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ÖZET 

 

HIV (Human Immunodeficiency Virus)/AIDS (Acquired Immunodeficiency Syndrome), 

1980'lerden bu yana k¿resel saĵlēk sistemini derinden etkileyen ºnemli bir halk saĵlēĵē sorunu 

olarak varlēĵēnē s¿rd¿rmektedir. Bu enfeksiyon, baĵēĸēklēk sistemini zayēflatarak bireyleri 

fērsat­ē enfeksiyonlar ve bazē kanser t¿rlerine karĸē savunmasēz hale getirir. D¿nya Saĵlēk 

Örgütü (DSÖ) verilerine göre, 2022 itibarēyla d¿nya genelinde yaklaĸēk 38 milyon kiĸi HIV ile 

yaĸamaktadēr. T¿rkiye'de HIV epidemiyolojisi, d¿nya geneline kēyasla daha d¿ĸ¿k prevalansa 

sahip olmakla birlikte, son yēllarda artēĸ gºstermektedir. 

HIV, insan baĵēĸēklēk sistemine zarar vererek AIDS'e yol açan bir virüs olup, kan, semen, 

vajinal sēvēlar, rektal sēvēlar ve anne s¿t¿ gibi v¿cut sēvēlarē yoluyla bulaĸmaktadēr. HIV'den 

korunmanēn temelinde bilin­li davranēĸlar, koruyucu ºnlemler ve toplumsal farkēndalēk 

yatmaktadēr. Bireysel korunma yºntemleri arasēnda kondom kullanēmē, steril iĵne kullanēmē ve 

d¿zenli test yer alērken; toplumsal korunma stratejileri eĵitim programlarē, damgalama ile 

m¿cadele ve saĵlēk hizmetlerine eriĸimin iyileĸtirilmesini kapsamaktadēr. 

AIDS hastalarēna yºnelik hemĸirelik yaklaĸēmē, yalnēzca fiziksel saĵlēk durumlarēnē deĵil, aynē 

zamanda psikososyal ihtiya­larēnē da gºz ºn¿nde bulunduran b¿t¿nc¿l bir bakēm anlayēĸēnē 

gerektirir. Hemĸireler, HIV pozitif bireylerin tedavi s¿recini yºnetirken, hasta eĵitimi, 

danēĸmanlēk ve duygusal destek saĵlama gibi ºnemli roller ¿stlenir. Ayrēca, HIV pozitif 

bireylerin mahremiyetine saygē gºstermek, hasta bilgilerinin gizliliĵini saĵlamak ve ayrēmcēlēk 

yapmamak, hemĸirelerin temel etik gºrevlerindendir. 

Sonuç olarak, AIDS ile m¿cadele yalnēzca tēbbi m¿dahalelerle sēnērlē kalmamalē, aynē zamanda 

toplumsal farkēndalēk, hasta destek mekanizmalarē ve multidisipliner yaklaĸēmlar gibi bir­ok 
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farklē boyutu kapsamalēdēr. Hemĸireler, bu m¿cadelede eĵitici, destekleyici ve savunucu roller 

¿stlenerek bireylerin saĵlēk ve refahēnē iyileĸtirme konusunda vazge­ilmez bir konumdadēr. 

Anahtar Kelimeler: HIV, AIDS, antiretroviral tedavi, hemĸirelik bakēmē, damgalama, korunma 

yöntemleri. 

 

ABSTRACT  

 

HIV (Human Immunodeficiency Virus)/AIDS (Acquired Immunodeficiency Syndrome) 

continues to exist as a significant public health problem that has deeply affected the global 

health system since the 1980s. This infection weakens the immune system, making individuals 

vulnerable to opportunistic infections and certain types of cancer. According to World Health 

Organization (WHO) data, approximately 38 million people worldwide were living with HIV 

as of 2022. In Turkey, the epidemiology of HIV has a lower prevalence compared to the world, 

but it has been increasing in recent years. 

HIV is a virus that damages the human immune system and leads to AIDS, transmitted through 

body fluids such as blood, semen, vaginal fluids, rectal fluids, and breast milk. The basis of 

protection from HIV lies in conscious behaviors, protective measures, and societal awareness. 

Individual protection methods include condom use, sterile needle use, and regular testing; while 

societal protection strategies encompass education programs, combating stigma, and improving 

access to healthcare services. 

The nursing approach to AIDS patients requires a holistic care understanding that considers not 

only their physical health condition but also their psychosocial needs. Nurses undertake 

important roles such as patient education, counseling, and providing emotional support while 

managing the treatment process of HIV-positive individuals. Additionally, respecting the 

privacy of HIV-positive individuals, ensuring the confidentiality of patient information, and 

avoiding discrimination are among the fundamental ethical duties of nurses. 

