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DIYAMANYETIK MALZEMELERIN
MANYETIK ALAN YARDIMIYLA ISI ELDESI

Hasim AYMAZ!
Mehmet Ali EREN?
Serta¢c GORGULUS3

1. GIRIS

Giderek artan niifus ve hizla gelisen teknoloji, enerjiye
olan talebi her gegen giin daha da artirmaktadir. Bu durum, enerji
arzini saglamak adina yeni ve yenilik¢i teknolojilere olan ihtiyaci
beraberinde getirmektedir. Bu yeni teknolojilerin temel hedefi;
diisiik tiretim ve isletme maliyetlerine sahip, ¢cevre dostu, sosyal
sorumluluk bilinciyle uyumlu ve verimli bir sekilde ener;ji
saglama siire¢lerini gelistirmektir (Kavak, 2005).

Giliniimiizde enerji politikalarinin merkezinde verimli
enerji kullanimi, etkin yonetim stratejileri, alternatif yakit
secenekleri ve bunlarin uygulanabilirligi, yenilenebilir enerji
kaynaklarmin gelistirilmesi ve enerji tliketiminin yol agtigi
cevresel etkiler gibi konular yer almaktadir. Ozellikle fosil yakit
rezervlerinin hizla tiikenmesi ve niifusun artis gostermesi,

L Burdur Mehmet Akif Ersoy Universitesi, Miihendislik - Mimarlik Fakiiltesi,
Elektrik - Elektronik Miihendisligi, himl0aymz@gmail.com, 0009-0003-0263-
3119.

2 Burdur Mehmet Akif Ersoy Universitesi, Miihendislik - Mimarlik Fakiiltesi,
Elektrik - Elektronik Miihendisligi, malieren2001@gmail.com, 0009-0000-7135-
4058.

3 Dog. Dr., Burdur Mehmet Akif Ersoy Universitesi, Mihendislik - Mimarlik
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0002-8394-5362.
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alternatif enerji kaynaklarina yonelimi kaginilmaz hale getirmistir
(TPAO, 2016; BP, 2015).

Karbondioksit emisyonlarindaki artig, tiim tilkeleri tehdit
eden iklim degisikligi ve kiiresel 1sinma gibi ¢evresel sorunlara
yol agmaktadir. Bu sorunlarin temelinde, iiretim ve tiiketim
streclerinde gereken enerjinin blylk 0lcude yenilenebilir
kaynaklar yerine fosil yakitlardan elde edilmesi yatmaktadir.
Fosil yakitlarin yaygin sekilde kullanilmasi, atmosferdeki sera
gaz1 yogunlugunu artirarak sera etkisini giliclendirmekte ve
yerkiirenin karbon tutma kapasitesini azaltarak dogal atmosfer
dengesinin bozulmasina neden olmaktadir (Simsek vd., 2020).

Karbondioksit salinimlarinin ¢evresel etkilerini tamamen
ortadan kaldirmak miimkiin olmasa da bu olumsuzluklar1 en aza
indirmek i¢in enerji ihtiyacinin fosil yakitlardan ziyade
yenilenebilir enerji kaynaklar1 ve yeni teknolojiler araciligiyla
karsilanmas1 gerekmektedir (Cetintas vd ,2017).

Bu ¢alismada, diyamanyetik malzemelerin manyetik alan
etkilesimi ile 1s1 elde edilmesi prensibine dayali yenilik¢i bir
1sitma sisteminin gelistirilmesi hedeflemenmistir. Diyamanyetik
malzemeler, manyetik alan etkisiyle elektron hareketlerinin
degistigi ve bunun sonucunda 1sinin ortaya ¢iktigr malzemelerdir.
Bu 6zelliklerinden faydalanarak, manyetik alanin su veya baska
bir 1s1 tasiyict madde iizerinde olusturdugu etkilesimle verimli bir
1sitma sistemi tasarlanmistir. Calisma kapsaminda, asenkron
motorlar ve neodyum miknatislar gibi gilicli manyetik alan
kaynaklar1  kullanilarak, diyamanyetik 0zelliklere sahip
malzemelerle 1s1 elde edilmis ve bu siire¢ ¢evre dostu, enerji
verimli bir 1s1nma ¢oziimiine doniistliriilmiistir.
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2. CALISMA iCERIiGi

Calismada kullanilan malzemeler ve ¢alisma yontemi bu
boliimde verilmistir.

2.1. Bakir Tel

Bakir tel, motorun stator ve rotor sargisinda kullanilan
iletken malzemedir. Elektrik enerjisinin  motorun hareket
enerjisine donlismesi i¢in bakir teller, elektrik akimini tagir.
Bakir, iyi bir elektrik iletkeni oldugu ic¢in, motorun verimli
calismasi agisindan tercih edilir.

2.2. Motor Kondansatori

Motor kondansatorleri, alternatif akim (AC) motorlarinda
kullanilan ve motorun baslangi¢ hareketini saglamak amaciyla
kullanilan 6zel kondansatorlerdir. Bu kondansatorler, AC
motorun ¢aligmaya basladigi anda aniden artan baslangi¢ akimini
saglar ve motorun diisiik hizda yiiksek tork iiretmesini destekler.
Boylece, motor kondansatorleri AC motorun baglatilmasina
yardimci olur ve diisiik hizda yiiksek torkla verimli ¢alismasini
saglar. Ayrica, bu kondansatorler motorun rotorunda sabit bir
manyetik alan olusturarak motorun verimli sekilde ¢aligmasina
katkida bulunur. Motor kondansatorleri, AC motorlarin gii¢
faktoriinii iyilestirerek enerji tiiketimini diisiirlir ve enerji
verimliligini artirir. Farklt AC motor tiirleri icin ¢esitli boyut ve
kapasitelerde mevcuttur ve motorun teknik 6zelliklerine uygun
olarak secilmelidir (Gamak, 2023).

2.3. N35 Neodyum Miknatis

Neodyum miknatislar, yliksek manyetik enerji yogunlugu
ile bilinen ve NdzFe14B bilesiginden iiretilen kalict miknatislardir.
*N35” smifi, miknatisin manyetik enerjisinin 35 MGOe (Mega
Gauss Oersted) oldugunu ifade eder; bu da N35 smifindaki
miknatislarin belirli bir hacimdeki manyetik enerji yogunlugunun
35 MGOe oldugu anlamina gelir. Bu 6zellikleri nedeniyle, N35
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neodyum miknatislar, elektrik motorlari, jeneratorler, hoparlorler
ve manyetik tutucular gibi bir¢ok farkli alanda kullanilmaktadir
(Magneteksan, 2025).

2.4. Tek Fazlh Asenkron Motor

Tek fazli asenkron motorlar, ii¢ fazli gerilimin
bulunmadigi ev aletleri, ofis ekipmanlar1 ve diisiik giiclii
endistriyel uygulamalarda yaygin olarak tercih edilmektedir.
Bunun baglica nedenleri; gelismis ve oturmus bir {iretim
teknolojisine sahip olmalari, basit ve saglam yapilar1 sayesinde
ariza oranlarmin diisiik olmasi, bakim gereksinimlerinin az
olmasi ve isletme maliyetlerinin ekonomik olmasidir (Mergen
vd., 2005, Tuncer vd., 2017).

2.5. Aliminyum Radyat6r

Aliiminyum radyatérler, hafif yapis1 ve yiiksek 1s1
iletkenligi sayesinde 1sitma sistemlerinde yaygin olarak kullanilir.
Hizli 1sinma 6zelligiyle verimli bir 1s1 dagilimi saglar ve gelik
veya demir radyatdrlere gore daha az su tiiketir. Korozyona karsi
dayanikli olup, estetik tasarimlartyla dekoratif bir secenek sunar.
Hafif olmasi montaj kolayligi saglarken, geri doniistiiriilebilir
yapistyla ¢evre dostu bir ¢oziimdiir (Radipan ,2022).

2.6. Santrifij Pompa

Santrifiij pompalar, siviy1 ¢arkin merkezine yonlendirerek
ve santrifiij kuvvetiyle ¢evresine dagitarak c¢alisan basit fakat
etkili bir prensibe dayanir. Yapisal olarak saglam, ekonomik ve
yiiksek hizlarda c¢alisabilme 06zelligine sahip oldugundan,
dogrudan bir asenkron motorla kullanilabilir. Bu pompalar,
strekli stvi akist saglama avantajina sahiptir ve akis hizi,
pompanin zarar gérmesine neden olmadan kontrol edilebilir. S1vi,
pompa girisinden donmekte olan c¢arkin merkezine ulasir ve
burada hiz kazanarak c¢evresine dogru hareket eder. Bu
mekanizma, yliksek verimlilik sunar ve temiz sivilarin tasinmasi
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icin idealdir. Ancak, atik su pompalar1 gibi i¢inde kati madde
barindiran sivilar1 tagimak icin kullanilan pompalar, tikanmay1
onleyecek sekilde Ozel tasarlanmis carklara sahiptir (Sumak,
2025).

2.7. Bakir Boru

Bakir borular, icme suyu tesisatlarindan yakit ve gaz
sistemlerine kadar bir¢ok alanda giivenilirligi, mekanik dayanimi
ve antibakteriyel Ozellikleri nedeniyle yaygim olarak tercih
edilmektedir. Yiiksek mekanik dayanimi sayesinde basinca karsi
direnclidir ve farkli sicakliklarda tavli, yar1 tavli veya sert olarak
kullanilabilir. Diisiik yilizey piirtizlilligli sayesinde siirtiinme
katsayis1 azdir, bu da basing ve enerji kayiplarini en aza indirir.
Lehimleme ve uyarlama etkinligi sayesinde basing kayiplarini
onemli 6lcude azaltabilir. (Onuk, 2013)

2.8. Yontem

Sebekeden gelen elektrik enerjisiyle birlikte motor
calismaktadir. Motor iizerinde neodyum miknatislarin
sabitlestirilmis olan tahta plakayr dondiirmektedir. Donen
miknatislar doner manyetik alan olusturmakta ve bu manyetik
alan icerisine diyamanyetik malzeme olan bakir boruyu
konumlandirildiginda bakirin yiizeyinde girdap akimlarindan
dolay1 1s1 meydana gelmektedir. Bu bakir borunun igerisine su
konuldugu zaman su 1s1y1 absorbe eder. Suyun bakir boru ve
radyatdr arasindaki dolasimi  su pompast kullanilarak
gercgeklestirilmistir. Isinan su radyatorii 1sitmaktadir ve sicaklik
Olctimleri yapilmigtir. Calisma igin tasarlanan sistem Sekil 1°de
gosterilmistir.
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Sekil 1. Tasarlanan sistem

3. SONUC

6, 8 ve 10 adet neodyum miknatisla kurulan sistemin
calistirillmas1 sonucunda miknatislarin etkisiyle olusan girdap
akimlarindan dolay1 bakir boru ylizeyinde ortaya ¢ikan sicaklik
degerleri Olgiilmiistiir. Termal kamera ile yapilan Ol¢umler
sonucu alinan sonuglar Tablo 1’de verilmistir.

Tablo 1. 6, 8, 10 adet miknatisin bakir boru yiizeyinde
olusturdugu sicakhk degerleri

SICAKLIK (°C)
6 Miknatish 8 Miknatish 10 Miknatish
0 20,8 21,8 21,2
30 36,5 39,5 55,6
60 48,7 60,3 89,9
= 90 60 79,8 106
& 120 66 86,4 120
E 150 70,1 91,4 128
S 180 71,5 98,7 135
@ 210 [718 102 141
240 75,9 104 147
270 76,8 105 149
300 79,8 109 151
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Bakir boru yiizeyinde ortaya c¢ikan sicaklik degisim
grafigi Sekil 2’de verilmistir.
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Sekil 2. Bakir boru yiizeyinde ortaya cikan sicaklik degerleri
Radyatordeki sicaklik degisim grafigi Sekil 3’te

verilmigtir.
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Bu sonuglara gore miknatislar bakir boruyu 1,5 dakika
gibi bir strede 100 °C’ye ¢ikartirken, sistem igerisinde dolasan
suyun radyatorii 1sitmasi ¢ok daha az olmustur. Sistem 1,5
dakikada suyun sicaklig1 yalnizca 4 °C arttirabilmistir.
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DETERJANMATIK TASARIMI

Serkan ELLEK!
Serta¢c GORGULU?

1. GIRIS

Glinlimiizde teknolojinin hizla gelismesi, ev i¢i cihazlarin
daha akilli, enerji verimli ve kullanici odakli hale gelmesini
saglamaktadir. Ozellikle Nesnelerin Interneti (IoT), duyusal
izleme ve otomasyon alanindaki ilerlemeler, geleneksel ev
aletlerinin ¢alisma bi¢imini énemli Ol¢iide degistirmistir. Akilli
beyaz egya sistemleri; enerji yonetimi, kullanici aligkanliklariin
analizi ve otomatik kontrol gibi yeteneklerle hem konforu
artirmakta hem de c¢evresel etkilerin azaltilmasina katki
saglamaktadir (Luque et al., 2019; Sevim & Duran, 2021).

Camasir makineleri, enerji ve su tiiketiminin yani sira
deterjan kullanim miktar1 agisindan da siirdiiriilebilirlik
hedefleriyle yakindan iligkili 6nemli ev ici cihazlardandir.
Arastirmalar, kullanicilarin %30°dan fazlasinin deterjani 6nerilen
miktardan fazla kullandigini, bunun hem g¢evresel hem de
ekonomik olumsuz sonuglara yol agtigmi gostermektedir
(Ammendolia & Walker, 2019). Asir1 deterjan kullanimi; su
kaynaklarimin  kimyasal yiikiinii artirmakta, makinelerde
kopiiklenme ve kalinti birikimine neden olarak cihaz dmrunt
azaltmakta ve yikama performansim1 olumsuz etkilemektedir
(Miele Technical Report, 2020). Bu nedenle deterjanin dogru ve

L Burdur Mehmet Akif Ersoy Universitesi, Mihendislik, Mimarlik Fakiiltesi,
Elektrik, Elektronik Miihendisligi, ORCID: 0009-0004-6328-7624.

2 Dog. Dr., Burdur Mehmet Akif Ersoy Universitesi, Muihendislik, Mimarlik
Fakultesi, Elektrik - Elektronik Miihendisligi, ORCID: 0000-0002-8394-5362.
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otomatik dozajlanmasi, hem siirdiiriilebilir tiikketim hem de
kullanic1 deneyimi agisindan kritik bir gereklilik haline gelmistir.

Son yillarda biiylik iireticiler tarafindan gelistirilen
otomatik dozajli ¢amasir makineleri, sensér tabanli 6l¢iim
yaklagimlart ve kapali ¢evrim kontrol algoritmalariyla deterjan
tiketimini optimize etmeyi hedeflemektedir. Bu sistemlerin
yetersiz kaldigi en onemli nokta ise farkli deterjan tipleri,
degisken su sertligi, yiik agirligr ve kirlilik diizeyinin hassas bir
sekilde modellenmesi gerekliligidir (Paepen et al., 2022).

Bu calisma, ¢amasir makinelerinde kullanilan deterjanin
dogru, verimli ve otomatik olarak dozajlanmasini saglayan
yenilik¢i bir Deterjanmatik Sistemi tasarimini ele almaktadir.
Tasarlanan sistem; sensor verilerinden yararlanarak camasir tiirii
ve kirlilik derecesine bagli olarak dogru deterjan tiiriinii ve
miktarin1 se¢gmekte, ayrica zorlu lekeler i¢cin uygun katki
maddelerini otomatik olarak eklemektedir. Bu sistem, kullanici
midahalesini en aza indirirken deterjan kullanimini optimize
etmeyi ve ¢evreye duyarli bir ¢6ziim sunmay1 hedeflemektedir.

2. CALISMA iCERIGi

Calismada kullanilan malzemeler ve ¢alisma yontemi bu
boliimde verilmistir.

2.1. Arduino Uno

Arduino, giinliik yasamda karsilagilan c¢esitli fiziksel
parametrelerin algilanmasi, Ol¢iilmesi ve kontrol edilmesine
olanak taniyan bir mikrodenetleyici platformudur. Acik kaynakli
mimarisi, sade ve kullanict dostu donanim yapisi ile bu
donanimin programlanmasin1 saglayan biitiinlesik yazilim
araglar1 sayesinde hem egitim hem de prototipleme siireglerinde
genis bir kullanim alan1 sunmaktadir (Arduino, 2024).

12
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2.2.YUk Hucre Sensoru

Yuk hicreleri, uygulanan mekanik kuvveti oOlculebilir
elektriksel sinyallere doniistiiren sensorlerdir. Temel olarak kiitle
ve kuvvetin hassas bigimde Olc¢lilmesi amaciyla kullanilan bu
sensorler, metal malzemelerin iizerine uygulanan yiik altinda
meydana gelen elastik deformasyon prensibine dayali olarak
calismaktadir (Yasar, 2020).

2.3.Agirhk Sensorii

Yk hiucresinden gelen veriyi analogdan dijitale ¢cevirmek
icin Uzerinde HX711 entegresi bulunmaktadir. Ayn1 zamanda
yapisinda dahili sinyal kuvvetlendirici bulunmaktadir (Yasar,
2020).

2.4. Motor Surtcu

Gift H-kopriilii bir motor siiriici modiilii olan bu yap, iki
DC motorun hiz ve yon kontroliiniin eszamanli ve bagimsiz
bicimde gergeklestirilmesine olanak tanimaktadir. Modiil, 5-35
V araliginda beslenen DC motorlar1 desteklemekte olup, motor
bagina 2 A tepe akim kapasitesine sahiptir. Bu 0Ozellikleri
sayesinde sistemde kullanilan motorlarin her iki yonde kararli ve
etkin bir sekilde siiriilmesini saglamaktadir (Sonugiir, 2025).

2.5. Dogru Akim (DA) Motoru

Sivi  deterjanlarin  dogru ve kontrollii bir sekilde
dozajlanabilmesi amaciyla DA motorlar tercih edilmistir.
Deterjanmatik sisteminde 3 farkli deterjan i¢in 3 adet DA motor
kullanilmistir.

2.6. Ekran

Kullanicinin ~ program  se¢imi  yapabilmesi  ig¢in
kullanilmustir.

13
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2.7.Yontem

Kullanic1 arabirimi olan dokunmatik ekran iizerinden
oncelikli olarak kullanicinin leke turl bilgisi girmesi istenir.
Kategori seciminden sonra yiik hiicresi araciligiyla ¢amasirin
agirhigi olciiliir. Bu agirlik ve leke tiiriine gore deterjan ¢esidi ve
miktar1 belirlenir (deterjan, yag coziicii deterjan, oksijen bazl
deterjan). Sistem tarafindan se¢ilen deterjan g¢esidi ve miktari
yikama haznesine aktarilir ve yikama islemi gergeklestirilir.
Calisma i¢in tasarlanan sistemin blok semasi Sekil 1’de
gosterilmistir.

Sekil 1. Tasarlanan sistemin blok semasi

3. SONUC

Bu calisma kapsaminda gelistirilen Deterjanmatik
Sistemi, ¢amagirlarin sahip oldugu leke tiirii ve gamasir miktarini
analiz ederek en uygun deterjan tlrini ve gerekli deterjan
miktarint  otomatik olarak belirleyen, Arduino tabanl
mikrodenetleyici kontrollli akilli bir otomasyon ¢oziimiidiir.

14
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Sistem, yanlis deterjan se¢imi ve gereginden fazla deterjan
kullanim1 gibi kullanici kaynakli hatalarin 6niine gegmeyi; buna
baglh olarak olusan ekonomik kayiplart ve cevresel olumsuz
etkileri azaltmayi hedeflemektedir. Bu sayede, daha verimli,
kontrolli ve siirdiiriilebilir bir temizlik siirecinin saglanmasi
amagclanmaktadir.
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Al AND DEEP LEARNING APPLICATIONS IN
RENEWABLE ENERGY SYSTEMS

Hidir Selcuk NOGAY!

1. INTRODUCTION

The shift toward renewable energy has emerged as one of
the foremost challenges of the 21st century. Motivated by the
pressing need to counteract climate change, lower greenhouse gas
emissions, and secure sustainable electricity supply, renewable
resources—including solar, wind, hydro, and biomass—are being
incorporated into modern power systems at an accelerating pace.
Unlike conventional fossil-based systems, renewable energy
resources are intermittent and highly variable, creating complex
challenges in forecasting, operation, and maintenance.
Consequently, advanced computational tools are required to
improve efficiency, reliability, and long-term sustainability
(Yang and Long 2024; He et al., 2025; Sampene et al., 2024).

In recent years, Artificial Intelligence (Al) and Deep
Learning (DL) have become powerful tools for tackling these
issues. Al-driven techniques are capable of analyzing the large
volumes of data produced by renewable energy systems and
identifying useful patterns that traditional statistical or physics-
based models often fail to capture. As a subset of Al, Deep
Learning allows for the automatic extraction of complex, high-
level representations from raw inputs, minimizing the need for
manual feature design and enhancing model generalization.
Within DL methods, Convolutional Neural Networks (CNNs)

L Professor, Bursa Uludag University, Faculty of Engineering, Department of

Electrical and Electronics Engineering, Bursa, Turkiye, ORCID: 0000-0001-9105-
508X.

17



Elektrik-Elektronik ve Haberlesme Miihendisligi

have shown exceptional performance in tasks such as image
analysis, fault detection, object identification, and classification,
which makes them highly suitable for applications in the
renewable energy domain (Shoaei et al 2024; Qin 2024).

For instance, CNNs can be applied to image-based
problems in renewable energy systems, such as the detection of
dust accumulation on photovoltaic (PV) panels, identification of
faulty components in wind turbines, and classification of
environmental conditions affecting power generation. Likewise,
Recurrent Neural Networks (RNNs) and Long Short-Term
Memory (LSTM) architectures have demonstrated strong
effectiveness in handling time-series prediction problems, such as
wind speed prediction or load demand forecasting. By integrating
CNNs with other DL architectures (e.g., CNN-LSTM hybrids),
researchers can simultaneously capture spatial and temporal
features, opening new opportunities for accurate prediction and
intelligent decision-making in renewable energy systems (Algin
et al., 2025; Wang and Yin 2024; Houran et al., 2023).

Moreover, the growing availability of high-resolution
monitoring data, remote sensing imagery, and Internet of Things
(10T) sensors in energy infrastructures provides fertile ground for
Al-driven innovations. With AI/DL, it is possible to enhance
predictive maintenance of renewable energy assets, optimize
energy storage operations, and support real-time grid
management. These advances not only improve technical
performance but also contribute to lowering operational costs,
reducing downtime, and maximizing the economic viability of
renewable energy projects (Akkur et al., 2024; Nandish and
Pushparajesh 2025; Kuaban et al., 2025).

In summary, renewable energy systems face inherent
variability and operational complexity that require innovative
solutions. Artificial Intelligence and Deep Learning, particularly

18



Elektrik-Elektronik ve Haberlesme Miihendisligi

CNNs, provide powerful tools to address these issues by enabling
efficient forecasting, intelligent monitoring, and automated fault
detection. This chapter examines the use of CNNs and various
other deep learning techniques within renewable energy
applications, emphasizing their benefits, existing limitations, and
their capacity to support and accelerate the worldwide shift
toward sustainable energy.

2. OVERVIEW OF RENEABLE ENERGY SYSTEMS

Renewable energy systems represent a cornerstone of
sustainable development, offering clean and inexhaustible
alternatives to fossil fuels. Their integration into modern power
grids has accelerated in recent decades, supported by
technological advances, decreasing costs of renewable
technologies, and global commitments to decarbonization. Each
renewable energy resource exhibits unique characteristics,
technical requirements, and operational challenges, which must
be considered for efficient utilization. This section provides an
overview of four prominent areas of renewable energy: solar
energy, wind energy, vehicle-to-grid (V2G) technologies, and
energy storage systems (Ohanu et al., 2024 Emrani and Berrada
2024; Deguenon et al., 2023).

2.1. Solar Energy Systems

Solar photovoltaic (PV) technology has experienced
remarkable growth due to its scalability, modularity, and rapidly
declining costs. PV panels convert sunlight directly into
electricity, making them one of the most widely adopted
renewable technologies worldwide. However, PV systems are
susceptible to various environmental and operational issues,
including dust accumulation, shading, temperature fluctuations,
and material degradation. These factors can significantly reduce
energy conversion efficiency. Monitoring and diagnosing faults

19



Elektrik-Elektronik ve Haberlesme Miihendisligi

in PV arrays, as well as predicting performance under changing
weather conditions, are therefore critical. Artificial intelligence
and deep learning techniques—especially convolutional neural
networks (CNNs)—offer powerful means for performing image-
based assessments of PV modules, detection of dust or cracks,
and optimization of maintenance schedules (Okumus 2025;
Kishor et al., 2025).

2.2. Wind Energy Systems

Wind energy is another rapidly expanding renewable
energy resource, driven by its potential to deliver large-scale,
carbon-free electricity generation. Wind turbines capture the
kinetic energy carried by airflow and transform it into electrical
energy. The variability of wind speed and direction, however,
poses a major challenge for grid integration and forecasting.
Turbines are also subject to structural stress, material fatigue, and
environmental effects, leading to failures such as blade erosion,
cracks, and imbalance. Accurate wind speed prediction and early
fault detection are essential for maximizing energy output and
ensuring turbine reliability. Sophisticated Al techniques,
including long short-term memory (LSTM) networks and
combined CNN-LSTM models, have shown promise in
addressing these challenges by capturing both spatial and
temporal patterns in wind data (Misurovic and Mujovic 2022; Hu
etal., 2023; Yessef et al., 2022).

Regional characteristics, environmental conditions, and
operational constraints play a decisive role in the performance
and long-term reliability of wind energy systems. Studies
conducted in Turkiye, for example, have demonstrated that wind
energy potential can vary significantly across neighboring regions
due to local climatic dynamics and terrain complexity (Ersoz et
al., 2013). Environmental assessments further highlight the
importance of site-specific factors—such as land use
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characteristics, atmospheric conditions, and ecological impacts—
in determining both the feasibility and sustainability of wind
energy conversion systems (Kocabey et al., 2009). In addition,
effective maintenance and management strategies, including
those developed for offshore and onshore wind energy conversion
structures (OWECS), are essential for ensuring operational
continuity, minimizing downtime, and meeting long-term energy
demand (Nogay, 2016). These findings highlight the importance
of sophisticated prediction and monitoring systems—particularly
those utilizing Al and deep learning—to ensure dependable wind
turbine performance and seamless integration into the power grid.

2.3. Vehicle-to-Grid (V2G) Integration Methods

The growing prevalence of electric vehicles (EVs) has
opened up new possibilities for enhancing grid operations
through Vehicle-to-Grid (V2G) systems. V2G allows electricity
to flow both to and from EV batteries, enabling functions such as
load leveling, frequency stabilization, and peak demand
reduction. The effectiveness of V2G systems depends on accurate
forecasting of aggregated vehicle battery capacity, user behavior
patterns, and grid demand. Deep learning methods, including
recurrent and feedforward architectures, can model these
nonlinear dynamics and provide robust predictions of available
capacity. Integrating Al into V2G systems can therefore enhance
grid stability, reduce reliance on fossil-based peaker plants, and
accelerate the transition to smart and sustainable energy
infrastructures (Ali et al., 2023).

2.4. Power Storage and Management Systems

Power storage is a vital component of renewable energy
sys element of renewable energy infrastructures, addressing the
intermittency of solar and wind power by storing excess
electricity for later use. Lithium-ion (Li-ion) batteries are the
most widely deployed storage technology, owing to their high
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energy density, efficiency, and declining costs. However,
challenges such as capacity degradation, safety risks, and
complex electrochemical behaviors must be carefully managed.
Estimating battery health status (SOH) and future service lifespan
(RUL) is critical for ensuring reliability and safety. Al and deep
learning approaches, particularly CNNs combined with
electrochemical impedance spectroscopy (EIS) or time-series
sensor data, are increasingly applied for automated feature
extraction, anomaly detection, and lifetime prediction. In addition
to batteries, other storage technologies such as supercapacitors
and hydrogen-based systems are also benefiting from Al-driven
optimization methods (Madani et al., 2024; Lyu et al., 2025;
Kostenko and Zaporozhets 2024).

3. DEEP LEARNING APPROACHES IN
RENEWABLE ENERGY

Artificial Intelligence (Al) and Deep Learning (DL) play
a crucial role in managing the variability and complexity inherent
in renewable energy systems. Traditional physics-based models
and statistical techniques often fall short in capturing the
nonlinearities of environmental factors, equipment degradation,
and grid dynamics. DL methods, by contrast, can automatically
extract high-level representations from large and diverse datasets,
making them well-suited for forecasting, fault detection, and
optimization tasks (Nogay & Akinci, 2012; Akinci & Nogay,
2012).

The following part examines three key deep learning
paradigms widely used in renewable energy applications:
Convolutional Neural Networks (CNNs) for image-oriented
analyses, Recurrent Neural Networks (RNNs) and Long Short-
Term Memory (LSTM) architectures for time-series prediction,
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and hybrid frameworks that combine multiple learning models to
enhance overall performance.

3.1. Convolutional Neural Networks (CNN) for Image-
Based Tasks

CNNs have been widely adopted in renewable energy
research where visual data plays a critical role. Their ability to
perform feature extraction directly from raw images makes them
particularly effective for applications such as fault detection and
condition monitoring in energy infrastructures. For instance,
CNNs can be employed to identify dust accumulation on
photovoltaic (PV) panels (Nogay, 2024a), cracks in turbine
blades, or faulty components in energy transmission lines (Nogay
2023a ; Nogay 2023b).

Pretrained CNN architectures such as AlexNet, ResNet,
and SqueezeNet can be fine-tuned through transfer learning to
achieve high classification accuracy, even with limited datasets.
Moreover, employing augmentation operations such as rotation,
scaling, and flipping helps enhance model robustness by
simulating diverse environmental conditions (Nogay, 2024b).
Recent advances also combine CNNs with object detection
frameworks (e.g., YOLO, Faster R-CNN), enabling real-time
monitoring of solar arrays or wind turbines. These capabilities
highlight CNNs as a powerful tool for visual inspection and
automated maintenance in renewable energy systems.

3.2. Recurrent Neural Networks (RNN) and LSTM for
Time-Series Forecasting

Renewable energy systems generate vast amounts of time-
series data, such as wind speed, solar irradiance, power output,
and load demand. Modeling these sequential patterns is critical
for improving forecasting accuracy and enhancing grid stability.
Early studies using artificial neural networks (ANNS)
demonstrated strong applicability of time-series modeling for
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wind forecasting (Nogay et al., 2012; Nogay & Akinci, 2012;
Seker et al., 2013), paving the way for more advanced RNN-
based architectures.

Recurrent Neural Networks (RNNs) are built to handle
sequential data by maintaining contextual information from
earlier time steps, allowing them to model temporal relationships.
Nonetheless, standard RNN architectures frequently encounter
difficulties such as vanishing and exploding gradients,
particularly when the input sequences are long.

Long Short-Term Memory (LSTM) models overcome
these challenges through the use of specialized memory units and
gating structures that enable the retention of long-range
dependencies. LSTMs have demonstrated superior performance
in tasks such as short-term wind speed forecasting (Akinci et al.,
2016), solar radiation prediction, and electricity demand
forecasting. By capturing both short- and long-term patterns,
LSTMs support more reliable scheduling of renewable resources
and reduce the risk of imbalance in power grids. In practice,
hybrid models that integrate LSTMs with statistical methods or
exogenous features (e.g., weather forecasts) have shown even
greater predictive capability.

Root Mean Squared Error (RMSE) is a commonly
adopted performance metric in renewable energy forecasting
applications, including wind speed and solar irradiance
prediction. It quantifies the average magnitude of the prediction
errors by comparing the model outputs y;with the corresponding
ground-truth values y;, where Ndenotes the number of samples.
A lower RMSE indicates that the model provides more accurate
forecasts and can better capture the variability of renewable
energy systems (see Eq. (1)).
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N
1
RMSE = |2 (i = 90 (1)
i=1

3.3. Hybrid Models (CNN+LSTM, CNN+ML)

Hybrid architectures represent a growing trend in
renewable energy research, combining the strengths of multiple
learning paradigms. For example, CNN-LSTM models can
simultaneously capture spatial features from images and temporal
dynamics from sequential data. This is particularly useful for
applications such as wind turbine monitoring, where image data
of turbine components is complemented by time-series vibration
or acoustic measurements.

Another hybrid approach is the integration of CNNs with
conventional machine learning (ML) methods. In such cases,
CNNs are used for feature extraction, while classifiers like
Support Vector Machines (SVM) or K-Nearest Neighbors (KNN)
perform the final decision-making. This strategy reduces training
complexity while leveraging the representational power of CNNSs.
Hybrid models are especially beneficial when datasets are small
or imbalanced, as they allow for flexible adaptation across
different problem domains (Nogay & Akinci, 2019; Akinci et al.,
2025).

Overall, hybrid architectures expand the applicability of
Al in renewable energy, offering enhanced accuracy, robustness,
and generalization compared to single-model approaches. They
represent a promising research direction for advancing intelligent,
resilient, and efficient energy systems.

To provide a clear comparison of the deep learning
methods most frequently applied in renewable energy research,
Table 1 summarizes their main application areas, advantages, and
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limitations. The table highlights the strengths of CNNs in image-
based tasks, the capability of LSTM networks in capturing
temporal dependencies, and the potential of hybrid CNN-LSTM

models for combining spatial and temporal features.

Table 1. Comparison of Deep Learning Methods

Model | Application Area Advantages Limitations
CNN Image-based tasks | Automatic feature Requires large

(PV, turbine) extraction datasets
LSTM Time-series Captures temporal Computationally

forecasting (wind, dependencies heavy
solar)

CNN + Hybrid tasks Combine spatial + | Complexity, longer
LSTM temporal features training

4. CNN APPLLICATIONS IN RENEWABLE

ENERGY

Convolutional Neural Networks (CNNs) have become an
indispensable tool in renewable energy research, particularly for
applications requiring image recognition, object detection, and
pattern classification. By automatically learning multi-level
representations from raw imagery, these models prove highly
efficient in identifying faults, tracking system status, and
improving overall operational performance.  This section
highlights key applications of CNNs in renewable energy,
drawing from both the literature and practical case studies.

In addition to recent advances in the literature, several of
our previous conference studies provided valuable
methodological and experimental foundations for the CNN-based
applications presented in this chapter. Earlier work on automated
detection of dusty photovoltaic panels demonstrated that
pretrained CNN architectures can effectively distinguish clean
and dust-covered modules using visible-light images, achieving
high accuracy even with limited datasets (Nogay, 2024a).
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Similarly, our study on deep-learning—based classification of
urban air pollution into six Air Quality Index categories offered
practical insights into multi-class image classification and model
evaluation using confusion matrices (Nogay, 2024b).
Furthermore, operational considerations related to renewable
energy infrastructures—particularly ~ maintenance  and
management aspects of onshore and offshore wind energy
conversion systems (OWECS)—were previously investigated in
the context of Turkiye’s regional energy requirements (Nogay,
2016). These prior contributions provided essential experimental
datasets, sample images, and classification outputs (e.g.,
confusion matrices and representative input images), which were
adapted and expanded in the present chapter to illustrate CNN-
based analysis across multiple renewable energy domains.

4.1. Solar Panels: Dust and Fault Detection

Dust accumulation, cracks, and hotspots are among the
most common factors that reduce the efficiency of photovoltaic
(PV) panels. Traditional inspection methods rely on manual
visual checks or thermal imaging, which require considerable
time and often lead to manual inaccuracies. CNNSs provide a more
robust alternative by automating the analysis of PV images and
identifying subtle patterns associated with performance
degradation. As shown in Figure 1, example images of
photovoltaic (PV) panels under clean and dusty conditions were
used as input to the CNN model for binary classification (Nogay
20244a).
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Clean

Figure 1. Example images of photovoltaic (PV) panels illustrating
clean and dusty conditions used for CNN-based classification
(adapted from Nogay, 2024a).

Studies in the literature have demonstrated the
effectiveness of pretrained models such as AlexNet, ResNet, and
VGG for detecting surface dust, microcracks, and cell defects in
PV modules. Transfer learning has proven particularly valuable
in cases with limited datasets. In one of our own applications, a
pretrained CNN was successfully used to classify clean versus
dusty solar panels, achieving high accuracy and demonstrating
the feasibility of deep learning for real-time PV monitoring. Such
methods can significantly improve maintenance scheduling and
ensure optimal energy production.

Figure 2 presents the confusion matrix obtained for the
testing dataset, illustrating that the CNN model was able to
correctly distinguish between clean and dusty PV panels with
high accuracy (Nogay 2024a).
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Figure 2. Confusion Matrix Obtained for Testing (adapted from
Nogay, 2024a)

Accuracy is a fundamental metric to evaluate CNN-based
classification models. It calculates the proportion of correctly
classified samples, where TP and TN indicate correctly predicted
positive and negative cases, respectively, and FP and FN
correspond to misclassified positive and negative cases (see Eq.
(2)).

TP+TN
Accuracy = o TN Y FP + FN

4.2. Air Pollution Classification

(2)

Environmental factors, such as urban air quality, play a
critical role in the efficiency and sustainability of renewable
energy systems. CNNs have been applied to classify air pollution
levels using satellite images, ground-based sensors, and
environmental datasets. Image-based CNN models can categorize
pollution levels into multiple classes, offering valuable insights
for energy demand forecasting and urban planning. Figure 3
displays representative examples of the six air pollution
categories defined by the Air Quality Index (AQI), which were
used as inputs for CNN-based classification (Nogay 2024b).
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e) f)

Figure 3. Example images from the air pollution dataset showing
six categories based on the Air Quality Index (AQI) (adapted from
Nogay, 2024b): a) Good, b) Modarate, ¢) Severe, d) Unhealthy of
Sesitive Group, e) Unhealthy

As a case study, our research applied CNN-based
classification to categorize urban air pollution into six levels,
showing that CNNs can outperform conventional ML techniques
in handling complex visual patterns from environmental data.
Such applications highlight the broader potential of CNNs not
only in energy systems but also in supporting environmental
sustainability and public health monitoring. As shown in Figure
4, the confusion matrix highlights the strong performance of the
CNN model in correctly categorizing urban air pollution levels
across six AQI-based classes, with minimal misclassification.
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Figure 4. Confusion Matrix Obtained for Testing (adapted from
Nogay, 2024b)

Precision reflects the ratio of true positive predictions to
the total number of samples labeled as positive by the model (see
Eg. (3)). Recall—also known as sensitivity—indicates how
effectively the model captures all actual positive instances (see
Eq. (4)). The F1-score, defined as the harmonic mean of precision
and recall, provides a balanced measure that accounts for both
metrics (see Eq. (5)). In the context of renewable energy, these
metrics are highly relevant for air pollution classification, as they
evaluate how well CNN models detect high pollution events
without producing excessive false alarms.

procision — TP -
recision = TP n FP

Recall = —F 4
R 4

Fl =2 x Precision X Recall .
N Precision + Recall ®)
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4.3. Wind Turbine Condition Monitoring

Wind turbines are subject to a variety of structural and
operational faults, including blade erosion, cracks, and
misalignment. Recent studies have leveraged CNNs to analyze
images and vibration patterns for automated fault detection. For
example, thermal images of wind turbine components can be
classified using CNNs to detect overheating, while drone-
acquired visual data can be used to identify structural cracks.
These methods reduce the reliance on manual inspections and
enhance the reliability of wind power systems (Wang and Yin
2024).

4.4, Battery Health and Energy Storage Monitoring

Lithium-ion batteries, widely used in renewable energy
storage, undergo degradation processes that affect performance
and safety. CNNs have been employed to analyze electrochemical
impedance spectroscopy (EIS) data, thermal images, and acoustic
signals to estimate the health condition (SOH) of batteries and
their projected operational lifespan (RUL). Literature examples
demonstrate that CNN-based feature extraction can outperform
traditional signal processing methods, offering more accurate and
reliable predictions. Such approaches are critical for extending
battery lifespan, ensuring grid stability, and minimizing
operational costs in renewable energy applications (Madani et al.,
2024; ; Lyu et al., 2025; Kostenko and Zaporozhets 2024).

4.5. Other Emerging Applications

Beyond solar, wind, and batteries, CNNs are also being
explored in a wide range of renewable energy applications
(Kuaban et al., 2025; Nogay 2023a; Nogay 2023b). Examples
include:

e Automated detection of faulty isolators and transmission
line components.
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e Remote sensing—based biomass potential estimation.

e Hybrid CNN models integrated with 10T platforms for
smart grid monitoring.

5. CHALLENGES AND FUTURE DIRECTIONS

Although Convolutional Neural Networks (CNNs) and
other deep learning methods have demonstrated strong
performance in renewable energy applications, several limitations
still need to be overcome before their full capabilities can be
realized. These issues primarily arise from constraints related to
data availability, issues with model generalization, deployment in
real-time environments, and the need for more advanced
architectures. This section discusses these challenges and outlines
possible future research directions.

5.1. Data Scarcity and Quality Issues

A major obstacle in renewable energy-related deep
learning studies is the scarcity of high-quality, well-labeled
datasets. For example, annotated photovoltaic (PV) images
reflecting diverse dust accumulation levels or fault scenarios are
limited, and wind turbine fault records are frequently kept
confidential by industry partners, restricting public access.
Moreover, the data that are available often suffer from noise, class
imbalance, or missing information, all of which can degrade
model accuracy and reliability. To address these shortcomings,
future studies may benefit from employing techniques such as
data augmentation, generating synthetic samples through
Generative Adversarial Networks (GANs), and adopting
federated learning frameworks that allow collaborative model
training across organizations without requiring direct data
exchange.
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5.2. Model Generalization

Deep learning models often perform well under controlled
experimental conditions but struggle to generalize to real-world
scenarios. For example, a CNN trained to detect dust on PV
panels in one geographic region may perform poorly when
applied to another region with different environmental
characteristics. Similarly, wind speed forecasting models may fail
when operating conditions change unexpectedly. Enhancing
model generalization requires larger and more diverse training
datasets, domain adaptation techniques, and robust validation
frameworks. Future research should prioritize developing models
that are less sensitive to local variations and more transferable
across regions and technologies.

5.3. Real-Time and Edge Deployment

Many renewable energy applications require immediate or
rapid-response decision processes. Examples include fault
detection in wind turbines, monitoring of solar arrays, and
predictive control of vehicle-to-grid (V2G) systems. Deploying
CNN models in real-time settings is challenging due to
computational complexity, memory requirements, and energy
consumption. Edge computing and hardware acceleration (e.g.,
GPUs, TPUs, and FPGA-based solutions) offer promising
pathways for overcoming these challenges. Future directions
include lightweight CNN architectures, model compression,
pruning, and quantization techniques that make models suitable
for embedded and loT-based renewable energy systems.

5.4. Hybrid Models and Advanced Architectures

Renewable energy systems exhibit complex behaviors
that demand models capable of learning both spatial structures
and temporal dynamics. Integrated or hybrid modeling
strategies—such as combining CNNs with LSTM networks,
transformer architectures, or various machine learning (ML)
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classifiers—offer an effective solution for capturing these multi-
dimensional dependencies. For example, CNN-LSTM hybrids
can analyze image-based features while simultaneously modeling
temporal trends, enabling more accurate wind speed forecasting
or battery degradation prediction (Wang & Yin, 2024;
Michalakopoulos et al., 2026). Transformers, originally
developed for natural language processing, are now being
explored in energy forecasting tasks, offering advantages in
handling long-term dependencies and large-scale datasets (Fu et
al., 2026; Xia et al., 2026). Future research should continue to
explore these advanced architectures and investigate their
interpretability and scalability in renewable energy applications.

6. CONCLUCIONS

Renewable energy systems are indispensable in achieving
global sustainability goals, yet they present inherent challenges
such as intermittency, variability, and complex operational
dynamics. Traditional methods for monitoring, forecasting, and
fault detection are often inadequate for addressing these
challenges, which demand more sophisticated analytical
approaches. Within this landscape, Artificial Intelligence (Al)
and Deep Learning (DL) have become essential technologies that
support precise forecasting, intelligent system supervision, and
automated decision processes in renewable energy domains.

This chapter has explored the role of Convolutional
Neural Networks (CNNs) and other deep learning models in
renewable energy systems. We first reviewed the fundamental
characteristics of solar, wind, vehicle-to-grid (V2G), and energy
storage technologies. We then highlighted the use of CNNs for
image-based tasks, LSTM and RNN models for time-series
forecasting, and hybrid approaches that integrate multiple
architectures. Practical applications were discussed, including
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dust detection in photovoltaic panels, air pollution classification,
wind turbine fault diagnosis, and battery health monitoring. These
examples demonstrate how CNN-based methods can
significantly enhance efficiency, reliability, and sustainability in
renewable energy systems.

Despite these advances, several challenges remain. Data
scarcity, model generalization, real-time deployment, and the
need for advanced hybrid architectures continue to limit the
widespread adoption of CNN-based solutions in renewable
energy. Future research must address these limitations by
developing robust, lightweight, and transferable models,
exploring transformer-based architectures, and leveraging edge
computing for real-time decision-making.

In conclusion, CNNs and deep learning represent a
transformative opportunity for renewable energy research and
practice. By harnessing the potential of these technologies, the
renewable energy sector can achieve more efficient resource
utilization, lower operational costs, and improved system
reliability. Ultimately, the integration of Al and DL will play a
pivotal role in accelerating the global transition to cleaner,
smarter, and more resilient energy systems.
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DELTA ROBOTLAR iCIN UYGUN TAHRIK
SISTEMLERININ ANALIiZi DC, STEP VE
SERVO MOTOR YAKLASIMLARI

Fatmanur ATES?
Ramazan SENOL?

