyat ot ¢pyip + 0161+ o+ Ogeg + € (1)

It can be seen from Equation (1) that the differenced series is represented by y’., while ¢ and 6
are the model parameters, and e, denotes the error term.
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2.2.2. Multivariate Time Series Forecasting Model

Multivariate models improve forecast accuracy by using the relationships between multiple
variables.

2.2.21. SARIMAX Model

SARIMAX (Seasonal Autoregressive Integrated Moving Average with Exogenous Regressors)
is an extended version of the ARIMA model that includes exogenous variables (x:) and seasonal
components (ps, ds, gs). The general form ofthe SARIMAX model can be expressed as follows:

®(B)Ds(BS)(1 —B)4Y(1 — BS)%y, =c + O(B)0s(BS)e: + BX: 2

It can be seen from Equation (2) that, ® and ® represent the autoregressive and moving average
parameters, B is the backshift operator, s is the seasonal period, and X, denotes the exogenous
variables [5].

2.3.  Performance Metrics

In time series forecasting, two main evaluation metrics are used to assess the performance of
the models: Root Mean Squared Error (RMSE) and Mean Absolute Error (MAE). These metrics
provide a quantitative evaluation of the model's performance by measuring how much the
model's predictions deviate from the actual values.

231 MAE

Mean Absolute Error (MAE) is computed as the average of the absolute differences between
the predicted values and the actual values. This metric provides the average magnitude of error
in a group of forecasts without considering direction. Because it assigns equal weight to the
magnitude of each error, it presents a more resilient structure against outliers. The following
formula is used to calculate MAE:

n

1
MAE =" > |yi — v 3)
i=1
In this equation, n represents the number of predictions, y; is the actual value, and y 7 represents
the model's prediction. It can be seen from Equation (3), equal weight is given to the magnitude
of each error, which makes MAE more resilient to outliers.

232. RMSE

Root Mean Squared Error (RMSE) is the square root of the average of the squared differences
between the predicted and actual values. The squaring of errors amplifies the effect of large
errors, penalizing them more heavily. This makes RMSE a more useful metric in cases where
large prediction errors are particularly important. The calculation of RMSE is performed with
the formula in Equation (4).
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RMSE = \/3 S — yN? €))
n

i=1

It can be seen from Equation (4) that n represents the number of predictions, y; is the actual
value, and y”, indicates the model's prediction.

3. Results and Discussions

This section presents a comprehensive analysis of the forecasting performance of six time series
models across 14 different regions for electric bike-sharing demand prediction. The models
were evaluated using Root Mean Square Error (RMSE) and Mean Absolute Error (MAE)
metrics to provide a robust comparison of their predictive capabilities.

Table 1 presents the comparative performance between ARIMA and SARIMAX models across
all regions. The results reveal that the effectiveness of the models varies according to regional
characteristics and data patterns.

Table 1. ARIMA and SARIMAX Model Performance Comparison

Regions ARIMA RMSE ARIMA MAE SARIMAX RMSE SARIMAX MAE
Region 1 1.97 111 2.92 2.67
Region 2 3.25 2.44 6.92 5.65
Region 3 10.37 8.32 8.87 6.78
Region 4 3.44 2.81 2.96 2.50
Region 5 5.25 4.27 4.25 3.19
Region 6 6.26 5.85 5.44 4.97
Region 7 10.04 8.76 8.07 5.68
Region 8 8.35 6.69 7.57 6.16
Region 9 1.15 0.81 0.99 0.67
Region 10 10.33 7.94 9.69 6.64
Region 11 8.21 6.78 7.79 6.33
Region 12 171 1.45 1.86 1.60
Region 13 3.89 2.56 4.75 3.25
Region 14 0.90 0.77 0.77 0.69

The analysis demonstrates the significant contribution of meteorological variables to forecast
accuracy, with the SARIMAX model outperforming ARIMA in 10 out of 14 regions (71.4%).
The SARIMAX model, which includes weather data, achieved lower error rates in most regions.
This suggests that exogenous factors such as temperature, precipitation, and wind speed have a
significant impact on bicycle demand. ARIMA, however, outperformed only four regions
(Regions 1, 2, 12, and 13). These regions may be less affected by exogenous weather factors
and have more predictable internal patterns. This finding highlights the need to determine the
most appropriate model for each region.
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When the results are evaluated from the perspective of e-bike sharing system management, the
consistently superior performance of the multivariate model clearly demonstrates the
significant impact of weather conditions on user behavior. This demonstrates the fundamental
need to consider meteorological data in demand forecasting systems. The performance
differences across regions demonstrate that demand patterns are influenced by local factors
such as population density, infrastructure status, and geographic characteristics, highlighting
the need for customized approaches for each region.

From a model selection perspective, the SARIMAX model demonstrates the most consistent
improvement compared to its univariate counterpart, proving to be a reliable option for regions
with complex demand patterns. The improved accuracy of the multivariate model can directly
contribute to more efficient operational resource allocation, reduced operating costs, and
increased user satisfaction through improved bike availability. These findings support the need
to implement weather-aware forecasting systems in electric bike-sharing operations and
provide an important foundation for sustainable urban transportation planning strategies.

4. Conclusion

This study presents a comparative analysis of univariate ARIMA and multivariate SARIMAX
models for demand forecasting in electric bicycle-sharing systems. The findings clearly
demonstrate the critical role of external meteorological factors in demand prediction. The
SARIMAX model, by incorporating weather data, was proven to provide a higher level of
accuracy than ARIMA in most regions.

This result indicates that, unlike models based solely on historical usage data, multivariate
approaches produce more robust and reliable forecasts. The main contribution of this study is
to provide a practical pathway for optimizing resource allocation, reducing costs, and enhancing
overall user satisfaction by advocating for the use of weather data in bicycle-sharing operations.

Future research could expand on these analyses by comparing the performance of these models
in different geographical regions or by integrating more exogenous variables, such as social
events and local infrastructure changes.
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