In conclusion, the fight against AIDS should not be limited only to medical interventions but 

should also cover many different dimensions such as societal awareness, patient support 

mechanisms, and multidisciplinary approaches. Nurses, by undertaking educational, 

supportive, and advocacy roles in this struggle, are in an indispensable position in improving 

the health and well-being of individuals. 

Keywords: HIV, AIDS, antiretroviral therapy, nursing care, stigma, prevention methods. 
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THE EFFECT OF STIGMATISATION ON URINARY INCONTINENCE SEVERITY 

AND FRAILTY IN OLDER ADULTS WITH URINARY INCONTINENCE: A 

MEDIATION MODEL  

 

Dr.¥ĵr.¦yesi ¥zge ¥z Yēldērēm  

Ondokuz Mayēs ¦niversitesi   

ozge.oz@omu.edu.tr-https://orcid.org/0000-0003-4810-563X 

 

 

ÖZET 

This study aimed to investigate the mediating role of internalised Stigmatisation in the 

relationship between urinary incontinence severity and frailty among older adults with urinary 

incontinence. This cross-sectional study, based on a quantitative research design, was 

conducted with 328 older adults. Data were collected using a demographic information form, 

the Edmonton Frailty Scale, the Incontinence Severity Index, and the Elderly Internalised 

Stigma Scale. Descriptive statistics, independent t-tests, one-way ANOVA, Pearson 

correlation, and Hayesô regression-based mediation analysis were used for data analysis. The 

mean age of the participants was 74.03 ± 6.88. Stress urinary incontinence was reported by 

52.7% of the participants. A significant differences were found between educational level and 

both frailty and internalised stigma (p< 0.05). Internalised stigma played a significant mediating 

role in the association between urinary incontinence severity and frailty among the elderly (p < 

0.05). A strong positive correlation was also observed between frailty and internalised stigma 

(r = 0.62, p < 0.001).  It has been determined that internalised stigma plays a significant 

mediating role in the effect of urinary incontinence severity on the frailty of elderly individuals. 

It can be said that internalised stigma is an important psychosocial indicator in the relationship 

between urinary incontinence severity and frailty. 

Key words: Internalised stigma, urinary incontinence, severity, frailty, older adults 
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ÖZET   

Giriĸ: Yanēk yaralanmalarē; aĵrē, eklem hareket kēsētlēlēĵē, skar geliĸimi ve psikososyal sorunlar 

yoluyla bireylerin g¿nl¿k yaĸam aktivitelerini ve yaĸam kalitesini olumsuz etkileyen ºnemli bir 

saĵlēk sorunudur. Yanēk tedavisindeki geliĸmeler mortaliteyi azaltmēĸ olsa da, rehabilitasyon 

s¿recinde kinezyofobi, rehabilitasyona uyum sorunlarē ve fonksiyonel baĵēmsēzlēk 

kaybē  karĸēlaĸēlan problemler arasēnda ºnemini korumaktadēr. Bu baĵlamda, rehabilitasyon 

sürecini daha motive edici ve tolere edilebilir h©le getirmeyi ama­layan oyun tabanlē dijital 

rehabilitasyon uygulamalarē giderek daha fazla ilgi gºrmektedir. Amaç: Bu derlemenin amacē, 

yanēk rehabilitasyonunda kullanēlan oyun tabanlē dijital rehabilitasyon uygulamalarēnēn 

kinezyofobi, rehabilitasyona uyum ve fonksiyonel baĵēmsēzlēk ¿zerindeki etkilerini inceleyen 

g¿ncel literat¿r¿ deĵerlendirmektir. Yöntem: Bu anlatē derlemede PubMed, Scopus, Web of 

Science ve Google Scholar veri tabanlarē taranmēĸtēr. 2020ï2025 yēllarē arasēnda yayēmlanan 

sistematik derlemeler, randomize kontroll¿ ­alēĸmalar ve klinik araĸtērmalar deĵerlendirmeye 

alēnmēĸtēr. Bulgular: Yanēk rehabilitasyonunda oyun tabanlē dijital uygulamalarēn aĵrē algēsēnē 

azaltarak hareketle iliĸkili korku ve ka­ēnma davranēĸlarēnē sēnērlayabildiĵini gºstermektedir. 