1. GIRIS

Teknolojinin gelismesiyle birlikte robotik sistemlerde
yasamin her alaninda hayatimiza girmistir. Robotik sistemler
endiistride ve glinlilk yasamda insanlarin is yiiklerini azaltirlar,
riskli gorevleri tstlenip can giivenligini saglayabilirler ve
strecleri daha verimli hale getirebilirler.

Robotik sistemler sagliktan lojistige, tiptan spora kadar
genis bir alanda kullanilirlar ve tasarlanan amaca gore hata
oranlarint diislirmesi, hizli, hassas ya da akilli ¢6ziim sunmalari,
yiiksek tekrarlanabilirlik sunmalar1 vb. 6zelliklere sahip olmalari
istenir. Robotik sistemlere duyulan ihtiyag her gegen gin
artmaktadir (Karaca, 2024).

Robotik teknolojiler i¢erisinde en 6ne ¢ikan sistemlerden
biri de delta robotlardir. Delta robotlar yiiksek hiz, hassasiyet ve
tekrarlanabilirlik gerektiren uygulamalarda kullanilmak amaciyla
tasarlanmigtir. Hafif yapiya sahip olmalar, hizli tepki
verebilmeleri  sayesinde  Ozellikle  paketleme,  montaj,
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simiflandirma gibi uygulamalarda kolaylik saglamaktadir
(Ayyildiz ve Ayyildiz, 2020).

Delta robotlar yliksek dogruluk payi, tekrarlanabilirlige
sahip oldugundan ve enerji verimliligi saglayabildiginden Uretim
stireglerinde hem maliyet agisindan hem de performans agisindan
kullamim1 cazip bir secenek olmaktadir. Bu yonleriyle delta
robotlar, endistriyel otomasyonun en etkili teknolojilerinden biri
olmaya devam etmektedir (Aladag, 2025).

Bir delta robotun kullanim amacinda iistiin bir performans
saglayabilmesi i¢in tasarim asamasinda dikkat edilmesi gereken
mithendislik problemleri vardir. Robotun tasarlanacagi amaca
gore tastyacagi yik, gerekli hiz ve tork, hassasiyet diizeyi, kontrol
kabiliyeti gibi parametrelerde motor secimi 6zellikle cok énemli
olmaktadir (Kézkurt vd., 2012).

Delta robotlarda tork, hiz araligi, maliyet, kontrol
hassasiyeti gibi farkli 6zellikler sunabilen adim motor, servo
motor ve DC motor gibi farkli tahrik tiirleri kullanilmaktadir.
Kullanilacak amaca gore tasarlanmig olan robotik sistemin,
verimli ve giivenli ¢aligmasi i¢in motor se¢iminin onemi ¢ok

bayuktir.

Bu calismada, delta robotlarda tercih edilebilecek tahrik
sistemlerinin secimine ydnelik bir analiz yapilmistir. ik olarak
DC, step ve servo motorlarin ¢aligma prensipleri, avantajlari ve
dezavantajlar1 agiklanmistir. Daha sonra delta robotlarin farkli
uygulama alanlari, se¢ilen motor tiirii, incelenen ¢alismada en
onemli gereksinimlerin 6rnekleri verilmistir. Bdylece ¢aligsmanin,
delta robot tasarimi yapacak arastirmacilar icin motor segimi
konusunda yol gdsterici bir kaynak olmas1 amac¢lanmistir.
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2. DELTA ROBOTLARDA KULLANILAN
MOTOR TURLERi

Bu boliimde delta robotlarda kullanimi tercih edilen motor
tiirlerinin  Ozellikleri, avantajlar1 ve dezavantajlar1 kisaca
aciklanmustir.

2.1. Dogru Akim (DC) Motorlar:

Dogru akim motorlart elektrik enerjisini, mekanik
enerjiye doniistiirebilen motorlardir. Devrelerde uygun baglanti
yapilarak jenerator olarak da kullanilabilirler.

Bir iletken telden dogru akim gectigi zaman iletkenin
etrafinda sabit bir manyetik alan meydana gelmektedir. Bu
manyetik alan, tipki1 bir miknatissm N ve S kutuplariyla
olusturdugu manyetik alan gibi davranir. Manyetik alanlar ayni
kutuplarda birbirini iter ve zit kutuplarda ise birbirini geker. N
kutbundan S kutbuna dogru olusan bu ¢ekme ya da itme etkisine
“manyetik aki1” ad1 verilmektedir. DC motorlarda rotor ile stator
arasindaki etkilesimin temelinde bu manyetik alan mantigi yer
almaktadir. Stator (motorun sabit kismi), genellikle sabit bir
manyetik alan {iretir; rotor (motorun hareketli kismi1) tizerindeki
iletken sargilardan akim gectiginde rotor da kendi manyetik
alanini olusturur. Bu iki manyetik alan (tipki1 miknatistaki N ve S
kutuplarinda oldugu gibi) birbirini iter veya ceker. Bu itme-
cekme etkisi sonucu rotor donmeye baslar. N kutbundan S
kutbuna dogru olugan bu manyetik kuvvet, motorun siirekli doniis
hareketini saglayan temel prensiptir (Elektrik Rehberiniz, 2011).
Sekil 1’de DC motor calisma mantigimin oldugu gorsel yer
almaktadir.
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Sekil 1. DC Motor Calisma Mantig1 (Wapcaplet, 2004)

Sekil 1’deki gorselde, fir¢ali bir DC motorun caligma
mantig1 yer almaktadir. Motorun disindaki (stator kismi) sabit
miknatislar (N ve S kutuplar1) sabit bir manyetik alan
olustururken, rotor iizerindeki bobinden akim gegtiginde rotor da
kendi manyetik alanin1 (kendi N ve S kutuplarini) iiretir. Bu iki
alanin itme—¢ekme etkisi rotorun déonmesini saglar. Komditator ve
fircalar, bobinden gecen akimin yoniini her yarim turda
degistirerek rotorun siirekli ayn1 yonde donmesine imkéan tanir.
Boylece elektrik enerjisi mekanik donme hareketine doniismiis
olur (Maheriya ve Parikh, 2016).

Avantajlari

e Yiksek dogruluk saglayabilirler (Tarhan ve Kalyoncu,
2024).

e Genis hiz kontrol araligina sahiptirler (Tarhan ve
Kalyoncu, 2024).

e Basit yapilar1 vardir (Tarhan ve Kalyoncu, 2024).
e Diisiik maliyetlidirler (Tarhan ve Kalyoncu, 2024).
e Kontrolleri kolaydir (Ayinla, 2024).
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e Uygun hiz-tork 6zelliklerine sahiptirler (Ayinla, 2024).
Dezavantajlar:

e Genellikle yiiksek ¢alisma giirtiltiisiine sahiptirler (high
operating noise) (Gergekgioglu, 2025).

e Verimleri diisiiktiir (Gergekgioglu, 2025).

e Periyodik muayene  gereklilikleri  bulunmaktadir
(Gergekeioglu, 2025).

2.2. Adim Motorlari

Adimm motorlar, elektrik enerjisini mekanik doniis
hareketine ceviren elektromekanik aygitlardir ve adim adim
hareket etme 6zelligi sayesinde hassas konum kontrolii saglarlar.
Giriglerine uygulanan pals sinyalleri dogrultusunda rotor, belirli
acilarla (6rnegin 90°, 45°, 18°, 7.5° veya 1.8°) adim adim doner.
Temel olarak stator ve rotor olmak tiizere iki ana bilesenden
olusan bu motorlar, basit yapilar1 ve diisiik maliyetleri sayesinde
Ozellikle hassas hareket ve konum kontrolli gereken
uygulamalarda tercih edilmektedir (Aktas; Hiiner, 2018). Adim
motorlar tek faz enerjili (Wave Mode), iki faz enerjili (Full-Step
Mode), yarim siiriis (Half-Step Mode) ve Mikro adimlama
(Mikrostepping) ile siirme olmak {izere farkli siirme tekniklerine
sahiptirler.

2.2.1. Tek Faz Enerjili Siiriis (Wave Mode)

Tek faz enerjili siirliste sadece A+, A-, B+, B- gibi tek faza
enerji verilir. Faz enerjilendirme uygun sirada yapilarak step
motor hareketi saglanir. Rotor her adimda 90° doner. Tek sargi
akim tasidig1 i¢in tork bu siirtiste en kiigiiktiir (Fiore, 2025). Tek
faz enerjili siiris diisik hiz, disik giic calisilmasi gereken
uygulamalar i¢in tercih edilir ve tam adimlamadan daha az tork
uretir (Gupta, 2022).
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2.2.2. iki Fazh Enerjili Siiriis (Full-Step Mode)

Adimlar tek fazli enerjili siirlise benzerdir ancak burada
iki faz enerjilendirilerek hareket saglanir. Yine motorun dogru
hareket etmesinde enerjilendirme siras1 6nemlidir. Rotor iki fazli
enerjili siiriste de 90°’lik acilarla hareket eder. Tork tek fazli
enerjili siirise gore daha yiiksek olur, ¢iinkii toplam akim/
manyetik alan bu siirlis yonteminde daha yiiksektir (Fiore, 2025).
Yiiksek tork ve diisiik ¢oziiniirliiklii calismalarda kullanimi tercih
edilir (Gupta, 2022).

2.2.3. Yarim Adim Siiriis (Half-Step Mode)

Bu siirtiste tek faz iki faz karma siiriis mevcuttur, tek faz
ve iki faz siirlislerinin birlesimidir. Karma siiriis adim boyunu
yariya diisiiriir (Ornegin; 90’dan 45’e diiser). Bu siiriiste tork sabit
degildir (Fiore, 2025).

2.2.4. Mikro adimlama (Mikrostepping)

Motorun bir adim1 pek ¢ok adima boliinerek cok kiigiik
adimlar atmasmin saglandig: siiriistiir. Her faza verilen akim
stirekli ayarlanir. Boylece motor agis1 kiiciik adimlarla siirekli
dondiiriiliir. Mikro adimlama ile ¢ok yiiksek ¢oziiniirliik ve daha
sessiz, diizgiin calisma elde edilir (Fiore, 2025).

Avantajlari

e Basit bir tasarima sahiptir (Monolithic Power Systems,
2022).

e Yiiksek performansta hassasiyet saglayabilirler (Aykurt,
2019).

e (Cok genis bir hiz araliginda calistirilabilirler (Aykurt,
2019).

e Dayaniklidirlar, agir1 yiiklerde zarar gorme ihtimalleri ¢ok
diisiiktiir (Aykurt, 2019).
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e Firgasiz yapi mevcuttur (Monolithic Power Systems,
2022).

e Bakim gerektirmez (Monolithic Power Systems, 2022;
Aykut, 2019).

e (@Geri bildirim mekanizmas1 gerektirmez (Monolithic
Power Systems, 2022).

e Yiiksek ivme ve gili¢c oranina sahiptir (Monolithic Power
Systems, 2022).

Dezavantajlart

e Adim agilar sabittir, sonradan degistirilemez (Aykurt,
2019).

e Verimleri kullanilan siiriiciiye gore degisir (Aykurt,
2019).

e Yiiksek yiikler kullanildiginda adim atlanabilir, konum
hatas1 meydana gelebilir (Aykurt, 2019).

e (Cikis momenti ve giicii stnirlidir (Aykurt, 2019).
2.3. Servo Motorlar

Servo motorlar temel olarak fircasiz bir DC motor,
rediiktor, kontrol devresi ve bir geri besleme elemanindan olusan
sistemlerdir (Qiang, 2016; The PiHut, 2019). Servo motorlar
igerisinde DC motor bulundurur ayrica disli mekanizmasi da
mevcuttur. Disliler sayesinde motorun hizi disiiriiliirken torku
artirilir ve servo motorun yavas, giiclii ama kontrollii hareket
etmesi saglanir. Bazi servo modellerinde maliyeti diistirmek i¢in
plastik disliler tercih edilirken, daha profesyonel servolarda
dayaniklilig1 artirmak i¢in metal disliler kullanilir. Ayrica servo
motorun en dnemli kisimlarindan biri son disliye bagli olan milin
gercek acisini izleyen geri bildirim sensoriidiir. Mikrodenetleyici,
hedef ac1 ile gergek ag1 arasindaki farktan hesaplama yaparak bir
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hata sinyali olusturur. Olusturulan hata sinyaline gore motor
gerekli yonde ve hizda siiriiliir. Baz1 geligsmis servo motorlarda
hiz geri bildirimi de alinarak daha akici, titresimsiz ve hassas bir
hareket kontrolii saglanir (Seeed Studio, 2019).

Servo motorlar genellikle ileri geri 180°’lik ac1 ile
donerler. Servoya hareket komutu verildiginde, disardan kuvvet
uygulansa hareket durumunu korumaya direng gosterir,
gosterecegi maksimum diren¢ kuvveti servo motorun tork
degeridir (The Pi Hut, 2019).

Servolar DC motorlar gibi sadece donme hareketi

yapmazlar, ayn1 zamanda belli bir agiya, hiza veya konuma hassas
bir sekilde ulasip orada sabit kalabilir (Ceylan, 2023).

Avantajlar

e Servo motorlarla hassas konum ve hiz kontrolii yapilabilir
(Ceylan, 2023).

e Yiiksek verimlilige sahiptir ve enerji tasarrufu saglar
(Ceylan, 2023).

e Icerisinde geri besleme sistemi bulundurur ve giivenilir
calisir (Ceylan, 2023).

e Yiiksek tork ve hiz performansina sahip oldugundan
endustriyel uygulamalara uygundur (Ceylan, 2023).

Dezavantajlar

e Step motorlara kiyasla maliyetleri yiiksektir (Ceylan,
2023).

e Sistem daha karmasiktir (Ceylan, 2023).

e Mekanik pargalarda zamanla bakim yapilmas1 gerekebilir
(Ceylan, 2023).
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3. DELTA ROBOTLARDA KULLANILAN
MOTORLARA DAIR ORNEKLER

Yiiksek hiz ve hassasiyetin onemli oldugu calismalarda
delta robotlar siklikla tercih edilirler. Delta robotlarin
performanslarini1 belirleyen en 6nemli se¢imlerden biri tercih
edilecek motor ¢esididir. Literatiirdeki ¢alismalar incelendiginde
calismanin tiiriine, robotun gorevine, ¢alisma alanina, beklenen
dogruluk diizeyine, maliyetine gibi durumlarda motor se¢iminin
degistigi gozlemlenmektedir. Tablo 1’de bazi ¢alismalar delta
robotlarda motor seciminin énemini anlamak igin 6zetlenmistir.
Bu calisma, motor tiplerinin performansa etkisini anlamak ve
farkli uygulama alanlara yonelik tercihleri karsilagtirmak i¢in

bir ¢er¢eve sunmaktadir.

Tablo 1. Literatiirde delta robot uygulamalarina ve tahrik
elemani secimine 6rnekler

Referans Tercih | Uygulama Delta Robotun Amaci Calismada
Motor | Alam istenen Onemli
Tird Parametreler
Elsherbiny | Adim Akilli Tarim Aeroponik dut Yiiksek
vd., 2025 Motor blytmesinin izlenmesi hassasiyet, hareket
amaciyla gelistirilmis dogrulugu
makine goriigiine sahip
10T delta robotu
gelistirmislerdir.
Cong vd., Servo Uriin Derin 6grenme destekli Hizli tepki ve
2025 Motor Siniflandirma | kaju siiflandiran delta hassas
robot gelistirmislerdir. konumlandirma
Parra vd., Adim Uretim Ucg boyutlu yazic1 olarak Hiz, hassasiyet,
2023 Motor ¢aligan delta robot dogruluk
iizerinde ¢aligmislardir.
Slajpah vd., | Servo Tarim/Gida Yesil kuskonmaz hasadi Dogruluk,
2024 Motor Endustrisi i¢in tasarlanmis delta konumlandirma.
robot gelistirmislerdir.
De Reuvd., | Servo Spor Masa tenisi topu vurma Hiz, hassasiyet,
2025 Motor i¢in uygun maliyetli bir dogruluk
delta paralel robot sistemi
gelistirmislerdir.
Mojtahedi Adim Gida Cikolata pargalarinin Hiz, hassasiyet,
vd., 2024 Motor paketleme diizenlenip 24 gikolatali dogruluk
eklenebilen bir gikolata
kutusunun icine
tagmmasini saglayan iki
parmakli tutucu igeren
delta robot
tasarlamiglardir.

51




Elektrik-Elektronik ve Haberlesme Miihendisligi

Jalali vd.,
2023

Servo
Motor

Geri doniisiim

Atik ayirma iglemini
gerceklestirebilen delta
robot ¢aligmuglardir.

Dogruluk, hiz

Pu vd.,
2024

Servo
Motor

Deniz Grind
toplama

Su alt1 yakalama iglemini
gergeklestirmek i¢in delta
robot tasarlama
caligilmigtir.

Hiz, dayaniklihik,
Kararlilik

Tang vd.,
2025

Adim
Motor

Tibbi
Teknoloji

Daralmis aort kapagini
mekanik olarak
genisleterek, kalbin sol
karincigindan ana
atardamar olan aorta dogru
olan kan akisini aninda
iyilestirmek amaciyla
kullanilan valviiloplasti
balonlarmin ¢aplarini
otomatik, temassiz ve
optik bir yaklagimla
yiiksek hassasiyetle
6lgmek amaciyla
kullanilan delta robot
caligmiglardir.

Yiksek hassasiyet
ve
tekrarlanabilirlik,
diisiik hizda
stabilite

Zhong vd.,
2025

Servo

Zorlu Ortam
Robotikleri

Nukleer reaktor
havuzlarinin derinliklerine
diisen civata, somun, tel
gibi yabanc1 nesneleri
hassas bir sekilde
yakalamak ve geri ¢ikarma
amactyla delta robot
caligmas1 yapmislardir.

Hiz ve tork, yiik
altinda pozisyon
kontrolii

Ochoa ve
Mo, 2025

Servo
step
motor

Tarim/Gida
Enddstrisi

Cilek hasadi i¢in bir delta
robot tasarlamislardir.

Yiiksek hiz,
yuksek verimlilik,
hassasiyet

Mitsantisuk
vd., 2015

Servo
Motor

Haptik
Cihazlar
(Dokunsal
Geri Bildirim
Cihaz1)

Pahali kuvvet sensorii
kullanmak yerine, motor
torkunu kullanarak
kullanicinin uyguladigi dig
kuvveti tahmin etmek
amaciyla delta robot
gelistirmislerdir.

Tork

4. SONUC

Delta robotlarda tahrik sistemlerinin dogru secilmesi
robotun kullanilacagi alandaki performansi i¢in 6nemlidir. Bu
calisma delta robotlarda motorlarin performansa etkisini
karsilastirarak farkli uygulama alanlarinda motor se¢imine dair
bir cerceve sunmaktadir. Literatiirdeki 06rnek ¢alismalar
incelendiginde hiz, hassasiyet, yiik kapasitesi, maliyet, caligma
ortami ve beklenen dogruluk gibi faktorlere gére motor segiminin
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degistigi goriilmektedir. Caligmada asagidaki genel sonuglara
ulagilmistir:

Tekrarlanabilirlik ve yiliksek hassasiyet gerektirip hiz
ithtiyacinin ¢ok yiiksek olmadigi uygulamalarda genellikle
adim motor kullanimi tercih edilir. Genellikle iiretim,
paketleme, tibbi Olglimleme gibi ¢alismalarda tercih
edilmesi bu ifadeyi destekler.

Yiiksek hiz, dinamik tepki, dogru konumlandirma gibi
ozelliklere sahip olan servo motorlar agir yiik altinda
stabil hareket gerektiren zorlu ortam uygulamalarinda,
siniflandirmada, spor uygulamalarinda, tarim robotlarinda
kullanimi verimli performans sunmaktadir.

Basit yapiya ve uygun maliyete sahip olan DC motorlar
temel diizeyde hareket gerektiren hassasiyetin ¢cok énemli
olmadig1 sistemlerde kullanimi mantiklt bir secenek
olabilir. Ancak delta robotlar genellik hiz, hassasiyet,
konumlandirma, tork gibi Ozelliklerin 6nemli oldugu
uygulamalar i¢in tasarlandigindan genellikle step ve servo
sistemler delta robot icin tercih edilir.

Literatiirdeki Ornekler incelendiginde motor se¢iminin
robotun gorevi ile iligkili oldugu goézlemlenebilir. Yiiksek
hiz gerektiren uygulamalarda genellikle servo motor
kullanim1 tercih edilirken; hassasiyetin One c¢iktig1
calismalarda genellikle adim motor kullanimi tercih
edilmektedir.

Delta robot uygulamalarinda genellikle tahrik sistemi
secimi, robotun performansini, maliyetini, verimliligini
ve kullanim Omriinii etkiler. Bu nedenle uygulamalarda
motor se¢imi, sistemin tasarim siirecinin en kritik
adimlarindan biridir.
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Bu calismada delta robot tasarimlarinda farklt motor
tiplerinin avantaj ve dezavantajlari aragtirilmig, uygulamaya 6zel
tahrik sisteminin segimine vurgu yapilmis ve 6rnek ¢alismalar yer
verilmistir. Delta robot tasarlayan arastirmaci ve miithendisler i¢in
bir yol haritas1 sunmak amag¢lanmustir.
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DRON TEKNOLOJISINDE YOL PLANLAMA
ALGORITMALARININ ONEMIi

Fatmanur ATES?
Ramazan SENOL?

1. GIRIS

Gelisen teknolojinin sunmus oldugu en Onemli
yeniliklerden birisi farkli kullanim alanlarina sahip olan
dronlardir. Dronlar otonom veya manuel olarak kontrol
edilebilirler. Dronlar otonom kullanimlarda bir insanin
yonlendirmesine ihtiya¢c duymadan caligabilirler. Hareketlerini
havada gerceklestirdikleri igin geleneksel olan karasal trafik
yogunluklarindan etkilenmezler. Karayollarinda karsilasilan
trafik yogunluklari sebebiyle kara tagitlarina gore daha hizlidirlar.
Ayrica km bagina transfer maliyetlerinin de daha diisiik oldugu
ifade edilmistir (Ha vd., 2018; Ekechi vd., 2025).

Dronlar kullanilacaklar1 alanlara gore tizerlerinde farkli
donanimlar1 bulundurabilecek sekilde tasarlanip kullanilabilecek
teknolojilerdendir. Béylece insan yasamini tehlikeye sokabilecek
onemli gorevlerde tasarlanip kullanilabilirler. Ilaglama gibi
tarimsal amaclarla kullanildiklarinda, ilagtan ve zamandan
tasarruf etmeyi saglayabilirler. Bir bdlgenin haritasint ¢ikarip,
analiz etmeyi saglayabilirler ve bunlar gibi daha bir¢cok alanda
kullanim avantajlarina sahiptirler. Dronlarin vahsi hayatin
g6zlenmesi, altyapinin kontrolii, acil ilag teslimi, insaat, tarim,

Ars. Gér., Isparta Uygulamali Bilimler Universitesi Teknoloji Fakiltesi Elektrik —
Elektronik Mithendisligi Bélumu, ORCID: 0000--0001-5465-2483.

Prof. Dr., Isparta Uygulamali Bilimler Universitesi Teknoloji Fakiiltesi Elektrik —
Elektronik Miihendisligi Bolimii, ORCID: 0000--0002-7078-3229.
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eglence, tasimacilik, hedef izleme, haritalama gibi farkli
alanlarda kullanimlar1 gézlemlenmektedir (Nakiboglu, 2020).

Dronlarin farkli uygulama alanlarinda kullanimlarinda,
kullanim amacina bagli olarak ugus siiresinin optimize edilmesi
one ¢ikmaktadir. Dronlarin kullanimlarini kisitlayan en énemli
faktorlerden birisi havada kalma siiresinin yetersizligidir.
Dronun ucus siiresi genellikle 20-50 dakika arasinda
degismektedir ancak ugus siiresini uzatmak ic¢in farkli ¢6ziim
aragtirmalar1 mevcuttur (Ozgiiven vd., 2022). Bu alanda yapilan
calismalar son yillarda dronun otonom kullanimdaki yol
planlamasi iizerine yogunlagmaktadir (Tong vd., 2022).

Yol planlama probleminin ¢6ziimiinde, bir aracin
baslangic noktasindan hedef noktasina en uygun rotanin ve
optimum maliyetin bulunma amaci vardir. Yol planlama
problemlerinin ¢6ziimiinde Dijkstra algoritmasi, tabu arama
algoritmasi, genetik algoritma, karinca koloni algoritmasi, hibrit
algoritmalar, A* algoritmas1 vb. algoritmalarin kullanimi
mevcuttur (Hudoud, 2021; Ugwoke vd., 2025).

Bu ¢alismada farkli sektorlerde kullanilan dronlarin yol
planlama algoritmalarinin  6nemi lizerinde durulmustur.
Dronlarda yol planlamanin 6nemi vurgulanarak literatiirde farkli
algoritmalarin  kullanildigit  baz1  calismalardan  ornekler
verilmigstir. Boylece arastirmacilara bir bakis agisi olusturmak
amaclanmistir.

2. DRONLARA DAIR TEMEL BIiLGILER
Bu boéliimde dronlar ile ilgili bilgiler verilmistir.
2.1. Dronlar

Insansiz hava araglar1 veya dronlar igerisinde fiziksel
olarak insanin bulunmadig1 ugan araglardandir. Bazen helikopter
anlamina gelen dikugar s6zciigii de insansiz hava aract anlaminda
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kullanilabilmektedir (Vikipedi, 2023). Dronlar; motorlar,
pervaneler ve sensorler kullanilarak otonom olarak ugabilir veya
uzaktan kontrol edilebilirler. Dronlar kullanim alanlarina gore
GPS, kizil6tesi kamera, lidar, ana kamera gibi bazi1 donanimlari
Uzerinde bulundururlar (Yakar, 2021). Dronlarin kontroli
genellikle manuel ve otomatik olmak tizere iki farkli modda
gercgeklestirilir. Manuel modlu kontrolde insan miidahalesi vardir.
Otomatik modda ise dron bir komut alir ve bunu gergeklestirir.
Omegin; &nceden tammlanmis bir rotada ugma gorevinde
arastirma alaninin ve rotanin tanimlanmasi gerekir (Momeni vd.,
2022). Dronlar; arastirma, insani yardim c¢alismalari, afet risk
yonetimi, ulasim, acil saghk durumlart sirasinda tibbi
malzemeleri tasimak i¢in veya savunma sanayiinde gozetleme
gibi durumlarda kullanim alanlarina sahiptir (Ayamga vd., 2021).
Dronlar farkli sayida rotordan olusabilir. Ornek olarak 4 rotorlu
ve 6 rotorlu iki dron gorseli sekil 1°de verilmistir.

(b)
Sekil 1. Ornek dron gérselleri (a) 4 Rotorlu dron (Potushaft, 2020)
(b) 6 Rotorlu dron (Hagdorn, 2021)
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2.2. Dronlarda Kullanilan Temel Algilayicilar

Bu bolimde dronlarda kullanilan temel algilayicilar
kisaca agiklanmustir.

2.2.1.GPS (Global Positioning System) Sensor

Tiirkge ismi kiiresel konumlandirma sistemidir. GPS,
diizenli olarak kodlanmis bilgi gonderen uydu agidir. Diisiik
giiclii radyo sinyali yayan uydular, diinya etrafindaki yoriingede
bulunurlar. Yeryiiziinde bulunan GPS alicilar1 radyo sinyallerini
alarak konum tespitini gergeklestirebilir (Sagbas ve Balli, 2015).

2.2.2.Pusula

Manyetik alan sensori olarak da adlandirilir. Dronun

kuzey yonii ile 6n kismi arasinda kalan agiy1 6lgmeyi saglar (Villi
ve Yakar, 2022).

2.2.3. Ultrasonik Sensorler

Nesnelere veya yulzeylere olan mesafenin él¢ilebilmesi
icin yliksek frekansta ses dalgalarini kullanan sensorlerdir. Ses
dalgasinin yayilip geri donme siiresinden mesafe olgiiliir. Engel
algilamada, engellerden kaginmada kullanilir (Gtil, 2023).

2.2.4. Kizilotesi Sensorler

Engelleri algilamak, mesafeleri 6l¢gmek i¢in kullanilan bir
tiir algilayicidir. Mesafe Ol¢limiiniin yapilabilmesi i¢in IR
radyasyonu yayar ve yansiyan dalganin da kullanilmasiyla
mesafe dl¢iilmeye calisilir (Giil, 2023).

2.2.5.Lidar (Light/Laser Detection and Ranging)
Sensor

Lazer tarayici tarafindan objeye gonderilen lazer 1sinin,
objenin yiizeyinden yansiyip aliciya geri donme siiresi ile
sensOrle obje arasindaki mesafe hesaplamasini yapabilen
sensordiir (Ates ve Senol, 2023).
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2.2.6. Kameralar

Dronlarda kullanilan kameralar iki veya ii¢ boyutlu
goriintii almak amaciyla kullanilabilir. Havadan fotograf ¢cekmeyi
ya da video ¢ekmeyi saglarlar.

2.2.7.Barometre

Otonom inis ve kalkis durumlarinda kullanilan dronun
belli bir yiikseklikte yoluna devam etmesini saglayan 6nemli bir
sensordiir. Dronun yiiksekligini Olgmeye yarayan basing
sensorudur (Akgug, 2023).

2.2.8.Ivmeolcer

Dronun havada iken sabit ve diiz kalmasi i¢in yani dronun
stabilizasyonunun saglanmast i¢in  kullanilan  sensordiir.
Ivmedlger tarafindan dronun yonelimindeki degisiklikler tespit
edilir ve ucus kontrol cihazina sinyaller gonderilir. Daha sonra
motorlar ayarlanarak drondaki dengenin korunmasi amaglanir
(Gdul, 2023; Jaaffar vd., 2025).

2.2.9.Jiroskop

Daha c¢ok pervanelerdeki hareket kabiliyetini kontrol
altina almay1 saglayan sensordiir. Ivmedlcere benzer ancak
ivmeodlcer, tek bir koordinat (zerinden ivmeyi Olcerken;
jiroskopta li¢ koordinata gore doniis hizi ol¢iiliir (Giil, 2023;
Jaaffar vd., 2025).

3. YOL PLANLAMA ALGORITMALARINA
GENEL BAKIS

Yol belirleme, bir ortamda bulunan belirli bir noktadan
yine belirlenmis olan hedef noktasina ulagmak i¢in iki nokta
arasinda bulunan uygun yollar1 bulma olarak adlandirilmistir. Bu
yollarin belirlenme sekli problemin ¢dzliimiine uygun olarak
tercihe baghdir. Ornegin; en kisa yol, en uzun yol, en az
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karmagikliga sahip olan yol, vs. olabilir (Cetin, 2017). Yol
planlama c¢aligmalari hem dronlar i¢in hem robotlar igin
literatlirde ¢Oziimii arastirilan konulardandir. Yol planlama
teknikleri global ve yerel olarak temelde ikiye ayrilir. Global
yaklagim ayn1 zamanda ¢evrimdisi olarak da adlandirilir. Global
yaklasimda ortam ya Onceden kesfedilmistir ya da haritast
bellidir. Veriler ortamdan bilgi alarak gilincellenemedigi i¢in
dinamik engellerden kaginilamaz. Yerel yaklasim ise ¢evrimigi
olarak ifade edilir. Yerel yaklasimda robotun bulundugu ortam
hakkinda bilgi sahibi olunmasa bile, igerdigi algilayicilar
sayesinde bulundugu gevreyi algilayarak engeller fark edilebilir
(Torun vd., 2019).

Yol planlama algoritmalar1 klasik algoritmalar ve sezgisel
algoritmalar olmak iizere genelde iki ana baghik altinda
incelenmigtir. Klasik algoritmalar; hiicre ayrigmasi, potansiyel
alan, 6rnekleme tabanli yontemler, alt hedef algoritmas: olarak
incelenirken, sezgisel algoritmalar ise temelde yapay sinir aglari,
bulanik mantik, dogadan ilham alan algoritmalar ve hibrit
algoritmalar basliklar1 altinda incelenmektedirler (Dere, 2019).

4, YOL PLANLAMA COZUMLERINE ORNEK
CALISMALAR

Teknolojinin hizla gelismesiyle birlikte hayatimizda yer
alan dronlar tarim, fotografcilik, haritacilik vb. alanlarda yaygin
bir kullanima sahiptir. Ozellikle son yillarda baz1 e-ticaret siteleri
ve lojistik  sirketleri  teslimatlar1  dronlarla  yapmaya
baslamiglardir. Bu uygulama teslimatlarin maliyetlerini azalttigi
gibi teslimat verimliligini de artirmaktadir. Ancak sadece dron ile
teslimat yapmak, tasima kapasitesi géz Oniine alindiginda
sinirlayici bir faktore sahip oldugundan kamyonlarin ve dronlarin
koordineli olarak ¢alisip gergeklestirecegi teslimatlar yogun ilgi
gérmeye baslamistir. Tong vd., toplam teslimat siiresini en aza
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indirmeyi amaglayan, kamyon-dron teslimati i¢in en uygun rota
planlama modelini olusturmayr amaglamiglardir. Sistemin
matematiksel modelini olusturup degisken tabu komsuluk arama
algoritmasi ile modelin ¢Oziimiinii arastirmiglardir. Sonucta
geleneksel kamyon teslimatiyla karsilastirildiginda, kamyon-
dron teslimatinin sayisal deneyde teslimat siiresini %20,1
oraninda azaltabildigini ifade etmislerdir. Ayrica daha fazla
kamyon ve dronun, toplam teslimat siiresini etkili bir sekilde
azaltabildigini ancak marjinal faydayr giderek azalttigim
belirtmislerdir. Yalnizca kamyon hizinin veya dron hizinin
arttirtlmasi teslimat siiresini en aza indiremedigini ve yalnizca
kamyon hizi ve dron hizinin eszamanl olarak arttiginda teslimat
stiresinin 6nemli Ol¢lide azaltilabildigini vurgulamislardir (Tong
vd., 2022).

Dronlar tarimsal ilaglama gibi uygulamalariyla tarim
alanlarinda da 6nemli gorevler listlenmektedir. Kullanim olarak
baz1 avantajlar saglamasina karsin dayanikliliklarinin zayif ve
ilaglama i¢in tank kapasitelerinin kii¢iik olmasit operasyon
verimliligini azaltabilir. Dronlarin mahsullere ilaglama yaparken
operasyon verimliligini de artiracak rota planlama ¢ozlimlerine
ihtiyac duyulmustur. Hu vd., dis biikey cokgen bolgeler i¢in atilan
pestisitin homojenliginin saglandigi, minimum enerji - pestisit
tiketiminin saglanacagt  rota  problemini  ¢dzmeyi
amaclamiglardir. Caligmalarinda ilk olarak disbiikey c¢okgen
bolgesinin koseleri, ayrica kalkis ve inis noktalar1 dahil olmak
tizere cevrimdist bilgiler girildigini daha sonra bu bilgilerin
Dinya koordinat sisteminden diizlem koordinat sistemine
doniistiiriildiigiini  belirtmislerdir. Ikinci olarak, diizlem
koordinat sistemindeki alt bdlgeye dayali bir rota olusturma
yontemini tanitmislardir ve yontem araciligiyla farkl baslangic
yon acilarina sahip farkli rotalar {iretilmistir. Daha sonra, farkl
rotalarin {i¢ degerlendirme kriterine gore niceliksel olarak analiz
edildigini ifade etmislerdir. Niceliksel degerlendirmeyi rota
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mesafesi, doniis sayis1 ve pestisit atik oranini (ilaglama islemi
sonrasinda tankta kalan sivi miktar1) degerlendirme kriterleri
olarak kullanarak yapmislardir. Ayrica, koordinat doniistiirme
yoluyla Diinya koordinat sisteminde en uygun rotanin
bulundugunu ifade etmislerdir. Son olarak, bu rota planlama
yonteminin uygulanabilirligini simiilasyon yoluyla yapmislardir.
Sonugta optimum rotanin doniis sayisini, rota mesafesini ve
pestisit atik oranini sirastyla %60, %17,65 ve %38,18 oraninda
azalttigini belirtmislerdir (Hu vd., 2021).

Dronlar tarimin hasat boliimiinde de kullanilmaktadirlar.
Elle, manuel olarak hasat yapmak zahmetli ve zaman alici
olmaktadir. Ayrica tarim sektoriinde calisan insan isgiiciinde
yasanan kayiplar ve bu insan giicliniin tarim dis1 sektorlere
kaymasiyla hasat yapacak otonom sistemler gelistirmenin dnemi
ortaya ¢ikmaktadir. Hasat i¢in hem karasal hem havada hareket
eden otonom sistemler gelistirilmektedir. Ancak karasal
makinelerle karsilastirildiginda dronlar araziye iyi uyum
saglayabilme ve yiiksek verimlilik avantajlarina sahip olabilme
gibi Ozelliklerinden dolayr meyve toplama gdrevini basartyla
gerceklestirebiliriler. Li vd., longan (Ejder go6zii) meyvesi
toplamak icin dron tasarlamislardir. IHA” ya monte ettikleri 3
boyutlu kameradan aldiklar1 goriintiilerle ii¢ simiflandirma
etiketine sahip (meyve veren bir ana dalin kesmeye uygun ana
sap1, sadece meyvesi ve meyve veren bir ana daldaki ilk daldan
son dala kadar bir longan meyvesi kumesi) veri seti
olusturmuslardir. Goriintiileri tanimak i¢in MobileNet-YoloV4
mimarisini egitip kullanmay1 tercih etmislerdir, goriintiileri 68
ms’de %89.73 mAP degeriyle siniflandirmiglardir. Daha sonra
uygun kesme noktalarindan IHA {izerinde bulunan makas
yardimiyla meyve toplama islemini gerceklestirmislerdir. IHA’
nin  konumlandirilmasinda hedefin RGB  goriintiistindeki
koordinat noktas1 bilgisi ve hedefin mesafe bilgisinin 6nemli
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oldugunu belirtip IHA’ mnin konumlandirma problemini
¢ozmiislerdir (Li vd., 2021).

Tarimda iirtinlerin kalitesini ve miktarini artirirken ayni
zamanda tarlalarin ekimi ve siiriilmesi i¢in gerekli olan zamani,
isgliciinii ve finansal maliyetleri azaltmakta O6nemlidir. Tarim
uygulamalarinda dronlarin farkli amagclarla kullanimlar1 mevcut
olmakla birlikte tarimda yayginlagmasinin oniindeki en biiyiik
engellerden biri de kara araglarina gére operasyon siirelerinin
daha kisa olmasidir. Tevyashov vd., tarimsal bir amac¢ i¢in
kullanilan ¢ok dronlu sistemin simulasyon ortaminda yol
planlama problemini ele alan bir c¢alisma yapmislardir.
Simulasyon ortaminda ayg¢iceklerinin bulundugu bir tarim alan
tasarlamiglardir. Onerdikleri yol planlama algoritmas: dort
asamadan olusmaktadir; oncelikle belirli bir alanin koordinatlari
Kartezyen'e (metrik sistem) dondstiirtiliir. Daha sonra gruptaki
her bir dron tarafindan kapsanacak sekilde belirlenen alt alanlara
boliiniir. Her bir dron i¢in ugus yoriingesi (plani) olusturulur ve
atanan alt alanlar1 kapsamak igin gereken maksimum siire,
yinelemeli olarak en aza indirilir (Tevyashov vd., 2022).

Dronlar ayn1 zamanda devriye gezme caligmalarinda da
karasal takip sistemleri ile kiyaslandiginda gorevlilere biiyiik
kolayliklar saglamaktadir. Ornegin, ormanlik alanlarda klasik
devriye sistemlerinin kullanilmast durumunda bazi rotalarin
gecilmesinin ~ zor  olmasi  sebebiyle tim  alanlarin
gbzlenememesine yol agabilir. Ancak ormanlarda gelisebilecek
bir yanginin en erken zamanda tespit edilmesi ¢ok Snemlidir.
Momeni vd., orman izleme ¢alismalarinda insansiz hava araglari
ve bu araglarin sarj islemlerinde kullanilmak {izere kamyonlarin
koordineli kullanimin1 amaclayan bir sistemi ele alarak c¢ok
amagcl bir matematiksel model iizerinde ¢alismislardir. Kamyon
ve dronlarin es zamanli matematiksel modeli tasarlandig: takdirde
tiim alanlar en kisa siirede ve en diisiik maliyetle izlenebilecegini
savunmuglardir. Caligmada olusturulan bu matematiksel modelin

68



Elektrik-Elektronik ve Haberlesme Miihendisligi

artirllmig epsilon kisitlamasi (AEC) algoritmasiyla ve benders
(BD) algoritmastyla ¢oziildiigii ifade edilmistir. Ayrica dronlarin
cesitli yerlerde devriye gezip sarj olmak iizere kamyonlara
dondigi ifade edilmistir. Sonugta analiz edilen dron-kamyon
sisteminin devriye gezmek i¢in uygun maliyetli oldugunu ve
operasyon siiresini de oldukc¢a azalttigin1 ifade etmislerdir
(Momeni vd., 2022).

Dron veya dron siiriileri son yillarda arama — kurtarma
calismalar i¢in de kullanilmaktadir. Du 2023 yilinda yapmis
oldugu ¢aligmasinda, IHA’ lara gérev atama ile rota planlamayi
birlestiren gelismis A* algoritmasin1 tasarlamistir. Once 2
boyutlu bir ortamda sadece engellerden ka¢inma ve arama
kurtarma goérevine odaklanan bir yaklasim 6nermis daha sonra ise
bu islemi 3 boyutlu ortama uyarlamaya caligmistir. Klasik A*
Algoritmasimin belirlemis oldugu bolgeyi 72,653799 saniyede
taradigin1 ifade ederken, gdrev atama ve rota planlamayi
birlestirmis oldugu A* algoritmasinin ayni bolgeyi toplamda
26,462905 saniyede taradigimi ifade etmistir. Deneyleri
MATLAB simulasyon ortaminda ger¢eklestirmistir (Du, 2023).

Dronlarin afet ve acil durum yonetiminde rota planlamasi
acisindan kullanimina yonelik yapilan ¢alismalar arasinda Bose
vd. (2024) c¢alismasi da ornek verilebilir. Arastirmacilar dron
ambulans operasyonlarinda gercek zamanli en kisa yol
optimizasyonu i¢in derin Ogrenme tabanli bir yaklasim
gelistirmislerdir. Caligmalarinda uydu goriintiilerinden CNN ile
mekansal Ozellik ¢ikarimi ve dinamik, engellerle dolu afet
ortamlarinin  modellenmesi icin GNN tabanli bir rota
optimizasyonu entegre edilmistir. Onerilen hibrit CNN-GNN
modeli, modelin performansi, dogruluk, yol uzunlugu ve
hesaplama verimliligi gibi metriklerde degerlendirmislerdir.
Sonucta dronla acil saglik miidahalelerinin daha hizli ve glivenilir
sekilde gergeklestirilebilecegini belirtmislerdir (Bose vd., 2024).
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Arama kurtarma ¢aligmalari sadece kaza gibi durumlarda
degil ayn1 zamanda yangin, deprem ve ¢evrede gergeklesen diger
afetler gibi insan hayatinin tehlikede oldugu durumlarda da
oldukca 6nemlidir. Bu durumlarda arama-kurtarma ¢alismalari
genellikle hayatlarin1 riske atan uzman ekipler tarafindan
gerceklestirilmektedir. IHA’lar arama kurtarma c¢alismalarimi
tyilestirmek ve uzman ekiplerin hayatlarinin riskini azaltmak i¢in
onemli otonom araglardir. Ancak IHA gérev planlamasinda yol
planlama probleminin ¢ok iyi ¢oziimlenmesi gerekir. Juan vd. bu
amagla simulasyon ortaminda La Palma ‘da 2016 yilinda
gerceklesen yanginin 3. Giiniiniin haritasini temel alarak arama —
kurtarma deneyleri gerceklestirmistir. La Palma yangin
haritasinin gorselini 24x24 boyutunda 1zgaralara ayirip bulanik
mantikla her hiicrede insanlarin bulunma olasiligini hesaplamaya
calismislardir. Sonrasinda yol planlama i¢in ¢ekim algoritmast,
bulanik mantik, ANFIS ve PSO algoritmasini kullanmislardir.
Simulasyonlar1 tek IHA ile ve birden fazla IHA ile ayri ayr
deneyerek gergeklestirmislerdir. Sonuglar1 karsilastirmislardir.
ANFIS yaklasimimin genel anlamda en iyi yaklasim oldugu ifade
edilmistir (San Juan vd., 2018).

Deprem sonrasi arama kurtarma ve bina hasar arastirmasi
amaclanan bir ¢alisma Cheng ve arkadaslart tarafindan
yapilmigtir. Cheng vd. ¢alismalarinda deprem bolgelerinin IHA
ile egik fotograflamalarinin yapilip rota planlarinin olusturulmasi
lizerinde galismislardir. Once k-ortalama kiimeleme algoritmasi
ile tasarlanan rotayr drona aktarmislar, ardindan belirlenen
rotadan egik fotografik goriintiiler {izerinden 3 boyutlu yeniden
yapilandirma uygulamislardir. (Cheng vd., 2021).

Dronlar yenilenebilir enerji ile ilgili alanlarda da
uzmanlara yardimci olmak igin kullanilirlar. Ornegin; riizgar
tiirbinlerinin diizenli olarak denetimlerinin yapilmas: gerekir. iple
erisim yontemini kullanan bir teknisyenin yapmis oldugu gorsel
denetim en yaygin olan denetim seklidir. Ancak bu teknik hem
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maliyetli, hem zaman alicidir. Dronlar bu alanda kullanim ig¢in
uzmanlara oldukga fayda saglamaktadir. Baik ve Valenzuela bu
konuyu inceleyen  arastirmacilardandir.  Calismalarinda
simulasyon ortaminda bir dizi riizgar tiirbininin bulundugu bir
alan1 denetlemek i¢in kara aracinin {izerinde yer alan dronla rota
optimizasyon problemi iizerinde c¢alismiglardir. Riizgar
tirbinlerini kiimeleyerek ve tamsayilt dogrusal programlama
modelini kullanarak klasik gezici satic1 probleminin ¢oziilmesiyle
her kiimedeki drone rotalamasini olusturmuslardir. Ayrica, bir
tamsayili  dogrusal  programlama  modeli  kullanarak
genellestirilmis gezgin satict problemini ¢oziip kara aracinin
rotasin1  belirlemislerdir. Onermis olduklar1 optimizasyon
probleminde K-means kiimeleme algoritmasini ve iki tamsayili
dogrusal programlama formiilasyonunu kullanmislardir. Sonugta
rotalama problemini ¢6zmenin tiirbin alani incelemesinin toplam

caligma siiresini azalttigini ifade etmislerdir (Baik ve Valenzuela,
2021).