Ayrēca sºz konusu uygulamalarēn, motivasyonu artērarak rehabilitasyona uyumu desteklediĵi 

ve egzersize katēlēmē artērdēĵē bildirilmektedir. Artan rehabilitasyon uyumunun; eklem hareket 

a­ēklēĵē, kas g¿c¿ ve fonksiyonel mobilite gibi parametreler üzerinden fonksiyonel 

baĵēmsēzlēĵēn geliĸimine dolaylē katkē saĵladēĵē belirtilmektedir. Sanal ger­eklik ve exergame 

tabanlē yaklaĸēmlar, dikkat daĵētma ve oyunlaĸtērma mekanizmalarēyla etkinlik saĵlamaktadēr. 

Sonuç: Oyun tabanlē dijital rehabilitasyon uygulamalarē, yanēk rehabilitasyonunda 

kinezyofobinin azaltēlmasē, rehabilitasyona uyumun artērēlmasē ve fonksiyonel baĵēmsēzlēĵēn 

desteklenmesi a­ēsēndan olumlu etkilere sahiptir. Ancak bu uygulamalarēn klinik etkinliĵini ve 

uzun dönemli fonksiyonel sonu­larēnē ortaya koymak i­in daha fazla y¿ksek metodolojik 

kalitede ­alēĸmaya ihtiya­ vardēr.  

Anahtar Kelimeler: Yanēk Rehabilitasyonu, Oyun Tabanlē Dijital Rehabilitasyon, 

Kinezyofobi, Rehabilitasyona Uyum, Fonksiyonel Baĵēmsēzlēk  
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EFFECTS OF GAME-BASED DIGITAL REHABILITATION APPLICATIONS ON 

KINESIOPHOBIA, REHABILITATION COMPLIANCE, AND FUNCTIONAL 

INDEPENDENCE IN BURN REHABILITATION  

 

ABSTRACT   

Introduction:  Burn injuries are a significant health problem that negatively affects individuals' 

daily activities and quality of life through pain, joint movement restrictions, scar development, 

and psychosocial issues. Although advances in burn treatment have reduced mortality, 

kinesiophobia, rehabilitation compliance issues, and loss of functional independence remain 

significant problems encountered during the rehabilitation process. In this context, game-based 

digital rehabilitation applications, which aim to make the rehabilitation process more 

motivating and tolerable, are gaining increasing attention. Objective: The aim of this review is 

to evaluate the current literature examining the effects of game-based digital rehabilitation 

applications used in burn rehabilitation on kinesiophobia, rehabilitation compliance, and 

functional independence. Method: The PubMed, Scopus, Web of Science, and Google Scholar 

databases were searched for this narrative review. Systematic reviews, randomised controlled 

trials, and clinical studies published between 2020 and 2025 were included in the evaluation. 

Findings: Game-based digital applications in burn rehabilitation have been shown to reduce 

pain perception, thereby limiting movement-related fear and avoidance behaviours. 

Furthermore, it is reported that these applications support rehabilitation compliance by 

increasing motivation and enhancing exercise participation. Increased rehabilitation 

compliance is noted to indirectly contribute to the development of functional independence 

through parameters such as joint range of motion, muscle strength, and functional mobility. 

Virtual reality and exergame-based approaches provide effectiveness through distraction and 

gamification mechanisms. Conclusion: Game-based digital rehabilitation applications have 

positive effects in burn rehabilitation in terms of reducing kinesiophobia, increasing 

rehabilitation compliance, and supporting functional independence. However, more studies of 

high methodological quality are needed to demonstrate the clinical efficacy and long-term 

functional outcomes of these applications.  

Keywords: Burn Rehabilitation, Game-based Digital Rehabilitation, Kinesiophobia, 

Rehabilitation Compliance, Functional Independence  

GĶRĶķ  

Yanēk yaralanmalarē, derinin y¿ksek sēcaklēk, s¿rt¿nme, elektrik, radyasyon veya 

kimyasal maddelere maruz kalmasē sonucunda oluĸan ve her yēl yaklaĸēk 180.000 ºl¿me neden 

olan k¿resel bir halk saĵlēĵē sorunu olarak tanēmlanmaktadēr (WHO, 2025; Zwiereğğo et 

al.,2023).  Yanēk tedavisindeki geliĸmeler sayesinde mortalite oranlarē azalmēĸ; ancak 

rehabilitasyona ihtiyaç duyan bireylerin sayēsēnda artēĸ meydana gelmiĸtir (Santos, 2025). 

Yanēk yaralanmalarē yalnēzca doku b¿t¿nl¿ĵ¿n¿ etkilemekle kalmamakta; aĵrē, hareket 

kēsētlēlēĵē ve skar oluĸumu gibi fizyolojik sorunlarēn yanē sēra, bireylerin g¿nl¿k yaĸam 

aktivitelerini ve yaĸam kalitesini olumsuz etkileyen psikososyal sorunlara da yol a­maktadēr 

(Petrou et al, 2025). Yanēk yaralanmalarēnda el, dirsek ve omuz eklemleri en sēk etkilenen 

eklemler arasēnda yer almakta olup, ciddi yanēk vakalarēnda taburculuk sērasēnda eklem 

disfonksiyonu prevalansēnēn %22ï42 arasēnda olduĵu bildirilmektedir (Lan et al, 2023). Bu 

oranlar, yanēk tedavisinde rehabilitasyonun rol¿ne dikkat ­ekmektedir.   
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Hareket ve yeniden yaralanma korkusu olarak tanēmlanan kinezyofobi, yanēk 

vakalarēnda sēklēkla karĸēlaĸēlan ancak literat¿rde gºrece sēnērlē ele alēnmēĸ bir konudur. 

Kinezyofobisi olan bireylerin rehabilitasyon s¿recinden ka­ēndēĵē ve yeterli d¿zeyde egzersiz 

yapmadēĵē bildirilmiĸtir (Jeong et al., 2022). ¢alēĸmalar, yanēk hastalarēnēn fizyoterapiyi tedavi 

s¿recinin aĵrēlē bir bileĸeni olarak algēladēĵēnē ortaya koymaktadēr. Hareketle iliĸkili aĵrē, kaygē 

ve korku, oluĸturulan rehabilitasyon programēna katēlēmē olumsuz yºnde etkilemektedir (Basha 

et al., 2022; Sean et al., 2023). Ayrēca yanēk rehabilitasyonunda uzun süreli ve tekrarlayan 

egzersizlerin gerekli olmasē, tedavi s¿recinin monoton algēlanmasēna yol a­abilmekte; bu 

durum d¿zenli egzersiz alēĸkanlēĵēnēn s¿rd¿r¿lmesini g¿­leĸtirebilmektedir (Bressler et al., 

2024).  

Bu baĵlamda, yanēk rehabilitasyonunda kinezyofobiye baĵlē ka­ēnma davranēĸlarēnē 

azaltmak ve rehabilitasyona uyumu artērmak amacēyla teknoloji destekli rehabilitasyon 

yaklaĸēmlarēna olan ilgi giderek artmaktadēr. Bu derlemede ñoyun tabanlē dijital rehabilitasyonò 

kavramē, sanal ger­eklik tabanlē ve sanal ger­eklik dēĸē exergame uygulamalarēnē kapsayan ¿st 

bir yaklaĸēm olarak ele alēnmēĸtēr. Sanal ger­eklik ve exergame tabanlē uygulamalar, egzersizi 

daha etkileĸimli ve motive edici hale getirerek algēlanan aĵrē ve hareket korkusunu azaltma 

potansiyeli taĸēmaktadēr. G¿ncel ­alēĸmalar, bu teknolojik yaklaĸēmlarēn yanēk hastalarēnda aĵrē 

ve kaygēyē azalttēĵēnē, fonksiyonel kazanēmlarē desteklediĵini ve rehabilitasyona uyumu 

artērdēĵēnē ortaya koymaktadēr (Lan et al., 2023; Santos et al., 2025). Bu ­alēĸmanēn amacē, 

yanēk rehabilitasyonunda kinezyofobinin klinik ve fonksiyonel etkilerini inceleyen g¿ncel 

literat¿r¿ derlemek ve teknoloji destekli yaklaĸēmlarēn rehabilitasyona uyum ¿zerindeki 

etkilerini literat¿r ēĸēĵēnda b¿t¿nc¿l bir bakēĸ a­ēsēyla ortaya koymaktēr.  

YÖNTEM   

Bu ­alēĸma, yanēk rehabilitasyonunda kinezyofobi, rehabilitasyona uyum ve 

fonksiyonel baĵēmsēzlēk ¿zerine g¿ncel literat¿r¿n derlenmesi ve oyun tabanlē dijital 

rehabilitasyon uygulamalarēnēn bu deĵiĸkenler ¿zerine etkisinin incelenmesi amacēyla anlatē 

t¿rde bir literat¿r derlemesidir. Literat¿r taramasē yapēlērken PubMed, Scopus, Web of Science 

ve Google Scholar veri tabanlarē kullanēlmēĸtēr. Tarama s¿recinde Ķngilizce anahtar kelimeler 

kullanēlmēĸtēr. ñBurn rehabilitationò, ñkinesiophobiaò, ñfear of movementò, ñrehabilitation 

adherenceò, ñexercise adherenceò, ñfunctional independenceò, ñvirtual realityò, ñexergameò ve 