Dronlar boyama, ortam dezenfekte etme gibi
operasyonlarda da kullanilabilmektedir. Ornegin, son yillarda adi
stkea duyulan Covid-19 vb. salginlarin 6nlenebilmesi icin ¢aba
gosterilmektedir. Buna yonelik o6zellikle kamusal alanlarin
dezenfeksiyon edilmesi Covid-19 vb. hastaliklarindan korunmak
i¢in 6nemli operasyonlardandir. Vazquez-Carmona vd., IHA ile
iki boyutlu bir alanin dezenfeksiyonunun planlamasina yonelik
bir  yontem  iizerinde  c¢alismiglardir.  Caligmalarinda,
dezenfeksiyon alaninin paraboloid modelini olusturmuslar,
splinkler modellemesi  yapmiglardir.  Ayrica ayak izi
belirlendikten sonra yol planlama algoritmasini 6nermislerdir.
Sonucta yapmis olduklar1 deneylerde dezenfeksiyon alaninin
kaplandigini ifade etmislerdir (Vazquez-Carmona vd., 2022).
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5. SONUCLAR

Glinlimiizde dronlar hayati kolaylastirmak, insanin can
giivenligini riske atan faktorleri en aza indirmek gibi farkli
amaglarla kullanilan 6nemli araglardandir. Dronlarin ¢alismasini
sinirlandiran en 6nemli etkenlerden biri havada kalma siiresidir.
Dronun mevcut havada kalma siiresi igerisinde optimum isi
yaptirabilmek i¢in dronun otonom kullaniminda yol planlama
algoritmalar1 ~ kullanilir.  Bu  ¢alismada yol planlama
algoritmalarinin 6nemine vurgu yapilmis, literatiirde farkli
amaglarla yapilan ¢aligmalardan 6rnekler verilmistir. Asagidaki
sonuglar ¢ikarilmigtir.

e Tasimacilikta kullanilan dronlar maliyetleri azaltabilir ve
teslimat verimliligini artirabilir. Ancak tagima kapasitesi
agisindan ve tasima siiresi ac¢isindan sinirlamalara
sahiptir. Uygun rota planlama ile teslimat suresi
azaltilabilir.

e Tarimsal ilaglama dronlarin kullanildig1 bir diger 6nemli
alandir. Ancak hem atilacak pestisiti uygun miktarda
kullanmak ve bodylece cevre kirliligine sebep olmamak
icin hem de homojen olarak dagilmasini saglamak i¢in
araziyi ilaclayacak drona uygun bir rota planlama
yapilmasi dnemlidir.

e Arama-kurtarma calismalarinda kullanilan dronlar icin de
yol planlamanin uygun yapilmasinin 6nemi biiyiiktiir.
Ornegin; taranacak bir enkaz alaninda bulunan her
bolgeyi optimum sirede tarayabilen bir dron hayat
kurtarabilir. Veya ormanlik alan1 optimum siirede
tarayabilen bir dron yangin yayillmadan miidahale
edilmesini saglayabilir.

e Covid-19 gibi salgin hastaliklarin yayilmasini 6nlemek
icin Ozellikle kamu alanlarinda yapilan dezenfeksiyon
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islemlerinde  kullanilabilecek dronlar iginde rota
planlanmasi, hem islemin erken tamamlanma siiresi
acisindan hem de wuygun miktarda dezenfektan
kullanilmasi agisindan 6nem arz eder.

Yol planlama algoritmalarinin bu kadar 6nemli olmasinin
iki temel nedeni vardir. Birincisi, dronun havada kaldig: siire
icinde miimkiin olan en fazla verimi saglamaktir. Ikincisi ise
dronun gorevini en kisa siirede tamamlamasina yardimci
olmaktir. Teknolojinin hizla gelismesiyle birlikte dronlar farkli
sektorlerde ¢esitli amaglarla daha yaygin kullanilmaya baslamis,
bu nedenle dronlarin kullanim verimliligini artirmaya yonelik
calismalar da artarak devam etmektedir.

73



Elektrik-Elektronik ve Haberlesme Miihendisligi

KAYNAKCA

Akgiic, B. (2023). Doner/Sabit kanatli IHA’larda Ugus Kontrol
Kartlar1 ~ (Otopilot).  https://avdesodrone.com/ucus-
kontrol-karlari/ internet sitesinden 24.10.2023 tarihinde
alinmustir.

Ates, F. Ve Senol, R. (2023). Tarimda Modern Teknolojiler:
Lidar Goruntileme. Miihendislikte Yenilik¢i Calismalar,
247-265.

Ayamga, M., Akaba, S., & Nyaaba, A. A. (2021). Multifaceted
applicability of drones: A review. Technological
Forecasting and Social Change, 167, 120677. Doi:
https://doi.org/10.1016/j.techfore.2021.120677

Baik, H., & Valenzuela, J. (2021). An optimization drone routing
model for inspecting wind farms. Soft Computing, 25(3),
2483-2498. Doi: https://doi.org/10.1007/s00500-020-
05316-6

Bose, S., Maheswaran, N., Logeswari, G., Anitha, T., Prabhu, D.,
& Gokulraj, G. (2024). Adaptive Deep Learning
Techniques for Real-Time Shortest Path Optimization in
Drone Ambulance Operations during Disaster. In 2024
8th International Conference on I-SMAC (loT in Social,
Mobile, Analytics and Cloud)(I-SMAC) (pp. 1860-1866).
IEEE.

Cheng, X., Lin, J., Zhao, X., & Xiao, S. (2021). Research on UAV
Oblique Photography Route planning in the investigation
of building damage after the earthquake. In 10OP
Conference Series: Earth and Environmental Science
(Vol. 783, No. 1, p. 012081). IOP Publishing. Doi:
https://doi.org/10.1088/1755-1315/783/1/012081

Cetin, H. (2017). “Bilinen Ortamlarda, Otonom Hareketlerin Ve
Yol Planlamasimnin Oldugu Robotik Sistem Tasarimi”,

74



Elektrik-Elektronik ve Haberlesme Miihendisligi

Yuksek Lisans Tezi, Fen Bilimleri Enstitusi, Selguk
Universitesi, KONYA.

Dere, M.E. (2019). “Mobil Robotlar i¢cin Optimum Yol Bulma”,
Yiiksek Lisans Tezi, Lisansiistii Egitim Enstitiisii, Konya
Teknik Universitesi, KONYA.

Du, Y. (2023). Multi-UAV Search and Rescue with Enhanced A
Algorithm Path  Planning in 3D Environment.
International Journal of Aerospace Engineering, 2023.
Doi: https://doi.org/10.1155/2023/8614117

Ekechi, C. C., Elfouly, T., Alouani, A., & Khattab, T. (2025). A
survey on UAV control with multi-agent reinforcement
learning. Drones, 9(7), 484, Doi:
https://doi.org/10.3390/drones9070484

Gul, E.N. (2023). Dronlarda Kullanilan  Sensorler.
https://medium.com/@elifnr.gull/dronlarda-
kullan%C4%B1lan-sens%C3%B6rler-e09fe68bad6d
internet sitesinden 24.10.2023 tarihinde alinmistir.

Ha, Q. M., Deville, Y., Pham, Q. D., & Ha, M. H. (2018). On the
min-cost traveling salesman problem with drone.
Transportation Research Part C: Emerging Technologies,
86, 597-621. Doi:
https://doi.org/10.1016/j.trc.2017.11.015

Hagdorn, M. (2021). Hagdorn’s drone flying piccolo [Fotograf].
Wikimedia Commons. Lisans: CC BY-SA 2.0. Erisim:
https://commons.wikimedia.org/wiki/File:Hagdorn%27s
_drone_flying_piccolo_(40370093540).jpg

Hu, S., Xu, T., & Wang, B. (2021). Route-planning method for
plant protection rotor drones in convex polygon regions.
Sensors, 21(6), 2221. Doi:
https://doi.org/10.3390/521062221

75


https://doi.org/10.1155/2023/8614117
https://doi.org/10.3390/drones9070484
https://doi.org/10.1016/j.trc.2017.11.015
https://doi.org/10.3390/s21062221

Elektrik-Elektronik ve Haberlesme Miihendisligi

Hudoud, K. M. K. (2021). Rota optimizasyonu igin dinamik
tahminleme ve planlamada en kisa yol algoritmalarinin
uygulanmast  (Doctoral  dissertation, = Kastamonu
Universitesi).

Jaaffar, M. N., & Soh, M. J. C. (2025). Arduino-Based Real-Time
Drone Performance Monitoring with MEMS Sensor
Application. Evolution in Electrical and Electronic
Engineering, 6(2), 120-127.

Li, D., Sun, X., Elkhouchlaa, H., Jia, Y., Yao, Z., Lin, P., Li, J.,
& Lu, H. (2021). Fast detection and location of longan
fruits using UAV images. Computers and Electronics in
Agriculture, 190, 106465. Doi:
https://doi.org/10.1016/j.compag.2021.106465

Momeni, M., Soleimani, H., Shahparvari, S., & Afshar-Nadjafi,
B. (2022). Coordinated routing system for fire detection
by patrolling trucks with drones. International Journal of
Disaster Risk  Reduction, 73, 102859. Doi:
https://doi.org/10.1016/j.ijdrr.2022.102859

Nakiboglu, G. (2020). Drone tagimaciligi ve son-adim teslimatta
kullanimi. Cukurova Universitesi Iktisadi ve Idari
Bilimler Fakultesi Dergisi, 24(2), 285-298.

Ozgiiven, M. M., Altas, Z., Giiven, D., & Arif, C. A. M. (2022).
Tarimda Drone Kullanimi ve Gelecegi. Ordu Universitesi
Bilim ve Teknoloji Dergisi, 12(1), 64-83. Doi:
https://doi.org/10.54370/ordubtd.1097519

Potushaft. (2020). Drone Mavic Pro may2020.jpg. Wikimedia
Commons. Lisans: CC BY-SA 4.0. Erisim:
https://commons.wikimedia.org/wiki/File:Drone_Mavic_
Pro_may2020.jpg

76


https://doi.org/10.1016/j.compag.2021.106465
https://doi.org/10.1016/j.ijdrr.2022.102859
https://doi.org/10.54370/ordubtd.1097519

Elektrik-Elektronik ve Haberlesme Miihendisligi

Sagbas, E. A., & Balli, S. (2015). Akill1 Telefon Sensorlerinin
Kullanimi ve Ham Sensor Verilerine Erisim. Akademik
Bilisim Konferansi, 4-6.

San Juan, V., Santos, M., & Andujar, J. M. (2018). Intelligent
UAV map generation and discrete path planning for
search and rescue operations. Complexity, 2018. Doi:
https://doi.org/10.1155/2018/6879419

Tevyashov, G. K., Mamchenko, M. V., Migachev, A. N., Galin,
R. R., Kulagin, K. A., Trefilov, P. M., ... & Goloburdin,
N. V. (2022). Algorithm for multi-drone path planning
and coverage of agricultural fields. In Agriculture
Digitalization and Organic Production: Proceedings of the
First International Conference, ADOP 2021, St.
Petersburg, Russia, June 7-9, 2021 (pp. 299-310).
Springer Singapore. Doi: https://doi.org/10.1007/978-
981-16-3349-2_25

Tong, B., Wang, J., Wang, X., Zhou, F., Mao, X., & Zheng, W.
(2022). Optimal Route Planning for Truck-Drone
Delivery Using Variable Neighborhood Tabu Search
Algorithm.  Applied sciences, 12(1), 529. Doi:
https://doi.org/10.3390/app12010529

Torun, Y., Ergil, Z., & Aksdz, A. (2019). Aiming of Optimum
Energy Efficiency with Rapidly-Exploring Random Tree
and Atrtificial Bee Colony Path Planning Algorithm for
Autonomous Robots. Doi:
https://doi.org/10.29109/gujsc.607996

Ugwoke, K. C., Nnanna, N. A., & Abdullahi, S. E. Y. (2025).
Simulation-based review of classical, heuristic, and
metaheuristic path planning algorithms. Scientific
Reports, 15(1), 12643. Doi:
https://doi.org/10.1038/s41598-025-96614-2

77


https://doi.org/10.1155/2018/6879419
https://doi.org/10.1007/978-981-16-3349-2_25
https://doi.org/10.1007/978-981-16-3349-2_25
https://doi.org/10.3390/app12010529
https://doi.org/10.29109/gujsc.607996
https://doi.org/10.1038/s41598-025-96614-2

Elektrik-Elektronik ve Haberlesme Miihendisligi

Vazquez-Carmona, E. V., Vasquez-Gomez, J. |., Herrera-Lozada,
J. C., & Antonio-Cruz, M. (2022). Coverage path planning
for spraying drones. Computers & Industrial Engineering,
168, 108125. Doi:
https://doi.org/10.1016/j.cie.2022.108125

Vikipedi, (2023). Insansiz hava aracl.
https://tr.wikipedia.org/wiki/%C4%B0nsans%C4%B1z_
hava_arac%C4%B1 internet adresinden 18.10.2023
tarihinde alinmistir.

Villi, O., & Yakar, M. (2022). Insansiz Hava Araglarinmn
Kullanim Alanlar1 ve Sensér Tipleri. Tiirkiye Insansiz
Hava  Araglari  Dergisi, 4(2), 73-100. Doi:
https://doi.org/10.51534/tiha.1189263

Yakar, U. (2022). Spordan Tarima Kadar Pek Cok Alanda
Kullanilan Drone Nedir, Ne Ise Yarar ve Nasil Calisir?,
https://www.webtekno.com/drone-nedir-ne-ise-yarar-
nasil-calisir-n118528.html internet adresinden
18.10.2023 tarithinde alinmistir.

78


https://doi.org/10.1016/j.cie.2022.108125
https://doi.org/10.51534/tiha.1189263

Elektrik-Elektronik ve Haberlesme Miihendisligi

DEEP LEARNING-BASED IMAGE
PROCESSING: THEORETICAL
FOUNDATIONS, ARCHITECTURAL
EVOLUTION, AND HEALTHCARE
APPLICATIONS

Ali DURMUS1
Hatice SUNGER?

1. INTRODUCTION

The fields of image processing and computer vision
underwent an unprecedented transformation in the first decade of
the 21st century with Deep Learning methods based on artificial
neural networks (Voulodimos et al., 2018). Traditional methods,
relying on hand-crafted feature extraction, persisted for many
years (Sun et al., 2022). However, these traditional approaches
have given way to end-to-end models that can automatically learn
complex and hierarchical visual representations from data. This
shift represents not only a technical advancement but also a
significant change in the understanding of visual data processing.

This technological shift is most clearly demonstrating its
most effective and transformative results in the healthcare sector
(Jiang et al., 2017). The rapid increase in the amount of data
generated by imaging methods such as Magnetic Resonance
Imaging (MRI), Computed Tomography (CT), and digital
pathology has increased the cognitive load on radiologists and
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clinicians to unmanageable levels. Human errors due to fatigue
and biological limitations in detecting microscopic patterns at the
level have transformed Al-powered "Second Opinion” systems
from a privilege in clinical processes to a necessity for diagnostic
accuracy (Shen et al., 2017). Medical imaging data is inherently
distinct from general object recognition datasets (e.g., ImageNet).
The difficulty of accessing data due to patient privacy, the high
cost of data labelling processes requiring specialist doctors, and
the expectation of "zero error” in medical diagnosis make it
challenging to use standard deep learning models directly. These
structural constraints have accelerated the development of
specialised segmentation architectures such as U-Net
(Ronneberger et al., 2015), which offer high accuracy with
limited data, Generative Adversarial Networks (GANS)
(Goodfellow et al., 2020) used to address data scarcity, and
Transfer Learning strategies that facilitate knowledge transfer.

This study examines the multi-layered development in the
field of image processing through fundamental research that is
considered a significant turning point in the literature. This
section will first focus on the technical foundations of
Convolutional Neural Networks (CNNs) (Simonyan &
Zisserman, 2015; He et al., 2016) and task-specific architectures
such as U-Net and YOLO (Redmon et al., 2016). Subsequently,
the emergence of the Vision Transformer (ViT) architecture,
which represents the most recent and radical change in this field
by ending the dependence on CNNs, and the topic of
"architectural evolution” will be addressed (Dosovitskiy et al.,
2021). Finally, Explainable Artificial Intelligence (XAl)
approaches, which shed light on the "black box™ character of
these technologies, will be evaluated in the context of reliable
applications in the healthcare sector, theoretical foundations, and
practical results.
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2. ARCHITECTURAL SPECIALISATION AND
OVERCOMING LIMITATIONS

Modern methods in image processing are defined by the
transition from extracting handcrafted features to data-driven
representational learning. Traditional edge detection and feature
extraction techniques have been replaced by the layered
abstraction capabilities of deep structures. This section addresses
specialised architectures, which are important milestones in the
field, and strategies developed to overcome the structural
limitations (data, cost, computational power) of deep learning.

2.1. Fundamental Image Processing Tasks and
Specialised Architectures

The most important requirement for medical image
analysis is to accurately distinguish anatomical structures or
diseases within an image. This process is known as semantic
segmentation and necessitates assigning each pixel in the image
to a specific category (tumour, tissue, background, etc.) (Shen et
al., 2017).

Precise Segmentation: U-Net Architecture The greatest
challenge in biomedical imaging is the lack of labelled datasets
required for training. The U-Net architecture shown in Figure 1,
developed by Ronneberger et al. (2015), has become the industry
standard for solving this problem. Featuring a symmetric
encoder-decoder structure, U-Net uses "skip connections” to
directly transfer low- level spatial information from the encoder
section to the decoder section (Ronneberger et al., 2015). This
mechanism prevents the loss of contextual information, enabling
the production of high- resolution and accurate segmentation
maps even when trained with a small amount of data. Although
alternative segmentation models in the literature, such as
DeepLab, have also aimed to capture contextual information
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(Chen et al., 2017), U-Net maintains its success in medical
imaging.

Feature Mapping j

Feature
Concatenation

Convolutional
Layers

U-Net

Architecture Pooling Layers

é““" Decoder Path

Up-Convolutional
Layers

Convolutional
Layers

Figure 1. U-Net Architecture

Connection to Medical Al: A successful segmentation tool
such as U-Net solidifies the place of deep learning in medical
image analysis and general healthcare. These studies highlight
how deep learning improves diagnosis and quantitative
assessment by replacing human-designed features.

Real-Time Object Detection: In addition to segmentation,
determining the position of objects in an image (object detection)
is critical for autonomous systems and surgical tracking
processes. While traditional methods (such as the R-CNN family)
perform region proposal and classification in two separate stages,
the YOLO (You Only Look Once) architecture has changed this
paradigm. Redmon and colleagues (2016) treated object detection
as a single regression problem and processed the entire image
with a single convolutional neural network (CNN),
simultaneously predicting class probabilities and bounding box
coordinates (Redmon et al., 2016). This unified architecture
enabled the model to achieve speeds of 45 frames per second
(FPS), paving the way for real-time applications. Although
methods such as Focal Loss were later proposed for class
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imbalance issues (Lin et al., 2017), YOLO stands out for its
speed.

YOLO: While classical object detection systems (e.g., R-
CNN derivatives) typically use two-stage processes (first region
proposal, then classification), YOLO frames this task as a single
regression problem. A single Convolutional Neural Network
directly estimates bounding boxes and class probabilities from an
image. This unified architecture makes it fast enough to operate
in real-time. YOLO's fundamental trade-off is that, despite an
increase in localisation errors, the probability of making false
positive predictions on the background is lower. Figure 2
illustrates a visual representation of real-time object detection
using YOLO.

[ l:?y- -E |
Variations gé} ’ Unified Approach
Performance = YOLO Efficiency

Enhancements

Speed

= Efficiency

Figure 2. YOLO: Real-time object detection

Generative Modelling and Data Augmentation: GANS
Another radical solution to the problem of insufficient data is
synthetic data generation. Generative modelling is another
fundamental subfield of image processing, and GANs have
revolutionised this field. Generative Adversarial Networks
(GANSs), proposed by Goodfellow et al. (2020), construct a game
theory-based "min-max™ game. A generator network produces
fake images, while a discriminator network attempts to determine
whether these images are real or fake (Goodfellow et al., 2020).
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This competitive training process enables the production of
synthetic derivatives of hard-to-obtain data, such as medical
images, at a quality indistinguishable from the real thing. In
subsequent studies, derivatives such as CycleGAN have
increased data diversity by performing style transfer between
unpaired images (e.g., converting CT images to MRI images)
(Zhu et al., 2017). An illustration related to GANs and data
augmentation is provided in Figure 3.

— & nthetic Data
Applications T ¢ @ 8 gneration
Medical Imaging = @ Generator Network
Deep Lehilrl;ir}g GANSs and Data Discriminator
odels Augmentation Network
[@ Style Transfer J
t CycleGAN

Unpaired Images

Figure 3. GANs and Data Augmentation

Edge Detection Review: Edge detection is one of the most
fundamental steps in image processing. Sun and colleagues'
review systematically examines the development from traditional
filter-based methods to contemporary Al-driven approaches. This
review is important in that it demonstrates how hierarchical
features learned by deep networks (as discussed in Voulodimos'
review) can extract edge and boundary information, the first step
in complex visual tasks, more accurately and robustly.

2.2. Overcoming Limitations: Data, Cost, and
Architectural Evolution

The success of deep learning models, particularly in real-
world scenarios with hardware and data constraints, is directly
related to the efficiency and transferability of the architecture.
The studies reviewed reveal two main strategies developed to
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overcome these constraints: Transfer Learning and Changing
Architectural  Paradigms  (Transition from CNNs to
Transformers).

Deep Transfer Learning (DTL) The most common
strategy for overcoming the "small data" problem in healthcare is
Deep Transfer Learning (DTL). This approach relies on
transferring the weights of models trained on large-scale, general-
purpose datasets (e.g., ImageNet) to a more specific and
constrained target task (e.g., lung nodule detection) (Deng et al.,
2009; Iman et al., 2023). Zeiler and Fergus (2014) demonstrated
that CNNs learn universal visual features such as edges and
textures in their early layers (Zeiler & Fergus, 2014). Reusing
these universal features dramatically reduces training time and
cost while increasing the model's generalisation ability in
diagnosing rare diseases (Jiang et al., 2017).

Architectural  Paradigm  Shift:  From CNNs to
Transformers (ViT) In recent years, the undisputed dominance of
CNNs in image processing has been challenged by the impact of
Transformer architectures, which have revolutionised the field of
Natural Language Processing (NLP). The work of VVaswani et al.
(2017), based on the "attention mechanism" (Vaswani et al.,
2017), has been adapted to visual data. Dosovitskiy et al. (2021)
treated an image as a sequence of 16x16 patches using the Vision
Transformer (ViT) model and achieved results comparable to
CNNs using a pure attention mechanism, without the need for
convolution (Dosovitskiy et al., 2021). While CNNs focus on
local features (Voulodimos et al., 2018), the ViT's "self-attention™
mechanism can model long-range relationships across the entire
image (global context). This signals a new era in terms of
scalability and performance, particularly for large datasets.

Resolved Constraints: This strategy dramatically reduces
the training time and energy consumption of a new model.
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Furthermore, it eliminates the need to train models from scratch,
particularly in areas with scarce labelled data, such as the
diagnosis of rare diseases (as mentioned by Shen et al. and Jiang
et al.). This makes DTL a viable solution for deploying deep
learning models on edge devices with limited processing power.
Zeiler and Fergus's models, trained on ImageNet, easily set new
performance records on the Caltech-101 and Caltech-256 datasets
by simply retraining the classifier layer, providing experimental
evidence of DTL's power.

The undisputed dominance of CNNs (Voulodimos et al.)
in image processing has begun to be questioned alongside the rise
of the Transformer architecture in Natural Language Processing
(NLP). Dosovitskiy and colleagues’ work introducing the Vision
Transformer (ViT) marks the most significant architectural
evolution in this field.

Vision Transformers (VIT - Dosovitskiy et al.): The
Transformer architecture, traditionally standard in NLP (Natural
Language Processing), has also revolutionised image processing.
VIT treats images as a sequence of 16x16 patches and applies a
pure Transformer directly to these sequences. This work
demonstrated that dependence on CNNs is not a prerequisite and
proved that when pre-trained on large datasets, ViT can achieve
results comparable to, or even better than, modern CNNs, while
requiring fewer computational resources. This represents the
culmination of architectural evolution and the quest for scalability
in image processing.

Self-Attention vs. CNNs: While CNNs extract
hierarchical features through local receptive fields (Zeiler &
Fergus), the self-attention mechanism at the heart of VIiT gives it
the ability to compute global dependencies, modelling the
relationship of each patch in the sequence with all other patches.
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This enables the model to instantly gain information about the
entire image.

Scalability and Success: When pre-trained on large-scale
datasets (such as JFT-300M), VIiT has achieved results
comparable to, and even better than, state-of-the-art CNNSs in
classification tasks. Furthermore, ViT's requirement for
significantly fewer computational resources for training has
proven its superiority in terms of scalability. This demonstrates a
significant shift in Al architecture, from local feature extraction
(CNN) to global relationship modelling (Transformer).

3. CURRENT APPLICATIONS: THE
INTEGRATION OF DEEP LEARNING INTO
CLINICAL AND CRITICAL AREAS

The theoretical success of deep learning architectures has
been translated into practical applications in fields requiring high
precision, particularly in medicine. This section analyses the
concrete reflections of the architectures examined in previous
sections (U-Net, CNN, YOLO, GAN) in medical imaging, real-
time monitoring, and synthetic data generation, based on the
literature.

3.1. Medical Imaging and Precision Diagnosis Systems

The fundamental objective in medical image analysis is to
automate disease detection and quantitative evaluation processes
(Shen et al., 2017). In this context, two main tasks stand out:
precise segmentation and pattern classification.

The Clinical Equivalent of Precise Segmentation The U-
Net architecture proposed by Ronneberger et al. (2015) has
become the “gold standard™ for biomedical image segmentation.
It is particularly crucial to distinguish neuronal structures, cell
nuclei, or cancerous tissues at the pixel level in MR and
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microscopy images (Ronneberger et al., 2015). The structure of
U-Net, supported by data augmentation techniques, demonstrates
high success even in the detection of rare pathologies with limited
labelled data. The success of this architecture has also inspired
advanced segmentation models developed later, such as
DeepLab, which aims to capture the multi-scale context (Chen et
al., 2017).

Automatic Diagnosis and Decision Support Systems The
detection of patterns that are difficult to discern with the human
eye in modalities such as X-rays, mammograms, and fundus
images (e.g., early-stage lung nodules or signs of diabetic
retinopathy) is the area where deep CNN architectures are most
powerful. Deep networks such as VGG (Simonyan & Zisserman,
2015) and ResNet (He et al., 2016) form the backbone of these
classification tasks. Jiang et al. (2017) note that artificial
intelligence has evolved beyond image analysis alone to become
multimodal systems that integrate electronic health records and
genomic data to provide personalised treatment recommendations
(Jiang et al., 2017).

General Health Integration: Jiang and colleagues' review
demonstrates that artificial intelligence is not limited to image
analysis alone, but is also combined with other health data such
as electronic health records and genomic data to provide
personalised treatment recommendations and disease prognosis
predictions.

3.2. Real-Time Detection and Surgical Monitoring

Real-time object detection technologies developed for
autonomous vehicles and security systems are being adapted for
surgical navigation and patient monitoring systems in the
healthcare sector. YOLO Architecture and Instant Detection The
YOLO (You Only Look Once) architecture, developed by
Redmon and colleagues (2016), solves object detection as a
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single-stage regression problem, enabling processing in less than
a second (Redmon et al., 2016). This speed, developed for
detecting pedestrians and traffic signs in autonomous driving, has
been successfully transferred to tasks such as real-time detection
of polyps during endoscopy and colonoscopy in the medical field
or instantaneous tracking of surgical instruments in robotic
surgery. Video Analysis and Patient Safety Deep learning-based
video analysis methods (Voulodimos et al., 2018), used for
anomaly detection in industrial processes, are employed in
hospitals to monitor intensive care units, detect falls, and
automatically identify violations of patient safety.

3.3. Creative Applications and Data Synthesis

Data privacy and labelling costs are the biggest obstacles
to medical artificial intelligence. Generative models play a critical
role in overcoming this constraint. Synthetic Data Generation
(GANSs) Generative Adversarial Networks (GANS), introduced to
the literature by Goodfellow et al. (2020), enable the generation
of synthetic images statistically equivalent to real data without
sharing actual patient data (Goodfellow et al., 2020). This is used
to enrich training datasets, particularly for rare diseases.
Additionally, it is used to generate highly realistic synthetic
training data that can be utilised in areas with scarce labelled data,
such as medical imaging (to solve the few-data problem for U-
Net) or the simulation of rare events. Furthermore, architectures
such as CycleGAN enable cross-modal data synthesis by
transforming between unpaired images (e.g., converting an MRI
image to a CT image) (Zhu et al., 2017).

Image Enhancement and Super-Resolution The
enhancement of noisy images taken with low-dose radiation or
the sharpening of low-resolution microscopy images with super-
resolution is another output of GAN-based approaches entering
routine clinical practice. Generative Adversarial Networks
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(GANSs) (Goodfellow et al.) have demonstrated that artificial
intelligence is capable not only of analysis but also of production.

3.4. Future-Oriented Approaches: Scalability and
Trust

The future of image processing is built on architectures
that can process larger data sets and systems that can explain the
decisions of these architectures. Global Analysis with Vision
Transformer (ViT) Unlike the structure of CNNs, which focus on
local features, the Vision Transformer (ViT) presented by
Dosovitskiy et al. (2021) can model the relationship with the
image as a whole thanks to the self-attention mechanism
(Dosovitskiy et al., 2021). This capability offers superior
potential compared to CNNSs, particularly in the analysis of
gigapixel-sized digital pathology slides (whole slide imaging), in
terms of discovering long-range relationships between tissues.

Explainable Artificial Intelligence (XAIl) and Trust In
medical diagnosis, "black-box" models are difficult to accept.
Visualisation techniques pioneered by Zeiler and Fergus (2014)
reveal which region of the image the network focuses on when
making decisions (Zeiler & Fergus, 2014). Such Explainable
Artificial Intelligence (XAI) approaches are becoming a legal and
ethical imperative to ensure doctors trust Al decisions and to
detect potential biases.

4. FUTURE TRENDS: HYBRID PARADIGMS
AND ETHICAL ARTIFICIAL INTELLIGENCE

Artificial intelligence research in the field of image
processing, building upon past CNN-based successes
(Voulodimos et al., 2018), will deepen in three main areas in the
future: architectural flexibility, diversity of generative modelling,
and explainable reliability. Recent developments in the literature
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indicate an evolution from purely performance-focused models
towards efficient and understandable systems.

4.1. Convolution-Free Architectures: The Dominance
of Transformers

The most prominent trend in future projections is the
replacement of CNNs in image processing by the Transformer
architecture or the creation of hybrid structures with them. The
Evolution of Attention Mechanisms The "Attention" mechanism
developed by Vaswani et al. (2017) for natural language
processing (Vaswani et al., 2017) has yielded revolutionary
results when adapted to visual data. The Vision Transformer
(ViT), introduced by Dosovitskiy et al. (2021), processes images
in patches, overcoming the local limitations of CNNs and
demonstrating the ability to model global context (Dosovitskiy et
al., 2021). Hybrid and Channel Attention Models However, rather
than completely abandoning CNNs, combining their strengths
with attention mechanisms is also a strong trend. In this context,
the Squeeze-and-Excitation (SE) Networks proposed by Hu et al.
(2018) have pioneered hybrid architectures by modelling cross-
channel relationships, enabling the network to focus on important
features (Hu et al., 2018). Future research will focus on such
hybrid optimisations that combine the local feature extraction
power of CNNs with the global perspective of Transformers.

Multimodal Models: Since Transformers were originally
designed for text (NLP), the transition to multimodal models that
combine image and text data within the same architecture (e.g.,
bridging vision and language) will accelerate. This will pave the
way for systems that can describe visual content in natural
language or generate images based on a natural language query.
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4.2. Generative Artificial Intelligence and
Probabilistic Modelling

Data scarcity and privacy issues will be addressed not only
with GANs but also with different families of generative models.

GAN and VAE Diversity While Goodfellow et al.'s
(2020) GAN architecture represents the pinnacle in high-
resolution and realistic image synthesis (Goodfellow et al., 2020),
Variational Autoencoders (VAES), developed by Kingma and
Welling (2014), offer a more organised latent space by learning
the probabilistic distribution of the data (Kingma & Welling,
2014). In the future, approaches combining the sharpness of
GANSs with the mathematical consistency of VAEs will come to
the fore in medical anomaly detection and rare disease
simulations. Multimodal Synthesis Models that process text and
images on the same plane will form the basis of systems that
synthesise images from reports written in natural language by
doctors or automatically generate reports from radiological
images. Efforts to understand the "black box™ nature of CNNs are
becoming a legal requirement, particularly in high-risk areas such
as healthcare (Jiang et al., 2017). Transparency of Decision
Processes Visualisation techniques pioneered by Zeiler and
Fergus (2014) form the basis of modern Explainable Artificial
Intelligence (XAI) approaches. Future systems will not only
provide the result "cancer present” but will also offer reasoned
decisions such as "cancer is suspected due to tissue irregularities
in this region of the image." This transparency will play a key role
in establishing clinicians' trust in artificial intelligence.

Explainable Artificial Intelligence (XAl): Future models
will not only offer high accuracy but will also present the
reasoning behind their decisions in an understandable manner
(e.g., showing which areas of the image they focused on when
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detecting a tumour). Zeiler and Fergus' visualisation technique
forms the basis of modern XAl approaches.

Model Robustness: The robustness of artificial
intelligence systems against cyber-attacks and adversarial
examples is a research priority, particularly for critical
infrastructure and autonomous systems (YOLO).

4.3. Data Efficiency and Continuous Learning

Strategies developed to reduce dependence on large
datasets (Deng et al., 2009) will become more autonomous. Iman
and colleagues (2023) emphasise the importance of meta-learning
strategies that automatically determine what information to
transfer in Deep Transfer Learning (DTL) processes (Iman et al.,
2023). Additionally, "Few-Shot Learning” methods, where the
model can learn from a single example, will become standard in
managing rare medical cases.

Smarter Transfer and DTL Optimisation: In the future,
more complex meta-learning and continual learning strategies
that automatically determine how much and which information to
transfer to a task (as discussed in the Iman et al. review) will come
to the fore.

Few-Shot Learning: The model's ability to learn from a
single example or very few examples will be crucial, especially
in rare medical conditions (as in U-Net's problem domain).

Synthetic Data and Simulation: Hyper-realistic synthetic
data generated by GANs (Goodfellow et al.) will be used in a
more systematic and scalable manner to bridge the gap in real-
world labelled data.

4.4. Ethical Boundaries of Image Generation and
Manipulation

The hyper-realistic increase in the visual synthesis
capabilities of generative artificial intelligence models (especially
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GANSs), while beneficial in areas such as medical data production,
has brought with it serious security risks and potential ethical
violations. The Threat and Detection of Deepfakes The
indistinguishability of images manipulated or entirely generated
by artificial intelligence (deepfakes) from reality poses a critical
threat to information security. Recent studies in the literature
indicate that the focus of image processing should shift from
production to "detection and verification”. In this context,
forensic analysis algorithms that capture anomalies in the
frequency domain of generated images or detect the "fingerprints"
left by GANs will be one of the most active research areas in the
future. Along with the increase in realism, methods for detecting
fake images and videos (deepfakes) and verifying their source
will be one of the most critical security and ethical research areas
in computer vision. Medical ethics and the risk of hallucination
in the field of health, the biggest ethical boundary faced by
generative models is the problem of "hallucination”. A model
simulating a rare disease producing tissues that contradict
biological reality or adding a non-existent tumour to an image
poses unacceptable risks in diagnostic processes. Therefore,
future image processing architectures must not only offer high
resolution but also incorporate "Conditional Generation" and
ethical control layers that guarantee the biological and physical
consistency of the generated data.

High Resolution and Conditional Generation: GAN
architectures will continue to develop systems that are faster,
more stable, and capable of generating images based on specific
conditions (such as text or style) (conditional GANS).

These trends clearly demonstrate that the evolution of
deep learning in image processing is not merely a technological
race, but also a quest to build reliable, ethical, and resource-
efficient systems.
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5. CONCLUSIONS

The comprehensive literature analysis conducted in this
study demonstrates that image processing paradigms in
healthcare have irreversibly evolved from the era of "manual
feature extraction” requiring human intervention to the era of
"deep representational learning” that understands the nature of
data and its hidden patterns. The fundamental architectures (U-
Net, YOLO, GAN, and ViT) and strategies (Transfer Learning)
examined prove that this transformation is not merely an
algorithmic performance increase; it has created a tangible
technological revolution in clinical diagnosis, treatment planning,
and surgical intervention processes. The findings obtained and the
general trend in the literature can be synthesised along four main
axes.

5.1. Data Efficiency and Segmentation Accuracy

The critical limitation of medical imaging, namely the
scarcity of labelled data, has been overcome thanks to specialised
architectures. The U-Net architecture developed by Ronneberger
and colleagues has achieved segmentation success that is
considered the "gold standard” in biomedical imaging, even with
a limited amount of data, thanks to its symmetric encoder-decoder
structure and skip connections. This confirms that deep learning
can be effectively used in the diagnosis of rare diseases not only
with "Big Data" but also with "Small and Qualitative Data"
through the right architectural designs.

5.2. Real-Time Capability and Clinical Applicability

The processing load created by traditional, multi-stage
image processing systems has been eliminated by the based
detection approach introduced by the YOLO architecture. This
architecture, which solves object detection through a single neural
network, has made deep learning a practical solution for "latency-
critical" healthcare applications, such as robotic surgery and
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endoscopic navigation, where milliseconds are crucial, with
processing speeds exceeding 45 frames per second.

5.3. Paradigm Shift in Architecture and Global
Context

The most recent and radical result highlighted by the study
is the disruption of the dominance of Convolutional Neural
Networks (CNNs). The Vision Transformer (ViT) presented by
Dosovitskiy and colleagues breaks CNNs' dependence on local
receptive fields by analysing images in patches rather than
processing them pixel by pixel. This approach, which can model
distant relationships and global context in images thanks to the
attention mechanism, has opened up a new frontier of research,
particularly in the analysis of gigapixel-sized digital pathology
slides. Furthermore, this work has demonstrated that when pre-
trained on large datasets, a pure Transformer architecture can
outperform or compete with CNNs. This result challenges the
undisputed dominance of CNNs in image processing and
indicates that future architectural designs will focus more on the
ability to model global dependencies (self-attention).

5.4. Balance Between Productivity and Reliability

Analyses show that artificial intelligence is transforming
into a force that not only "analyses™ but also "produces”. GAN
architectures democratise training processes by generating highly
realistic synthetic data that can replace patient data that cannot be
shared due to data privacy concerns. However, the acceptance of
these "black box" models in clinical settings depends on
Explainable Artificial Intelligence (XAI) studies pioneered by
Zeiler and Fergus. Visualising the areas the model focuses on
when making decisions is emerging as a fundamental ethical
requirement that enables physicians to trust Al decisions.
Redmon and colleagues’ YOLO work has created a new
classification that combines speed and performance by
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transforming object detection into a single regression problem.
The fact that YOLOQO's base model runs at 45 frames per second
(FPS) (with Fast YOLO reaching 155 FPS) demonstrates that
these technologies are practically applicable for autonomous
vehicles and real-time surveillance systems. This speed is far
ahead of traditional, multi-stage detection systems. This is a
concrete quantitative result demonstrating that real-time
standards in processing speed have become achievable through
deep learning. Ronneberger, Fischer, and Brox's U-Net
architecture has demonstrated that accurate segmentation is
possible even with a limited number of training examples (thanks
to data augmentation). By winning the 2015 ISBI cell tracking
competition by a wide margin, U-Net demonstrated the superior
ability of CNNs to distinguish complex structures in medical
images at the pixel level. This is a qualitative result showing the
successful combination of high accuracy and data efficiency in a
critical area. Research has solidified three key findings that
summarise deep learning's overall success in image processing.
The table presented systematizes the core competency areas of
modern deep learning models and the core evidence they provide
to the literature along three main axes:

Table 1. Core result areas and effects of modern image processing

models

Core Result Core Evidence (Emphasis)

Area

Feature Models have surpassed traditional methods by

Learning automatically ~ learning  Hierarchical ~ Feature
Representations from data rather than manually
designed features.

Data and Cost Transfer Learning (TL) strategies have solved the

Management problem of limited labelled data and popularised
artificial intelligence by reducing training costs
(especially for edge devices).

Productivity The adversarial training principle has demonstrated

Power that artificial intelligence is not only capable of
analytics but also of generating synthetic data and
synthesising high-resolution images.
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Reviews indicate that deep learning-based image
processing is not a destination but a continuous evolutionary
process. While CNNs (Voulodimos et al.) lay a strong foundation,
specialised architectures such as U-Net, YOLO, and GANs have
transformed this foundation into indispensable tools for specific
tasks. The success of ViT indicates that the field will continue to
discover new architectural paradigms and advance not only in
visual analysis but also in ethics, reliability, and computational
efficiency.

In conclusion, deep learning-based image processing
technologies are not a rival system aiming to replace physicians
in healthcare; rather, they are positioned as powerful "intelligent
assistants™ that extend their perceptual limits, automate tedious
and repetitive tasks, and increase diagnostic accuracy. Future
research will focus less on pure performance gains and more on
integrating hybrid architectures (CNN-Transformer), explainable
(XAl) and ethically bounded reliable.
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AN OVERVIEW OF ELECTRIC VEHICLES
TECHNOLOGY

Abdurrahim ERAT!

1. INTRODUCTION

Electrification has become a defining trend in modern
transportation systems, positioning electric vehicles (EVs) as a
key technological response to growing energy efficiency and
environmental sustainability requirements. Interest in electric
transportation alternatives has grown dramatically as a result of
rising energy consumption, diminishing  unrenewable
conventional energy supplies, expanding urbanization, and
environmental regulations concerning achieving carbon
neutrality. Many nations have hastened the development of EVs
in an effort to minimize reliance on petroleum and harmful
emissions. The adoption of EVs, particularly battery-electric cars,
IS seen as an opportunity to address environmental concerns and
the energy crisis (Sun, Li, Wang, & Li, 2020). The proliferation
of internal combustion engine vehicles that consume non-
renewable conventional fuels presents significant global
challenges concerning energy security and environmental
sustainability.  Urban-dominated  transportation  activity
represents a significant source of atmospheric greenhouse gas
release and harmful air contaminants, thereby intensifying the
impacts of climate change and global temperature rise. In
response, numerous nations have accelerated the development of
EV technologies to mitigate oil dependence and reduce
environmental pollution. New energy vehicles, such as EVs, offer

L Lecturer, Sirnak University, Sirnak Vocational College, Electrical and Energy
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advantages in low energy consumption and zero tailpipe
emissions, positioning them to play a critical role in the the
systematic mitigation of carbon emissions across transport
systems and the emergence of low-carbon cities. The
electrification of transport is widely regarded as a promising
solution to global public health and environmental issues,
replacing conventional fuel-burning mechanical powertrain
architectures with sustainable and clean power plants, thereby
becoming a central development trend within the automotive
industry (Barman et al., 2023; Bhatti, Salam, Aziz, Yee, &
Ashique, 2016; Ehsani, Singh, Bansal, & Mehrjardi, 2021; Feng
& Magee, 2020; Jahangir, Golkar, Ahmadian, & Elkamel, 2020;
Kittner et al., 2020; Sun et al., 2020; Xiong et al., 2022).

Electric vehicles provide benefits such as emissions-free,
ease of use, affordability, reliability, comfort, efficiency,
weight and size, availability range of driving, charging period
compared to traditional vehicles. Electric mobility is projected to
assume a central position within smart city infrastructures,
operating in synergy with collective transportation and mobility-
sharing concepts. Therefore, further research is needed to
enhance battery performance and simplify charging. The
autonomy of EVs is their primary disadvantage. Nonetheless,
scientists are developing better battery solutions to boost range
for driving and reduce volume, expense, and timing for charging
(Sanguesa, Torres-Sanz, Garrido, Martinez, & Marquez-Barja,
2021). Recent statistics from the IEA’s Global EV Outlook 2025
reveal that electric vehicles reached a historic milestone in 2024,
with sales surpassing 17 million units and constituting over 20%
of worldwide passenger car demand. Furthermore, projections for
2025 indicate that annual EV sales will exceed 20 million units,
representing approximately one-quarter of all vehicle sales (IEA,
2025). These figures clearly illustrate that electric vehicles are no
longer an emerging niche technology but a dominant and rapidly
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expanding component of the global automotive landscape. Figure
1 shows the global sales volume of electric vehicles between 2014
and 2024. BEV refers to battery electric vehicles, while PHEV
refers to plug-in hybrid vehicles.

Global electric car sales, 2014-2024
_E 20 BRest of World PHEY
E 1§ ORest of World BEV
14 OUnited States PHEV
jli BUnited States BEV
8 oEurope PHEV
& BEurope BEV
; @ China PHEY
[} aChina BEYV
2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

Figure 1. Global Sales Quantity of EVs between 2014 and 2024
(IEA, 2025)

Power electronics systems provide the essential
foundation required for electric vehicles to attain peak
performance levels and operational dependability (Pahlevani &
Jain, 2020). By enabling the reliable and highly efficient
management of energy within EVs, power electronics technology
is critical for overcoming major industry hurdles, including
improving mileage and efficiency while simultaneously
addressing cost pressures. The rapid expansion of electric vehicle
adoption is primarily attributed to transformative progress in
power electronics, most notably the extensive utilization of wide-
bandgap semiconductor materials such as silicon carbide and
gallium nitride (Do, Trovéo, Li, & Boulon, 2021). These
materials, utilized in inverters, converters, and onboard chargers,
significantly reduce energy losses and thermal constraints
compared to conventional Silicon (Si) devices. The acceleration
of EV technologies in recent years has also been significantly
influenced by advancements in electric motor technology, similar
to power electronics advancements. Charging infrastructure
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development is another crucial element accelerating EV
deployment.

Collectively, these advancements underscore the
inherently  multidisciplinary nature of EV technology,
demonstrating its reliance on fields spanning material science,
power electronics, control engineering, computer science, and
energy systems. Building upon this multidisciplinary foundation,
this review section aims to provide a comprehensive evaluation
of the overall architectural structure and the key components
constituting the electric vehicle system.

2. BRIEF HISTORY OF EVs

The architectural development of EVs has undergone a
remarkable transformation over the past three decades, evolving
from basic battery—motor configurations into highly integrated,
software-defined mobility platforms. This evolution reflects
advancements in battery packaging, power electronics, electric
drive systems, vehicle control architectures, and thermal
management strategies. As EV adoption accelerates globally,
understanding the structural progression of EV architectures
provides critical insight into current design philosophies and
future mobility platforms.

The development of EVs began with early discoveries in
electromagnetism. Faraday’s study in 1821 enabled Joseph
Henry’s first electric motor, which later supported advancements
in rechargeable batteries introduced by Sinsteden in 1854.
Edison’s incandescent lamp in 1880 further contributed to the
infrastructure needed for electric mobility (Harikrishnan et al.,
2023). Gustave Trouve developed the first electric vehicle (EV),
a tricycle, in 1881(Chandran, Palanisamy, Benson, & Sundaram,
2022). The initial prototype of an electrically autonomous
vehicle, deemed suitable for large-scale production and featuring
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a dual-occupant configuration, was publicly showcased by
Romanov during the demonstrative activities of 1889 (Korneev,
Niu, & Ibrahim, 2024).By the 1880s and 1890s, innovators such
as Charles Jeantaud, Frank Sprague, William Morrison, and
Morris and Salom produced various early EV designs, including
commercial streetcars, experimental cars, and fleet-oriented
electric cabs. Despite promising progress, the early twentieth
century brought financial challenges and growing competition
from affordable gasoline vehicles, especially after Ford’s 1908
Model T. As internal combustion technology improved and
petroleum became widely available, EV production declined
sharply by 1915. Interest in EVs remained low until the 1970s,
when oil price concerns renewed attention to alternative
propulsion. Research funding from the U.S. Department of
Energy and developments such as GE’s hybrid vehicle in 1982
marked the beginning of modern EV research efforts
(Harikrishnan et al., 2023; Korneev et al., 2024).

By the late 1980s, the electronics sector faced increasing
pressure to enhance battery performance. Nickel-metal hydride
(Ni-MH) technologies had already reached commercial
availability, while lithium-based batteries - offering significantly
greater energy density - were on the verge of practical deployment
by 1991(Alonso-Cepeda, Villena-Ruiz, Honrubia-Escribano, &
GOmez-Léazaro, 2024; Banerjee et al., 2020). Electric vehicle
progress accelerated from the mid-1990s onward. General Motors
introduced the fully electric EV1 in 1996, followed shortly by
growing interest in hybrid systems, highlighted by Toyota’s
launch of the Prius in 1997 and its global expansion by 2000.
Rising fuel prices in the 2000s renewed momentum for EV
development, leading Tesla to release the all-electric Roadster in
2008, which marked a major shift toward lithium-ion-based
mobility. Throughout the late 2000s and early 2010s, several
notable milestones demonstrated improvements in range,
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performance, and engineering such as long-distance conversions,
high-speed experimental EVs, and efficiency-focused prototypes.
The commercial introduction of extended-range and plug-in
hybrid models, including the Chevrolet Volt and Opel Ampera,
further diversified the EV landscape. By the mid-2010s,
mainstream manufacturers increased battery capacities and
performance capabilities, while high-power EVs like Rimac
showcased the upper limits of electric propulsion. Recent
developments leading into the early 2020s have focused on
extending driving range, improving battery reliability, enhancing
safety features, expanding fast-charging infrastructure, and
lowering vehicle costs-supporting broader global adoption of
electric mobility (Alonso-Cepeda et al., 2024).

3. ELECTRIC VEHICLE TECHNOLOGY

The fundamental design of an EV includes the entirety of
hardware and software components that take power from the
power grids and energy storage unit and transform it into the
mechanical force that drives the wheels. This configuration must
guarantee the highest level of safety, optimal performance, and
uninterrupted operation during use. EV topologies are
characterized by high-voltage electrical components,
sophisticated power electronics, modular drive units, and
integrated software layers that cooperate to provide extremely
efficient propulsion, in contrast to traditional internal combustion
engine systems. The fast adoption of electric mobility in recent
decades has been largely driven by the ongoing advancement of
these systems (Macharia, Garg, & Kumar, 2023).
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Figure 2. Major classes of electrified vehicle propulsion systems

As delineated in Figure 2, the taxonomy of vehicular
technologies is typically segmented into four cardinal categories,
wherein the degree of electrification demonstrates a systematic
progression from the left terminus to the right terminus (Kumar,
Panda, Naayagi, Thakur, & Panda, 2023). Fossil fuel based
petroleum resources are finite and are expected to become
increasingly scarce in the foreseeable future. Moreover,
emissions originating from internal combustion engine driven
vehicles constitute a major environmental and public health
concern. These challenges have accelerated the development of
alternative transportation technologies that rely on electrically
powered systems. Within this context, fuel cell technology has
emerged as a promising solution and has been increasingly
integrated into electric vehicle platforms as well as other energy-
related applications (Muthukumar et al., 2021). A fuel cell electric
vehicle (FCEV) operates on an electric propulsion system similar
to that of conventional battery electric vehicles; however, it
generates electrical energy onboard through the electrochemical
conversion of hydrogen stored in pressurized tanks rather than
relying on externally supplied electrical energy. Since no
combustion process occurs, the vehicle does not emit harmful
exhaust gases during operation. Depending on the drivetrain
architecture, fuel cell-based vehicles can be classified into two
main configurations: pure fuel cell electric vehicles and fuel cell
hybrid electric vehicles (FCHEVSs). These classifications reflect
differences in energy storage and power management strategies
(Kumar et al., 2023). A simplified schematic representation of a
typical FCEV configuration is illustrated in Figure 3. Fuel cell
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technology represents a promising low-emission alternative for
the automotive sector, particularly in applications requiring rapid
refueling and high energy availability. Hydrogen, used as the
primary energy carrier, produces no direct emissions of carbon
dioxide or nitrogen oxides during vehicle operation and can be
applied across various transportation and industrial sectors.
Nevertheless, the widespread deployment of fuel cell electric
vehicles remains constrained by regulatory complexity, limited
standardization of refueling infrastructure, and the high costs
associated with hydrogen production, storage, and distribution.
Establishing a harmonized regulatory framework is therefore
essential to enhance competitiveness and accelerate the
commercialization of FCEVs (Asif & Schmidt, 2021).

Fuel Cell

Electronic
Load

Figure 3. Schematic representation of an FCEV powertrain

A hybrid electric vehicle (HEV) combines a conventional
combustion-based power unit with an electric drive system,
allowing propulsion through both chemical fuel and stored
electrical energy. This architecture is well suited to urban driving,
as regenerative braking improves energy efficiency under
frequent stop-and-go conditions. By optimizing the interaction
between the two power sources, HEVs achieve reduced fuel
consumption and lower emissions, making them a cost-effective
near-term alternative to fully electric vehicles, despite the
relatively high cost of battery systems (Singh, Bansal, & Singh,
2019). HEVs offer a viable alternative to conventional internal
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combustion engine—based transportation by reducing emission-
related impacts while maintaining compatibility with existing
infrastructure and lowering operational costs. As implied by their
designation, HEVs integrate an internal combustion engine
powered by conventional fuel with an electric drive system
supplied by a rechargeable battery pack. The vehicle can operate
using either propulsion source individually or utilize both systems
concurrently, depending on driving conditions, to achieve
improved power and torque performance (Fantin Irudaya Raj &
Appadurai, 2021). The fundamental configuration of a HEV is
illustrated in Figure 4.

— - Battery

Fuel Cell
Electronic
g e

Figure 4. Schematic representation of an HEV powertrain

Plug in hybrid electric vehicles (PHEVS) integrate a
combustion-based power unit with an electrically driven traction
system and are increasingly recognized as a prominent
component of next-generation mobility solutions. PHEVs are
driven by a propulsion system that integrates a fuel-driven
combustion engine with an electric motor supplied by an
externally rechargeable power source (Kanimozhi, Natrayan,
Angalaeswari, & Paramasivam, 2022). PHEVs can significantly
reduce greenhouse gas emissions during vehicle operation when
regular charging enables predominantly electric-mode driving
(Mandev, Plotz, Sprei, & Tal, 2022). Although PHEVs provide
notable economic and environmental advantages, their increasing
integration into residential areas introduces new challenges for
electricity distribution networks. To examine these effects, a
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detailed analytical framework is established that represents
essential vehicle parameters and consumer-driven charging
patterns, while also considering projected adoption rates and
expected growth in household electricity demand for future
evaluation(Shafiee, Fotuhi-Firuzabad, & Rastegar, 2013). Figure
5 illustrates the fundamental configuration of a plug-in hybrid
electric vehicle. Electrical energy is mainly supplied by the
battery, while an additional energy source supports the system. A
DC-DC converter regulates and distributes electrical power to the
on-board electronic loads and the traction system. The electric
motor delivers drive torque from electrical power, whereas the
combustion engine supplements propulsion in hybrid operation.
This configuration enables flexible energy management, allowing
the vehicle to operate in electric, hybrid, or combined propulsion
modes with improved efficiency and reduced emissions.

Electronic
Load

Battery

Fuel Cell

Figure 5. Schematic representation of a PHEV powertrain

Electronic
DC-DC jj i ]

Battery [« >

Figure 6. Schematic representation of a BEV powertrain
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Battery electric vehicles (BEVs) operate exclusively on
electrical energy stored in an onboard battery pack. The battery is
replenished through external charging infrastructure, while
additional energy recovery is achieved via regenerative braking.
The driving range of a BEV is primarily determined by the
capacity of its battery system (Hasan, Mahmud, Ahasan Habib,
Motakabber, & Islam, 2021). It represents a fundamental
departure from internal combustion engine cars, as it possesses
zero tailpipe emissions and requires no gasoline or diesel. Figure
6 represents a battery-based electric propulsion layout. The
battery acts as the main energy source and delivers power through
a DC-DC converter, which adjusts the voltage level for vehicle
operation. Regulated power is supplied to the on-board electronic
loads and to the electric motor. The electric motor converts
electrical energy into mechanical output to propel the vehicle,
enabling fully electric driving without support from an internal
combustion engine.

4. CHARGING AND ENERGY STORAGE
TECHNOLOGIES

EVs are primarily composed of a battery system and a
charging interface. Electric vehicle charging architectures are
commonly divided into vehicle-integrated and externally located
solutions, while charging units are additionally distinguished by
their power transfer capability as either one-way or two-way.
Externally mounted chargers are deployed at dedicated charging
sites, whereas integrated chargers are embedded within the
vehicle structur. The design of on-board chargers is constrained
by limitations in size, weight, available space, and overall cost. In
a unidirectional charging system, electrical energy flows solely
from the grid to the vehicle, whereas a bidirectional charger
enables energy exchange in both directions, allowing power
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transfer not only from the grid to the vehicle but also from the
vehicle to the grid (Sujitha & Krithiga, 2017). Unidirectional
charging is often preferred in early implementations due to
reduced hardware complexity, simpler connectivity, and lower
impact on battery aging. In contrast, bidirectional charging
enables both grid-to-vehicle and vehicle-to-grid operation,
requiring efficient power conversion and stable energy exchange
capabilities. On the other hand, EV chargers can be categorized
based on connection configuration, charging level, installation
type, and energy source. Owing to limitations related to size,
weight, and cost, conventional on-board chargers are typically
unsuitable for high-power applications; integrating the electric
drive system with charging functions has been proposed as a
potential solution (Kumar et al., 2023).

Several battery charging system architectures are
commonly employed, such as universal battery charging systems,
stand-alone photovoltaic-based EV charging systems, grid-
connected photovoltaic EV charging systems, and grid-connected
wind turbine generator-based EV charging systems (Sujitha &
Krithiga, 2017). Many EV charger studies model battery loads as
static, overlooking the state of charge -dependent dynamics of the
charging process. Since charging behavior and voltage
characteristics vary with the battery state of charge, different state
of charge levels result in distinct load responses, highlighting the
need for dynamic EV load modeling (Haidar & Muttaqi, 2016).

The efficacy and broad deployment of EVs fundamentally
rely on the sophistication of their associated charging
infrastructure, a system governed by advanced power electronics
architectures designed for high-fidelity AC-DC conversion.
Modern charging equipment, ranging from high-power off-board
DC fast chargers utilizing rectifiers and converters, to compact
onboard chargers, increasingly leverages wide bandgap
semiconductors like silicon carbide and gallium nitride. This

113



Elektrik-Elektronik ve Haberlesme Miihendisligi

transition facilitates significantly higher switching frequencies,
resulting in reduced component size, lower energy losses, and
system efficiencies. Beyond core power transfer, the evolution
towards smart charging and vehicle-to-grid functionality-enabled
by bidirectional converter topologies and communication
standards like 1SO 15118-is crucial for managing grid stability,
allowing EVs to serve as decentralized energy storage buffers,
and fundamentally transforming the electric mobility paradigm
into an integrated, flexible component of the smart energy
ecosystem.

Although electric vehicles are designed to operate using
alternative energy resources, their widespread implementation is
still constrained by limitations associated with energy storage
systems, including concerns related to safety, physical
dimensions, economic cost, and system-level management.
Energy storage systems play a critical role in electric power
systems by providing flexible and continuous power support,
thereby enhancing system reliability and mitigating the effects of
transmission congestion and supply interruptions caused by high
demand (Hannan, Hoque, Mohamed, & Ayob, 2017). Batteries,
fuel cells, and ultracapacitors are the most widely employed
energy storage devices in electric vehicles, where they may
function either as primary power sources or as auxiliary units in
hybrid configurations. Batteries represent a widely adopted and
highly effective energy storage solution and are integral
components of nearly all modern electronic devices (Podder,
Chakraborty, Islam, Kumar, & Alhelou, 2021). For EV
applications, battery systems must provide sufficient energy
capacity to achieve the desired driving range while offering high
power capability to support strong acceleration, efficient
regenerative braking, and fast-charging operation. In addition, the
battery lifetime should be comparable to that of conventional
automotive components, and the system must exhibit durability
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against environmental factors such as climatic and mechanical
stresses. Furthermore, high tolerance to abusive operating
conditions, including overcharging and internal short circuits, is
essential to ensure safe and reliable vehicle operation (Dixon,
2010). Supercapacitors offer very high charge—discharge
capability but have low energy density, making them unsuitable
as primary EV energy sources. Instead, they are used to supply
short-term peak power demands, providing rapid support similar
to conventional capacitors in electronic systems (Kouchachvili,
Yaici, & Entchev, 2018). Fuel cells are electrochemical systems
that directly transform the chemical energy of hydrogen into
electrical power. Their fundamental structure comprises an
electrolyte sandwiched between an anode and a cathode.

5. CONCLUSION

This study has presented a comprehensive and systematic
overview of EV technology, addressing its historical evolution,
architectural classifications, key components, and supporting
energy infrastructures. The rapid global transition toward electric
mobility has been shown to be driven not only by environmental
and regulatory pressures but also by significant technological
progress in power electronics, energy storage systems, and
charging architectures. The comparative examination of major
electrified vehicle categories-including BEVs, HEVs, PHEVS,
and FCEVs-demonstrates that no single architecture represents a
universal solution. Instead, each configuration offers distinct
advantages and limitations depending on energy source
availability, infrastructure maturity, driving patterns, and system
cost. In this context, power electronics emerges as a unifying and
enabling technology, ensuring efficient energy conversion,
flexible power management, and reliable interaction between
propulsion systems, energy storage units, and the electric grid.
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Furthermore, the study emphasizes that advances in battery
technologies, fuel cells, and supercapacitors are central to
extending driving range, improving system reliability, and
supporting fast and bidirectional charging capabilities. The
growing integration of wide-bandgap semiconductor devices in
converters, inverters, and chargers has substantially improved
efficiency, power density, and thermal performance, thereby
accelerating the commercialization and large-scale adoption of
EVs. Notwithstanding recent progress, high energy storage
expenses, limited charging network expansion, interoperability
issues, and the need for holistic system optimization continue to
constrain large-scale adoption. Overcoming these limitations
demands long-term  cross-disciplinary  research  efforts,
harmonized regulatory strategies, and continuous financial
commitment to intelligent charging solutions and grid-responsive
technologies. Overall, the findings of this study confirm that EVs
will play a pivotal role in the decarbonization of the transportation
sector and the development of sustainable energy ecosystems,
provided that technological innovation and infrastructure
expansion progress in a coordinated and balanced manner.
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BiYOSENSORLER: CESITLERI,
KARAKTERIZASYON YONTEMLERI VE
UYGULAMA ALANLARI

Ali Can TUFEKCI!
Ahmet Enes KARACA?
Burak TAS®

Ozge TUZUN OZMEN*

1. GIRIS

Hizl1 sonu¢ verme, yiliksek duyarlilik ve secicilik gibi
avantajlar1  nedeniyle  biyosensorler, geleneksel analiz
yontemlerine kiyasla tercih edilmektedir. Ozellikle nanoteknoloji
ve Dbiyoteknolojideki gelismelerle birlikte biyosensdrlerin
performanslart 6nemli oOlgiide artmistir. Saglik sektoriinde
hastaliklarin erken teshisinde, gevresel kirleticilerin tespitinde,
gida analizlerinde ve tarimsal uygulamalarda etkin sekilde
kullanilmaktadir. Biyosensorlerin gelisim siireci, 1962 yilinda
Clark ve Lyons’un glikoz 6l¢limii i¢in gelistirdigi ilk enzimatik
elektrotla (sekil 1) baslamistir. Bu sensor, glikozu taniyan bir
enzim (glikoz oksidaz) ve bunun olusturdugu kimyasal degisimi
elektrik sinyaline ¢eviren bir elektrottan olusuyordu. Enzim
glikozla karsilastiginda, glikozu pargalamak icin oksijen kullanir.
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Glikoz ne kadar ¢oksa, reaksiyon sirasinda o kadar fazla oksijen
tiketilir. Elektrot da bu oksijen azalmasimi olgerek glikoz
miktarini belirler. Bdylece sensor, glikozun neden oldugu
kimyasal degisimi elektrik sinyaline doniistiirerek Olglim
yapilmasini saglar. Bu basit prensip, bugiin hala bircok modern
biyosensoriin temelini olusturmaktadir [1]. Bunu takip eden
yillarda antikor temelli immiinosensorler, DNA ve RNA bazli
genosensorler ve son olarak hiicre ve doku bazli canli sensorler
gelistirilmistir [2]. Her yeni nesil sensor, duyarlilik, 6zgiilliik,
taginabilirlik ve diisiik maliyet gibi parametrelerde iyilestirmeler
getirmistir. Ayrica COVID-19 pandemisi gibi kiiresel saglik
krizleri, hizli ve yerinde tani sistemlerine olan ihtiyaci artirarak
biyosensér arastirmalarii  daha da hizlandirmistir  [3].
Gilinlimiizde biyosensorler, sadece laboratuvar ortamlarinda
degil, taginabilir cihazlar seklinde saha uygulamalarinda da etkin
sekilde  kullanilmaktadir.  Bu  arastirma,  biyosensor
teknolojilerinin ~ bilimsel  temellerini,  siniflandirmalarini,
karakterizasyon yontemlerini ve genis uygulama alanlarimi
detayl1 bir sekilde ele almaktadir.

GOx: Glikoz Oksidaz
GOx P O2 02 Oksijen

. H20z:Hidrojen Peroksit
Glikoz

Glukonik Asit
Sekil 1. Clark ve Lyons’un glikoz 6lciimii icin gelistirdigi ilk

enzimatik elektrot yiizeyinin sematik gosterimi

2. BIYOSENSOR NEDIiR?

Biyosensorler, bir biyolojik tanima elemaninin spesifik
etkilesimi sonucunda ortaya c¢ikan biyokimyasal tepkimeyi
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algilayarak, bunu o6lgiilebilir ve genellikle elektriksel bir sinyale
doniistiiren sistemlerdir. Bu tamima elemanlar1 genellikle
enzimler, antikorlar, DNA zincirleri, aptamerler ya da hicreler
gibi biyolojik molekullerdir [3]. Sadece analiz edilen bilesige
kars1 yiiksek Ozgiilliik gostermeleri nedeniyle degil, ayni
zamanda hizl1 yanit vermeleri, taginabilir olmalari, tekrarlanabilir
sonuclar saglamalari ve diislik maliyetli olmalari nedeniyle birgok
alanda yaygmn kullanim alani bulmaktadir. Glinlimiizde
biyosensorler saglik teshislerinden c¢evresel izlemeye, gida
giivenliginden biyoterdrizmle miicadeleye kadar genis bir
uygulama yelpazesine sahiptir. Temel olarak bir biyosensor (¢
ana bilesenden olusur: tanima elemani, transdiiser ve sinyal
isleme birimi. Tanima eleman1 hedef analiti tanir, transdiiser bu
etkilesimi sinyale ¢evirir ve son olarak sinyal isleme birimi bu
sinyali olculebilir hale getirir [1]. Ornegin glikoz sensdrlerinde
glikoz oksidaz enzimi, glikozun varliginda hidrojen peroksit
uretir ve bu elektrokimyasal olarak tespit edilir. Son yillarda
nanomalzeme destekli biyosensorlerin duyarlilik ve secicilik
Ozelliklerinde 6nemli ilerlemeler saglanmistir. Nano parcaciklar,
ylizey alanmi artirarak biyomolekiillerin baglanma etkinligini
artirmakta ve daha diisiik algilama limitleri elde edilmektedir [4].
Ayrica, minimum invazivlik sunarak gercek zamanli izlemeye
olanak saglarlar. Biyosensorlerin gelistirilmesinde biyoteknoloji,
nanoteknoloji, elektronik ve malzeme bilimi disiplinleri entegre
bir sekilde ¢alismaktadir.

. Hedef Analit

A

Analitler Biyoreseptor Transdiiser Olgiilebilen Sinyal

Sinyal

Sekil 2. Biyosensorin bilesenlerinin sematik gosterimi
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Yeni nesil biyosensorler, bir¢ok avantajlarinin yanisira
yapay zeka destekli analiz sistemleriyle entegre edilmekte, bu da
sensoOrlerin akilli ve otonom hale gelmesini miimkiin kilmaktadir.
Bu teknolojik evrim, biyosensorleri sadece tani ve teshis araci
olmaktan ¢ikarip, siirekli izleme ve dnleyici saglik hizmetlerinde
etkin bir bilesen haline getirmektedir.

3. BIYOSENSOR CESITLERI

Biyosensorler, kullanilan transdiiser tipine ve biyolojik
tanima elemanina bagli olarak c¢esitli kategorilere ayrilmaktadir.
En yaygin siniflandirma, sinyal iiretme bi¢cimine gore yapilir. Bu
baglamda biyosensorler elektrokimyasal, optik, piezoelektrik,
termal, hiicre tabanli ve nanomalzeme tabanli biyosensorler
olarak gruplandirilir. Her sensor tipi, farkli avantajlara ve
sinirlamalara sahiptir ve se¢imi uygulama alanina gore
yapilmalidir.

Optik Biyosensér[er Termal Bivosensarler Nano-Biyosensdrler

Elektrokimyasal Biyosensorler Piezoelektrik Biyosensorler Hicre Tabanl Biyosensarler
Sekil 3. Biyosensor cesitleri
3.1. Elektrokimyasal Biyosensorler

Elektrokimyasal biyosensorler, hedef analit ile biyolojik
tanima elemani1 arasindaki etkilesim sonucunda ortaya ¢ikan
elektriksel degisimleri Olcerek c¢alisan tani sistemleridir. Bu
sensorler genellikle ii¢ elektrotlu bir yapidan olusur: analitik
sinyalin 0retildigi ¢alisma elektrodu, akimim tamamlanmasini
saglayan karst elektrot ve Ol¢limlerin sabit bir potansiyel
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referansina gore yapilmasini saglayan referans elektrot. Sensoriin
calisma prensibini belirleyen elektrokimyasal teknikler arasinda
amperometri, potansiyometri, voltametri ve elektrokimyasal
empedans spektroskopisi (EIS) yer alir. Amperometri hedef
molekilin neden oldugu akim degisimlerini Olgerken,
potansiyometri elektrot potansiyelindeki degisimleri
degerlendirir.  Voltametri, uygulanan potansiyelle akim
arasindaki iliskiyi ortaya koyar; EIS ise biyolojik etkilesimlerin
elektrot yuzeyindeki empedans tzerindeki etkilerini analiz eder
[5]. Elektrokimyasal sensorler diisiik tespit limitleri, genis lineer
aralik, hizli yanit siireleri ve taginabilir sistemlerle entegrasyon
kolaylig1 gibi avantajlara sahiptir. Glikoz 6l¢limiinde kullanilan
ticari sensorler en yaygin Orneklerdir. Bu sensorler, diisiik
maliyetli ve kolay iiretilebilir olmalar1 nedeniyle 6zellikle klinik
ve gida analizlerinde yaygin olarak tercih edilir.

Potansiyostat

Referans Elektrot » . Calisma Elektrodu

Kargi ELeKtrot ......-»

Sekil 4. Elektrokimyasal biyosensorlerde g elektrot sistemi
3.2. Optik Biyosensorler

Optik biyosensorler, hedef analit ile biyolojik tanima
elemant arasindaki etkilesimin neden oldugu optik 06zellik
degisikliklerini tespit ederek calisir. Bu degisiklikler genellikle
absorbans, kirilma indisi, floresans, fosforesans, Raman sagilimi1
veya ylizey plazmon rezonansi (SPR) gibi optik parametrelerin
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Olgtilmesiyle gerceklestirilir [6]. Bu sensorler, yiiksek duyarlilik
ve Ozgiilliikleriyle 6n plana ¢ikar. Ozellikle gercek zamanli analiz
yapilmasina olanak tanimasi ve etiket kullanilmadan dogrudan
analiz yapilabilmesi, optik biyosensorlerin tercih edilme
nedenlerinden biridir.

SPR tabanli sensorler, biyomolekiillerin ylizeylere
baglanmasiyla olusan kirilma indisi degisikliklerini Olgerek
etkilesim kinetikleri hakkinda bilgi sunar. Floresan tabanl
sensorler  ise  isaretlenmis  biyomolekiillerin  emisyon
sinyallerindeki degisiklikleri izler. Raman spektroskopisi ile
kombine edilmis yiizey arttirimli Raman sag¢ilimi (SERS) teknigi,
ultra diisiik konsantrasyonlardaki hedef analitleri tespit edebilme
kapasitesine sahiptir. Optik biyosensorler cogunlukla klinik tani,
cevresel izleme, biyoglvenlik ve farmasotik arastirmalarda
kullanilir [6]. Bu sensorlerin avantajlar1 arasinda hizli yanit
siiresi, ¢coklu parametre analizi, minimal O6rnek hazirlama
gereksinimi ve taginabilirlik yer alir. Ancak yliksek maliyetli
optik sistemler ve sinyalin dis ortamdan etkilenebilmesi gibi
sinirlamalart da vardir. Son donemde, mikroakiskan ciplerle
entegre edilmis optik biyosensor sistemleri gelistirilmektedir. Bu
entegrasyon, Ornek hacmini azaltmakta ve sensorleri daha
kompakt hale getirmektedir. Ayrica yapay zeka tabanli goriintii
isleme algoritmalariyla sinyal isleme kapasitesi artirilmaktadir.
Ozellikle COVID-19 gibi pandemilerde hizl1 antijen testlerinde
kullanilan baz sistemler, temelinde optik biyosensor teknolojisini
barmdirmaktadir [3].

3.3. Piezoelektrik Biyosensorler

Piezoelektrik biyosensorler, biyolojik tanima eleman ile
hedef analit arasinda gerceklesen baglanma sonucu olusan kiitle
degisimini algilayarak c¢alisir. Bu sensorler, piezoelektrik
kristallerin mekanik titresim frekansinda meydana gelen
degisiklikleri elektrik sinyallerine doniistiiriir [5]. Kuartz Kristal
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mikroterazi (QCM) bu alandaki en yaygin sensor sistemidir.
QCM tabanli biyosensorler, 6zellikle immiinosensér ve DNA
tabanli genosensor uygulamalarinda kullanilir [3]. Bu sensérlerin
en Oonemli avantaji, isaretleme (labeling) gerektirmeden gergek
zamanli tespit yapilabilmesidir. Ayrica, piezoelektrik sensorler
genis sicaklik ve pH araliginda galigabilir. Bununla birlikte,
sistemlerin sivi  ortamlarda kullanimi sirasinda titresim
sontimleme etkisi gibi bazi smirlamalar da mevcuttur. Yeni
gelistirilen  mikro-elektromekanik sistemler (MEMS) ile
piezoelektrik biyosensorler daha kompakt ve hassas hale
getirilmistir [10].

Biyomolekillerin yizeye immobilizasyon teknikleri,
sensOriin basariminda kritik rol oynar. Bu teknikler arasinda
kovalent baglama, adsorpsiyon ve ¢apraz baglama yontemleri yer
alir. Piezoelektrik biyosensorler, ilag etkilesim ¢alismalari,
cevresel kirleticilerin analizi ve patojen tespiti gibi ¢ok cesitli
uygulamalarda kullanilmaktadir.

3.4. Termal Biyosensorler

Termal  biyosensorler,  biyokimyasal reaksiyonlar
sonucunda olusan veya tiiketilen 1s1 miktarini Olgerek hedef
analitin konsantrasyonunu belirler. Bu sensdrlerde 1s1 iiretimi
genellikle enzimatik reaksiyonlarla gerceklestirilir. Termistor
veya termogift gibi cihazlar yardimiyla sicaklik degisimi tespit
edilir. Is1 Ol¢limleri olduk¢a kararlhidir ve dis etkenlerden ¢ok az
etkilenir [7].

Termal biyosensorler ¢ogunlukla metabolit analizlerinde,
oOzellikle glikoz, laktat ve ure gibi kiiglik molekullerin tespitinde
kullanilir. Ayrica bazi pestisitlerin ve antibiyotiklerin tespiti de
bu sistemlerle miimkiindiir. Termal sensorler genellikle diistik
maliyetli, dayanikli ve tasinabilir sistemler olarak tasarlanir.
Ancak bu sensorlerde secicilik, optik ve elektrokimyasal
sensorlere gore daha sinirhidir [7].
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Yeni nesil termal biyosensorlerde mikro akiskan
sistemlerle entegrasyon saglanarak drnek miktarlart azaltilmis ve
tepki  stliresi  kisaltilmistir.  Ayrica nano  materyallerle
giiclendirilmis ylizeyler sayesinde biyolojik tanima hassasiyeti
artirilmastir.

3.5. Hiicre Tabanh Biyosensorler

Hiicre tabanli biyosensdrler, canli hiicrelerin ¢evresel
uyaricilara karst verdigi fizyolojik ve biyokimyasal yanitlari
algilayarak calisir. Bu sensorler, toksik maddelerin, ilaglarin,
hormonlarin ve biyolojik ajanlarin etkilerini canli sistemler
uzerinde dogrudan degerlendirebilme yetenegine sahiptir [8].

Bu sensorlerde genellikle memeli hiicreleri, bakteriler,
algler ya da maya hiicreleri kullanilir. Hiicre yanitlari, genellikle
membran potansiyeli, iyon akimlari, metabolik aktivite ya da
hiicre hareketleri gibi parametrelerle o6l¢iiliir. Hiicre tabanli
biyosensorler dzellikle farmasotik tarama, toksikoloji ve cevresel
izleme uygulamalarinda one ¢ikar. Bu sistemlerin avantaji,
analitlerin biyolojik etkilerini dogrudan canli hiicreler iizerinden
gbzlemleme imkan1 sunmasidir. Ancak hiicrelerin yasatilmasi ve
stabilitesi sistem tasarimi agisindan zorluk yaratir. Bu nedenle
mikro akiskan sistemlerle entegre edilmis hiicre kiiltiir
platformlar1 gelistirilmistir.

Yeni yaklasimlarda genetik olarak modifiye edilmis
hiicreler kullanilarak spesifik hedeflere karsi daha hassas yanit
alinabilmektedir. Ayrica biyosensor ylizeylerinde kullanilan
biyomateryallerin hiicre tutunmasi ve canliligini artiracak sekilde
tasarlanmasi da sistem performansini iyilestirmistir [8].

3.6. Nanomalzeme Tabanh Biyosensorler

Nanomalzeme tabanli biyosensorler, nanoteknolojik
materyallerle entegre edilmis yiliksek hassasiyetli biyosensor
sistemleridir. Altin nanoparcgaciklari, karbon nanotiipler, grafen,
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kuantum noktalar ve manyetik nanoparcaciklar  gibi
nanomalzemeler kullanilarak biyosensor performanst 6nemli
Olclide artirilmistir. Nanomalzemeler, biyolojik tanima yiizey
alanimi artirir  ve sinyal amplifikasyonu saglar [9]. Bu
biyosensorler genellikle diisiikk konsantrasyonlardaki analitlerin
tespiti i¢in uygundur ve bu nedenle erken tani sistemlerinde 6n
plana cikar. Elektronik, optik ve manyetik transdiiksiyon
yontemleriyle ¢alisabilirler. COVID-19, kanser, Alzheimer gibi
hastaliklarin tanisinda gelistirilen birgok yeni nesil sistem nano-
biyosensor teknolojisine dayanmaktadir [3,4]. Ayn1 zamanda
portatif, giyilebilir ve viicuda entegre edilebilir cihazlarda da
kullanilmaktadirlar. Ornegin, kontakt lenslere entegre edilen
glikoz sensorleri ya da cilt {stii giyilebilir ter analiz cihazlar
nanomalzeme tabanli biyosensorlerle ¢alismaktadir.

Nanomalzeme tabanli biyosensorler, raktopamin gibi
diisiik konsantrasyonlarda bile saglik riski olusturabilen veteriner
ila¢ kalintilarinin hassas tespitinde énemli bir teknoloji olarak 6ne
¢ikmaktadir. Karbon nanotiipler, metal nanopartikiiller, grafen ve
iki boyutlu malzemeler gibi nanoyapilar; genis yiizey alanlari ve
yuksek iletkenlikleri  sayesinde biyomolekillerin  stabil
immobilizasyonunu kolaylastirarak sensoriin analitik
performansim1 artirir.  Bu  Ozellikler, hedef analitin sensor
ylizeyine daha hizli ulasmasim1 ve daha giiclii sinyal iiretimini
saglar. Boylece raktopamin c¢ok diisiik seviyelerde bile hizli,
secici ve glivenilir bir sekilde tespit edilebilir ve klasik
yontemlere gore daha diisiik tespit limitleri elde edilir. Artan gida
giivenligi  gereksinimleri g6z Oniinde bulunduruldugunda,
nanomalzeme destekli biyosensorlerin tasinabilir, ekonomik ve
gercek zamanli analiz sunmasi, onlar1 geleneksel laboratuvar
tekniklerine gucl bir alternatif haline getirmektedir [9].
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4. KARAKTERIZASYON YONTEMLERI

Biyosensorlerin basarisi, sadece biyomolekiiler tanima
kapasitesiyle degil, ayn1 zamanda bu tanima siirecinin giivenilir
bir sekilde dogrulanmasi ve performansinin karakterize
edilmesiyle  mimkindir.  Karakterizasyon — yontemleri,
biyosensorlerin yapisal, morfolojik, elektriksel ve fonksiyonel
ozelliklerini belirlemek icin kullanilir. Bu yontemler sayesinde
biyosensor ylizeyindeki biyotanima elemanlarinin
immobilizasyonu, sensor yiizeyinin homojenligi, fonksiyonel
gruplarin varhigi, elektrokimyasal cevabin giivenilirligi ve
biyouyumluluk gibi temel parametreler degerlendirilir.

Ilk olarak, SEM ve TEM gibi gorintileme teknikleri,
sensOr ylizeyinin morfolojisini ve nano/mikro boyutlu yapisini
analiz etmekte kullanilir [3,10]. SEM, yiizey topografyasini
detayli bir sekilde gozler Oniine sererken, TEM sensor
malzemesinin i¢ yapisini atomik diizeyde inceleme imkani1 sunar.
AFM, yiizey piirtizliligii ve kalinlik analizleri i¢in tercih edilen
bir tekniktir ve 0Ozellikle biyomolekullerin yiizey Uzerindeki
dagilimini haritalamada kullanilir [11]. FTIR Spektroskopisi,
sensor ylzeyinde bulunan fonksiyonel gruplarin kimyasal
baglarin tespit ederek, biyotanima elemanlarinin
immobilizasyonunun basarili olup olmadigini anlamaya yardimci
olur. Bu yontemde karakteristik piklerin varligi, ylizeye baglanan
protein, enzim ya da antikorlarin dogrulanmasini saglar [12].
Ayni sekilde, Raman Spektroskopisi de molekiiler titresimlerin
analiz edilmesine olanak verir ve SERS ile kombine edildiginde
ultra diisiik konsantrasyonlarda analit tespiti yapilabilir [7,13].
Elektrokimyasal karakterizasyon ise, biyosensorlerde siklikla
basvurulan bir diger kritik alandir. Elektrokimyasal Empedans
Spektroskopisi  (EIS), sensor ylzeyindeki yik transfer
direnclerini 6lgerek tanima katmaninin olusumunu takip eder. Bu
teknik, ozellikle elektrot ylizeyinde biyomolekil
immobilizasyonu  sonrasi  meydana  gelen  empedans
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degisikliklerini incelemek i¢in uygundur [14]. Diferansiyel Puls
Voltametri (DPV) ve Kare Dalga Voltametri (SWV) gibi
voltametrik yontemler de elektrokimyasal yanitin duyarliligini ve
seciciligini belirlemede kullanilir [5,15]. Ayrica Amperometri ve
Potansiyometri gibi klasik elektrokimyasal teknikler, gercek
zamanli analit takibi i¢in kullanilir. Optik karakterizasyon
teknikleri de oldukga 6nemlidir. Ozellikle SPR, biyosensor
ylizeyinde ger¢eklesen biyomolekiiler etkilesimleri gergek
zamanl ve igaretsiz (label-free) sekilde izleme olanagi sunar.
SPR ile kinetik parametreler (baglanma/dissosiyasyon hizlar1) ve
afinite katsayilar1 (Kd) belirlenebilir. Diger taraftan UV-Vis
Spektroskopisi, kromofor iceren biyomolekullerin tayini ve
konsantrasyon  hesaplamalar1  i¢in  kullanilir.  Floresans
Mikroskopisi ve Konfokal Mikroskopi gibi goruntileme
yontemleri ise etiketli biyomolekillerin sensor yuzeyindeki
dagilimini dogrular [6,16].

Karakterizasyon asamasinda ayrica zeta potansiyeli,
temas agist Olgtimleri ve dinamik 11k sagilimi (DLS) gibi yizey
kimyasi1 ve partikiil stabilitesi ile ilgili dl¢timler de yapilir. Zeta
potansiyeli, partikillerin  yuzey yuklerini ve kolloidal
stabilitelerini belirlemede kullanilirken, temas agis1 analizi
biyosensor yulzeyinin hidrofilik veya hidrofobik 6zelliklerini
ortaya koyar [17]. Bu da biyomolekiillerin baglanabilirligi
acisindan 6nemli ipuglari verir.

Biyosensorlerin in vitro ve in vivo kosullarda
gerceklestirilen performans testleri ile tekrar edilebilirlik,
ozgulliik, duyarlilik, tespit sinir1, lineer aralik ve tepki siiresi gibi
metrikler degerlendirilir. Ayrica sensorlerin farkli sicaklik, pH ve
iyonik gili¢ kosullarina kars1 dayamikliligi da karakterizasyon
slirecinin bir parcasidir. Bu kapsamda yapilan karakterizasyonlar,
biyosensorlerin Klinik, ¢evresel ve endiistriyel kullanima hazir
hale getirilmesi icin temel dneme sahiptir.
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5. UYGULAMA ALANLARI

Biyosensor teknolojisi, disiplinler arasi bilim alam
olmasindan dolayr saglk, c¢evre, gida, tarim, savunma,
endiistriyel iiretim ve biyogiivenlik gibi pek ¢ok alanda yaygin
kullanilmaktadir. Bu teknolojiler, hedef analitlerin hizli, hassas
ve yerinde tespit edilmesini sagladiklari i¢in bir¢cok sektorde
geleneksel yontemlere gore daha avantajlidir.

1I \ 7 -
; Biyosensorlerin

Uygulama

Endiistriyel
*—e 6 Uretim
Alanlar

Sekil 7. Biyosensorlerin uygulama alanlari

Klinik tan1 alaninda biyosensorlerin - roll  giderek
artmaktadir; pek cok arastirmada akut ve kronik hastaliklarin
biyobelirtecleri  icin  elektrokimyasal sensér  sistemleri
gelistirilmistir. Ornegin, kardiyak hasar teshisi igin troponin I
belirtecini  tayin  eden  kagit-temelli  elektrokimyasal
immuinosensorler literatiirde rapor edilmistir [18]. Prostat
kanserine 6zgl antijen (PSA) icin ise, graphene oksit / sSDNA
tabanl cift analitli biyosensorler gelistirilmis; hem PSA’y1 hem
de VEGF’1 tespit ederek erken tani potansiyeli gostermistir [19].
Benzer sekilde aptamer tabanli elektrokimyasal biyosensorler de
PSA ve VEGF’yi klinik Orneklerde giivenilir sekilde
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Olgebilmekte, bu sayede invazif olmayan ve hizli tarama
metodlar1 sunmaktadir [20]. Cevresel izleme agisindan, pestisitler
ve agir metaller gibi kirleticilerin hassas ve ger¢ek zamanli
takibinde oldukca etkilidir.  Asetilkolinesteraz  (AChE)
inhibisyonuna  dayanan  elektrokimyasal  biyosensorler,
organofosfat ve karbamat pestisitlerinin  saptanmasinda
kullanilmakta ve ¢evresel analizlerde klasik yontemlere gore daha
hizl1 ve ekonomik bir alternatif sunmaktadir [21]. Agir metallerin
tespitinde de DNA tabanli ve enzim tabanli elektrokimyasal
sensorler yaygin olarak calisilmistir; 6rnegin kimi sistemlerde
metal iyonlarin 6zgiil baglanma 6zelliklerinden yararlanilarak
diisiik konsantrasyonlarda determinizasyon saglanmistir [22].
Gida giivenliginde ise, mikotoksinler, pestisit kalintilar1 ve
patojenler gibi kritik hedeflerin hizli analizini miimkiin kilar.
Nano-yapili  elektrokimyasal  biosensorler,  organofosfat
pestisitler ve mikotoksinler gibi bilesenleri ultradiisiik
seviyelerde bile tespit edebilir — Ornegin nanomalzemelerle
modifiye edilmis elektrotlar ve sinyal amplifikasyonu teknikleri
kullanilarak LOD (tespit limiti) 6nemli Ol¢iide iyilestirilmistir
[23]. Savunma sanayide, biyolojik ajanlarin giivenli ve hizl
tanisinda Onemli bir potansiyel tagir. CRISPR tabanli
genosensorler ve mikro-akigkan elektrokimyasal sistemler,
biyolojik tehdit ajanlarinin DNA’sim1 ¢ok kisa siirede, alan
ortaminda tespit edebilmek ic¢in gelistirilmektedir [24].
Kisisellestirilmis tip c¢ercevesinde biyosensorler, non-invaziv
biyolojik sivilardan (ter, tlkuruk, idrar gibi) biyobelirte¢ analizi
yaparak hastaya 0Ozel izleme ve tedavi planlamasi igin
kullanilmaktadir. Literatlirde, ter bilesimini izleyen giyilebilir
elektrokimyasal sensdrler ile hastanin metabolik profili gergek
zamanda degerlendirilmis ve tedavi slrecleri dinamik olarak
yonlendirilmistir [25]. Endustriyel biyoproseslerde (6rnegin
biyoyakit, ilag veya fermantasyon islemleri), Kritik kontrol
noktalarinda kullanilmaktadir. Béylece pH, ¢6ziinmiis oksijen,
glikoz ya da etanol gibi parametreler anlik olarak izlenerek proses
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optimizasyonu saglanmaktadir. Bazi c¢alismalar, mikroakigkan
biosensorlerin fermantasyon tanklarina entegre edilerek tiretim
verimliligini  artirdigim1 ~ gostermektedir  [26].  Giyilebilir
biyosensorler de son yillarda biiylik ilerleme kaydetmistir.
Sensorler, cilt ylizeyine veya tekstil Uriinlerine entegre edilerek
ter bilesimi, nabiz veya viicut sicaklig1 gibi parametreleri siirekli
izleyebilir. Bu sayede sporcularin performans takibi ve uzaktan
hasta gozetimi miimkiin hale gelmistir; ayrica yash bireylerde
saglik durumunun gercek zamanl takibi i¢in de potansiyel bir
aragtir [27].

Point-of-care (POC) uygulamalarda, laboratuvar disi
kullanim i¢in gelistirilen kompakt elektrokimyasal cihazlar saglik
hizmetlerini genisletmede kritik bir rol oynar. Ozellikle SARS-
CoV-2 igin gelistirilen tasmabilir POC biyosensorler, ek
amplifikasyon adimi olmaksizin numuneden hizli sekilde sonug
verebilmekte ve kaynak kisitli bolgelerde yaygin tani olanagi
sunmaktadir [28]. Ornegin, ekran baskil elektrotlara dayanan ve
uygun maliyetli portatif potentiostat ile ¢alisan bir cihaz, SARS-
CoV-2 dizilimini dogrudan hastadan alinan 6rneklerde basariyla
tespit etmistir [29].

Tim bu uygulamalar biyosensorlerin yalnizca bilimsel
arastirma degil, ayn1 zamanda giinliik yasamin bir parcasi haline
geldigini gostermektedir. Gelecekte yapay zeka, [oT (nesnelerin
interneti) ve mikroakigkan sistemlerle daha fazla entegre olan
biyosensorlerin, hem bireysel saglik yonetiminde hem de toplum
sagliginda oynayacagi roliin artmasi beklenmektedir.

6. SONUC VE DEGERLENDIRME

Biyosensor teknolojileri, modern bilim ve endistri
diinyasinda hizla gelisen ve genis uygulama alanlarina yayilan
cok disiplinli bir arastirma alani1 haline gelmistir. Enzimatik
sensorlerle baslayan bu gelisim siireci, bugiin nanomalzeme
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tabanli, hiicre temelli, optik, elektrokimyasal ve yapay zeka ile
entegre edilen ileri diizey sistemlere ulagmistir. Bu sensorler;
yuksek duyarlilik, secicilik, hizli yanit siiresi, tasmabilirlik ve
diisiik maliyet gibi 6nemli avantajlari sayesinde geleneksel analiz
yontemlerine gii¢lii bir alternatif sunmaktadir. Gelistirilen
sensorlerin sadece laboratuvar ortaminda degil, saha kosullarinda
ve gercek zamanli uygulamalarda da etkin olarak
kullanilabilmesi, biyosensorleri giiniimiiz teknolojisinin kritik
bilesenlerinden biri yapmaistir.

Nanoteknolojinin sagladigi katki, ozellikle
biyosensorlerin performansinda ¢arpict bir iyilesme yaratmustir.
Nanopargaciklar, karbon nanotiipler, grafen ve kuantum noktalar
gibi nanomalzemelerin yiiksek yiizey alani, olaganiistii iletkenlik
ve fonksiyonellestirme kolayligi gibi dstiin  ozellikleri;
biyosensorlerin daha diisiik tespit sinirlariyla, daha hizli ve daha
giivenilir dl¢limler yapmasina imkan tanimaktadir. Bu sayede
raktopamin gibi diisiik konsantrasyonlarda bile 6nemli saglik
riskleri olugturan maddelerin bile hizli tespiti miimkiin hale
gelmistir. Ozellikle gida giivenligi, cevresel analizler ve klinik
tan1 gibi alanlarda nanomalzeme destekli sensorlerin uygulama
potansiyeli ve pratik faydasi giderek artmaktadir.

Biyosensorlerin gelecegine bakildiginda, yapay zeka, 1oT,
mikroakiskan  sistemler ve  giyilebilir  teknolojilerle
entegrasyonun bu alani daha da ileri tagiyacagi agiktir. Akill veri
isleme algoritmalar1 sayesinde sensorlerden elde edilen biiyiik
veri setleri daha anlamli hale gelecek; Kkisisellestirilmis tip
uygulamalari, uzaktan saglik izleme sistemleri ve otonom teshis
cihazlar yayginlagacaktir. Ayni sekilde, portatif ve ekonomik
tasarimlar sayesinde biyosensorlerin kaynak kisith bolgelerde
kullaniminin yayginlagmasi, kiiresel saglik hizmetlerine erisimi
de olumlu ydnde etkileyecektir.
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Sonug olarak biyosensor teknolojileri, saglik, ¢evre, gida,
savunma ve endustri gibi kritik alanlarda ylksek potansiyele
sahip olup, gelecegin akilli, hizli ve giivenilir analiz sistemlerinin
temelini olusturmaya devam edecektir. Bu alanda siiregelen
bilimsel ilerlemeler, biyosensorlerin daha hassas, daha secici,
daha dayanikli ve daha kullanict dostu héle gelmesini saglayarak
hem akademik arastirmalar hem de endiistriyel uygulamalar i¢in
yeni firsatlar yaratacaktir.
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SIMBIYOTIK 6G AGLARINDA
SURDURULEBILIR HABERLESME VE
FiZiIKSEL KATMAN GUVENLIiGIi: ENERJI
HASADI, GIZLILIK ORANI VE ANTEN
TASARIMLARINA BUTUNCUL BiR BAKIS

Muhammed Yusuf ONAY!?

1. GIRIS

Besinci nesil (5G) aglarin yayginlasmasinin ardindan
kablosuz iletisim alaninda 2030 sonrasina iliskin altinci nesil
(6G) hedefleri belirgin hale gelmektedir. 6G vizyonu, terabit
seviyesine yaklasan veri iletim hizlari, ultra giivenilir-diisiik
gecikmeli iletisim, yiiksek hassasiyetli algilama-konumlama ve
cok sayida nesnenin aga baglantisini igermektedir (Jawad ve ark.,
2023; Ferrag ve ark., 2023; Giordani ve ark., 2020). Amag
yalnizca spektrum verimliligini artirmak degildir. Enerji
verimliligi ve siirdiiriilebilirlik de dikkate alinmalidir. Ozellikle
Nesnelerin Interneti (IoT) uygulamalarinda milyonlarca sensér ve
etiketin pil degisimi gerektirmeden hizmet sunmasi, biiyiik bir

ekonomik gereklilik yaninda ¢evresel bir zorunluluktur (Zhang ve
ark., 2025; Chen ve ark., 2023; Asif ve ark., 2023).

Bu baglamda, literatiirde simbiyotik iletisim Onerilmistir.
Simbiyotik aglarda, RF kaynagini paylasan cihazlar birbirleriyle
enerji ve bilgi iletimi arasinda karsilikli fayda saglarlar (Zhang ve
ark., 2019a; Yang ve ark., 2023; Long ve ark., 2019). RF
kaynaklarinin enerji hasadi i¢in kullanimi ve ayni1 sinyallerin bilgi
iletme amaciyla yeniden kullanimi, simbiyotik yapilara 6zellikle

L Dr. Ogr. Uyesi, Hitit Universitesi, Miihendislik ve Doga Bilimleri Fakiiltesi,
Elektrik ve Elektronik Miihendisligi B6liimii, ORCID: 0000-0002-4984-5421.
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sirdiiriilebilir 6G 10T senaryolart bakimindan bir cazibe
kazandirmaktadir. Bu durum enerji tiiketiminde énemli derecede
bir azalmaya sebep olur ve ayri altyapiya ihtiya¢ gereksinimini de
azaltir. Ancak, diisiik gii¢ ve enerji hasadi olan simbiyotik yapilar,
fiziksel katman tehditlerine karsi klasik hiicresel sistemlerden
daha kirilgan olabilir (Al-Nahari ve ark., 2023; Li ve ark., 2023;
Nimi ve ark., 2024). Ayrica, iist katman sifreleme yontemleri,
Ozellikle IoT diigtimleri i¢in ek islem yiikii ve enerji tiiketimi
olusturdugundan her zaman uygulanabilir degildir (Zhang ve ark.,
2019b; Hema ve Babu, 2024). Bu nedenle, fiziksel katman
giivenligi (PLS) yaklasimi, simbiyotik bir 6G aginin tasariminda
bliyiik 6nem tagimaktadir. PLS ¢ercevesinde amag, mesru aliciya
giden ana kanal ile dinleyiciye giden kulak misafiri kanalinin
kapasite farkini artirarak gizlilik oramin1 en {ist dlzeye
cikarmaktir. Dost karistirici, ¢oklu role yapilari, zaman ve giic
tahsisi, ardisik girisim giderme ve esnek anten tasarimlart gibi
teknikler, bu hedefi destekleyen baslica araglar arasindadir.

Son zamanlarda yapilan g¢aligmalarda, simbiyotik 6G
aglart farkli agilardan incelenmistir. Calismalarin bir kismu,
stirdiiriilebilirlige odaklanarak enerji hasat edilmesi ve zaman
tahsisi ile elde edilebilecek toplam bit iletim hizin1 hesaplarken
(Zhang ve ark., 2021; Yeganeh ve ark., 2023; Onay, 2024b),
digerleri ise ¢oklu rdle ve akran destekli mimarilerde toplam bit
hizin1 analitik bir sekilde modeller (Onay, 2025). Fiziksel katman
giivenligine odaklanan baska bir ¢alisma, dost karistirict destekli
simbiyotik aglarda gizlilik oran1 maksimizasyonunu, spektrum
algilama hatasinin  glivenlik performansini  anlamak igin
derinlemesine analiz etmektedir (Onay, 2024d). Bir diger
calismada donanim tarafinda 3B baski mikroserit anten
tasarimlarinin, simbiyotik protokollerin gergek ortamlarda
uygulanabilirligini nasil etkiledigi lizerinde durulmaktadir (Onay
ve Dokmetas, 2025).
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Bu kitap boliimii, séz konusu farkli eksenleri bir araya
getirmek ve kendi kapsamindan konuya holistik bir perspektiften
baktirmak i¢in kaleme alinmistir. Oncelikle simbiyotik 6G aglari
i¢in ortak sistem mimarileri ve yontemsel yaklagimlar konusunda
bilgi verilecek, ardindan enerji hasadi, ¢oklu rdle ve akran
destekli yapilar, fiziksel katman gilivenligi modelleri, algilama
hatalar1 ve deneysel anten tasarimlar1 agisindan bazi literatiirde
One cikan caligmalar tartisilacak, 6G ile ilgili kullanish tasarim
Onerileri ve agik sorunlar tizerinde durulacaktir.

2. MATERYAL VE METOT
2.1. Ortak sistem mimarisi

Simbiyotik 6G ag1 Onerileri i¢in kullanilan sistem
modellerinin ~ ortak  bilesenler  etrafinda  tasarlandig1
gozlemlenmistir. Sistem modelinde genellikle, RF kaynagi,
birbirleriyle karsilikli fayda iliskisi olan geri sagilim haberlesme
yetenegine sahip simbiyotik cihazlar, bit iletim hizin1 artirmak
i¢in sisteme entegre edilen role diiglimleri ve dinleyiciler olarak
adlandirilan yasadisi saldirganlar yer alir. Bazi durumlarda,
igbirlik¢i  parazit yayicilar da gercgeklestirilen mimariyi
etkileyebilir ve bu cihazlar genellikle dost karistirici olarak
adlandirilir (Pennanen ve ark., 2025; Alsabah ve ark., 2021).

Ana RF kaynagi bir hiicresel baz istasyonu, TV/FM
vericisi, 5G/6G erisim noktas1 veya WiFi cihaz1 olabilir.
Simbiyotik cihazlar genellikle enerji hasadi ve diisiik giiclii iletim
noktalart olan IoT diigiimleri seklinde tasarlanir. Bu cihazlar,
bazen sadece kendi verilerini iletirlerken, bazen agdaki diger
kullanicilara 1iletimde destek olmak icin “yardimc1” roller
oynamaktadirlar. Role diiglimleri, o6zellikle dogrudan yolun
engellendigi veya zayiflatildig1 senaryolarda sinyalin aliciya
giivenilir bir sekilde ulastirilmasini saglar. Dost karistiricilar,
mesru alictya minimum, dinleyiciye maksimum zarar vermek
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tizere tasarlanmig, giivenli iletisimi destekleyen diiglimlerdir
(Onay, 2024c). Bu mimarilerde zamanlama boyutunda gergeve
cogunlukla {i¢ fazli tanimlanir; ancak bazi ¢aligsmalarda ilk iki faz
birlestirilerek iki asamali bir zamanlama da tercih edilmektedir.
Ik fazda, simbiyotik cihazlar enerjiyi ana kaynaktan alir. Ikinci
fazda, simbiyotik protokole uygun sekilde veri iletimi yapilir.
Uciincii fazda réleler veya dost karistiricilar devreye girer. Bazi
calismalarda, zaman bolmeli ¢oklu erisim (TDMA) veya PD-—
NOMA prensipleri birlestirilmistir (Onay, 2024a). Boylece ayni
anda birden fazla kullanicinin hizmet almasi saglanir ve hem
zaman hem de gli¢ boyutunda esnek kaynak tahsisine imkéan
veren zengin bir tasarim alani ortaya ¢ikmaktadir.

2.2. Enerji hasadi, zaman tahsisi ve siirdiiriilebilirlik

Stirdiiriilebilirlik  agisindan  baktigimizda, simbiyotik
aglarin basarisi aslinda enerji hasat etme ile veri iletimi arasindaki
dogru dengeyi kurmaya dayanir. Literatiirde yapilan
calismalarda, TV, FM ya da WiFi gibi ortamdaki RF
kaynaklarmin giic seviyeleri ve kapsama alanlar1 dikkate
aliarak, simbiyotik cihazlarin ne kadar siire enerji toplayacagi ve
ne kadar siire veri iletecegi matematiksel olarak
modellenmektedir (Li ve ark., 2025; Dong ve ark., 2020; Ahmed
ve ark., 2022). Basit ama anlasilir bir enerji hasat etme modeli
kullanildiginda, bir simbiyotik cihazin belirli bir zaman diliminde
topladig1 enerji

E, =nP,T, (1)

seklinde ifade edilebilir. Burada Prx cihazin anteninde goriilen
ortalama alinan gii¢, # enerji doniistiirme verimi (0 ile 1 arasinda)
ve Th enerji hasadi i¢in ayrilan siiredir. Bu basit model, farkli
tastyici tipleri ve mesafeler icin Prx degerinin kanal kazanci ve
iletim giicline baglh olarak degistirilmesiyle, siirdiiriilebilir 6G
simbiyotik aglarinda zaman ve gii¢ tahsisi analizlerinin temelini
olusturmaktadir.
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Birden fazla cihazin oldugu sistem modellerinde, her bir
cihaz icin hem enerji hasat etme stiresi hem de minimum bit iletim
hiz1 sartlar1 tanimlanir. Daha sonra, sistem parametrelerine gore
olusturulan optimizasyon problemiyle toplam bit iletim hizini
maksimize edecek optimal zaman ve sinyal iletim gicu
ayarlamalar1 yapilir. Bu hedefe ulagsmak i¢in genellikle konveks
ya da parcali konveks yapida optimizasyon problemleri
olusturulur. Elde edilen problemler, Lagrange ¢arpanlari ile KKT
kosullarina dayanan yontemlerle kapali form c¢oziimler elde
edilerek ya da sayisal algoritmalar gelistirilerek ¢oziliir.
Literatiirde yiirtitiilen ¢alismalar, dogru zaman planlamasi ve gii¢
tahsisi yapildiginda simbiyotik radyo aglarinda gorev alan
kullanicilarin, ¢ok diisiik RF sinyal giiclerinde bile kesintisiz
calisabildigini gostermektedir. Ozellikle genis bir alana yayin
yapan TV ve FM vericilerinin ylksek gili¢ saglamasi, kirsal
bolgeler veya biyuk 6lcekli uygulamalar icin ciddi bir avantaj da
sunmaktadir. WiFi gibi gliniimiizde hemen hemen her yere
konumlandirilmis sinyal kaynaklar1 ise kisa mesafede daha
yiiksek veri hizina ihtiya¢ duyulan senaryolarda 6ne ¢ikmaktadir.
Sonug olarak, 6G’nin heterojen yapisinda farkli tasiyici tiirlerinin
birlikte kullanilmasi, hem siirduriilebilirlik hem de esnek
kapsama alan1 agisindan gii¢lii bir altyap1 olusturma potansiyeline
sahip goérinmektedir.

2.3. Coklu role ve akran destekli mimariler

6G’de milyonlarca cihazin ayni anda iletisimde olmasi ve
isin icine giren karmasik kanal kosullari, réle yapilarinin ve
cihazlarin birbirine destek oldugu sistemlerin Onemini iyice
artirtyor. Bu ylizden literatiirde 6nerilen ¢ok kiimeli yapilarda, her
kiimeye en az bir simbiyotik cihaz ve bir role yerlestiriliyor.
Dogrudan iletimin miimkiin olmadig1 ya da sinyalin engellendigi

durumlarda da iletisim bu rdle lizerinden siirdiiriiliiyor (Wang ve
ark., 2022; Samanta ve ark., 2025).
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Bu sistemler iki asamali olarak da calismaktadir. 1k
asamada simbiyotik diiglimler hem enerji toplar hem de az da olsa
veri iletir. Ikinci asamada ise roleler ve aktif iletim yapan
diigtimler, PD-NOMA’ya uygun sekilde veriyi alictya aktarir.
Alici tarafta kullanilan SIC teknigi de once giiglii sinyali ¢ozlp
aradan ¢ikarir, sonra daha zayif olan sinyali daha temiz bir sekilde
isler. Sinyaller iist liste binse bile, alic1 onlar1 sirayla ayirip
okuyabilmektedir. Akran destekli mimarilerde simbiyotik
cihazlar, farkli hiicrelerdeki cihazlarin geri sac¢ilim sinyallerinden
de enerji hasat ederek sistem performansini gelistirebilmektedir.
Hem tek kullanic1 hem de ¢ok kullanici igeren senaryolarda, bu
tiir simbiyotik 6G aglarinda performansin temel gostergesi
genelde bit hiz1 olmaktadir. Sistemin verimi aslinda ne kadar veri
aktarilabildigiyle Olgulir. Basit bir eklemeli beyaz gauss
giiriiltiisi (AWGN) kanal varsaymmi yapildiginda anlik sinyal-
giiriltii oran1 asagidaki denklem ile verilir.

()

P |h/°
Rl

o

Burada Pt iletim giicl, h karmasik kanal kazanci ve o2 guriltl
giictinii gostermektedir. Buna karsilik, bant genisligi W olan bir
baglantida elde edilebilecek teorik bit hiz1

R=W log, (1+7) (3)

ile verilir. Coklu erisim, NOMA ve SIC kullanilan simbiyotik
yapilarda, her kullanict ic¢in farkli yi degerleri ve etkin bant
geniglikleri tammlanmakta, toplam sistem bit hizi ise Reopiam =
Y.iR; Dbiciminde hesaplanmaktadir. PD-NOMA senaryosunda
giiclii kullanic1 i¢in sinyal-girisim-giiriilti orani vygiclu, zayif
kullanic1 i¢in ise artik girigim terimi iceren Yzyr ifadeleri
tanimlanmakta ve her bir kullanicinin bit hiz1 R; = W log,(1 +
y;) formu iizerinden degerlendirilmektedir. Analizler, ideal
ardisik girisim giderici (SIC) varsaymmi altinda ¢ok kiimeli ve
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akran destekli simbiyotik yapilarda bit hizinda artis oldugunu
gostermigstir. Ancak ardisik girisim giderici hatalar1 dikkate
alindiginda, alicidaki sinyal-giiriiltii oran1 (SNR) diismekte ve
toplam bit hiz1 lizerinde negatif bir etki olusturmaktadir. Bu
bulgu, 6G simbiyotik ag tasarimlarinda  performans
degerlendirmesi yapilirken ideal yaklagimlarin ve algoritmalarin
Otesine gecilmesi gerektigini net bir sekilde gostermektedir.

2.4. Fiziksel katman giivenligi ve dost karistirici
kullanimi

Simbiyotik 6G aglarinda fiziksel katman giivenligi (PLS)
ele alindiginda, calismalarin 6nemli bir kismi dost karigtirici
kullanilan senaryolara yonelmektedir. Buradaki temel fikir
aslinda oldukca basittir: mesru alicinin kanalini olabildigince
avantajli hale getirmek ve dinleyicinin kanalin1 dezavantajh
duruma itmek. Dost karistirict bunu, ortama parazit bir sinyal
yayarak yapar. Boylece dinleyicinin aldig1 sinyal bozulur. Ancak
ayni parazitin mesru alicty1 ¢ok fazla etkilememesi, yani “zararin
kontrol altinda kalmas1” beklenir. Aksi halde sistem giivenlik
kazanayim derken performanstan olabilir. Bu baglamda fiziksel
katman gilivenligi degerlendirilirken en sik bakilan 6l¢tit gizlilik
oranidir. Mesru alic1 kanalinin kapasitesini Cp, dinleyici kanalinin
kapasitesini Ce olarak diisiiniirsek, gizlilik orani temel olarak bu
iki kapasetin farkina dayanmaktadir. Mesru tarafin kapasitesi ne
kadar ytiksek, dinleyicinin kapasitesi ne kadar diisiikse, sistem o
kadar giivenli sayilir. Gizlilik oran1 asagidaki denklem ile ifade
edilir.

Csy =[C,—C.] (4)

Burada [x]T = max {x,0} operatorii negatif degerleri sifira
esitleyerek, gizlilik oranmin fiziksel olarak anlamli (sifirdan
kiiciik olmayan) kalmasini saglar. SNR temelli bir ifade
kullanildiginda ise
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Cer :[Iogz(]-‘*'%)_I()gz(l"'%)]+ (5)

bicimindeki gosterim, simbiyotik 6G aglarinda dost karistiric
giicii, role yerlesimi, zaman ve gli¢ tahsisi gibi tasarim
parametrelerinin giivenlik performansina etkisini nicel olarak
incelemek icin temel bir ara¢ haline gelmektedir. Literatirde bu
alana dair olduk¢a farkli ag modelleri mevcuttur. Bunlarin
bazilarinda sinyal kaynagi, simbiyotik cihazlar, dost karistirici,
mesru alic1 ve bir ya da birka¢ dinleyici ayni yapida bir araya
gelmektedir. Bazi ¢alismalarda ek olarak role—engel senaryolari
da eklenmis. Dogrudan iletimin miimkiin olmadig1 durumlarda
yalnizca rdle lizerinden gergeklesen iletisimin giivenlik agisindan
nasil davrandigi ozellikle merak edilmis ve detayli sekilde
incelenmistir (Onay, 2024a; Onay, 2025).

Bu c¢alismalarin ortak paydasinda ise gizlilik orani yer
aliyor. Zamanin nasil paylastirildigi, gii¢lerin nasil dagitildig ya
da yansima katsayilarinin nasil se¢ildigi gibi degiskenler, genelde
bir optimizasyon probleminin hedefini olusturmaktadir. C6ziim
arayisinda da cogunlukla “ortalama gizlilik oranim1 en ¢ok
artiran” karistirici giicii, caligma siiresi ve simbiyotik cihazlara ait
kaynak tahsisi degerleri ortaya konmaya calisilmaktadir.
Bulgulara baktigimizda net bir egilim gbéze carpmaktadir:
karistirict giici makul bir araliga kadar artirildiginda gizlilik orani
belirgin sekilde iyilesmektedir. Fakat gii¢ fazla yiikseldiginde bu
kez mesru alicinin maruz kaldig1 parazit etkisi agir basmakta ve
sistemin performansi diismektedir. Bu yilizden dost karistirict
tasariminda yalnizca giivenligi artirmaya odaklanmak cok da
yeterli gorinmemektedir. Guvenlik ile kapasiteyi birlikte
dengeleyen, ¢ok amagli bir optimizasyon yaklasimi bu noktada
daha mantikli bir yol sunmaktadir.

2.5. Spektrum algilama hatalari

Simbiyotik aglarda spektrum algilama mekanizmalari,
hem verimlilik hem de giivenlik agisindan kilit rol tagimaktadir.
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Enerji, dalga bi¢cimi temelli, veri odakli yontemlerle ortamda
birincil sinyalin varlig1 ya da yoklugu tespit edilmeye calisilir.
Ancak pratikteki sistemlerde, yanlis alarm ya da eksik ylizde
yanlis algilama gibi hatalar kaginilmazdir. Giincel ¢alismalar,
sistem modelinin bu algilama hatalarini fiziksel katman giivenligi
acisindan igerecek bicimde, gizlilik orani tizerindeki etkilerini
gostermektedir. Yanlis alarm sistemin mevcut spektrum
firsatlarin1 gereksiz yere reddetmesine sebep olur. Bu durum hem
kapasite hem de enerji verimliligini olumsuz etkiler. Algilama
olasiliginin diisiik oldugu durumlarda ise dinleyiciler avantaj
saglayabilir ve bu durumda gizlilik oram1 agisindan sistem
performansi diigebilir (Srivastava ve Kaur, 2023; Fernando ve
Lazaroiu, 2023).

Algilama siiresinin uzatilmasi, karar dogrulugunu artirir;
ancak algilama siiresinin uzatilmasi, veri iletim siirelerini
kisalttigindan dogrudan kapasiteyi diisiiriir. Bu nedenle, gizlilik
orani, toplam bit hiz1 ve optimum algilama siiresinin dengeli bir
sekilde belirlenmesi gerekmektedir. 6G simbiyotik aglarinda
algilama algoritmalari, yalnizca spektrumun verimli kullanimi
icin degil, ayn1 zamanda siirdiiriilebilir giivenlik seviyesinin
saglanmasi i¢in de 6nemli bir bilesendir (Onay, 2024d; Yucek ve
Arslan, 2009; Furgan ve ark., 2021).

2.6. Deneysel anten tasarimlari ve 3B baski yaklasimi

Teorik ve simiilasyon tabanli modeller, simbiyotik
haberlesmenin potansiyelini gostermek icin kritik bir dneme
sahiptir.  Ancak  bu  modellerin  gercek  ortamlarda
uygulanabilirligini gérmek i¢in donanim diizeyinde deneyler de
gereklidir. Son zamanlarda ydrltilen bazi ¢alismalarda,
simbiyotik sistemlere uygun kosullarda calisan 3B baski

mikroserit antenler tasarlanmig ve {retilmistir (Onay ve
Dokmetas, 2025; Fang ve ark., 2023; Poyanco ve ark., 2020).
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Bu antenler genellikle diisiik maliyetlidir ve dielektrik
malzemeler kullanilarak 3B yazicilarla basilmaktadir. Bu
tasarimlar ayrica simbiyotik haberlesme senaryosundaki IoT
diigtimlerine de entegre edilebilmektedir. Laboratuvar ortaminda
yapilan Olgiimler sonucunda antenlerin kazang ve 1s1ma
desenlerinin, bilgisayar destekli elektromanyetik similasyonlarla
uyumlu oldugu goriilmistiir. Ayrica simbiyotik protokollerde
Onerilen zamanlama yapilar1 uygulanarak, belirli mesafe ve giic
seviyelerinde elde edilen bit hizlarinin, siirdiiriilebilir IoT
uygulamalari i¢in yeterli oldugu gosterilmistir (Bateni ve ark.,
2024; Le ve ark., 2021).

Bu tip deneysel c¢alismalar, siirdiiriilebilir ve esnek
donanim ¢6ziimlerinin 6G simbiyotik aglar i¢in kritik oldugunu
gostermistir. Ek olarak 3B baski anten teknolojilerinin maliyeti
diisiiriirken tasarimi oldukca esnek hale getirdigi goriilmiistiir.

2.7. Performans olg¢iitleri ve analitik yaklasimlar

Yapilan c¢alismalarda benzer Olgiitler {izerinden
performans degerlendirilmesi yapilmaktadir. Genel olarak toplam
bit iletim hiz1, ortalama kapasite, enerji verimliligi (bit/Joule) ve
gizlilik orani, en ¢ok kullanilan metriklerdir. Deneysel yiiriitiilen
caligmalarda gercek bit hizi ve hata oram1 degerleri de
raporlanmistir.

Analitik acgidan, bir kanalin olasiliksal ozellikleri ele
alimarak kapali form ifadeler tiiretilmistir. Sistem modelinin
matematiksel olarak modellendigi ¢aligmalarda optimum zaman
ve guc¢ parametrelerini bulmak icin, konveks optimizasyon
araclari, Lagrange carpanlari, KKT kosullart ve iteratif
algoritmalar kullanilir. Monte Carlo simiilasyonlar1 ise teorik
sonuglarin dogrulanmasi ve karmagik senaryolarda istatistiksel
egilimlerin ortaya konmasi i¢in siklikla tercih edilmektedir.
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3. ARASTIRMA BULGULARI VE TARTISMA
3.1. Enerji hasadi ve kaynak secimi

Simbiyotik radyo aglarinda kullanilan sinyal tiiri,
sirdiiriilebilirligi  biiyiik olclide etkilemektedir. TV ve FM
vericilerinin ~ bulundugu sistemlerde, kullanicilar  uzak
mesafelerden bile enerji hasadi yapabilirler. Boylece cihazlarin
pil degisimine ihtiya¢ duymadan uzun siire g¢alisabilirler. Bu
durum, gelecegin siirdiiriilebilir haberlesme teknolojileri
acisindan Onemli bir basamak olarak goriilmektedir. WiFi ise
daha diistik giicle ¢alisan ve daha siirli alana yayilan yiiksek
frekansli bir sinyaldir. Buna ragmen kisa mesafede daha ylksek
veri hizi sunabildigi ortaya konmustur.

Tim bu bilgiler birlikte ele alindiginda, 6G yapisinda
farkli sinyal kaynag: tiirlerini birlikte kullanmak; hem genis
kapsama alani hem de yiiksek hiz gerektiren uygulamalari
desteklemek icin iyi bir ¢dziim olusturmaktadir. Kullanicilara
dogru zaman ve gii¢ tahsisi yapildiginda da kullanicilarin enerji
kullanim1 1iyilestirilebilir ve daha siirdiiriilebilir bir iletisim
sistemi kurulabilir.

3.2. Role ve akran destekli modellerde bit hizi
iyilestirmeleri

Coklu role ve akran destekli simbiyotik mimarileri,
ozellikle dogrudan yollarin engellendigi veya ciddi golgelenme
etkilerinin oldugu senaryolarda 6nemli bir rol oynamaktadir.
Arastirmalar, bu yapilarin kapsama alanini genislettigini ve
toplam verimliligi onemli dlgiide artirdigimi gostermektedir. Iki
asamali TDMA/PD-NOMA semalarinda genel ag verimliligi, ilk
asamada simbiyotik diiglimlerin enerji toplamasi ve simbiyotik
iletim gergeklestirmesiyle, ikinci asamada ise rolelerin devreye
girmesiyle artirilabilir. Miikemmel SIC varsayimi altinda bu
kazanglar daha belirgindir, ancak kusurlu SIC durumunda alicida
kalan parazit, Ozellikle daha zayif kullanicilarin veri hizim
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sinirlamaktadir. Coklu réle mimarileri, sadece topolojiye ve
ileticilerdeki giic dagilimina odaklanmanin yeterli olmadigini
gostermektedir. Alici  tarafindaki gercek¢i sinyal isleme
yetenekleri de dikkat edilmesi gereken onemli bir noktadir.

3.3. Dost karistirict destekli modellerde gizlilik orani

Fiziksel katman gilivenligi agisindan dost karistirici igeren
simbiyotik modellerin gizlilik performans metrikleri Uzerine,
literatiirde oldukca kapsamli bir inceleme yapilmigtir. Karigtirict
giicliniin belirli bir araliga kadar artirilmasinin dinleyici kanalini
ciddi bigimde zayiflattifi ve gizlilik oranin1 ylikselttigi
simiilasyon c¢aligmalart ile gosterilmektedir. Ancak bu gii¢ belli
bir esigin iizerine ¢iktiginda mesru alici lizerinde de ciddi girisim
olusturmaktadir. Bu sebeple sistem modeline uygun tasarlanan
optimizasyon probleminde sistem degiskenlerinin en uygun
degerlerini bulup performans analizi yapmak ¢ok énemlidir.

Dinamik zaman-gii¢ tahsisi stratejileri kullanildiginda,
dost karistiricinin - ¢alisma  siiresi ve giicli, simbiyotik
kullanicilarin iletim ihtiyaglariyla birlikte optimize edilmelidir.
Boylece gizlilik orani ile kanal kapasitesi arasinda dengeli
cozimler elde edilebilmektedir. Verici ile alic1 arasinda dogrudan
baglantinin olmadig1 role—engel konfigiirasyonlarinda, uygun
role yerlesimi ve parazit yayni sayesinde giivenli iletimin
stirdiiriilebilir kilabildigi goriilmektedir. Bu sonuglar, 6G’de
fiziksel katman guvenliginin yalnizca ek bir giivenlik katmani
degil, ayn1 zamanda mimarinin baglangi¢ tasarim kriterlerinden
biri olmasi gerektigini acikca gostermektedir.

3.4. Spektrum sezme hatalari ve giivenlik performansi

Spektrum algilama hatalarimi agikga modele katan
caligmalar, algilama siiresinin ve olasiliginin gizlilik performansi
tizerindeki etkilerini net bicimde ortaya koymustur. Yanlis alarm
olasiliginin yiiksek oldugu durumlarda verici, gercekte bos olan
kanallart mesgul kabul etmektedir. Bu yiizden verici bilgi iletimi
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yapmaktan kacinarak hem sistemin toplam kanal kapasitesini
hem de enerji verimliligini olumsuz etkilemektedir. Algilama
olasiliginin diisiik oldugu senaryolarda dinleyiciler beklenenden
daha avantajli bir kanal kosuluna sahip olabilmektedir. Boylece
sistemin gizlilik orani ciddi sekilde diismektedir.

Eger sistemin spektrum algilama siiresi uzarsa,
kullaniciya veri iletimi i¢in tahsis edilecek siire azalir. Literatiirde
yiiriitiilen ¢caligmalar, tiim bu olas1 durumlar arasinda optimum bir
denge noktasi bulunabilecegini ve bu noktanin da uygulamanin
guvenlik ve kapasite onceliklerine gore ayarlanmasi gerektigini
gostermektedir. 6G sistemlerine yonelik gelistirilecek simbiyotik
ag tasarimlarinda algilama algoritmalarinin, sadece spektrumun
verimli kullanimi i¢in degil, aym1 zamanda siirdiiriilebilir
givenlik duzeyinin saglanmasi igin de kritik bir bilesen oldugu
aciktir.

3.5. Anten tasarimlariyla simbiyotik protokollerin
dogrulanmasi

3B baski antenler kullanilarak yapilan deneysel
calismalar, simbiyotik protokollerin teoriden pratige gegisi
acisindan 6nemli bulgular sunmaktadir. Tasarlanan mikroserit
antenler, hedeflenen frekans bandinda yeterli kazan¢ ve uygun
1s1ma desenine sahip olacak sekilde optimize edilmis; ardindan
simbiyotik haberlesme senaryolarinda test edilmistir.

Gergcek diinya ortaminda gergeklestirilen Olciimlerde,
antenlerin  simiilasyon sonuglartyla uyumlu performans
gosterdigi gozlemlenmistir. Ek olarak simbiyotik protokollere
entegre edilen TDMA ve NOMA teknikleri ile elde edilen
sonuglarin, ger¢ek donanim tizerinden elde edilen bulgulara yakin
oldugu not edilmistir. Belirli mesafe ve gii¢ seviyelerinde elde
edilen bit hiz1 ve hata oram1 degerleri, diisiik giiclii IoT
uygulamalar1 icin pratik olarak yeterli diizeye ulasmistir.
Boylece, simbiyotik aglar igin 6nerilen teorik modellerin, uygun
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anten tasarimlartyla sahaya tasmabilecegi somut olarak
gosterilmistir.

3.6. Genel tartisma

Bir biitiin olarak, simbiyotik 6G aglarina iligskin ¢alismalar
lic ana alanda yogunlagmustir: siirdiiriilebilirlik, kapasite ve
giivenlik. Enerji hasad1 ve zaman-gi¢ tahsisi zerine analizler,
simbiyotik yapilarin uzun Omiirlii ve ekonomik IoT ¢6ziimleri
icin gucli adaylar oldugunu kanitlamaktadir. Coklu réle ve akran
destekli mimariler, 6G’nin karmasik topolojilerinde bit iletim hiz1
acisindan 6lgeklenebilir ¢oztiimlerdir. Fiziksel katman gilivenligi
calismalari, dost karistirici, spektrum algilama mekanizmalart ve
role-engel  konfigiirasyonlar1  ile  gizlilik  oranlarmin
gelistirilebilecegini gosterir. Dahasi, bu ¢alismalar, simbiyotik
6G aglarinin sadece tek bir metrik lizerinden degil, ¢ok boyutlu
Olciitler {izerinden performans degerlendirilmesi yapilmasi
gerektigini gosterir. Bu baglamda, ¢ok kisith optimizasyon
problemleri ve esnek protokol tasarimlari gelecekteki ¢aligmalar
icin onemli alanlar olarak gorilmektedir.

4. SONUCLAR

Simbiyotik 6G aglar, siirdiirtilebilirlik ve fiziksel katman
giivenligi eksenlerinde kapsamli bir sekilde ele alinmistir.
Literatiirdeki gerek teorik, sayisal gerekse deneysel caligmalar
toplanip bir araya getirilirken, enerji hasadi tabanli simbiyotik
yapilarin 6G vizyonundaki rolii irdelenmistir.

Mevcut sonuglar, dogru zamanlama ve gii¢ yonetimi ile
simbiyotik cihazlarin RF kaynaklarinin yaydigi sinyallerden
enerji hasat etmelerine yonelik yeteneklerinin  ylksek
olabilecegini, uzun vadeli ve diisiik bakim maliyetli aglar
olusturulabilecegini géstermektedir. Coklu role ve akran destekli
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mimariler, yogun ve engelli ortamlarda kapsama ve bit hizi
acisindan 6nemli iyilestirmeler saglamaktadir.

Dost karistiric1 cihazlar igeren simbiyotik sistemlerde
fiziksel katman giivenligi modelleri, spektrum algilama durumlari
ile birlikte diisiiniildiigiinde, gercek hayat i¢in daha uygulanabilir
sonuclar sunmaktadir. Deneysel anten tasarimlari ise tiim bu
kavramlarin gergek sahaya tasmabilir oldugunu goéstermesi
bakimindan ¢ok 6nemlidir.

Gelecege doniik olarak, yapay zeka destekli kaynak
tahsisi algoritmalarinin simbiyotik 6G aglarina uyarlanmasi,
yeniden yapilandirilabilir akilli yiizey (RIS) destekli simbiyotik
yapilarda enerji verimliligi ve glivenlik analizlerinin yapilmas1 ve
farkli anten tiirlerinin simbiyotik aglara entegrasyonu 6ne ¢ikan
aragtirma alanlaridir. Bu dogrultuda yapilacak calismalar, 6G
doneminde hem sdrddrilebilir hem de glvenli kablosuz
altyapilarin hayata gecirilmesine katki saglayacaktir.
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FRACTIONAL ORDER LORENZ CHAOTIC
SYSTEM-BASED PSEUDO-RANDOM NUMBER
GENERATION

Erman OZPOLAT!

1. INTRODUCTION

Today, secure communication, data integrity, and
information confidentiality are of critical importance, especially
in modern technological infrastructures where digital systems are
widespread (Bikos et al., 2023; Sangeetha et al., 2023; Stipcevic
& Kog, 2014; Sunar, 2009). Random number generation, a
fundamental component of cryptographic algorithms, directly
affects the reliability of key generation, masking, authentication,
and encryption processes (Acosta et al., 2017). For this reason,
the design of Pseudo-Random Number Generators (PRNGs) with
a high level of randomness is a topic that is intensively researched
and continuously developed in the literature. Since traditional
PRNG structures are based on deterministic algorithms,
weaknesses such as predictability or insufficient randomness may
arise when they do not contain sufficient chaos and complexity
(Naik & Singh, 2024; Yang et al., 2022).

Chaotic systems, despite their high sensitivity to initial
conditions and their deterministic nature, play an important role
in many fields where nonlinear dynamics are studied due to their
complex and unpredictable behavior (Anishchenko et al., 2014;
Chen & Moiola, 1994). These systems can exhibit chaotic and
hyperchaotic behavior depending on their dynamic structure
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(Lassoued & Boubaker, 2016). In addition, chaotic systems are
classified as fully-fledged and fractional-fledged according to
their derivative degrees rather than their dimensions (Kulczycki
et al., 2022). Fully-differentiable systems consist of structures
where the derivative order is an integer, while in fractional-order
systems, the derivative order is defined as a fraction. The
fractional nature of the derivative degree introduces differences
in the mathematical structure and dynamic behavior of the
system, particularly enabling the observation of more varied and
complex behavior patterns in the solution space. Therefore,
fractional-order chaotic systems can exhibit dynamic properties
distinct from classical fully-ordered systems and constitute a
broad field of research in the literature (Martinez-Guerra et al.,
2015).

Chaos-based random number generation is a method that
utilizes the dynamics of chaotic systems, which, despite having a
deterministic structure, are extremely sensitive to initial
conditions and exhibit unpredictable behavior (Yu et al., 2019).
The non-periodic complex outputs of chaotic systems, their broad
spectral distributions, and their high sensitivity to small parameter
changes have the potential to reduce predictability and
estimability problems that may arise in traditional deterministic
PRNG structures (Cornaciu ve Racuciu, 2025). For this reason,
chaos-based structures are considered an important alternative in
security-focused applications such as encryption key generation,
random bit sequence generation, authentication, communication
security, and digital watermarking (Hu, 2023). However, it is not
sufficient for the randomness performance of a chaos-based
PRNG to be based solely on theoretical foundations; the
generated sequences must also be statistically validated. The
National Institute of Standards and Technology's (NIST) SP800-
22 test suite is one of the most often utilized standards in this
validation procedure (Rukhin, Soto, Nechvatal, Smid, Barker, et
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al., 2001). These tests, which include various criteria such as
monobit tests, run tests, block frequency tests, linear complexity
tests, Fourier analysis, and pattern matching, evaluate the pattern
structure, statistical distribution, and predictability level of the
generated bit sequence and reveal whether the sequence behaves
truly randomly. Therefore, the successful performance of chaos-
based RNGs in standard test suites such as NIST SP800-22 is
considered a fundamental requirement supporting the usability of
these systems for randomness generation.

Research on chaos-based PRNG has been increasingly
prominent in the literature in recent years. Many academics have
studied PRNG architectures based on completely chaotic
systems, and many chaotic models have been used to generate
random numbers. However, because of their more intricate
dynamic nature, research in the literature suggests that fractional
chaotic systems might enhance randomness performance.

In the study conducted by Tutueva et al. (2021), a
comprehensive investigation was carried out on the use of the
least significant digits of numbers obtained from chaotic orbits,
one of the commonly used methods for generating pseudo-
random sequences in chaos-based cryptography. The study
revealed that this approach is highly sensitive to rounding errors
and numerical discretization effects, meaning that pseudo-
random sequences can be generated even with non-chaotic
parameter values. The research emphasized that the source of the
pseudo-randomness properties of bits in numerical representation
may be the computer simulation itself rather than chaos, and
proposed a method for determining the maximum number of bits
that can be reliably used as output for chaos-based algorithms.
Furthermore, it has been experimentally demonstrated that this
approach, based on evaluating the differences between binary
representations obtained using different numerical methods, can
improve the performance of existing chaos-based generators. It
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has been noted that the results obtained could contribute to the re-
evaluation and improvement of chaos-based cryptographic
algorithms.

Moussa et al. (2024) emphasized in their work that the
need for secure communication has become critical with the
increase in multimedia data transmission and focused on the role
of chaos-based pseudo-random number generators in
cryptographic applications. In the study, completely random
numbers were generated using two different methods, and the
randomness levels of these numbers were evaluated using various
statistical tests. The findings revealed that the generated
sequences possess high unpredictability and security levels,
making them suitable for cryptographic applications.

Xu et al. (2022) suggested a novel fractional-order chaotic
system based on a Hopfield Neural Network (HNN) model with
four neurons. The Adomian decomposition approach was used to
solve the proposed system, and by varying the derivative degrees,
it was shown that the system has rich dynamic features. Using
pseudo-random numbers produced by this method, a new
structure based on a multi-hybrid index chain was subsequently
created, and a new picture encryption algorithm was created
based on this structure. Security tests conducted revealed that the
designed encryption algorithm offers high security performance.
Finally, the proposed fractional-order HNN system was
implemented using circuit simulation in the Multisim
environment, and the experimental results confirmed the
applicability of the theoretical analysis.

In a study conducted by Jackson and Perumal (2025), to
improve the security of color images sent over unreliable
communication channels, a novel image encryption technique
based on fractional-order chaotic maps was put forth. The
suggested fractional chaotic map has a high Lyapunov exponent
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and a noticeable sensitivity to initial conditions. It is intended to
alleviate the drawbacks of conventional chaotic maps. The
complexity and unpredictability of the map are validated by time
series analysis and sample entropy evaluations. A circuit-based
method has also been used to create the intended chaotic map,
indicating its potential for real-world use. Additionally, the map's
strong ability to produce randomness is demonstrated by its
successful completion of NIST SP 800-22 tests. The findings
demonstrate that a safe and efficient solution in the field of picture
cryptography can be obtained by integrating fractional-order
chaotic systems with pixel manipulation techniques.

Wang et al. (2024) created a fractional chaotic map and a
novel discrete memristor model based on the Caputo difference.
Using Lyapunov exponent spectra, bifurcation diagrams, PE
complexity, and multi-stability analyses, the dynamic behavior of
the suggested map was thoroughly investigated. The study's
findings demonstrate that, in comparison to full-order discrete
memristor models, the developed map has a larger attractor
distribution, fewer numerical periodic windows, and higher
dynamic complexity. Additionally, it is claimed that the
derivative order serves as an extra bifurcation parameter in the
system. Numerous statistical tests, mainly NIST SP800-22, were
run on the resulting pseudo-random numbers, and the test results
verified that the sequences worked well in terms of randomness.
Ultimately, the suggested map's practical application potential
was demonstrated by its implementation on an FPGA platform
and evaluation in a pseudo-random number generator (PRNG)
structure.

A review of the literature reveals that chaos-based PRNG
structures have attracted significant attention in recent years in
the fields of random number generation and security applications.
It has been reported that methods based on chaotic, hyperchaotic,
and especially fractional-order chaotic systems are frequently
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preferred for randomness generation due to their dynamic
behavior diversity and initial sensitivity. These studies show that
chaos-based generators provide statistically satisfactory results,
pass various security tests successfully, and are usable in
cryptographic applications. Furthermore, the literature states that
fractional chaotic systems exhibit more complex dynamic
properties compared to full-degree systems and produce
remarkable results in terms of randomness performance. Overall,
relevant research shows that chaos-based approaches are effective
in random number generation and that fractional chaotic models
have been increasingly studied by researchers in recent years.

The primary motivation for this study stems from the
limited research in the literature on pseudo-random number
generation based on fractional-order chaotic systems and the need
for a more comprehensive examination of the randomness
performance of these systems. In this context, the study focuses
on the fractional-order Lorenz chaotic system, analyzing its
fundamental dynamic properties. Subsequently, pseudo-random
numbers were generated using the state variables of the system,
and the randomness level of these numbers was evaluated using
the NIST SP800-22 test suite. Thus, the suitability of the
fractional Lorenz chaotic system for random number generation
was demonstrated. The aim of the study is to examine the
dynamic behavior of a fractional-order chaotic system and to
statistically validate the random numbers it can generate, thereby
providing a theoretical basis for evaluating such systems in
randomness-focused applications. The general structure of the
study and the method followed are presented in Figure 1.
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Figure 1. General Structure of The Study
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This study's following portions are arranged as follows:
The fractional-order Lorenz chaotic system's mathematical model
and dynamic analysis are presented in the study's second section.
The third part describes the suggested pseudo-random number
generator and uses NIST SP800-22 tests to assess the produced
numbers. The investigation is concluded with a broad review in
the fourth part, which also examines the findings.

2. ANALYSIS OF FRACTIONAL-ORDER
CHAOTIC SYSTEMS

2.1. Mathematical Model

The full-order Lorenz chaotic system that serves as the
system's foundation is briefly described before the fractional-
order Lorenz chaotic system utilized in this investigation is
introduced.

2.1.1.Fully-Degree Lorenz Chaotic System

The fully coupled Lorenz system was proposed by Lorenz
to model atmospheric convection and is one of the best-known
nonlinear dynamic systems exhibiting chaotic behavior (Lorenz,
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2017). The differential equations of the fully-rated Lorenz chaotic
system are defined in Equation 1.

x=aly —x)
y=cx—y—Xxz Q)
z= —bz+xy

Here, x,y and z represent the state variables of the system
a, b and c represent the system parameters. It is well known in
the literature that the fully-fledged Lorenz chaotic system exhibits
chaotic behavior for values of a =10, b =28 and ¢ = 8/3
(Ghys, 2013; Shen, 2023; Sparrow, 2012). For these parameter
values, the Lorenz system exhibits a butterfly effect.

2.1.2.Fractional-Order Lorenz Chaotic System

To further enrich the dynamic structure of the fully-
differentiable Lorenz system and to introduce a memory effect
into the system, it has been generalized using fractional
derivatives. Fractional chaotic systems offer more complex and
rich dynamics by taking into account the effect of past states on
current behavior (Baleanu et al., 2021; Petrds, 2011; C. Wang et
al., 2025).

The differential equations for the fractional-order Lorenz
chaotic system are given in Equation 2.
Dix = a(y — x)
Dly = cx—y—xz (2)
Dz = —bz + xy
Equation 2 denotes the fractional derivative operator D9 (-
), defined in the interval 0 < g < 1. In this study, the same

fractional degree g was used for all state variables, g, = g, =
qs = q, to simplify the model. Furthermore, the fractional order
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q = 0.993 was selected, resulting in a total system order of
Qtotal = Q1 + 92 + q3 = 2.979. The literature reports that the
fractional Lorenz system exhibits strong chaotic behavior around
this total system order (He et al., 2016; Petras, 2022; Wu & Shen,
2009).

2.2. Dynamic Analysis

At this point in the research, the dynamic behavior of the
fractional-order Lorenz chaotic system was thoroughly examined
utilizing phase space diagrams, bifurcation diagrams, and
Lyapunov exponents. These assessments seek to both
qualitatively and quantitatively demonstrate the system's chaotic
nature.

A Grinwald-Letnikov-based numerical approach was
used to solve the fractional-order Lorenz system during dynamic
analysis, yielding the system's state variables that changed over
time. The beginning portion of the simulation was not included in
the analysis, and only the time series corresponding to the stable
chaotic state were assessed in order to avoid transient regimes
reliant on initial circumstances influencing the dynamic analysis
results.

2.2.1.Bifurcation Diagram

To investigate the dynamic behavior of the fractional-
order Lorenz chaotic system in response to parameter changes,
the parameter a, one of the system's fundamental parameters, was
incrementally varied within the range 6 < a < 20, with b = 28
and ¢ = 8/3, and the bifurcation structure of the system was
analyzed. For this purpose, the fractional-order Lorenz system
was numerically solved for each value of a, and the system's state
variables evolving over time were obtained.

The bifurcation analysis was performed on the system's y
state variable. In this context, local maximum points were
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determined from the time series of the y state variable for each a
value, and bifurcation diagrams were obtained using these
maximum values. The use of local maxima ensures that periodic,
multi-periodic, and chaotic states in the system behavior are
clearly distinguished (Song & Wei, 2004). When plotting the
bifurcation diagram of the fractional-order Lorenz system, the
initial conditions of the system were set as x(0) = 1, y(0) =1,
z(0) = 1. The resulting bifurcation diagram is shown in Figure
2.

Figure 2. Bifurcation Diagram
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When examining the diagram given in Figure 2, it can be
seen that the system behavior is distributed in wide and irregular
bands in the range of approximately 6 < a < 20, indicating that
the system operates in a strongly chaotic manner. During these
analyses, the value a = 10 was used while keeping the other
parameters of the Lorenz system constant. In particular, the dense
distribution of the state variable y around both positive and
negative values clearly demonstrates the system's high sensitivity
and unpredictability. After a = 14, a sudden change in system
behavior was observed, with the values of the state variable y
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clustering within a more limited range and transitioning to a
regular structure. This abrupt transition confirms that small
changes in the a parameter can lead to significant differences in
system dynamics and that the fractional Lorenz system has high
parameter sensitivity. Furthermore, the observation of bifurcation
points in the chaotic region as continuous and dense bands rather
than sharp distinctions demonstrates the decisive role of the
memory effect imparted by the fractional structure on the
dynamic behavior. In conclusion, the bifurcation diagram
obtained reveals that the fractional Lorenz chaotic system can
generate strong and rich chaotic dynamics within a specific
parameter range and that these properties provide a suitable
infrastructure for applications requiring high unpredictability,
such as random number generation.

2.2.2. Lyapunov Exponents

Lyapunov exponents were calculated to quantitatively
evaluate the chaotic structure of the fractional-order Lorenz
chaotic system. Lyapunov exponents measure the rate of
divergence between trajectories originating from initial
conditions that are very close to each other in a dynamic system.
At least one favorable The system's chaotic nature is shown by
the Lyapunov exponent (Abarbanel et al., 1991). In this study, the
Wolf algorithm, which is widely used in the literature for
calculating Lyapunov exponents, has been preferred (Wolf et al.,
1985). In the analyses, the parameters a=10, b=28, c=8/3 and
fractional degree g = 0.993 were used; the initial part of the
simulation was excluded from the analysis to eliminate the effect
of transient regimes dependent on initial conditions. The change
in the Lyapunov exponents resulting from the calculation is
shown in Figure 3. During the calculation, the initial conditions
were takenas x(0) =1, y(0) =1, z(0) = 1.
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Figure 3. Variation of Lyapunov Exponents
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The calculations resulted in L; = 0.865, L, = 0.016 and
L; = —15.236. When examining the calculated Lyapunov
exponent values and the Lyapunov spectrum given in Figure 3, it
can be seen that the largest Lyapunov exponent takes a positive
value, the second Lyapunov exponent remains at a small positive
value close to zero, and the third Lyapunov exponent is negative.
This situation indicates that the chaotic character of the system is
preserved because the system has at least one positive Lyapunov
exponent, while the total Lyapunov exponent being negative
indicates that the system exhibits an attractive dynamic structure.
Furthermore, differences in the Lyapunov spectrum were
observed compared to the classical full-order Lorenz system due
to the memory effect imparted to the system by the fractional-
order structure. In particular, the fact that the second Lyapunov
exponent is close to zero indicates that the effective dynamic
dimension of the system has increased and that the memory effect
influences the separation of orbits. These results confirm that the
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fractional Lorenz  system exhibits high  sensitivity,
unpredictability, and strong chaotic dynamics.

2.2.3.Phase Space Diagrams

To visually examine the dynamic behavior of the
fractional-order Lorenz chaotic system, phase space diagrams
were obtained using the system's x,y and z state variables. In this
context, the interactions between state variables are presented in
Figure 4; the changes in state variables relative to each other are
evaluated in a three-dimensional phase space in Figure 5, and the
attractive structure of the system is analyzed. When drawing
phase space diagrams, the system parameters were setto a = 10,
b =28 and ¢ = 8/3, and the initial conditions were taken as
x(0)=1,y(0)=1,2z(0)=1.

Figure 4. Diagrams a) According to x y State Variables b)
According to x z State Variables ¢) According to y z State
Variables
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Figure 5. Three-Dimensional Phase Space Diagram

The phase space diagrams obtained in Figures 4 and 5
show that the fractional-order Lorenz system retains the
characteristic  double-winged  (butterfly-shaped) attractor
structure observed in the full-order Lorenz system, but due to the
memory effect introduced by the fractional derivatives, the
attractor geometry has a denser and more complex structure. In
particular, it has been observed that the orbits are distributed more
tightly and irregularly in phase space.

The fact that the fraction degree is less than the unit value
increases the system's dependence on past states, causing phase
space orbits to exhibit a richer and more complex dynamic
structure. This situation strengthens the system's high sensitivity
and unpredictability despite its deterministic nature and causes
chaotic behavior to become more pronounced.

In conclusion, phase space diagrams make the fractional-
degree Lorenz chaotic system's strong chaotic nature evident,
proving that this system provides an appropriate dynamic
structure for applications demanding significant disorder and
complexity.

177



Elektrik-Elektronik ve Haberlesme Miihendisligi

3. PSEUDO-RANDOM NUMBER GENERATION

In this work, pseudo-random numbers were generated
using a technique based on the fractional Lorenz system. To
generate pseudo-random numbers, the fractional Lorenz chaotic
system's state variables were employed. The state variables x, y
and z obtained as a result of the numerical solution of the system
exhibit high irregularity and unpredictability due to the memory
effect introduced into the system by fractional derivatives. The
system parameters were selected asa = 10, b = 28 and ¢ = 8/3
consistent with the classical Lorenz system, and the fractional
order ¢, = q, = q3 = q = 0.993 was adopted for all state
variables. The initial conditions were set as x(0) =1, y(0) =1
ve z(0) = 1 and the system was numerically solved for a total
duration of T,;,,, = 800 s. To eliminate transient regime effects,
the initial portion of the obtained time series (T < 100) was
discarded, and only samples from the T > 100 interval
corresponding to the chaotic regime were used in pseudo-random
number generation. The decimal parts of the state variables x;, y;
and z; obtained from the system were truncated to specific digits
to produce three-digit integers. These values were combined
using the XOR operation, and finally, mod 256 was applied to
obtain pseudo-random numbers in the range 0 — 255. The state
variables were subjected to a preprocessing step in order to obtain
pseudo-random values from the fractional-order Lorenz system.
First, to eliminate the sign effect, the system's state x;, y; and z;
were converted to absolute values. Next, the decimal part of each
variable was separated and scaled by the coefficients 10%, 10°
and 10° respectively, to obtain the digits corresponding to the 4th,
5th, and 6th decimal places. The obtained digits were converted
into three-digit integer values. The equations for the operations
performed are given in Equation 3.
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dya = llx;] - 10*] mod 10,d, 5 = ||x;| - 105| mod 10,d, 6 =
llx;| - 10%] mod 10

dy 4 = llyil - 10*] mod 10,d, 5 = |ly;| - 10°| mod 10,d, ¢ =
lly;| - 106] mod 10

dya = llz;] - 10*] mod 10,d, 5 = ||z;| - 105| mod 10,d,5 = (3)
llz;| - 106] mod 10

Rx(l) = 100 dx,4(i) + 10 dx's (l) + dx,6(i)
Ry (i) = 100 dyy 4 () + 10 dy5 (1) + dly 6 (0)
R,(i) =100d,,(i) +10d,5(i) + d, (i)

These integers were combined using the XOR operation
to obtain a nonlinear combination, and in the final stage, mod 256
was applied to obtain values in the range 0-255. The operation
performed is shown in Equation 4.

P(i) = mod (R, (1) ® Ry, (i) @ R,(i),256) 4)

Various statistical analyses were performed to evaluate
the level of randomness of the generated pseudo-random numbers
(Rukhin, Soto, Nechvatal, Smid, & Barker, 2001). In this case,
the NIST SP800-22 test suite was applied to the pseudo-random
numbers, and the outcomes are shown in Table 1. At least one
million bits of data are required for the NIST SP800-22 tests to
be applied validly. Taking this requirement into account, a data
set with a total length of 1,120,000 bits was created for the study,
and all tests were performed on this data set.
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Table 1. NIST Test Results

NIST SP 800-22 Statistical Test p Value Status

Monobit test 0.8290 4]
Frequency within block test 0.2214 4]
Runs test 0.7581 4]
Longest run ones in a block test 0.2556 4]
Binary matrix rank test 0.5313 4]
Discrete fourier transform test 0.2022 4]
Non overlapping template matching test ~ 0.8892 4]
Overlapping template matching test 0.6132 4]
Maurers universal test 0.8322 4]
Linear complexity test 0.3215 4]
Serial test 0.9317 4]
Approximate entropy test 0.5626 4]
Cumulative sums test 0.6942 4]
Random excursion test 0.9731 4]
Random excursion variant test 0.9822 4]

When examining the results presented in Table 1, it can
be seen that the 1,120,000-bit-long data sequence successfully
passed all statistical tests included in the NIST SP800-22 test
suite. The p-values obtained in all tests exceeded the acceptance
criterion threshold of 0.01, thus confirming that the generated
sequence exhibits properties that can be considered statistically
random. The successful fulfillment of fundamental randomness
criteria, such as the monobit test, run test, Fourier test, and linear
complexity test, demonstrates that the sequence possesses a
robust randomness structure both at the bit level and in terms of
pattern formation. These results demonstrate that the proposed
pseudo-random number generation mechanism based on the
fractional-order Lorenz system possesses high randomness
quality and supports its suitability for use in applications that
utilize random numbers.

4. CONCLUSIONS

In this study, the dynamic properties of a fractional-order
Lorenz chaotic system were investigated, and a pseudo-random
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number generator was designed using the system'’s state variables.
First, the fundamental chaotic behavior of the system was
analyzed, and the effects of the fractional order on the system
dynamics were evaluated. Subsequently, random bit sequences
were generated using the decimal places of the state variables
obtained from the system, and the statistical randomness
performance of these sequences was verified using the NIST
SP800-22 test suite. The results of the tests showed that the
generated bit sequences exhibited an acceptable level of
randomness according to NIST criteria.

The findings indicate that the fractional-order Lorenz
system could be a suitable source for pseudo-random number
generation and that such systems could be evaluated in
randomness-focused applications. However, a more detailed
examination of the effects of fractional degree on randomness
performance and dynamic analysis, a comparison of different
fractional-degree chaotic systems, and the adaptation of the
generator to hardware-based applications are suggested as
potential areas of research for future studies.

In conclusion, this study presents a framework that
evaluates numbers obtained from a fractional-order chaotic
system from both theoretical and statistical perspectives, thereby
contributing to chaos-based randomness research.
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SMART GRID ARCHITECTURE AND
DISTRIBUTION AUTOMATION

Serdar KASIKCI!
Ercan KOSE?

1. INTRODUCTION

Traditional grids encompass areas such as large-scale
power plants, transmission networks, distribution networks,
markets, and power electronics. The electrical energy produced
in large-scale power plants is supplied to consumers through
transmission and distribution networks. The energy flow is
unidirectional from production to the consumer. Energy is
distributed to consumers through distribution companies. Energy
consumption is billed to consumers at fixed or tiered rates. In
addition, in the traditional grid, power electronics-based devices
are used for voltage regulation, reactive power balancing, power
flow control, system stability, increasing transmission capacity,
and limiting the effects of short-circuit currents. Smart grids, on
the other hand, are systems consisting of distributed generation
that, in addition to the areas used by traditional grids, include
relatively new areas such as the integration of more renewable
energy sources, energy storage systems, prosumers, demand-side
participation, and self-healing systems. Smart grids also enable
the establishment of rules for the interconnection and interaction
of traditional and new areas (Control System Society 2013).
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Figure 1.1. The evolving sustainable electricity power system (Das
and Madani 2013)

The inclusion of sources with unpredictable production
capacity, such as solar and wind, in the grid leads to instability
and power quality problems. To overcome these problems, smart
grids that manage distributed generation and provide real-time
information flow are needed.

Smart grids serve to ensure supply security by quickly
resolving faults and minimizing the number of consumers
affected by power outages during faults. To achieve this, they use
energy storage systems, supercapacitors, and self-healing systems
that repair themselves during faults. To summarize the benefits

provided by smart grids:
e Integration of renewable energy plants into the grid

¢ Integration of micro-generation from consumer-producers
into the grid

e Increased supply security

e Improved power quality

A smart grid is an integrated energy system that enables
two-way energy and information flow throughout all stages of
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electricity ~ production,  transmission,  distribution, and
consumption, using advanced measurement  systems,
communication infrastructures, automation, and control
algorithms. Based on this definition, the main features of smart
grids can be summarized as follows:

e Two-way energy and data flow: Consumers can
participate in the system as producers (prosumers) as
well.

¢ Real-time monitoring and control: The current status
of the grid can be continuously monitored and
controlled.

e Adaptability and flexibility: The ability to respond
quickly to changes in demand and uncertainties in
production.

e Self-healing: Automatic detection, isolation, and
service restoration of faults.

e Energy efficiency and sustainability: Reduction of
losses and integration of renewable energy.

2. SMART GRID ARCHITECTURE

The Smart Grid Architecture Model (SGAM) is a
reference framework that enables the modeling of smart grid
components, functions, data flows, and communication standards
within a common and consistent architecture. Figure 2.1 shows
the SGAM architecture. The vertical axis shows the architectural
layers from business objectives to field equipment. All of these
layers must be interoperable.

The business layer includes corporate objectives,
legislation, regulations, and market rules. In terms of distribution
system restoration, it defines why the system was established.
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Restoration functions are not only a technical requirement but
also a strategic business objective shaped by regulatory
requirements and market performance criteria .

The key elements in this layer are as follows:
e Reducing outage duration (SAIDI, SAIFI)
e Improving service continuity
e Compliance with regulations and quality standards

e Reducing operating costs
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Figure 2.1. Smart grid architecture model (SGAM) (IEC SRD
63200 - SGAM basics - SyC Smart Energy n.d.).

Function layer: determines which algorithms and
controls the system will use. For example, it determines which
algorithms and control logic will be used for functions such as
fault location identification and reporting (FLISR), volt-var
control, and load estimation.
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It defines the algorithms and functions that operate during
the restoration process. In a typical distribution system restoration
scenario, the following functions are included in this layer:

e Fault detection and classification

e Fault location

e Isolation of the faulty section

e Determining alternative power supply routes
e Remote switching (tie-switch control)

These functions together form the FLISR (Fault Location,
Isolation, and Service Restoration) structure.

The data layer deals with the data structures that the
function layer will use. It determines what data will be transmitted
and in what format. It deals with the format of measurement
values and topology information. For example, the Common
Information Models (CIM) standards of the International
Electrotechnical Commission (IEC) enable systems such as
supervisory control and data acquisition (SCADA), distribution
management systems (DMS), energy management systems
(EMS), and advanced metering infrastructure (AMI) from
different manufacturers to speak the same language. This
facilitates data sharing and integration between systems.

The IEC 61850 standard defines information using logical
nodes. This standardizes what each piece of data represents. For
example:

XCBR: circuit breaker,
CSWI: switching control,
MMXU: measurements (V, I, P, Q),

PTOC: Overcurrent protection
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It defines the data models and information structure used
by restoration functions. In this layer:

e Network topology,

e Switching states,

e Measurement data (voltage, current, power),

e Protection relay status information are included.

Defining data in a common and standard format ensures
interoperability between systems. For this purpose, data models
based on the Common Information Model (CIM) are generally
used. The concept of "Data Model" in Figure 2.1 refers to this
structural data definition used in the restoration process.

The communication layer is concerned with which
protocol the data will be transmitted with and how. For example,
IEC 61850 is an international standard that defines object-based
data models with Ethernet-based communication systems to be
used especially in substations and distribution automation.
Thanks to standards, smart electronic devices (IEDs) from
different brands can operate in the same system, SCADA/DMS
integration is simplified, and long-term system dependency is
reduced.

Table 2.1. IEC 61850 Communication Protocols

Protocol Purpose Time scale
MMS Monitoring, configuration, reporting ms/s
GOOSE Fast protection and locking <4 ms
Sampled Values (SV) = Current-voltage samples s

The data layer and communication layer within SGAM
form the backbone of the field-station level.

The communication layer determines which protocols are
used to transmit the data defined in the information layer and how
it is transmitted. This layer is critical for distribution system
restoration. This is because remote switching operations require
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high-reliability communication that provides near real-time status
monitoring and rapid feedback to the control center. The main
protocols used for this purpose are:

e |EC 61850
e |EC 60870-5-104
e DNP3

The term "Protocol™ in Figure 2.1 represents these
communication standards.

The component layer deals with physical devices and
software. It determines which equipment will be used and what
its standards will be. For example, intelligent electronic devices
(IEDs), bus controllers, remote terminal units (RTUs), smart
meters, and SCADA servers are components related to this layer.
It covers the field and central equipment that physically enable
the restoration process. The main components in this layer are:

e Protection relays (IED)

e Bay controllers

e Remote terminal units (RTU)

e Automatic load break switches and circuit breakers
e SCADA and DMS servers

These components enable the functions defined in the
upper layers to be implemented in the real world.

Figure 2.2 shows the component layer of the SGAM architecture.
The domains section includes the physical parts of the energy
system, such as generation, transmission, distribution, distributed
energy resources (PV, wind, storage), and the consumer side. The
zones section includes:
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e Process / Field: Switches, circuit breakers, and sensors,
e Station: Distribution center automation,
e Operation: Refers to DMS and SCADA systems.

This structure clearly demonstrates that restoration
requires multi-level coordination from the field to the control
center.
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Figure 2.2. SGAM component layer (IEC SRD 63200 - SGAM
basics - SyC Smart Energy n.d.).

The SGAM-based approach demonstrates that
distribution system restoration is not merely an automatic
switching problem; it is a multi-layered system that requires the
integrated operation of business objectives, data models,
communication infrastructures, and physical equipment.
Therefore, SGAM provides a robust reference architecture for
modern distribution automation and smart grid applications.
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Table 2.2. Distribution automation components according to
SGAM layers.

Layer

Business layer

Function layer

Data layer

Communication
layer

Component layer

Definition

Business objectives,
regulations, market
and operational
policies

Functions and
algorithms
performed by the
system

Data and
information models
used by functions

Security risks

Difficulty in
decision-making

Example

- SAIDI / SAIFI targets

- Outage duration limits

- Regulatory compliance
(quality, continuity)

- Operational cost reduction
- Fault detection

- Fault location

- Isolation

- Service restoration

- \olt-Var control

- Network topology

- Switch states

- Voltage/current
measurements

- Event and alarm logs

- CIM-based data model

- IEC 61850

- IEC 60870-5-104

- DNP3

- IP-based fiber / RF / LTE
- Smart electronic devices
- Bushar controller

- Remote terminal unit (RTU)
- Automatic load
disconnectors

- SCADA/DMS servers

Table 2.3; The business objectives, functions, data
structures, communication protocols, and physical components
involved in distribution system restoration applications are
systematically classified according to the layers of the SGAM

architecture.
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Table 2.3. Components according to SGAM dimensions

SGAM Corresponding to distribution automation
dimension
Distribution (primary focus), distribution energy

Domain resources (DER), and customer facilities (supporting)
Process Physical switching and power flow

Field Sensors, relays, smart switches

Station Transformer station and feeder automation

Operation SCADA, DMS, FLISR algorithms

Enterprise/Market = Performance analysis, reporting, regulation

Figure 4.2, when examined from the perspective of the
smart grid architectural model (SGAM), shows that the sections
indicated by black arrows represent physical switching and power
flow (process), while the sections indicated by red arrows
represent various zones. In a smart grid, the status of all hardware
infrastructures—from energy production to transmission,
distribution (including distributed energy sources), and energy
consumption—must be detected ( ), transmitted via different
communication networks, and processed at local or cloud-based
control centers to assess the security of the power grid and detect
faults (Li et al. 2023).
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Figure 2.3. Basic components of a smart grid (Li et al. 2023).

3. DISTRIBUTED GENERATION AND ITS
IMPACTS

The proliferation of distributed generation (DG)
electrical energy systems has led to significant changes in the
operational requirements of distribution networks. The
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connection of sources such as renewable power plants (wind,
solar, etc.), cogeneration facilities, and energy storage systems to
the distribution network has resulted in bidirectional power flow
and a more dynamic network structure. For example, short-term
regional cloud cover at solar power plants can cause
unpredictable changes in energy supply. This situation can lead
to unexpected changes in line and transformer loading rates. On
the other hand, as discussed in the first section, the need for these
intermittent sources makes transformation inevitable. This
transformation will require the use of more advanced monitoring
and control functions in distribution automation.

Traditional distribution networks are designed for a
structure where loads are passive and energy flows in one
direction (from substations to consumers). In distributed
generation, however, consumers become producers at certain
times. This situation creates new challenges in terms of voltage
stability, reactive power balancing, power flow direction, and
protection coordination. Distribution automation stands out as
one of the key tools for overcoming these challenges. Distribution
automation can implement mechanisms such as feeder
reconfiguration, dynamic load transfer, and generation
curtailment to reduce the uncertainties caused by bidirectional
power flow. In this context, automation systems must actively
monitor and control not only loads but also generation points.

Distributed generation causes power quality problems in
distribution networks, such as voltage rises and voltage
fluctuations. Especially at low and medium voltage levels, DG
injection can rapidly change voltage levels due to relatively high
line impedances. This can lead to exceeding the voltage limits set
by regulators and cause quality problems on the customer side.
Distribution automation uses tools such as voltage regulation,
reactive power control, Volt/VVar optimization (VVO), and load
management to manage these types of problems. Automation
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systems attempt to maintain voltage levels within the target range
by coordinating the reactive power production of capacitor banks,
voltage regulators, and DG inverters based on measurement data.
This coordination increases the capacity of the grid while
reducing the negative effects of distributed generation.

Figure 3.1. A distribution network with distributed generation
connection points.
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Figure 3.2. The effect of distributed generation on the voltage
profile and improvement with Volt-Var control. (Ribeiro et al.
2020)
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The proliferation of DG necessitates a re-examination of
protection coordination in distribution networks. Classic
protection systems are designed based on the assumption that
short-circuit currents are supplied only from the network side. DG
sources, however, contribute to fault currents, which can cause
protection relays to operate incorrectly or with delay.
Furthermore, DG sources bring the risk of islanding in
distribution networks. If the network is isolated from the main
source, continued supply from distributed generation can be
dangerous in terms of both equipment and personnel safety.
Distribution automation reduces these risks by supporting
functions such as islanding detection, ensuring necessary
isolation, and controlled resynchronization.

Distribution automation is not limited to fault
management and voltage control; it must also encompass more
advanced functions such as production forecasting, flexible load
management, and microgrid operation. In this context,
distribution automation is expected to become more complex in
terms of measurement density, time resolution, and decision-
making algorithms. Monitoring and controlling DG injection
points, in particular, plays a critical role in the design of
automation systems. Table 3.1 summarizes the main effects of
distributed generation and possible solutions.

Table 3.1. Challenges posed by DG in distribution networks and
solution approaches.

Impact Problem Automation-Based Solution

Two-way power Line and transformer Feeder reconfiguration, load

flow overload transfer

\oltage surge Eﬁﬁf:dmg voltage \olt-Var / Volt-Watt control

Protection Incorrect or delayed Adaptive protection, relay setting

coordination opening update

Island operation Security risks ?Slanq detection, controlled
isolation

Operational Difficulty in decision- =~ Advanced monitoring and

uncertainty making automation algorithms
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Distribution automation within the smart grid architecture
is considered an important component of the secure, efficient, and
seamless integration of DG.

4. THE IMPORTANCE AND CHALLENGES OF
DISTRIBUTION NETWORKS WITHIN SMART
GRIDS

The smart grid architecture has a layered structure in
which all electricity generation, transmission, and distribution
components, from production to consumption, work in harmony
with measurement, communication, and control infrastructures.
As the part closest to the consumer, the distribution network is
where the negative effects of other loads connected to the network
and distributed generation sources are most evident. Operating
the distribution network is more complex due to its humerous
nodes, wide geographical spread, and varying load profiles.
(Morello et al. 2024)

Although distribution networks can have different
topologies such as ring, mesh, or radial (Figure 4.1), we generally
encounter radial distribution networks. While the radial structure
offers advantages of simplicity and low investment costs, it can
lead to large areas being left without power in the event of a
failure. Therefore, especially in urban areas, ring and partially
mesh networks are preferred to improve operational flexibility
and supply continuity. However, this makes the network more
complex. Traditional methods make it difficult to manage the
system effectively because they provide few measurement points
and control options.

As indicated in Table 4.1, the distribution network has
fewer measurement points and higher uncertainties, and is
directly exposed to the effects of distributed generation sources.
This increases the need for automation and advanced monitoring
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solutions at the distribution level. The smart grid approach aims
to provide solutions to these challenges encountered in
distribution systems. Thanks to advanced measurement and
monitoring capabilities, the status of the network can be tracked
in greater detail and at more frequent intervals. Another
distinguishing feature of distribution systems is the direct
connection of distributed generation sources to this level. Sources
such as solar power plants, wind turbines, battery energy storage
systems, and cogeneration facilities can dynamically change the
direction and magnitude of power flow. This eliminates the
classic "load-focused” distribution operation approach and
necessitates more active management of distribution systems.
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Figure 4.1. Network topologies (a) radial, (b) ring (Electric Power
Transmission and Distribution Authors Anadolu University, 2013)
(c) mesh
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Table 4.1. Transmission and Distribution Network Characteristics

Feature Transmission Distribution
Network Network

\oltage level High/Very high Medium/Low

Network topology Typically mesh Radial / ring / mesh

Measurement High Low - medium

Measur.ement time High Low

resolution

Load uncertainty Low High

DG effect Limited High

Business approach Central Distributed and local

Automation needs Medium High

The primary purpose of distribution automation is to

reduce outage times, increase energy continuity, minimize losses,
and enable the network to quickly adapt to changing operating
conditions. Distribution automation is one of the most important
components of smart grids for the following reasons:

Globally, more than 80% of the average system
interruption duration (SAIDI) and interruption frequency
(SAIFI) occur at the distribution level. Smart grids
require remote control and automatic fast systems instead
of field operations. In the event of a fault, fault isolation
should be used to minimize the number of users affected
by the outage, and self-healing systems with automatic
restoration (FLISR) should be employed.

The integration of distributed energy resources (DER) has
led to problems such as reverse power flow, voltage
instability, power quality degradation, and uncertainty in
fault currents from distributed generation sources. This
also complicates distribution automation.

Flexible loads (such as electric vehicles and heat pumps)
are at the end-user level.

The wvariety and quantity of electrically powered
equipment is increasing day by day. Both commercial
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businesses and residential users have increasingly high
expectations regarding the quality of energy supply.

The different topologies of distribution networks (ring,
mesh, radial), inadequate communication infrastructure, old field
equipment that does not support distribution automation control
signals, increased cybersecurity requirements, and the lack of
advanced sensors make situation forecasting difficult and are
problems that must be overcome in the transition to smart grids.
To make the distribution system smart, sensors placed at
numerous measurement points, infrastructure enabling remote
and automatic switching operations, distribution system
restoration (DSR) to automate and accelerate fault detection,
isolation, and service restoration, reactive power balancing, and
voltage and frequency stability must be ensured. Considering the
large scale of the distribution system, managing this
transformation is quite challenging. As of 2023, distribution
companies in Turkey have a total of 231,851 units with a capacity
of 100,370 MVA, while third parties and organized industrial
zones (OSB) have a total of 336,887 distribution transformers
with a capacity of 136,917 MVA, for a total of 568,738
distribution transformers with a capacity of 237,287 MVA
(Turkey Electricity Distribution Inc. General Directorate 2024
Turkey Electricity Distribution Sector Report 2025). Making
such an extensive distribution system smart is challenging.

The following factors must be considered when designing
smart grid distribution automation:

e The number and locations of sensors and remotely
controlled switching equipment must be determined
within the constraints of budget, automation needs, and
communication capabilities.

e The communication system, which is the backbone of
distribution automation, must have sufficient speed and
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high-capacity bandwidth to meet requirements.
Communication must be uninterrupted, and sensor data
and commands must be transmitted accurately and
completely, meaning the system must be reliable.

The system must be secure against unauthorized access,
malicious attacks, and data breaches. Cybersecurity and
customer privacy must be ensured.

Even if the equipment used belongs to different suppliers,
these devices must be able to work together. This is very
important in terms of scalability. For this, more standards
should be created, and the system should be designed with
devices that comply with these standards.

Many issues must be considered, such as big data
processing, data verification, data storage, debugging,
time synchronization problems, data privacy, and sharing.

Control algorithms, i.e., distributed intelligence, are
needed so that the distribution system can be operated not
only from the center but also locally.

5. ADVANCED METERING INFRASTRUCTURE
(AMI)

Advanced Metering Infrastructure (AMI) is a system

consisting of smart meters, communication infrastructure, data
management systems, and analysis software that supports
measurement, remote monitoring, and distribution automation,
providing decision-making capabilities. AMI enables distribution
automation systems to gain visibility all the way to the network
edge, increasing the effectiveness of critical functions such as
load forecasting, volt-var optimization, monitoring of distributed
energy resources, and power quality management. Particularly in
modern smart grids with high DER integration, AMI-based data
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analytics enables a new level of distribution automation that
overcomes the limitations of traditional SCADA systems. AMI
systems are not used for real-time detection and resolution of
faults, but rather for verifying the fault location, determining the
affected area, and analyzing the network status after the fault.
Therefore, although AMI's minute-hour time resolution (for
reporting) is insufficient for protection and automatic isolation
functions, it plays a complementary role in supporting
distribution automation. Although AMI systems are commonly
used with hourly measurements, they can provide minute-level
data for applications such as distribution automation and DER
integration. In summary, the function of AMI is to provide
information.

Table 5.1. Systems and time scales used according to distribution
automation function

Function Example System Time Scale
Fault detection Relay, circuit breaker ms - s
Fault isolation FLISR S
Energy recovery DMS S - minute
Fault analysis and verification AMI minute
Long-term improvement AMI + analytics hour - day

AMI provides information such as which meters had their
simultaneous voltage cut off, which feeder/transformer was
affected, whether the fault was permanent or temporary, whether
the fault occurred in one phase or three phases, whether there was
a voltage collapse, how long it took for power to return, and how
many customers were affected by the outage. In summary, it
provides information about the period before, during, and after
the fault. With this information:

e Estimation of the fault location (Supportive) (Validates
FLSIR algorithms)

e Fault type classification
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e Post-fault verification becomes possible. (Essential for
improving SAIDI and SAIFI)

Traditional SCADA-based distribution systems lack
sufficient visibility at the network's endpoints (consumer side).
AMI addresses this shortcoming, enhancing the decision-making
capacity of distribution automation (McKenna et al. 2022).

Unlike traditional meter reading systems, AMI:
o Near real-time network monitoring
o Detection of distributed generation (PV, battery) effects
« Fault and voltage problem pre-diagnosis
e Volt-Var and Volt-Watt control support

e Enables demand-side participation (DSM/DR), forming
the data backbone of distribution automation.

Thanks to AMI's integration with advanced distribution
management systems (ADMS/DMS), Volt-Var Optimization
(VVO) algorithms can operate more realistically. It allows for the
optimization of actual voltage drops at the network end and
"safety margins" separated by classical assumptions. AMI data
enables the statistical analysis of voltage sags, swells, and
continuity violations. This allows problems to be detected before
customer complaints arise (McKenna et al. 2022).

AMI is used not for real-time detection and resolution of
faults, but for confirming the fault location, determining the
affected area, and analyzing the network status after the fault.
Therefore, although AMI's minute-to-hour time resolution is
insufficient for protection and automatic isolation functions, it
plays a complementary role in supporting distribution
automation.
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6. CONCLUSION

The integration of renewable energy sources into the grid
is an inevitable outcome in line with the continuously increasing
energy demand and carbon emission reduction targets. The smart
grid architecture (SGAM) details all layers of the smart grid
transformation. Furthermore, numerous standards are developed
and updated annually on smart grid architectures. This will enable
a scalable structure for the smart grid transformation.

The integration of more intermittent sources into the grid
has serious negative effects on grid stability, in addition to its
benefits. These negative effects impact distribution grids at the
highest level. Furthermore, in response to regulations aimed at
reducing outage durations and frequencies, distribution
companies must transform their traditional distribution grids into
advanced distribution automation . Thanks to advanced
measurement infrastructure, distribution automation devices, and
distribution management systems, the distribution network will
be able to perform functions such as fault location, FLISR, Volt-
Var optimization, loss reduction, and demand-side participation.

This study aims to provide a perspective on distribution
automation by addressing the layered structure of the smart grid
architecture, the distribution network as the most critical network
segment in smart grid transformation, the challenges of the
distribution network, and the advanced metering infrastructure
(AMI), which is of critical importance in the transition to
distribution automation.
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KANAL ISTANBUL PROJESI HAFRIYATININ
YAPAY ENERJi ADALARI YOLUYLA
YENILENEBILIR ENERJi URETIMINDE
DEGERLENDIRILMESI
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1. GIRIS

Yapay adalarin tarihi, Hollandalilarin toprak alanlarini
genisletmek icin bu teknigi ilk kez kullanmaya basladigi on
yedinci ylizyila kadar uzanmaktadir (Hannon 1987; Purvis, Bates
ve Hayes 2008). Yapay adalar, giinlimiizdeki niifus artis1 ve arazi
kithgina karsi potansiyel bir ¢cozimdur. Tarih boyunca insanlar,
dogal kaynaklar, uygun ulagim ve ticaret yollar1 agisindan zengin
olduklar1 i¢in genellikle kiyr bolgelerinde kentsel alanlar
kurmuglardir (Neumann vd. 2015).

Son yillarda, ‘enerji adasi’ terimi veya ‘elektrik adasi’
veya ‘glic adasi’ gibi benzer varyasyonlar akademisyenler,
uygulayicilar ile uluslararasi raporlarda, ¢ok ¢esitli baglamlarda
ve senaryolarda enerji izolasyonunun farkli anlayislarini
tanimlamak i¢in kullanilmistir. Terimin bir kullanimi, kendi
kendine yeten elektrik iiretim ve dagitim sistemlerine sahip
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fiziksel olarak izole edilmis adalar1 ifade eder. Ornekler arasinda
Kibris, Izlanda, Hawaii (Lee vd., 2020) ve Reunion Adas1 (Praene
vd., 2012) yer almaktadir. Bu durumlarda, terim, uzak adalarda
enerji ihtiyaglarini karsilamanin cografi ve lojistik zorluklarini
vurgular. Bir diger kullanim ise, fiziksel kisitlamalardan ziyade
siyasi nedenlerle elektrik sistemlerini ¢evrelerinden kasitli olarak
izole eden iilkelerle ilgilidir. Bu durumlarda, terim, bu uluslarin
enerji politikalarinda aradiklart kasith baglantiyr kesme ve
bagimsizligt vurgular. Ayrica, ‘enerji adasi’ kavrami,
topluluklarin, sehirlerin, bolgelerin veya siyasi olusumlarin mikro
sebekeler gibi teknolojileri kullanarak ana elektrik sebekesinden
gontlli  olarak ayrildigi  kiiciik  Olgekli  ortamlara da
uygulanmaktadir (Jansen vd., 2022). Bu enerji adas1 bi¢imi,
fiziksel veya siyasi izolasyondan ziyade hizmet izolasyonunu
vurgulayarak, yerellestirilmis enerji sistemlerinin gerektigi gibi
bagimsiz veya birbirine bagiml olarak ¢aligmasina olanak tanir.
Son yillarda, bu terim, genellikle yenilenebilir enerjiye
odaklanarak, elektrik iiretimi ve dagitimi i¢in merkez gorevi
goren, denizde veya uzak bolgelerde yapay adalarin ingasini
tanimlamak i¢in de kullanilmistir. Kuzey Denizi'ndeki
yenilenebilir enerji adalar1 gibi projeler, belirli ¢evresel ve enerji
amaglari i¢in insan yapimi adalarin olusturuldugu bu kullanima
ornek teskil etmektedir (Rettig vd., 2023).

Kuzey Denizi ve Baltik Denizi ¢evresindeki bir¢ok kiy1
devleti, acik deniz rlzgar enerjisi gelistirme konusundaki
kapsamli hedeflerini agikladi. Bu muazzam riizgar enerjisinden
yararlanmak icin Bel¢ika, Danimarka ve Hollanda, miinhasir
ekonomik bdlgelerinde 'enerji adalar’' insa etme konusundaki
ilgilerini yakin zamanda agikladilar. Danimarka, Baltik
Denizi'ndeki dogal Bornholm adasimi kullanmayi ve Kuzey
Denizi'nde ek bir ada olusturmay1 planlarken, Hollanda ise yapay
bir ada seklinde olabilecek bir veya daha fazla ‘enerji merkezi'
planlamaktadir. Belgika yapay adasinin baslaticis1 olan sebeke
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operatorii 'Elia’, izin bagvuru siirecini baslatmis bulunmaktadir
(Kalis 2024).

Yapay enerji adalari, gevredeki riizgar santrallerinden
enerji toplayarak, bu enerjiyi yiiksek voltajli dogru akim (HVDC)
veya hidrojen ya da baska bir enerji tastyicist seklinde karaya
tagimak icin bir merkez gbrevi gorebilir. Dahasi, enerji adalari,
acik deniz rlizgar santrallerinin ve ilgili altyapinin igletimi ve
bakimiyla ilgili ¢esitli lojistik ve pratik amaglar i¢in kullanilabilir.
Avrupa Komisyonu, "Ac¢ik Deniz Yenilenebilir Enerji
Stratejisi"nde, enerji adalarinin agik deniz rizgar enerjisi ve
hidrojen  iretiminin  gelistirilmesini  desteklemek  i¢in
kullanilabilecegini vurgulamaktadir. Yapay adalar, ¢esitli acik
deniz riizgar santrallerinden iiretilen elektrigi toplayip dogrudan
cesitli llkelere tasiyabilir veya alternatif olarak hidrojene
dontistiirlip boru hatlari araciligiyla kiyiya tasiyabilir. Bu, elektrik
sebekesinin tikanmasini dnlemeye ve enerji yogun endiistrilere
strdurdlebilir enerji tedariki saglamaya yardimci olabilir. Bu
nedenle, Kuzey Denizlerinde bu tiir adalarin gelistirilmesi, biiyiik
Olgekli agik deniz ruzgér enerjisi gelistirmelerini miimkiin
kilabilir, acik deniz ve karasal enerji sisteminin entegrasyonunun
giiclendirilmesine katkida bulunabilir. Belgika, Danimarka ve
Hollanda'da yakin zamanda benimsenen politika ¢erceveleri, agik
deniz riizgar enerjisinin bir araya getirilebilecegi ¢ok fonksiyonlu
adalarin ve platformlarin gelistirilmesini tesvik ederek, elektrigin
kablo (elektrik) veya boru hatt1 (gaz) yoluyla kiyiya daha verimli
bir sekilde taginmasmi miimkiin kiliyor. Bu tiir iletim ve
dontistiirme altyapisi ¢ok fazla alan gerektireceginden, yapay bir
ada, birlikte biiyiik bir platform olusturan modiiler tesislerin bir
kombinasyonundan daha uygun maliyetli olabilir (Nieuwenhout
& Andreasson, 2023).

Enerji adalarimin = siirdiiriilebilir  enerji  gilivenligine
saglayabilecegi katkiya ragmen, yapay adalarin
gelistirilmesinden  kaynaklanan c¢esitli potansiyel sorunlar
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bulunmaktadir; bunlar arasinda deniz alanimmin  diger
kullanimlariyla (6zellikle navigasyon ve balik¢ilik) catismalar,
olumsuz cevresel etkiler ve insaatlarina yonelik ¢esitli teknik
engeller yer almaktadir. Dahasi, yapay enerji adalar1 gibi
yenilik¢i agik deniz projeleri, mevcut yasal c¢erceve, cikar
catigmalarini ele almak amaciyla tasarlanmis olsa da bu tor
projeler géz oOniinde bulundurularak gelistirilmedigi icin yasal
zorluklarla kars1 karsiyadir. A¢ik deniz adalarinin bazi yonlerine
iligkin literatiir mevcut olsa da daha buyik o6lgekli enerji
adalariin gelistirilmesinin yasal sonuglarina iliskin dogrudan bir
tartisma azdir (Afzal vd., 2022).

Planlama ve yer se¢imi asamasinda, kiy1 devletleri denizin
kullanimiyla ilgili farkli ¢ikarlar1 nasil dengeleyeceklerine karar
verme konusunda avantaja sahiptir. Deniz Hukuku Sozlesmesi,
yapay adalarin, tesislerin ve yapilarin (ve glivenlik bolgelerinin)
"uluslararasi seyriisefer i¢in gerekli olan taninmig deniz yollarinin
kullanimima miidahale edebilecek yerlerde kurulamayacagini”
ongormektedir. Bu 6zel maddenin yani sira, yukarida belirtildigi
gibi, diger devletlere gereken 6zeni gosterme genel ylukimliligi
de 6nemlidir. Planlama ve yer se¢imi kapsaminda, Onerilen
bolgede diger devletlerin c¢ikarlarinin denizcilik mekansal
planlama cercevesinde dikkate alinmasi ve Onemli balik¢ilik
alanlarinda yapay ada kurulumundan kag¢inilmasi gerekmektedir.
(Shaw, 2017).

Kanal Istanbul Projesi, Istanbul Bogaz1’na alternatif bir su
yolu olusturmay1 hedefleyen, Tiirkiye’nin en biiylik miithendislik
girisimlerinden biridir. Proje; deniz tasimaciligini rahatlatma,
gemi bekleme sirelerini azaltma ve Turkiye’nin kiresel lojistik
ag icindeki konumunu giiclendirme gibi stratejik amaglar
tagimaktadir. Bununla birlikte, bu 6l¢ekte bir altyapt yatiriminin
kagmilmaz sonucu olarak ¢ok biiyiik miktarda kazi (hafriyat)
ortaya ¢ikacaktir.

213



Elektrik-Elektronik ve Haberlesme Miihendisligi

Geleneksel yaklasimlarda hafriyat, ¢ogunlukla gevresel
bir sorun olarak ele alinmakta ve depolama alanlar1 {izerinden
yonetilmektedir. Ancak giinlimiizde siirdiiriilebilir kalkinma
anlayisi, bu tiir yan {riinlerin ikincil bir kaynak olarak
degerlendirilmesini  zorunlu kilmaktadir. Ozellikle iklim
degisikligiyle miicadele, karbon emisyonlarinin azaltilmasi ve
yenilenebilir enerji yatirimlariin artirtlmasi hedefleri, biiyiik
altyapr projeleri ile enerji projelerinin entegre edilmesini
giindeme getirmistir.

Bu kitap béliimiiniin temel amac1, Kanal Istanbul Projesi
kapsaminda ortaya cikacak hafriyatin, deniz iizerinde insa
edilecek yapay enerji adalar1 araciligiyla yenilenebilir enerji
iretiminde  kullanilabilirligini  kapsamli  bigimde ortaya
koymaktir. Bu baglamda bdliim; miihendislik hesaplamalari,
enerji Uretim potansiyeli analizleri, c¢evresel ve ekonomik
degerlendirmeler ile birlikte c¢ok disiplinli bir bakis agisi
sunmaktadir. Sekil 1°de Kanal Istanbul giizergahi ile Karadeniz—
Marmara baglantis1 ve cevresel etki alaninin genel konumu
sunulmaktadir.

KARADENIZ

e

YOUZ SULTAN
KOPRUSU

EHMET KOPRUSU

15 TEMMUZ \
SERITLER

Sekil 1. Kanal istanbul giizergaihim, Karadeniz—Marmara
baglantisini ve cevresel etki alanini gosteren genel konum haritasi.
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2. KANAL ISTANBUL HAFRIYATI VE
CEVRESEL BOYUT

2.1. Hafriyat Miktarinin Hesaplanmasi

Kanal Istanbul’un yaklasik 45 km uzunluga, 250 m ile
1000 m arasinda degisen genislige ve 25 m derinlige sahip olacagi
belirtilmektedir. Kanal kazisinda yaklasik olarak 1,5 milyar m®
moloz ¢ikacagi hesaplanmaktadir (Ozgelik, 2021 & KIPCED,
2017).

Bu deger, yalnizca kaba kazi hacmini ifade etmekte olup;
sev diizenlemeleri, genigletmeler ve altyap1 kazilari dikkate
alindiginda toplam hafriyat miktarinin daha da artabilecegi
ongorilmektedir (Ozgelik, 2021).

2.2. Hafriyat Yonetimi ve Cevresel Riskler

Bu 6lgekteki bir hafriyatin diizensiz bi¢imde depolanmast;
kiy1 ekosistemleri, yeralti su kaynaklari ve tarim alanlari tizerinde
ciddi baskilar olusturabilir. Toz emisyonlari, sediman taginimi ve
habitat kaybi, en dnemli ¢evresel riskler arasinda yer almaktadir.

2.3. Surdurulebilir Hafriyat Kullanim Yaklagimi

Hafriyatin yapay ada, liman genisletmesi ve kiy1 tahkimati
gibi projelerde kullanilmasi hem bertaraf maliyetlerini azaltmakta
hem de dogal kaynak tiikketimini sinirlandirmaktadir. Bu
baglamda Kanal Istanbul hafriyati, yenilenebilir enerji altyapilart
icin stratejik bir girdi olarak degerlendirilebilir (Aksu, 2024).
Hafriyatin kontrollii bi¢imde deniz dolgusunda kullanimina
iligkin bir miithendislik uygulamasi Sekil 2°de gosterilmektedir.
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Dip Taramasi

Sekil 2. Hafriyatin kontrollU bigimde deniz dolgusunda
kullamildigi bir miihendislik uygulamasi.

3. YAPAY ENERJi ADASI KONSEPTI

3.1. Yapay Enerji Adalarimmn Tanmm ve Kiiresel
Ornekler

Yapay enerji adalari; deniz ortaminda, dolgu veya
modiiler yapilarla olusturulan ve basta riizgar ile giines olmak
lizere yenilenebilir enerji tesislerini barindiran ¢ok islevli
platformlardir. Kuzey Denizi’'nde Hollanda, Danimarka ve
Almanya tarafindan planlanan enerji adalari, bu konseptin gilincel
ornekleri arasinda yer almaktadir.

Son yillarda deniz {istii (offshore) yenilenebilir enerji
yatirimlarinin  6lgeginin biiyiimesi, enerji Uretimi, iletimi ve
depolanmasma yonelik yeni altyapt ¢oziimlerini glindeme
getirmistir. Bu baglamda, yapay yenilenebilir enerji adalari,
Ozellikle Kuzey Denizi basta olmak {izere Avrupa’da 6ne ¢ikan
yenilik¢i bir altyapr yaklasimi olarak degerlendirilmektedir.
Enerji adalari, ¢cok sayida offshore riizgar santralinden iiretilen
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elektrigin toplanmasi, doniistiiriilmesi ve birden fazla iilkeye
iletilmesi amaciyla tasarlanan yapay kara alanlar1 veya biiyiik
Olcekli platformlar olarak tanimlanmaktadir (WindEurope,
2022).

Bu alandaki en somut 6rneklerden biri, Belgika tarafindan
Kuzey Denizi’'nde insa edilmekte olan Princess Elisabeth Energy
Island projesidir. Yaklasik 6-10 GW kurulu glce sahip offshore
rlizgar santrallerinden elde edilen enerjinin toplanmasini
hedefleyen bu yapay ada, yiiksek gerilim dogru akim (HVDC)
teknolojisi ile Belgika’nin yani sira komsu iilkelere de elektrik
iletimi saglayacak sekilde planlanmistir. Proje, sadece bir enerji
iletim merkezi degil, aym1 zamanda Avrupa elektrik sebekeleri
arasinda entegrasyonu giliclendiren stratejik bir enerji diiglimii
olarak konumlandirilmaktadir (Elia Group, 2023).

Benzer sekilde Danimarka, Kuzey Denizi’nde ve Baltik
Denizi’nde planladigi Enerji Adas1 (Energy Island) projeleri ile
yapay ada konseptini daha ileri bir boyuta tagimay1 hedeflemistir.
Danimarka Enerji Ajansi tarafindan gelistirilen bu konseptte,
yapay ada yalnizca elektrik iletimi igin degil; yesil hidrojen
iiretimi, enerji depolama ve sektorler arasi entegrasyon (sector
coupling) gibi ¢ok islevli bir altyapt unsuru olarak ele
alimmaktadir (Danish Energy Agency, 2021). Bu yoniiyle enerji
adalar1, klasik offshore riizgar santrali baglanti ¢éziimlerinden
ayrilmakta ve ¢ok kaynakli yenilenebilir enerji merkezleri haline
gelmektedir.

Literatiirde yapay enerji adalarinin 6ne ¢ikan avantajlar
arasinda; deniz tabaninda kablo yogunlugunun azaltilmasi, iletim
kayiplarinin diigiiriilmesi, bakim ve isletme maliyetlerinin uzun
vadede azalmasi ve farkli yenilenebilir enerji teknolojilerinin tek
bir merkezde biitiinlestirilebilmesi yer almaktadir (ENTSO-E,
2022). Bununla birlikte, bu tiir projeler yiiksek ilk yatirim
maliyetleri, cevresel etkiler ve deniz ekosistemleri Gzerindeki
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potansiyel  baskilar agisindan kapsamli  ¢evresel etki
degerlendirmeleri ~ gerektirmektedir.  Dolayisiyla  yapay
yenilenebilir enerji adalari, teknik oldugu kadar cevresel ve
yoOnetisim boyutlariyla da ¢ok disiplinli bir planlama yaklagimini

zorunlu kilmaktadir. Kuzey Denizi’nde planlanan enerji adasi
konseptine iligkin temsili bir gorsel Sekil 3’te gosterilmektedir.

Sekil 3. Kuzey Denizi enerji adas1 konsept proje temsili gorseli.
3.2. Kanal Istanbul Baglaminda Yapay Ada Tasarim

Kanal Istanbul ¢evresinde olusturulacak bir yapay enerji
adasi, hem Marmara Denizi’nin enerji potansiyelinden
yararlanma hem de hafriyatin deniz ortaminda kontrollii bigimde
degerlendirilmesi agisindan 6nemlidir. 1 km? biiytlikliigiinde ve
ortalama 25 m yiikseklige sahip bir ada i¢in gerekli dolgu hacmi:

V = 1.000.000 m2 x 25 m = 25.000.000 m3 olarak
hesaplanabilir.

Bu hesaplama, Kanal Istanbul hafriyatinin yalnizca kiigiik
bir boliimiiniin dahi enerji adasi i¢in yeterli olabilecegini
gostermektedir.
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3.3. Yapisal ve Jeoteknik Hususlar

Yapay adalarin tasariminda zemin iyilestirme, dalga
yukleri, oturma analizleri ve sismik etkiler kritik 6neme sahiptir.
Hafriyatin graniilometrik yapisi ve tagima kapasitesi, adanin uzun
vadeli stabilitesi agisindan detayli miihendislik analizleri
gerektirmektedir. Dolgu katmanlar1 ve temel sistemini i¢eren
yapay ada kesiti Sekil 4’te sunulmaktadir.

——

T
YUKSEK DAYANIMES
TAS DOLGU

B e
SIKISTIRILMIS DOLGU
GECIRIMSIZ TABAKA

KUM DOLGU TABAKAS| ———=% = — ~20-30M

GECIRGEN TAS FILTRE TABAKA! T

. LA
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* - DENiZ TABANI

KORUYURIUS TABAKAS ® == GECIRIMSIZ TABAKA  * KUM DOLGU TABAKAS| ® GEOTEKSTIL ®= GECIRIMSEZ KIL TABAKA

Sekil 4. Yapay ada kesiti, dolgu katmanlari ve temel sistemini
gosteren teknik diyagram.

4. YENILENEBILIR ENERJi URETIM
POTANSIYELI

4.1. Giines Enerjisi Potansiyeli

Marmara Bolgesi’nde yillik ortalama gilines 1smimi
yaklagik 1.168 kWh/m? duizeyindedir (GEPA, 2015). Fotovoltaik
panellerin %15 verimle ¢alistig1 varsayildiginda, 1 km?’lik bir
alandan elde edilecek y1llik enerji miktar1 yaklasik olarak asagida
hesaplanmustir.
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E =1.000.000 x 1.500 x 0.15 = 175.200.000 kWh/y1l

Bu miktar, on binlerce hanenin yillik elektrik ihtiyacini
karsilayabilecek diizeydedir. Biiyiik 6l¢ekli giines enerjisi santrali
ve panel yerlesim diizenine iliskin temsili gorsel Sekil 5°te
sunulmaktadir (Renew Economy, 2025).

Sekil 5. Biiyiik dlcekli giines enerjisi santrali ve panel yerlesim
diizeni

4.2. Ruzgar Enerjisi Potansiyeli

Marmara Denizi’nde 6l¢iilen ortalama riizgar hizlar1 5-7
m/s araligindadir. Bu degerler, orta ve biiyiik Olgekli riizgar
tirbinleri igin yeterli kabul edilmektedir (REPA, 2019). 10 adet 2
MW giiciinde tiirbin i¢in yillik enerji iiretimi yaklasik olarak
asagida hesaplanmistir.

E =10 x 2 MW x 5,000 saat = 100.000 MWh/y1l
4.3. Hibrit Enerji Uretim Yaklasimi

Yapay enerji adasinda gilines ve riizgar sistemlerinin
birlikte kullanilmasi, iiretimde siireklilik ve sebeke kararliligi
acisindan Onemli avantajlar sunmaktadir. Riizgar ve giines
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enerjisini bir arada kullanan offshore hibrit sistem 6rnegi Sekil
6’da sunulmaktadir.

Sekil 6. Offshore riizgar tiirbinleri ve giines panellerinin birlikte
kullanildig: hibrit sistem 6rnegi.

5. EKONOMIK-CEVRESEL DEGERLENDIRME
5.1. Ekonomik Katkilar

Yapay enerji adasi yaklasimi, cok yonli ekonomik
faydalar saglamaktadir. Hafriyatin yeniden kullanilmasi
sayesinde depolama ve tagima maliyetleri diismekte, yenilenebilir
enerji yatirimlariyla yeni istihdam alanlar1 olugsmaktadir. Ayrica
yerli ve temiz enerji iiretimi, Tiirkiye’ nin enerji ithalatina 6dedigi
maliyetlerin azaltilmasina katki sunmaktadir.

5.2. Cevresel Kazamimlar

Yenilenebilir enerji liretimi sayesinde karbon salinimlar
azalmakta, fosil yakit kullanimina bagli c¢evresel etkiler
sinirlandirilmaktadir  (Oztirk vd.,2021 & Oztiirk vd.,2025).
Hafriyatin kontrollii kullanimi ise dogal alanlarin tahribini
onlemektedir.
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5.3. Sosyal ve Bolgesel Etkiler

Bu tiir projeler, bolgesel kalkinmay1 desteklemekte ve
enerji farkindaligimi artirmaktadir. Ayni1 zamanda {iniversite—
sanayi is birlikleri i¢in yeni arastirma alanlar1 olusturmaktadir.
Yenilenebilir enerji ile stirdiiriilebilir ¢evre arasindaki iliskiyi
vurgulayan kavramsal infografik Sekil 7°de gosterilmektedir.

JVENILENEBILIRENER)j

SURDURULEBILIR CEVRE

YESIL
TEKNOLOJI

ERILIR ENgg ;7 -

ELEKTRIKLI
ARAGLAR

Sekil 7. Yenilenebilir enerji ve siirdiiriilebilir cevre temasini
vurgulayan infografik.
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6. TARTISMA: BUYUK ALTYAPI PROJELERI
VE ENERJi ENTEGRASYONU

6.1. Altyapr  Projelerinde = Dongiisel = Ekonomi
Yaklasimi

Dongilisel ekonomi yaklasimi, atik olarak tanimlanan
materyallerin yeniden iiretim siire¢lerine kazandirilmasini esas
almaktadir. Kanal Istanbul hafriyatinin yapay enerji adas1 gibi
projelerde kullanilmasi, bu yaklagimin somut bir uygulamasidir.
Boylece lineer “kaz—kullan-at” modelinin yerine, kaynak
verimliligini esas alan bir planlama anlayis1 benimsenmis
olmaktadir.

6.2. Uluslararasi Literatiir ve Benzer Projeler

Dinya genelinde, biyuk 6lcekli liman projeleri ve enerji
adalar1 kapsaminda hafriyatin yeniden kullanildigi ornekler
mevcuttur. Ozellikle Hollanda ve Danimarka’da deniz dolgusu
yoluyla olusturulan alanlar, riizgar ve giines enerjisi liretimi i¢in
kullanilmaktadir. Bu o6rnekler, Kanal Istanbul icin onerilen
modelin uluslararast dlgekte karsiligr oldugunu gostermektedir.
Almanya’da enerji adasi ve deniz dolgusu uygulamalarina iliskin
bir 6rnek Sekil 8’de gosterilmektedir.

Sekil 8. Almanya’daki enerji adasi ve deniz dolgusu
uygulamalarindan bir 6rnek

223



Elektrik-Elektronik ve Haberlesme Miihendisligi

7. POLITIKA, PLANLAMA VE HUKUKSAL
CERCEVE

7.1. Enerji Politikalar1 Acisindan Degerlendirme

Tirkiye’nin yenilenebilir enerji hedefleri, buyuk 6lcekli
ve yenilikg¢i projelerin hayata gegirilmesini zorunlu kilmaktadir.
Yapay enerji adalari, ulusal enerji stratejileri ile uyumlu olup,
uzun vadeli planlama agisindan 6nemli avantajlar sunmaktadir.

7.2. Mekéansal Planlama ve Kiy1 Yonetimi

Yapay adalarin planlanmasi siirecinde, kiy1 alanlar
yonetimi, deniz yetki alanlari ve ¢evresel koruma statiileri dikkate
alimmalidir. Bu durum, enerji iiretimi ile cevresel koruma
arasinda dengeli bir yaklasim gerektirmektedir.

7.3. Hukuksal ve Kurumsal Boyut

Bu tiir projelerin uygulanabilirli§i, mevcut mevzuatin
yan1 sira kurumsal kapasite ile de yakindan iliskilidir. Hafriyatin
yeniden kullanimi ve deniz {istli enerji liretimi konularinda agik
ve biitiinciil bir hukuki g¢ergeve olusturulmasi Onerilmektedir.
Tiirkiye’de kiyr alanlart yonetimi ve deniz mekansal planlama
yaklagimini biitiinciil olarak ortaya koyan harita Sekil 9’da
gosterilmektedir (Turkiye DMP Platformu, 2025).

Sekil 9. Turkiye kiyr alanlari yonetimi ve deniz mekéansal
planlamasi
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8. SONUC VE ONERILER

Kanal Istanbul Projesi kapsaminda ortaya ¢ikacak yiiksek
miktardaki hafriyatin, klasik bertaraf yaklagimlarinin &tesinde
degerlendirilmesi; siirdiiriilebilir altyapir planlamasi, enerji
politikalar1 ve gevresel yonetim acisindan stratejik bir gereklilik
olarak one ¢ikmaktadir. Bu kitap boliimiinde gelistirilen
yaklasim, Kanal Istanbul’u yalmzca ulastirma ve denizcilik
odakli bir miihendislik yatirnmi olarak degil; enerji, ¢evre ve
stirdiiriilebilir kalkinma hedefleriyle biitiinlesik bir sistem olarak
ele almaktadir. Ozellikle proje kapsaminda olusacak hafriyatin,
yapay yenilenebilir enerji adalar1 aracilifiyla yeniden
kullanilmast Onerisi, lineer altyapt planlama anlayisindan
dongiisel ekonomi temelli bir yaklasima gecisin somut bir
Ornegini sunmaktadir.

Bu bolumde sunulan teknik ve kavramsal analizler,
hafriyatin yapay enerji adalarimin insasinda kullanilmasinin
mithendislik agisindan uygulanabilir, ekonomik agidan rasyonel
ve cevresel etkiler bakimindan ise 6nemli avantajlar sundugunu
ortaya koymaktadir. Hafriyatin kontrollii bigimde deniz
dolgusunda degerlendirilmesi; diizensiz depolama alanlarinin
azaltilmasi, dogal alanlar iizerindeki baskinin sinirlandirilmasi ve
ekosistemlerin korunmasi ag¢isindan kayda deger kazanimlar
saglamaktadir.

Yapay enerji adalar1 tizerinde giines ve riizgar enerjisinin
hibrit bir sistem ¢ercevesinde birlikte degerlendirilmesi,
yenilenebilir enerji iiretiminde siireklilik ve sebeke esnekligi
acisindan Onemli avantajlar sunmaktadir. Marmara Denizi gibi
hem riizgér ve giines potansiyeli hem de mevcut enerji altyapisina
erisim agisindan elverisli bir bolgede konumlanacak yapay enerji
adalar1, yalnizca yerel 6lgekte enerji liretimine katki saglamakla
kalmayip, bolgesel enerji arz giivenligini destekleyebilecek bir
kapasiteye sahiptir. Bu yonlyle onerilen model, Avrupa’da
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gelistirilen enerji adas1 uygulamalariyla teknik ve kavramsal
acidan paralellik gostermekte; Tiirkiye i¢in  yenilikgi,
Olceklenebilir ve entegre bir enerji altyapist alternatifi
sunmaktadir.

Ayrica, yapay enerji adalar1 araciliiyla gerceklestirilecek
yenilenebilir enerji iliretimi sayesinde fosil yakitlara dayali
sistemlerden kaynaklanan karbon emisyonlarinin azaltilmasi
mimkun hale gelmektedir. Bu durum, Tarkiye’nin iklim
degisikligiyle miicadele hedefleri, karbon notr vizyonu ve
uluslararas1 g¢evresel yiikiimliiliikleriyle dogrudan uyumlu bir
sonu¢ ortaya koymaktadir. Biiyiik altyapi projeleri ile enerji
yatirimlarinin birbirinden bagimsiz degil, biitiinciil bir planlama
anlayis1 c¢ercevesinde ele alinmasi gerektigi bu c¢alisma
kapsaminda acik bicimde goriilmektedir.

Bu baglamda asagidaki Oneriler gelistirilebilir: Kanal
Istanbul dzelinde yapay enerji adas1 konseptinin ayrintili teknik
ve ekonomik fizibilite caligmalarina konu edilmesi; hafriyatin
fiziksel, jeoteknik ve kimyasal 6zelliklerinin enerji adas1 tasarimi
acisindan detayli bigcimde analiz edilmesi; ¢evresel etki
degerlendirmesi (CED) siireglerine  yenilenebilir  enerji
entegrasyonunun sistematik olarak dahil edilmesi; Universiteler,
kamu kurumlar1 ve 0Ozel sektdr arasinda cok disiplinli is
birliklerinin tesvik edilmesi. Sonu¢ olarak bu g¢alisma, Kanal
Istanbul Projesi baglaminda gelistirilen yapay enerji adas
yaklagiminin mithendislik uygulanabilirligini gostermektedir.
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GORUNTU iISLEMEDE METASEZGISEL
ALGORITMALAR VE UYGULAMALARI

Selami PARMAKSIZOGLU!

1. GORUNTU ISLEMEDE MODERN
OPTIMIZASYON PARADIGMASI: BIR
GEREKLILIGIN ANALIZI

Bu bolum, metasezgisel yontemlerin goriintii isleme

alanindaki  yiikselisini  temellendiren  kuramsal  zemini
incelemektedir. Calisma, s6z konusu yontemlerin salt akademik
bir ilgi alant olmanin G&tesine gegerek; modern gorsel veri
analizinin dogasinda var olan ve giderek karmasiklagan
optimizasyon problemlerine yonelik zorunlu bir metodolojik
evrimi temsil ettigini ortaya koymaktadir. Bu baglamda
metasezgisel algoritmalar, cagdas gorsel verilerin yarattigi
hesaplamali yiik ve boyutsal zorluklara kars1 gelistirilmis stratejik
ve zorunlu bir yanit olarak konumlandirilmaktadir.

1.1. Klasik  Yontemlerin  Yetersizligi ve 1leri
Optimizasyon Thtiyaci

Goriintli isleme alani; dogas1 gere§i ¢oziim uzaymin
biiytikliigii ve karmagikligi nedeniyle, NP-zor (Non-deterministic
Polynomial-time hard) olarak nitelendirilen optimizasyon
problemleriyle karakterize edilmektedir (Abualigah vd., 2021).
Tibbi goriintiileme, uzaktan algilama ve otonom sistemler gibi
alanlardan elde edilen verilerin hacmi, hizi ve c¢esitliligi,
"boyutsallik laneti" olarak bilinen olguyu siddetlendirmekte ve
karsilagilan optimizasyon uzaylarini son derece karmasik hale

L Dr. Ogr. Uyesi, Antalya Bilim Universitesi, Sivil Havacilik Yiiksekokulu, Pilotaj

Bolimu, Antalya, ORCID: 0009-0001-2763-4156.
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getirmektedir (Tian vd., 2023). Bu uzaylar tipik olarak dogrusal
olmayan, ¢cok modlu ve genellikle tirevlienemeyen Ozellikler
sergilemektedir (Gandomi vd., 2013). Bu durumda, Klasik
deterministik ve gradyan tabanli optimizasyon algoritmalari
yetersiz kalmaktadir (Desale vd., 2015). Bu yontemlerin turev
bilgisine olan mutlak bagimliliklar1 ve cok modlu uzaylarda yerel
optimalara takilma egilimleri uygulanabilirligi kisitlamaktadir
(Gandomi vd., 2013). Bu kisitlama, problemden bagimsiz, esnek
ve yerel optimalardan kaginma yetenegine sahip daha saglam
optimizasyon paradigmalarina yonelmenin Oniinii a¢cmistir
(Mohapatra vd., 2023). Bu yonelim, derin 6grenme modellerinin
goriintii  islemede standart haline gelmesiyle daha da
belirginlesmistir. Derin Sinir Aglar1 (DNN'ler) ve Evrisimli Sinir
Aglart (CNN'ler) gibi mimariler, 6zellik ¢ikariminda devrim
yaratmis olsalar da, ayn1 zamanda optimizasyon problemini daha
da karmasiklastirmislardir (Taghavi, 2024). Bu modeller,
genellikle yiiksek boyutlu, tekrarli (redundant) ve yorumlanmasi
giic Ozellik setleri tiretme egilimindedir (Wu vd., 2025d).
Geleneksel yontemler bu tiir yiiksek boyutlu verilerle basa
cikmakta zorlanirken, metasezgisel algoritmalar, bu karmasik
uzaylarda etkili bir arama yaparak en uygun 6zellik alt kimelerini
belirleme (6zellik se¢imi) ve modellerin performansini en {ist
dizeye ¢ikaran hiperparametre konfigiirasyonlarini bulma
(hiperparametre optimizasyonu) gibi gorevler i¢in dogal bir uyum
sergilemektedir (Kaur vd., 2023). Dolayisiyla, derin 6grenme ve
metasezgisel optimizasyon arasinda simbiyotik bir iligki ortaya
cikmigtir: Derin 6grenmenin artan karmasikligi, daha sofistike
metasezgisel yontemlere olan talebi artirmakta ve bu alandaki
inovasyonu dogrudan tesvik etmektedir. Bu nedensel iligki, bu
bolumiin temel argiimanini olusturmaktadir.
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1.2. Metasezgisel Paradigma: Stokastik ve Turevsiz
Bir Coziim Yaklasimi

Klasik yontemlerin yetersiz kaldigi bu noktada,
metasezgisel algoritmalar gucli bir alternatif olarak 06ne
cikmaktadir. Bu algoritmalar, belirli bir probleme 6zgii olmayan,
st duzey, stokastik arama ve optimizasyon stratejileri sunan
cergeveler olarak tanimlanmaktadir (Glover, 1986). Temel
giicleri, probleme 06zgili varsayimlara veya gradyan bilgisine
ihtiyag duymamalarindan kaynaklanmaktadir. Bu "tlrevsiz"
doga, onlar1 goriintli isleme alanindaki karmasik, giriiltili ve
tirevlenemeyen optimizasyon problemleri i¢in dogal olarak
uygun kilmaktadir (Moghdani & Salimifard, 2018). Basitlik,
esneklik ve problemden bagimsiz uygulanabilirlik gibi
avantajlari, genis bir yelpazedeki zorluklara adapte
edilebilmelerini olanak saglamaktadir (Rajabioun, 2011).

Metasezgisel algoritmalarin sundugu bu esnek ve tiirevsiz
¢Oziim yaklagimi ile klasik tekniklerin deterministik kisitlari
arasindaki temel metodolojik farklar Sekil 1° de sematize
edilmistir.

KLASIK GORUNTU ISLEME METASEZGISEL ALGORITMALAR

-

+ Temel Filtreler « Optimizasyon Problemi
* Esikleme . e Oriintii Tanima
+  Manuel Hzellik Gikarimi r o Adaptif Coziimler

P o

Veri Analizi

YETERSIZLIKLER: ‘ J NEDEN iHTIYAG VAR?
Yiiksek Karmagiklik y g SS Ny Kiiresel Optimize
Giiriiltii Hassaslyeti b ooy M Saglamlik,
Optimal Coziim Bulamama | Kompleks Problemlerde Ustiin Bagan

Oriintii Analizi

Sekil 1. Goriintii islemede Klasik Tekniklerden Metasezgisel
Yaklasimlara Metodolojik Doniisiim

232



Elektrik-Elektronik ve Haberlesme Miihendisligi

Metasezgisel paradigmanin  merkezinde, tim bu
algoritmalar1 birlestiren temel ilke; Kesif (exploration) ve
Somdarh (exploitation) arasindaki kritik dengedir (Mirjalili &
Lewis, 2016). Cesitlendirme veya kiiresel arama olarak da bilinen
kesif, arama uzayinin genis alanlarinmi tarayarak kiiresel 6lgekte
umut vadeden bolgeleri bulma yetenegini ifade etmektedir.
SOmdrd, diger adiyla yerel arama veya yogunlastirma; mevcut iyi
¢oziimlerin komsuluguna odaklanarak yerel en iyi ¢ozlme
yakinsama siirecini tanimlamaktadir. Bu iki zit giiciin dinamik ve
uyumlu bir sekilde yonetilmesi, algoritmanin hem yerel
optimalara takilip kalmasini Onlemesini hem de verimli bir
sekilde en iyi ¢oziime yakinsamasini saglamaktadir (Tzanetos &
Blondin, 2023). Bu denge, metasezgisel yontemlerin basarisinin
anahtaridir ve bu boliim boyunca incelenecek olan algoritmalarin
temel tasarim felsefesini olusturacaktir.

Gortnti isleme problemlerinin metasezgisel
formilasyonunda, bir goriintl / Gzerindeki her bir piksel veya
ozellik seti, bir boyut olarak tanimlanmaktadir. Optimizasyon
streci, » boyutlu bir uzayda * = [21, @2, .., 0] vektorini
optimize etmeyi hedefler. Ornegin, esikleme problemlerinde Z:
degerleri optimal gri seviye degerlerini temsil ederken; 6zellik
seciminde bu degerler, bir 6zelligin se¢ilip se¢ilmeyecegine dair
ikili (binary) {0,1} degerlerini ifade etmektedir.

2. CAGDAS METASEZGISEL
ALGORITMALARIN SINIFLANDIRILMASI

Bu boliim, metasezgisel yontemlerin genis ve stirekli
genisleyen evrenini, algoritmalarin temel ilham kaynaklarina ve
altinda yatan matematiksel mekanizmalara gore siniflandirarak
yapilandirilmis bir taksonomik ¢erceve sunmaktadir. Literatiirde
"Bedava Ogle Yemegi Yok" (No Free Lunch - NFL) teoreminin
de isaret ettigi iizere, her problemin evrensel tek bir ¢oziimii
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yoktur. Bu gerceklik, arastirmacilart dogadan, fizikten ve sosyal
dinamiklerden esinlenen yeni optimizasyon stratejileri
gelistirmeye itmistir. Asagida sunulan smiflandirma, yalnizca
koklii geleneksel paradigmalar1 degil, ayn1 zamanda son yillarda
literatlire giren yenilik¢i ve spesifik problem ailelerine (6rnegin
yiiksek boyutlu 6zellik se¢imi) odaklanan yeni nesil algoritmalari
da kapsamaktadir.

2.1. Klasik Paradigmalarin Kalic Etkisi: Siirii Zekasi
ve Evrimsel Hesaplama

Modern ve hibrit algoritmalarin temelini olusturan iki ana
paradigma, giinlimiizde de gegerliligini korumakta ve literatiire
yon vermektedir.

e Siirii Zekas: (Swarm Intelligence - Sl): Bu algoritmalar,
karinca kolonileri, kus siiriileri veya balik okullar1 gibi
merkezi olmayan, kendi kendini organize eden sistemlerin
kolektif davranislarindan ilham almaktadir (Alorf, 2023).
Parcacik Siirii Optimizasyonu (PSO) ve Karmca Kolonisi
Optimizasyonu (ACQO) gibi temel algoritmalar, bu
kategorinin klasik Ornekleridir ve giinimuzde genellikle
daha gelismis veya hibrit formiilasyonlarda kullanilmaya
devam etmektedir (Fadhil & Younis, 2024).

o Evrimsel Algoritmalar (Evolutionary Algorithms - EA): Bu
algoritmalar, dogal se¢ilim, mutasyon ve rekombinasyon
gibi  biyolojik evrim prensiplerini taklit etmektedir
(Santamaria vd., 2020). Genetik Algoritmalar (GA) ve
Diferansiyel Evrim (DE) gibi yontemler, 6zellikle Sinirsel
Mimari Arama (Neural Architecture Search - NAS) gibi
karmasik arama ve optimizasyon gorevlerinde, saglamliklari
ve kuresel arama yetenekleri nedeniyle hala yaygin olarak
kullanilmaktadir (Han vd., 2024).
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2.2. Yeni Ufuklar: Fizik, Insan ve Bitki Esinli
Paradigmalar

Bu alt boliim, son yillarda metasezgisel arastirmalarda

gozlemlenen yaratici genislemeyi sergileyen ve giderek daha
fazla ilgi ¢ceken yeni algoritma ailelerini incelemektedir.

Fizik Tabanli Algoritmalar: Bu kategori, tavlama (simulated
annealing), yercekimi veya elektromanyetizma gibi fiziksel
yasalardan ve slireclerden esinlenen algoritmalari
icermektedir. Denge Optimize Edici (Equilibrium
Optimizer) gibi modern 6rnekler, bu alandaki yenilikleri
temsil etmektedir (Faramarzi vd., 2020).

Insan Tabanli Algoritmalar: Bu algoritmalar, insanlarin
sosyal, kiltirel veya bilissel davranislarini  model
almaktadir. Politik Optimize Edici (Political Optimizer)
veya Doviis Sanatlart Ogrenme Optimizasyonu (MALO)
gibi algoritmalar, bu kategorinin ilgin¢ érnekleridir (Li vd.,
2024). Ornegin, MALO algoritmasmin diisiik 151kl
goriintiilerin iyilestirilmesindeki basarisi, insan davranis
modellerinin goriintii isleme problemlerine
uyarlanabilirligini kanitlamaktadir. (Wu vd., 2023b).

Bitki Esinli Algoritmalar: Bu, son derece umut verici ancak
gbrece az arastiritlmig bir alandir. Bitki esinli algoritmalar,
bitkilerin sabit ve kaynaklar1 sinirli ortamlarda hayatta
kalmak i¢in gelistirdigi benzersiz stratejilerden (6rnegin, kok
biylmesi, fototropizma) ilham almaktadir (Wu vd., 2024a).
Bu ozellikler, onlar1 o6zellikle dagitik optimizasyon ve
kaynak tahsisi gibi problemlerde etkili kilmaktadir. Ikili
Bitki Rizom Biiylimesi (BPRGO) algoritmasi, bu alandaki
potansiyelin somut bir kanitidir. Yiiksek boyutlu 6zellik
secimi gorevlerinde, BPRGO'nun incelenen veri setlerinin
%81'inde en yliksek siniflandirma dogrulugunu elde ederken
ayn1 zamanda en kiiciik 6zellik alt kiimelerini segmesi, bu
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yaklagimin verimliligini ve giiciinii ortaya koymaktadir (Wu
vd., 2025e).

e Siirii zekasindan evrimsel hesaplamaya, fizik tabanl
modellerden bitki esinli sistemlere kadar uzanan genis
algoritma yelpazesinin sistematik dagilimi Sekil 2 tizerinde
gosterilmistir.

a %8
w M

>
FiZiK TABANLI

Simulated Anneailing
Denge Optimize

MALO

BITKi ESINLI

BPRGO

Sekil 2. Cagdas Metasezgisel Algoritmalarin ilham Kaynaklaria
Gore Taksonomik Siniflandirmasi.

Metasezgisel bir algoritmanin dayandigi metafor, sadece
isimlendirmeden ibaret olmayip; algoritmanin arama stratejisini,
avantajlarii ve sinirlarm belirleyen bir plandir. Ornegin, siirii
zekasi algoritmalar1 olan Gri Kurt Optimize Edici (GWO) ve
Harris Sahinleri Optimizasyonu (HHO), isbirlik¢i avlanma
davranislarinm1 taklit etmektedirler (Heidari vd., 2019; Mirjalili
vd., 2014). Bu davranis, hesaplamali olarak kesif (gozciiliik) ve
somiirli (avi kusatma) arasinda dogal bir dengeye doniiserek
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onlar1 etkili genel amagh optimize ediciler haline getirmistir.
Buna karsilik, BPRGO gibi bitki esinli bir algoritma, besin arayan
bir kok sisteminin  merkezi olmayan, kaynak toplama
stratejisinden esinlenmektedir (Wu vd.,2024a). Bu strateji,
yuksek boyutlu ve statik bir ortamda verimli bir arama
mekanizmasina doniismekte ve BPRGO'nun 6zellik secimi gibi
gorevlerdeki istiin basarisin1  agiklamaktadir. Bu nedenle,
metaforu anlamak, bir algoritmay1 belirli bir goriintii isleme
gorevine (6rnegin, dinamik hedef takibi vs. statik 6zellik segimi)
uygunlugunu degerlendirmek i¢in kritik bir adimdir.

3. YENI NESIL METASEZGISEL
ALGORITMALAR

Bu béliim, goriintii isleme ve ilgili alanlarda 6nemli etki
yaratmis olan oncii metasezgisel algoritmalarin derinlemesine bir
teknik analizini sunmaktadir. Bu analiz, kapsamli literatiir
taramalarina ve oOzellikle son alti yili kapsayan sistematik
incelemelere dayanmaktadir.

3.1. Etkili Algoritmalarin Sistematik Bir
Degerlendirmesi

2019 ve 2024 wyillann arasinda 150'den fazla yeni
metasezgisel algoritmanin  Onerildigi genis bir literatiir
havuzundan, 23 6ncii algoritmay1 belirleyen kapsamli bir anketin
bulgular1 1s18inda, literatiirde O6ne ¢ikan algoritmalar analiz
edilmistir. Bu algoritmalarin sec¢imi; atif sayilari, ele aldiklar
problem tiirlerinin ¢esitliligi, kaynak kodlarinin erisilebilirligi ve
durgunluk gibi geleneksel metasezgisel sorunlara getirdikleri
yenilik¢i mekanizmalar gibi nesnel kriterlere dayanmaktadir
(Dokeroglu vd., 2024). Bu listeden one ¢ikan bazi anahtar
algoritmalarin teknik bir incelemesi asagida sunulmustur:
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e Harris Sahinleri Optimizasyonu (HHO): Harris sahinlerinin
isbirlik¢i avlanma stratejilerinden esinlenen bu algoritma,
avin kacis enerjisini modelleyerek kesif ve somiirii fazlar
arasinda kurdugu dinamik gecis mekanizmasi ile One
cikmaktadir. Algoritmanin kesif, gecis ve farkli somiirii
(yumusak/sert kusatma) asamalari, bu adaptif mekanizmanin
temelini olusturmaktadir (Heidari vd., 2019).

e Deniz Yirticilar1 Algoritmast (MPA): Deniz yirticilarinin
hem Lévy ucusu hem de Brown hareketi gibi optimal
yiyecek arama stratejilerini modelleyen bu algoritma,
ozellikle goriintii esikleme gibi problemlerde iistiin
performans gostermistir (Kurban vd., 2021).

e Civik Mantar Algoritmasi (SMA): Civik mantarin yiyecek
arama davranisini taklit eden bu algoritma, pozitif ve negatif
geri bildirimler arasinda denge kurmak i¢in benzersiz bir
adaptif agirliklandirma mekanizmas: kullanarak arama
stirecini yonlendirmektedir (SMA, 2020).

e Gradyan Tabanli Optimize Edici (GBO): Bu algoritma,
gradyan tabanli yontemlerin yOnlendirme yetenegini
popiilasyon tabanli bir c¢ercevenin kiiresel arama giiciiyle
birlestiren hibrit bir yaklasimdir (Ahmadianfar vd., 2020).

o Kelebek Optimizasyon Algoritmas: (BOA): Kelebeklerin
kokuya dayali yiyecek arama davranisini modelleyen bu
algoritma, arama uzayinda gezinmek i¢in hem kiiresel hem

de yerel arama mekanizmalarini birlestirmektedir (Arora &
Singh, 2019).

Gorlintii  islemedeki yiiksek boyutlu optimizasyon
sorunlarina ¢0zlim sunan giincel algoritma setleri ve bu
algoritmalarin  karakteristik ~ Ozellikleri ~ Sekil 3' de
Ozetlenmektedir.
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Sekil 3. Yeni Nesil Metasezgisel Algoritmalarin Hibrit Yapilari ve
Gelismis Operasyonel Stratejileri

3.2. Hibridizasyon ve Yenilik¢i Esin Kaynaklaria
Odaklanma

Bu alt bolum, alandaki “mevcut algoritmalarin
birlestirilmesi  (hibridizasyon)” ve “tamamen yeni ilham
kaynaklarinin kegfi” olarak tanimlanan iki ana egilimi 6rnekleyen
algoritmalara odaklanmaktadir.

o Balina-Gri Kurt Optimizasyonu (WGWO) - Hibridizasyon
Ornegi: Bu algoritma, Balina Optimizasyon Algoritmasi'nin
(WOA) (Mirjalili & Lewis, 2016) kuresel spiral arama
yetenegini, Gri Kurt Optimize Edici'nin (GWO) (Mirjalili
vd., 2014) yerel avlanma stratejisiyle birlestirerek, 6zellikle
gercek zamanli IHA hedef takibi gibi dinamik problemlerde
ustun bir performans sergilemektedir (Wolpert & Macready,
1997).
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e Yapay Art Goriinti Algoritmasi (AAIA) - Yeni ilham
Kaynagi Ornegi: Insan gorsel sisteminin art goriintii
(afterimage) fenomeninden esinlenen bu yeni algoritma,
yerel optimalardan kaginmak i¢in hem en iyi hem de en kotii
cozimleri kullanarak arama surecini yonlendiren benzersiz
bir mekanizma sunmaktadir (Wu vd., 2025a).

e Darwinci Balina Optimizasyon Algoritmasi (DWOA) -
Gelistirme Ornegi: Bu algoritma, klasik WOA'nin durgunluk
ve erken yakinsama gibi sorunlarini agmak i¢in dogal se¢ilim
ilkelerini (survival of the fittest) algoritmik cerceveye dahil
ederek, Ozellikle gorintu segmentasyonu gibi zorlu
gorevlerde daha saglam sonuglar elde etmektedir (Wu vd.,
2024b).

Asagidaki  tablo, bu bdlimde tartisilan temel
algoritmalarin bir 6zetini sunarak, arastirmacilar i¢in pratik bir
karsilagtirma araci saglamaktadir.

Tablo 1. Etkili Metasezgisel Algoritmalari Taksonomisi ve

Ozellikleri
Algoritma Adi Kategori Temel Esin Anahtar Onemli
Kaynag islem Uygulama
Mekanizmasi Alam
Harris Sahinleri Siirii Zekast Harris Avin kagig Ozellik segimi,
Optimizasyonu sahinlerinin enerjisine smiflandirma
(HHO) isbirlik¢i dayali kesif ve
avlanmasi somurd
(yumusak/sert
kusatma)
Deniz Yirticilar Siirii Zekast Deniz Lévy ucusu ve | Gorintu
Algoritmasi yirticilarinin Brown esikleme
(MPA) yiyecek arama | hareketi, avci-
stratejileri av dinamigi
Crvik Mantar Biyo-esinli Civik Pozitif ve Muhendislik
Algoritmasi mantarin negatif geri tasarimi,
(SMA) uyarlanabilir bildirime optimizasyon
yiyecek arama | dayali adaptif
davranigt agirliklandirma
Gradyan Tabanli | Hibrit Gradyan inisi Gradyan arama | Yuksek
Optimize Edici ve poplilasyon | kurali ve yerel | boyutlu
(GBO) tabanl kagis operatorii | fonksiyon
yontemler optimizasyonu
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Balina-Gri Kurt Hibrit Balina ve gri WOA'nin Gercek
Optimizasyonu kurt avlanma kiresel spiral zamanli [HA
(WGWO) davraniglar aramast ile hedef takibi

GWO'nun

yerel avlanma

stratejisinin

birlesimi
Yapay Art Insan Tabanli Insan gorsel Eniyiveen Veri
Gorinti sistemi (art kotu cozimleri | kiimeleme
Algoritmasi goruntd, kullanarak
(AAIA) gorsel agt) yerel

optimalardan

kag¢inma
Darwinci Balina Evrimsel/Hibrit Balina Poptlasyonu Gorlntl
Optimizasyon optimizasyonu | gruplara segmentasyonu
Algoritmasi ve dogal ayrarak ve
(DWOA) secilim isbirligi

yaparak

durgunlugu

Onleme
Ikili Bitki Rizom | Bitki Esinli Bitki kok Musluk kok ve | Yiksek
Buyumesi sistemlerinin lifli kok boyutlu dzellik
(BPRGO) besin arama stratejileriyle secimi

davranisi yiksek boyutlu
uzayda verimli
arama

4. DIJITAL GORUNTU ISLEMEDE TEMEL
UYGULAMALAR VE VAKA CALISMALARI

Bu bolim, oOnceki bolimlerde sunulan teorik ve
algoritmik cerceveleri, metasezgisel yontemlerin dijital gorinti
islemenin temel problemlerini ¢ozmedeki pratik uygulamalartyla
somutlastirmaktadir. Vaka ¢aligmalari, bu algoritmalarin ger¢cek
diinya senaryolarinda nasil performans gosterdigini ve belirli
zorluklarin tistesinden nasil geldigini gostermektedir.

Cok seviyeli esikleme probleminde temel amag, Kapur
entropisi gibi fonksiyonlart maksimize eden esik degerlerini (t)
bulmaktir. m seviyeli bir esikleme i¢in amag¢ fonksiyonu su
sekilde ifade edilebilir:

Fltr by, oost) = > H;
i=1
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burada £, her bir segmentin entropisini temsil eder. Metasezgisel
algoritmalar, bu yiksek boyutlu uzayda arama yaparak global
maksimumu bulmay1 hedefler.

4.1. Goriintii Segmentasyonu ve Cok Seviyeli Esikleme

Cok seviyeli esikleme, bir goriintiiyli birden ¢ok anlaml

bolgeye ayirmak icin kullanilan temel bir segmentasyon
teknigidir. Optimal esik degerlerinin belirlenmesi, hesaplama
maliyeti ylksek ve NP-zor bir problem sinifina girmesi nedeniyle
metasezgisel yaklasimlar ic¢in kritik bir uygulama alanidir
(Kurban vd., 2021).

Karsilagtirmali Analiz: Hava gorilintiilerinin ¢ok seviyeli
esiklenmesi tlizerine yapilan yakin tarihli bir karsilastirmali
calisma, MPA, TFWO, SMA, EO, PO ve HGSO gibi alt1
yeni algoritmayr degerlendirmistir. Bulgular, Deniz
Yirticilart Algoritmast (MPA) ve Turbulent Flow of Water-
based Optimization (TFWO) algoritmalarinin, Zirve Sinyal-
Giiriiltii Oran1 (PSNR), Yapisal Benzerlik Indeksi (SSIM) ve
islem siiresi gibi metriklerde diger algoritmalara gore
istatistiksel olarak anlamli bir istiinliik sergiledigini
gostermistir (Kurban vd., 2021).

Hibrit Yaklasimlar ve COSGO: Hibridizasyon stratejisine
ornek teskil eden COSGO algoritmasi, GWO ve Kum Kedisi
Stri  Optimizasyonunun  (SCSO)  birlestirilmesiyle
olusturulan COSGO algoritmast, ¢ok seviyeli renkli goriintii
segmentasyonu gdrevlerinde kullanilmistir. Bu  hibrit
yaklagim, her iki temel algoritmanin da arama yeteneklerini
birlestirerek daha saglam ve dogru segmentasyon sonuglari
elde etmistir (Wu vd., 2025c).

Darwinci Balina Optimizasyon Algoritmast (DWOA):
Klasik bir algoritmanin nasil gelistirilebilecegini gdsteren
DWOA, standart WOA'min erken yakinsama sorununu ele
almaktadir. Dogal secilim ilkelerini dahil ederek,
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algoritmanin durgunluktan ka¢inmasini ve segmentasyon
gorevlerinde daha iyi Kapur uygunluk degerleri elde
etmesini saglamaktadir (Wu vd., 2024b).

4.2. Yiksek Boyutlu Ozellik Secimi

Ozellik secimi, zellikle tibbi goriintiileme ve uzaktan

algilama gibi yiliksek boyutlu veri setlerinin yaygin oldugu
alanlarda, "boyutsallilk lanetini" hafifletmek, hesaplama
maliyetini diistirmek ve siniflandirict dogrulugunu artirmak i¢in
kritik bir 6n isleme adimidir (Dokeroglu vd., 2024).

BPRGO Algoritmasi: Bu alanda, bitki esinli algoritmalarin
potansiyelini sergileyen Ikili Bitki Rizom Biiyiimesi
(BPRGO) algoritmas1 6ne ¢ikmaktadir. BPRGO, yiiksek
boyutlu 6zellik se¢imi gorevlerinde, minimum sayida 6zellik
secerken maksimum smiflandirma dogrulugu elde etme
yetenegiyle dikkat ¢ekmektedir. Bu sonuglar, biyolojik
tabanli yeni metaforlarin, yerlesik algoritmalara kiyasla
yiksek boyutlu uzaylarda daha etkin arama stratejileri
sunabildigini gostermektedir (Wu vd., 2024a).

4.3. Tleri Duizey Uygulamalar

Gergek Zamanl Takip: WGWO modeli, ¢oklu Insansiz
Hava Araci1 (IHA) sistemlerinde isbirlik¢i hedef takibi i¢in
bir vaka calismasi olarak sunulmaktadir. Bu model,
WOA'nin kiiresel arama yetenegini, GWO'nun yerel tanima
giiciyle ve ConvNeXt gibi modern derin 6grenme
modellerinin 6zellik ¢ikarma kapasitesiyle birlestirerek,
dinamik ortamlarda saglam ve dogru bir takip performansi
saglamaktadir (Wu vd., 2025f).

Tibbi Teshis: Metasezgisel yontemler, kanser teshisi gibi
krittk tibbi uygulamalarda, o6zellik sec¢imi, lezyon
segmentasyonu ve siniflandirma modellerinin
optimizasyonunda yaygin olarak kullanilmaktadir. Bu
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algoritmalar, tibbi goriintiilerden en bilgilendirici 6zellikleri
secerek ve smiflandiricilarin hiperparametrelerini optimize
ederek teshis dogrulugunu artirmaya yardimci olmaktadir
(Kaur vd., 2023).

Asagidaki tablo, bir arastirmacinin belirli bir goriintii

isleme problemi i¢in en umut verici modern algoritmay1 hizlica

belirlemesine
gérmektedir.

yardimci

olan pratik bir

kilavuz

gorevi

Tablo 2. Gériintii isleme Problemlerinin Optimal Metasezgisel
Coziimlerle Eslestirilmesi

Goriintii isleme | Son Teknoloji Anahtar Kaynak(lar)
Problemi Algoritma(lar) Performans
Metrigi
Cok Seviyeli Deniz Yirticilari PSNR, SSIM, (Kurban vd.,
Esikleme Algoritmasi (MPA), CPU Sdresi 2021)
Turbulent Flow of
Water-based
Optimization (TFWQ)
Cok Seviyeli COSGO (GWO + Global (Wu vd.,
Esikleme (Hibrit) | SCSO) optimizasyon 2025c)
performansi
Cok Seviyeli Darwinci Balina Kapur uygunluk (Wu vd.,
Esikleme Optimizasyon degeri, 2024b)
(Gelistirilmis) Algoritmasi (DWOA) durgunluktan
kag¢inma
Yuksek Boyutlu Ikili Bitki Rizom Siniflandirma (Wu vd.,
Ozellik Segimi Biyumesi (BPRGO) dogrulugu, 2024a)
ozellik alt kimesi
boyutu
Gergek Zamanl Balina-Gri Kurt Hedef tanima (Wu vd.,
Hedef Takibi Optimizasyonu dogrulugu, hedef | 2025f)
(WGWO) kayip orant
Hiperparametre Genetik Algoritma Model (Gao vd.,
Optimizasyonu (GA), Pargacik Siirii dogrulugu, Dice 2021)
Optimizasyonu (PSO) skoru
Gece Goruntusu Déviig Sanatlart Gorsel etki, nicel | (Wu vd.,
Tyilestirme Ogrenme gorinti kalitesi 2023b)
Optimizasyonu
(MALO)
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5. YENI UFUK: METASEZGIiSEL YONTEMLER
VE DERIN OGRENME SINERJISI

Bu boliim, metasezgisel optimizasyon alanindaki en
dontstiiriicii ve etkili egilimi, yani bu yontemlerin yapay zeka,
ozellikle de derin 6grenme (DL) ile olan derin ve simbiyotik
entegrasyonunu ele almaktadir. Bu sinerji, her iki alanin da
yeteneklerini karsilikli olarak artirarak yeni nesil hibrit zeki
sistemlerin temelini olusturmaktadir.

5.1. "Kara Kutu''yu Optimize Etmek:
Hiperparametre Ayarlama ve Sinirsel Mimari
Arama (NAS)

Derin 0grenme modelleri, yiiksek performanslarina
karsin, i¢ calisma dinamiklerinin opaklig1 nedeniyle literatiirde
genellikle "kara kutu" (black-box) sistemler olarak
nitelendirilmektedir. Bu  parametrelerin  manuel olarak
ayarlanmasi, hem zaman alict hem de genellikle suboptimal
sonuglar Greten verimsiz bir surectir. Bu noktada, GA, PSO ve
DE gibi metasezgisel algoritmalar, bu siireci otomatiklestirmek
icin guclu araglar olarak devreye girmektedir. Bu algoritmalar,
olas1 konfigiirasyonlarin olusturdugu devasa arama uzayini
sistematik olarak arastirarak, belirli bir gorev i¢in en uygun
hiperparametre setini veya sinir ag1 mimarisini (NAS araciligiyla)
bularak modelin dogrulugunu, genelleme yetenegini ve
saglamligin1 6nemli 6l¢lide artirmaktadir (Gao vd., 2021).

5.2. Hibrit Cerceveler: iki Diinyammn En lyisinin
Birlesimi

Bu alt bolum, metasezgisel yontemlerin ve derin
O0grenmenin sadece sirali olarak degil, ayn1 zamanda derinden
entegre oldugu hibrit modellere odaklanmaktadir. Bu alandaki
baskin paradigma; derin mimarilerin (6rn. CNN, ViT) yiiksek
seviyeli 6zellik ¢ikarim yetenegi ile metasezgisel algoritmalarin
arama guclinid entegre etmektir. Bu optimizasyon, en
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bilgilendirici 6zelliklerin segilmesi veya model parametrelerinin
daha da iyilestirilmesi seklinde olabilir (Wu vd., 2023d).

Kuantum-Lévy Hibrit Metasezgisel Derin Ogrenme (QL-
HMDL) Cergevesi: Bu vaka ¢alismasi, alanin en ileri noktasini
temsil etmektedir. Termal gorintiler kullanarak fotovoltaik (PV)
sistemlerdeki arizalar tespit etmek i¢in gelistirilen QL-HMDL
boru hatti su adimlardan olugmaktadir (Wu vd., 2025d):

1.0zellik Cikarimi: ConvNeXt-Tiny ve Vision Transformer
gibi birden fazla modern derin O6grenme omurgasi
kullanilarak zengin bir 6zellik havuzu olusturulur.

2.0zellik Optimizasyonu: Yeni gelistirilen Kuantum-Lévy
ile Gelistirilmis Harris Sahinleri Optimize Edici (Q-L
HHO), bu 6zellik havuzundan en ayirt edici ve kompakt
alt kiimeyi se¢mek icin kullanilmaktadir. Bu optimize
edici, kuantum hesaplamadan esinlenen kuantum-
olasiliksal kodlama ve arama uzayinda uzun sigramalar
yapmay1 saglayan Lévy-ucusu kesfi gibi gelismis
mekanizmalar1 birlestirerek kiiresel arama yetenegini
artirtp erken yakinsamay1 6nlemektedir.

3.Sonugclar: Bu hibrit yaklagim, 6zellik sayisinda %65'lik bir
azalma ve hesaplama maliyetinde %30'luk bir diisiis
saglarken, %98.9 gibi son derece yiiksek bir
siniflandirma  dogruluguna  ulasarak  etkinligini
kanitlamigtir (Wu vd., 2025d).

Derin 6grenme ile entegrasyon, "Yapay Zeka Giidiimlii
Metasezgisel Yontemler" olarak adlandirilabilecek yeni bir
algoritma smifinin dogusuna yol ag¢maktadir. Bu yeni
paradigmada, metasezgisel bir algoritmanin en maliyetli adimi
olan uygunluk fonksiyonu degerlendirmesi, bu gorevi yaklasik
olarak yerine getirmek iizere egitilmis bir yapay zeka modeli
tarafindan gergeklestirilebilir. Ornegin, bir yol agi tasarim
problemi icin uygunluk fonksiyonunu hesaplamak yerine, bu
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fonksiyonu milisaniyeler mertebesinde daha hizli bir sekilde
tahmin etmek {izere bir Grafik Sinir Ag1 (GNN) egitilmistir. Bu
yaklagim, optimizasyon paradigmasinda bir donilisiimii isaret
eder: Algoritmalar, yiksek maliyetli kesin hesaplamalar yerine,
giirliltiilii ancak ¢ok daha hizli yapay zeka tahmincilerini
kullanarak cok daha fazla yineleme yapabilirler. Bu durum,
gelecekteki  aragtirmalarin, yapay zeka ile  sinerjinin
yonlendirdigi, giiriiltiilii uygunluk fonksiyonlarina karsi saglam
metasezgisel yontemler gelistirmeye odaklanacagini
gostermektedir (Wu vd., 2023a).

6. DOGAL ZORLUKLARIN USTESINDEN
GELMEK: PERFORMANS, AYARLAMA VE
GELISTIRME

Bu bolim, metasezgisel algoritmalarin  pratik
uygulamalardaki etkinligini siirlayan temel zorluklar1 ve bu
zorluklarin iistesinden gelmek icin gelistirilen stratejik ¢oziimleri
ele almaktadir. Amag, bu yontemleri daha giiglii, verimli ve
guvenilir hale getirmektir.

6.1. Suregelen Metodolojik Sorunlar

Metasezgisel algoritmalarin dogasinda var olan ve
performanslarini etkileyen bazi temel sorunlar bulunmaktadir:

e Erken Yakinsama ve Durgunluk: Algoritmalarin, arama
uzaymin yalnizca kiigiik bir boliimiinii kesfettikten sonra
suboptimal bir ¢dzlim olan yerel bir optimada takilip kalma
riski, en yaygin sorunlardan biridir. Bu durum, WOA ve
GWO gibi populer algoritmalar da dahil olmak Gzere birgok
yontemde go6zlemlenmektedir (Kaur & Arora, 2017;
Mirjalili vd., 2014).

o Kesif-Somiirii Ikilemi: Bir metasezgisel algoritmanimn
basarisi, ¢0ziim uzayimin genis bir sekilde taranmasi (kesif)
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ile umut vadeden bolgelerin etrafinda hassas bir arama
yapilmasi (somiirii) arasindaki dengeye kritik bir sekilde
baglhdir. Bu dengenin kurulamamasi, ya erken yakinsamaya
(asir1  sOmiirii) ya da verimsiz derecede yavas bir
yakinsamaya (asir1 kesif) yol agmaktadir (Kaur vd., 2020).

Parametre Ayarlama Karmasikligi: Bircok metasezgisel
yontemin performansi, popiilasyon boyutu, mutasyon orani
veya diger kontrol parametreleri gibi i¢sel parametrelerine
biiyiik 6l¢iide baglidir. Bu parametrelerin optimal degerleri
probleme 6zgudir ve genellikle deneme-yanilma yoluyla,
zaman alic1 ve sezgisel olmayan bir manuel ayarlama siireci
gerektirmektedir (Dokeroglu vd., 2024).

6.2. Stratejik Gelistirmeler ve Modern Coziimler

Bu zorluklarin iistesinden gelmek icin arastirma toplulugu

tarafindan cesitli stratejiler gelistirilmistir:

Algoritmik Iyilestirmeler: Algoritmalarm performansini
artirmak i¢in ¢esitli mekanizmalar Onerilmistir. Bunlar
arasinda, rastgeleligi artirarak yerel optimalardan kaginmaya
yardimct olan kaotik haritalarin dahil edilmesi ve arama
uzayinin daha genis bir sekilde kesfedilmesini saglayan
zithga dayali 6grenme (opposition-based learning) gibi
teknikler bulunmaktadir (Kaur vd., 2020).

Donanim Hizlandirma: Grafik islem Birimlerinin (GPU'lar)
paralel hesaplama gucl, metasezgisel optimizasyon icin
Oonemli bir firsat sunmaktadir. Siirii zekas: ve evrimsel
algoritmalarin dogas1 geregi paralel olan yapisi, GPU
donanimlar1 ile hizli ¢béziimlere ulasmayir ideal hale
getirmistir.  Bu,  Ozellikle  uygunluk  fonksiyonu
degerlendirmesinin maliyetli oldugu durumlarda hesaplama
siiresini  Onemli Olgiide azaltabilir ve gercek zamanlh
uygulamalar1 miimkiin kilabilir. GPU hizlandirmali Coklu
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Kilavuzlu Kivileim Havai Fisek Algoritmast (MGFWA), bu
yaklagimin basarili bir 6rnegidir (Wu vd., 2025b).

e Otomatik Algoritma Tasarimi (Automated Algorithm
Design): Parametre ayarlama sorununa daha sofistike bir
¢Oziim olarak, otomatik tasarim kavrami ortaya ¢ikmistir. Bu
yaklagimda, bir iist diizey metasezgisel algoritma (6rnegin,
Yinelemeli Yerel Arama), bir alt dizey metasezgisel
algoritmanin (6rnegin, GA) parametrelerini veya hatta
bilesenlerini  otomatik  olarak  yapilandirmak  i¢in
kullanilmaktadir. Bu, insan Onyargisin1 ortadan kaldirarak
daha etkili ve probleme 6zgii algoritmalarin tasarlanmasina
olanak tanimaktadir (Nyathi, 2024).

"Bedava Ogle Yemegi Yok" (No Free Lunch - NFL)
teoremi, metasezgisel  optimizasyon  alanmmin  siirekli
genislemesinin ve cesitlenmesinin arkasindaki teorik gerekcegi
olusturmaktadir. NFL teoremi, tiim olas1t optimizasyon
problemleri icin evrensel olarak en iyi performansi gosteren tek
bir algoritmanin olamayacagin1i matematiksel olarak ifade
etmektedir (Wolpert & Macready, 1997). Bu teorik sinirlama,
yeni ve daha karmasik problem alanlar1 (6rnegin, goriintii analizi
gorevleri) ortaya ciktikga, her zaman yeni veya uyarlanmis
algoritmalara ihtiyag duyulacagi anlamima gelmektedir. Bu
durum, literatiirde 500'den fazla metasezgisel algoritmanin
bulunmasint ve siirekli yenilerinin Onerilmesini dogrudan
aciklamaktadir (Dokeroglu vd., 2024). Arastirmacilar, mevcut
algoritmalarin yetersiz kaldig1 belirli nisler i¢in daha iyi ¢ozliimler
arayarak bu boslugu doldurmaya caligmaktadir. Bu aym
zamanda, birden fazla algoritmanin gii¢lii yonlerini birlestiren
hibridizasyon (6rnegin, WGWO, COSGO) ve mevcut
algoritmalar1 belirli bir probleme daha iyi uyacak sekilde
gelistiren stratejilerin yiikselisinin de arkasindaki temel itici
guctar.
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7. GELECEK CALISMALAR VE SONUC

Bu son bolim, onceki bolimlerde sunulan analizleri

sentezleyerek metasezgisel optimizasyon alaninin mevcut
durumunu 6zetlemekte ve gelecekteki yoringesine dair ileriye
doniik bir vizyon sunmaktadir.

7.1. Gelisen Arastirma Ufuklari

Alan, birka¢ heyecan verici ve dOniistiirlici yonde

ilerlemektedir:

Kuantum Esinli  Metasezgisel Yontemler: Kuantum
hesaplama ilkelerinin (ktbitlerin stiperpozisyonu gibi) klasik
optimizasyon  algoritmalarina  entegrasyonu, arama
yeteneklerini temelden degistirme potansiyeline sahiptir.
B6lim 5'te incelenen Q-L HHO 6rnegi, kuantum-olasiliksal
kodlamanin arama uzayini nasil genisletebilecegini ve daha
saglam kiiresel arama saglayabilecegini gostermektedir (Wu
vd., 2025d). Bu, gelecekteki metasezgisel tasarimlar igin
Oonemli bir aragtirma yoniidiir.

Optimizasyonda Aciklanabilir Yapay Zeka (XAl):
Metasezgisel-derin 6grenme hibritleri, tibbi teshis gibi kritik
ve Yyiksek riskli uygulamalarda giderek daha fazla
kullanildik¢a, bu "kara kutu" modellerin karar verme
stireglerinin seffaf olmasi zorunlu hale gelecektir (Kaur vd.,
2023). Gelecekteki arastirmalarin, bir ¢oziimiin neden ve
nasil se¢ildigini aciklayabilen, optimizasyon siirecini daha
yorumlanabilir ve giivenilir kilan XAI teknikleri
gelistirmeye odaklanacagi ongoriilmektedir.

Bitki Esinli Yontemlerin Yiikselisi: Yiiksek boyutlu 6zellik
se¢imi gibi zorlu gorevlerde kanitlanmais {istiin basarilar1 géz
Oniine alindiginda, bitki esinli algoritmalarin popiilaritesinin
artmast beklenmektedir (Wu vd., 2025e). Bu alandaki
arastirmalarin,  yeni  bitki  esinli  algoritmalarin
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gelistirilmesine ve bunlarin goriintli islemedeki diger "biiyiik
veri" problemlerine uygulanmasina odaklanacagi tahmin
edilmektedir.

7.2. Sentez ve Genel Bakis

Bu kitap bolumu boyunca, metasezgisel optimizasyon
alanindaki birka¢ anahtar egilim belirlenmistir: (1) tekil
algoritmalarin zayifliklarini gidermek i¢in hibridizasyona dogru
belirgin bir yonelim; (2) metasezgisel yontemlerin ve derin
ogrenmenin giderek artan derin sinerjisi; (3) bitkiler ve insan
algis1 gibi yeni ve g¢esitli ilham kaynaklarinin kesfi; ve (4)
otomasyon ve donanim hizlandirma yoluyla algoritmalarin daha
verimli ve erisilebilir hale getirilmesi.

Sonu¢ olarak metasezgisel yontemler; modern goérinti
isleme ve bilgisayar goriisii alanlarindaki karmasik optimizasyon
problemlerinin ¢odziimiinde tamamlayic1 ve vazgegilmez bir
bilesen haline gelmistir. Yapay zeka ve metasezgisel yontemlere
yapilan artan kurumsal ve hiikiimet yatirimlar1 ile bu alandaki
yayin sayisindaki istikrarli artis, bu teknolojilerin artan 6neminin
ve gelecekteki potansiyelinin bir kanitidir (Stanford Institute for
Human-Centered Al, 2025). Bu algoritmalar, gelecegin
optimizasyon problemlerini ¢ézmek icin bir kose tasi teknolojisi
olmaya devam edecektir.
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BILGISAYARLI TOMOGRAFI
GORUNTULERINDEN DERIN OGRENME
TABANLI AKCiGER KANSERI ANALIZi

Fatih UYSAL!
Merve DEMIRCI?

1. GIRIS

Akciger organinda bulunan hiicre miktarinin kontrolsiiz
bir sekilde artmasiyla, akciger kanseri hastaligt ortaya
cikabilmektedir. Risk gruplarina detayl olarak bakildiginda, her
ne kadar sigara igen kisilerde siklikla akciger kanserinin meydana
geldigi goriilebilmekle birlikte, yagaminin hicbir asamasinda
herhangi bir sigara igme eyleminde bulunmayan kisilerde bile bu
hastalik goriilebilmektedir. Akciger kanseri hastaligi, yasamini
yitiren kisilerin oran1 agisindan diinya genelinde bakildiginda ¢ok
yaygin olarak kendini géstermektedir (Mayo Clinic Staff, 2024).

Akciger kanserinin c¢ok c¢esitli belirtileri ve nedenleri
bulanabilmektedir. Belirtiler ileri evrede ses kisikligi, gogiis
agrist, nefes darlig1 olarak kendini gosterirken; yayilim
durumunda ise istahsizlik, bas agrisi, istemsiz kilo kaybi, kemik
agris1 seklinde gozlemlenmektedir. Akciger kanseri ile ilgili
olarak hem yayilim durumu hem de ileri evrede bir¢ok belirti yer
almakla birlikte, erken evrede ise ¢ogunlukla herhangi bir belirti
ortaya ¢ikmamaktadir. Belirtiler bu dagilimla gézlemlenirken,
akciger kanseri nedenler ise akciger hiicrelerindeki cesitli
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degisiklikler ile hiicrelerin kontrolsiiz gogalmasi, sigara kullanimi
ve kanserojen madde yoluyla hiicre hasari, hiicre hasarlarinin giin
gectikce metastaz ve tiimor olusturulmasi seklindedir (Mayo
Clinic Staff, 2024).

Akciger kanseri, histopatolojik 6zelliklerine gore temel
olarak kiiciik hiicreli akciger kanseri ve kiiciik hiicreli dis1 akciger
kanseri olmak tizere iki ana grupta simniflandirilmaktadir. Kiigiik
hiicreli akciger kanseri ¢ogunlukla uzun siireli ve yogun tiitiin
kullanim Oykiisii bulunan bireylerde goriilmekte olup, hizli
proliferasyon ve ylksek metastaz potansiyeli ile daha agresif bir
Klinik seyir sergilemektedir. En yaygimn alt grup olan kiigiik
hiicreli dis1 akciger kanseri ise adenokarsinom, skuamoz hiicreli
karsinom ve biyiik hiicreli karsinom gibi farkli histolojik alt
tipleri kapsamaktadir. Hastaligin gelisiminde sigara kullanimi1 ve
pasif dumana maruziyet basta olmak iizere, gdgiis bolgesine
uygulanan radyoterapi Oykiisii, radon gazina maruz kalma, is
ortaminda bulunan asbest, arsenik, krom ve nikel gibi kanserojen
ajanlar ile genetik yatkinligi yansitan aile Oykiisii 6nemli risk
faktorleri arasinda yer almaktadir (Mayo Clinic Staff, 2024).

Akciger kanseri, hastaligin evresine ve yayilim derecesine
bagl olarak ¢esitli klinik komplikasyonlara yol agabilmektedir.
Tiimoéral biiylimenin hava yollarii etkilemesi veya vaskiiler
yapilara invazyonu sonucu nefes darligt ve hemoptizi
goriilebilirken, ozellikle kemik metastazi bulunan olgularda
belirgin agr1 ortaya ¢ikabilmektedir. Ayrica plevral boslukta sivi
birikimi ile karakterize edilen plevral eflizyon solunumsal
fonksiyonlar1 olumsuz etkileyebilmektedir. Hastaligin beyin ve
iskelet sistemi gibi uzak organlara metastaz yapmasi durumunda
prognoz belirgin sekilde kdtiilesmekte olup, bu evrede tedavi
yaklagimlar1 genellikle kiiratif olmaktan ziyade semptomlarin
kontrol altina alinmasi ve sagkalim siiresinin uzatilmasina
odaklanmaktadir. Ote yandan, akciger kanseri riskinin
azaltilmasinda tiitiin iirtinlerinin kullanilmamasi veya birakilmasi
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temel bir strateji olarak 6ne ¢ikmakta; pasif dumana maruziyetin
sinirlandirilmasi, yasam alanlarinda radon  diizeylerinin
denetlenmesi, mesleki ortamlarda koruyucu 6nlemlerin
uygulanmasi, dengeli ve bitkisel agirlikli  beslenme
aliskanliklarimin benimsenmesi ile dizenli fiziksel aktivitenin
siirdliriilmesi koruyucu yaklasimlar arasinda yer almaktadir
(Mayo Clinic Staff, 2024).

Bu derleme calismasi kapsaminda giris bdliimiinde
akciger kanseri hastaliginin 6nem, neden, belirtileri, korunma
yontemleri, tiirleri ve risk faktorleri gibi kisimlara yer verilmistir.
Caligmanin devaminda ise sirasiyla bilgisayar tomografi tabanl
akciger kanseri analizinde kullanilan bazi verisetleri, derin
O0grenme tabanli akciger kanseri tespiti, smiflandirmasi ve
segmentasyonu c¢aligmalart ile sonucglar kisimlarma yer
verilmistir.

2. BILGISAYARLI TOMOGRAFi TABANLI
AKCIGER KANSERI ANALIZINDE
KULLANILAN VERIi SETLERI

Bilgisayarli tomografi tabanli olarak akciger kanseri
analizi icin literatiirde kullanilan agik kaynakli birgok farkli
veriseti  bulunmaktadir. Bu  verisetlerinin  bir  kism
incelendiginde; Akciger Goriintli Veritaban1 Konsorsiyumu (The
Lung Image Database Consortium, LIDC) ve Goriintii Veritabani
Kaynak Girisimi (Image Database Resource Initiative, IDRI)
veriseti, Akciger Nodiill Analizi (Lung Nodule Analysis,
LUNAL6) veriseti, Japon Radyolojik Teknoloji Dernegi
(Japanese Society of Radiological Technology, JSRT) veriseti,
Kiigiik Hiicreli Dis1 Akciger Kanseri (Non-Small Cell Lung
Cancer, NSCLC) Radyogenomik veriseti olmak Uzere bu dort
temel verisetinin siklikla kullanildigr  gézlemlenmektedir
(Armato etal., 2011; Setio et al., 2017; Shiraishi et al., 2000; Bakr
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et al., 2018). Bu verisetlerine iliskin olarak detayli karsilastirma
tablosu agagidaki Tablo 1°de yer almaktadir.

Tablo 1. Akciger Kanserine fliskin A¢ik Kaynakh Verisetleri

Kaynak Veriseti Veriseti Detaylari
Adi
Armato et al., LIDC ve 1000’in Gzerinde hastaya ait bilgisayarl
2011 IDRI tomografi gorintileri
Setio et al., LUNA16 800°in fazla bilgisayar tomografi goriintuleri
2017
Shiraishi et al., JSRT 154 nodiil iceren ve 93 nodul icermeyen toplam
2000 247 gorintu
Bakr et al., NSCLC 200’{n zerinde hastaya ait bir kistm
2018 bilgisayarli tomografi goriintiileri

3. DERIN OGRENME TABANLI AKCIiGER
KANSERI TESPIiTi, SINIFLANDIRMASI VE
SEGMENTASYONU CALISMALARI

Literatlirde yapay zekanin bir alt dali olan derin 6grenme
ile iligkili olarak ¢ogunlukla bilgisayarli tomografi goriintiilerinin
kullanildig1 akciger kanseri hastaliginin tespiti, siniflandirmasi ve
segmentasyonuna iligkin olarak bir¢ok farkli ¢alisma mevcuttur.
Bu calismalar bu kismin devaminda detayli olarak belirtilmistir.

Bilgisayarli tomografi goriintiilerinde akciger nodiillerini
belirlemeye odaklanan bir calismada, segmentasyon igin 3D-
VNet, malignite ayrimi i¢in ise 3D-ResNet tabanli bir yaklagim
onerilmistir. LUNAIL6 veri setinde yapilan deneylerde
segmentasyonda  %99,34  Zar  Benzerlik = Katsayisi,
simiflandirmada  %99,2 dogruluk ve %98.,8 duyarlilik elde
edilmistir. Siif dengesizligini azaltan yontemler ve hacimsel
analiz sayesinde yanlis pozitif oram1 %0,4’e diisiiriilerek klinik
tani1 siirecinin etkinliginin artirilmast amag¢lanmistir (Crasta et al.,
2024). Bir bagka calismada ise, akciger kanserinin erken tanisini
giiclendirmek amaciyla optimize edilmis Bi-LSTM aglar
incelenmigtir. NSCLC Radiogenomics veri seti tizerinde Kuguk
hicreli ve kiigiik hiicreli dis1 akciger kanseri tlrl ayrimina
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odaklanan arastirmada, el yapimi 6znitelikler ile derin 6grenme
yaklagimlart karsilastirilmis ve Bayesian optimizasyonu ile
model ayarlari iyilestirilmistir. Sonuglar, Bi-LSTM’nin %99,89
dogruluk ve 1,000 AUC degeriyle diger yontemleri geride
biraktigim1 ve hibrit yaklasgimlarin klinik goriintii analizinde
yiiksek potansiyel sundugunu gostermistir (Diao et al., 2025).

Akciger kanserinin erken tanisini gelistirmek amaciyla
Onerilen CanNS (Cancer Nexus Synergy) cercevesi, bilgisayarli
tomografi goriintiilerinde timor bdlgelerini ayirmak i¢in Swin-
Transformer tabanli SwiNet mimarisini kullanmaktadir.
Siniflandirmada ise Xception, Derin LSTM ve GAN (Uretken
Cekismeli Aglar) bilesenlerini birlestiren hibrit bir yapidan
yararlanilmig,  hiperparametre  ayarlar1  6zgiin  DevLO
optimizasyon algoritmasiyla iyilestirilmistir. Kaggle veri setinde
elde edilen %99,09 dogruluk ve yiiksek duyarlilik degerleri,
yaklasimin digiik maliyetle etkili klinik karar destegi
sunabilecegini gostermektedir (Durgam et al., 2025). Diger
calisma incelendiginde ise, akciger kanserinin erken tanisi ve alt
tiplerinin belirlenmesi i¢in YOLO tabanli nesne tespit modelleri
degerlendirilmistir. Lung-PET-CT-Dx veri setindeki 20.000°den
fazla bilgisayarli tomografi goruntist Uzerinde YOLOv5—
YOLOvI1 siirimleri kargilastirnllmis, YOLOvV8’in  mAP
(ortalama hassasiyet), kesinlik ve duyarlilik agisindan en iyi
performansi gosterdigi saptanmistir. Ozellikle %90,32 kesinlik ve
%84,91 duyarlilik degerleriyle modelin klinik tan1 ve erken tedavi
planlamasini destekleyebilecegi ortaya konmustur (Huang et al.,
2025).

Akciger kanserinin erken tanist i¢in smiflandirma ve
segmentasyonu Dbirlestiren iki asamali bir derin G6grenme
yaklagimi sunulan bir g¢alismada, ilk asamada farkli CNN
modelleri karsilagtirnllmis ve InceptionResNetV2  %98,57
dogrulukla éne ¢ikmustir. Ikinci asamada tiimér smirlart UNet,
SegNet ve InceptionUNet ile incelenmis, UNet %95,86 IoU
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degeriyle en basarili sonucu vermistir. Bulgular, entegre
yaklagimin klinik dogrulugu artirdigin1 ve sade mimarilerin bazi
durumlarda daha karmasik modellere {istiin olabildigini
gostermektedir (Kalkan et al., 2024). Bilgisayarli tomografi
gortntiilerinden akciger kanserini siniflandirmak i¢in gSC-DViT
adli hafif bir derin 6grenme modeli sunulan bir diger ¢alismada
ise, gurdltu giderme igin GaBF (Gaussian kapali Bilateral
Filtreleme), 6znitelik indirgeme i¢cin CVA (Kosullu Varyasyonel
Otomatik Kodlayici) kullanilmig; siniflandirmada ise grup bazli
ayrilabilir konvoliisyon ve c¢ift dikkat mekanizmalartyla
hesaplama yiikii azaltilmigtir. Puma optimizasyonu ile ayarlanan
model, iki farkli veri setinde %99,52 ve %99,69 dogruluk elde
ederek diisiik maliyetli ve gercek zamanl klinik kullanim i¢in

giiclii bir alternatif oldugunu gostermistir (Mannepalli et al.,
2025).

Akciger rontgen (X-ray) goriintiilerinden hastalik tespiti
icin geleneksel yontemler ile derin dgrenmeyi birlestiren bir
calismada, iki asamali bir yap1 Onerilmis ve InceptionV3
modelinin %97,05 dogrulukla diger yaklasimlar1 belirgin bicimde
geride biraktig1 gosterilmistir (Meeradevi et al., 2025). Baska bir
calismada ise, CNN ve ViT tabanli hafif bir hibrit model ile BT
gorilintiilerinden akciger kanseri alt tipleri erken evrede
siniflandirilmis ve iki farkli veri setinde %98’in {lizerinde
dogruluk elde edilerek modelin klinik olarak anlamli bolgelere
odaklandig1 gosterilmistir (Ozdemir et al., 2025). Ayrica,
Dinamik Dortli-Histogram Esitleme (QDHE) 6n isleme ve SE-
ResNeXt-50-CNN mimarisini birlestiren hibrit bir yaklagim
kullanilan bir calismada, BT goriintiilerinden akciger kanseri
ylksek dogrulukla siniflandirilmis ve LUNA16 veri setinde
%99’un lizerinde performans elde edilmistir (Priya & Bharathi,
2025).

Bilgisayarli tomografi goriintiilerinden akciger kanserinin
tespiti ve dort sinifa ayrilmasi icin VER-Net adli hibrit bir model
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Onerilen bir ¢caligmada, veri 6n isleme ve dengeleme adimlarinin
ardindan VGG19, EfficientNetBO ve ResNetl01 c¢iktilar
birlestirilerek derin yogun katmanlarla optimize edilmistir. Elde
edilen %91 dogruluk ve %92 kesinlik degerleri, yaklagimin ¢oklu
transfer O6grenme modellerini bir araya getirerek klinik tani
performansini artirdigin1  gdstermektedir (Saha et al., 2024).
Akciger bilgisayarli tomografi goriintiilerini dort sinifta otomatik
olarak analiz eden derin 6grenme tabanl bir yontem sunulan bir
calismada ise. goriintii kalitesini artirmak igin ¢ok asamali
iyilestirme islemleri uygulanmis ve gelistirilen sekiz katmanl
Gelismis CNN mimarisi testlerinde %100 dogruluk elde
edilmistir. Sonuglar, 6zgiin ag yapisinin ve gelismis 6n isleme
adimlarinin erken klinik tani i¢in yiiksek potansiyel sundugunu
gostermektedir (Shatnawi et al., 2025).

Bilgisayarli tomografi goriintiilerinden akciger kanserinin
erken tanisi i¢in goriintli analizi ile toplu 6grenmeyi birlestiren
hibrit bir yaklagim sunulan bir c¢aligmada, simif dengesizligi
SMOTE ile giderilmig, Ozellik ¢ikarimi VGG16 iizerinden
yapilmis ve PCA (Temel Bilesenler Analizi) ile boyut indirgeme
uygulanmustir. Lojistik Regresyon, Gaussian Naive Bayes ve
Random Forest’in oylama temelli birlesimiyle %97,8 dogruluk ve
%97 F1l-skoru elde edilerek klinik karar destek performansinin
artirlldig gosterilmistir (Singh et al., 2024). Bagka bir ¢alismada,
bilgisayarli tomografi goriintiilerinden akciger kanserinin erken
tanis1 i¢in iki asamali bir derin 6grenme sistemi sunulmustur. Tk
asamada Unet++ ile 3D Transformer’1 birlestiren 3D-TD++-NLF
modeliyle hassas segmentasyon yapilmig, 6zel bir kayip
fonksiyonu ile hata azaltilmistir. Ikinci asamada MDDNet-ASPP
ile siniflandirma gerceklestirilmis ve Kaggle veri setinde %92,92
dogruluk elde edilerek geleneksel modellere kiyasla daha etkili
bir klinik ¢6ziim saglandigi gosterilmistir  (Sridevi &
RajivKannan, 2024).
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Bilgisayarl1 tomografi goriintiilerinden hem akciger
kanserini saptayan hem de sagkalim riskini 6ngoren biitiinlesik
bir derin 6grenme yaklasimi sunulan bir ¢alismada 3D CNN
tabanli yapi, hacimsel akciger 6zellikleri ile sagkalim arasindaki
iliskileri modellemis; iki goérevli 6grenme ve Ozgiin mini-
gruplandirilmis kayip fonksiyonu ile tani ve risk tahmini birlikte
optimize edilmigtir. NLST (Ulusal Akciger Tarama Denemesi)
veri setinde elde edilen anlamli AUC ve C-indeksi degerleri, tek
bir BT taramasiyla klinik acidan erisilebilir ve etkili bir 6ngorii
saglandigint gostermektedir (Wang et al., 2025). Bir diger
calismada, akciger kanseri alt tiplerinin tespiti ve TNM
evrelemesi i¢cin YOLOvS ve ByteTrack’i birlestiren biitiinlesik
bir derin 6grenme yaklagimi sunulmustur. YOLO omurgasindan
elde edilen Ozellikler PCA ile sadelestirilerek TNMClassifier’a
(TNM Siniflandiricisina) aktarilmistir. Lung PET-CT-DX ve
Lung3 veri setlerinde elde edilen yiiksek mAP, dogruluk ve
duyarlilik degerleri ile sistemin hizli ve genellenebilir bir klinik
tan1 ¢oziimii sundugu gosterilmistir (Wehbe et al., 2024).

Derin 6grenmeyle akciger kanseri analizine iligkin olarak
bu kisimda belirtilen literatiir caligmalarindaki bilgisayarli
tomografi (BT), manyetik rezonans gorintileme (MRI) ve
rontgen (X-ray) veriseti tlirlerini ve miktarlarini, tespit,
siiflandirma ve segmentasyon analiz tiirlerini ve sonuglarini
iceren ozet agsagidaki Tablo 2 ‘de verilmistir.
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Tablo 2. Derin Ogrenmeyle Akciger Kanseri Analizleri

Kaynak Veriseti, Analiz ve Sonuglar
Crastaetal., BT (LUNAL6), 888 vaka (1.186 nodil), Segmentasyon DSC:
2024 %99,34; Smiflandirma Dogruluk: %99,2, Duyarlilik: %98,8
Diao et al., BT ve MRI, 76 hastadan 940 goriintii, Siniflandirma Bi-LSTM
2025 Dogruluk: %99,89, AUC: 1.000; SVM Cubic Dogruluk: %99,78
Durgam et al., BT (Kaggle), 110 vakadan 1.190 gdriintil, Segmentasyon ve
2025 Siniflandirma, Dogruluk: %99,09, Kesinlik: %98,9, Duyarlilik:
%98,85
Huang et al., BT (Lung-PET-CT-Dx), 20.381 gdérinti, Tespit ve
2025 Siniflandirma, YOLOVS ile Kesinlik: %90,32, Duyarlilik:
%84,91
Kalkan et al., BT (Kaggle), 3.296 goriintii, Siniflandirma Dogruluk: %98,57
2024 (InceptionResNetV2); Segmentasyon Jaccard: %95,86 (UNet)
Mannepalli et BT (Gogiis BT / Akciger Kanseri), 1.000 + 1.190 goriintii,
al., 2025 Siniflandirma Dogruluk: %99,52 (Go6giis BT) ve %99,69

(Akciger Kanseri)

Meeradevi et

X-Ray (NIH), 8.000 goriintii, Siniflandirma InceptionV3

al., 2025 Dogruluk: %97,05; en iyi Makine 6grenmesi modeli SVM (RBF)
Ozdemir et BT (Gogiis BT / Akciger BT), 1.000 + 1.197 goruntu,
al., 2025 Siniflandirma Dogruluk: %99,54 (Akciger BT) ve %98,41
(Gogiis BT)
Priya & BT (LUNA16), 888 orijinal (3.552 artirilmig) goriinti,
Bharathi, Siniflandirma Dogruluk: %99,15, Kesinlik: %99,51, Ozgiilliik:
2025 %99,80
Sahaetal., BT (Kaggle Gogiis BT), 1.000 orijinal (1.653 artirilmig) goriintd,
2024 Siniflandirma Dogruluk: %91, Kesinlik: %92, Duyarlilik: %91
Shatnawi et BT (Gogiis BT), 1.000 gortntii, Siniflandirma Gelismis CNN ile
al., 2025 Test Dogrulugu: %100; VGG16: %99
Singh etal., BT (Kaggle), Her smifta 140 goriintii, Tespit ve Siiflandirma,
2024 Toplu (Ensemble) Dogruluk: %97,8, Kesinlik: %95, Ozgiilliik:
%96
Sridevi & BT (Gogiis BT), 1.190 gériintii, Segmentasyon ve Siniflandirma,
RajivKannan, Dogruluk: %92,925, Kesinlik: %93, Duyarlilik: %93
2024
Wang et al., BT (NLST), 1.882 hasta/gériintii, Siniflandirma AUC: 0,6885;
2025 Sagkalim C-indeksi: 0,6036
Wehbe et al., BT (Lung-PET-CT-Dx / Lung3), 350 hasta + 89 hasta, Tespit ve
2024 Evreleme, mAP: %97,1; TNM Evreleme Dogrulugu: %98
4. SONUC
Akciger kanseri hastaligiin  6zellikle bilgisayarl

tomografi goriintiileri kullanilarak derin 6grenmeyle analizinin

detayli

olarak gerceklestirildigi bu derleme c¢alismasinda,
oncelikle bu

kanser tdrinin belirti  ve nedenlerinden
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bahsedilmistir. Ardindan ise, literatiirde siklikla kullanilan
verisetleri ile ¢ok cesitli derin 6grenme calismalar1 analiz
edilmistir. Verisetleri agisindan akciger kanseri analizine
bakildiginda, 6zellikle LUNA16 verisetinin siklikla kullanildigi
gozlemlenmistir. Analiz tiirli agisindan ¢alismalar incelendiginde
ise, akciger kanseri siniflandirmasi ¢alismalarinin biiyiik agirlikta
oldugu anlagilmaktadir. Bazi caligmalarda ise veriseti tiirii
acisindan BT, MRI ve X-ray goruntilerinin ikili gruplar halinde
bir arada kullanildig1 gézlemlenmekle birlikte, 6zellikle 6zgiinliik
acisindan hibrit derin 6grenme modellerinin daha ¢ok 6n plana
c¢iktigi  sonucuna varilmistir. Bu ¢alismalar g6z Onilinde
bulunduruldugunda, hibrit derin 6grenme yaklasimlarina ek
olarak cesitli makine O6grenmesi modelleri de bir arada
kullanilarak birden fazla tiirde akciger BT goriintiileri iizerinde
daha detayli ve 0zgiin yeni calismalar gerceklestirilebilecegi
Ongoralmektedir.
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