ñtechnology-assisted rehabilitationò kullanēlan baĸlēca anahtar kelimelerdir. Derlemeye 2020-

2025 yēllarē arasēnda yayēnlanan yanēk rehabilitasyonunda kinezyofobi, rehabilitasyona uyum 

ve fonksiyonel baĵēmsēzlēk ile iliĸkilendirilen sistemik derlemeler, meta-analizler, randomize 

kontroll¿ ­alēĸmalar dahil edilmiĸtir. Olgu sunumlarē ve yanēk rehabilitasyonunu doĵrudan 

i­ermeyen ­alēĸmalar dēĸlanmēĸtēr.  

BULGULAR   

Oyun Tabanlē Dijital Rehabilitasyon Uygulamalarēnēn Kinezyofobi ¦zerine 

Etkileri: Korku- ka­ēnma davranēĸē ilk olarak bel aĵrēsē yaĸayan bireylerde tanēmlanmēĸ 

olmakla birlikte (Lethem et al., 1983), daha sonraki ­alēĸmalarda ­eĸitli kas-iskelet sistemi 

rahatsēzlēklarēnda da gºr¿len bir semptom olarak literat¿rde yer almēĸtēr. Hareket ve yeniden 

yaralanma korkusu olan kinezyofobi, yanēk hastalarēnda da rehabilitasyonu olumsuz etkileyen 

önemli bir psikolojik faktºr olarak bildirilmektedir. Yanēk yaralanmasē sonrasēnda hem akut 

hem de rehabilitasyon s¿recinde deneyimlenen yoĵun aĵrēnēn, kinezyofobinin geliĸimine neden 

olduĵu bildirilmektedir (Langlois et al., 2021).   

Literat¿rde yanēk rehabilitasyonunda kullanēlan oyun temelli dijital rehabilitasyon 

uygulamalarēnēn, hareketle iliĸkili korku ve kaygē d¿zeylerinde olumlu etkiler oluĸturabildiĵine 
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iĸaret edilmektedir. ¥zellikle sanal ger­eklik uygulamalarēnēn, kullanēcēyē interaktif, ­ok 

duyulu bir bilgisayar ortamēna daldērarak kapē kontrol teorisi doĵrultusunda aĵrē sinyallerinin 

bilin­li farkēndalēĵa ulaĸmasēnē azalttēĵē belirtilmektedir (Sean et al., 2023).  

Oyunlaĸtērēlmēĸ egzersizler aracēlēĵēyla hastalarēn aĵrēlē hareket a­ēklēĵē aktivitelerine 

katēlēmēnēn artērēlmasē, hareketle iliĸkili korkunun azaltēlmasēna katkē saĵlamakta ve dolaylē 

olarak kinezyofobi ¿zerinde olumlu etkiler oluĸturmaktadēr. ¢alēĸmalar, oyun temelli dijital 

rehabilitasyon uygulamalarēnēn kullanēldēĵē yanēk hastalarēnda hareketten ka­ēnma 

davranēĸlarēnēn azaldēĵē ve egzersize katēlēmēn arttēĵēnē gºstermektedir. Bu yaklaĸēmlarēn, 

geleneksel rehabilitasyon yºntemlerine kēyasla hastalarēn tedavi s¿recine daha istekli katēlēm 

saĵladēĵē ve kinezyofobiyle iliĸkili olumsuz davranēĸlarē azalttēĵē rapor edilmiĸtir (Yang et al., 

2025).  

Oyun Tabanlē Dijital Rehabilitasyon Uygulamalarēnēn Rehabilitasyona Uyum 

Üzerine Etkileri: Yanēk yaralanmasē sonrasē eklem disfonksiyonun ºnlenmesi, rehabilitasyon 

baĸarēsēnda belirleyici bir faktºr olarak kabul edilmektedir. Yanēk tedavisi, tekrarlē aktif ve pasif 

egzersizleri i­eren, yoĵun rehabilitasyon programē gerektiren uzun ve zorlu bir s¿re­tir. 

Geleneksel rehabilitasyon programlarēnda hastalarēn tedaviye katēlēmēnē zorlaĸtēran temel 

faktörlerden birinin, egzersizler sērasēnda deneyimlenen aĵrē olduĵu bildirilmektedir. Aĵrēya 

baĵlē bu durumun, rehabilitasyon s¿recine katēlēmē ve tedaviye uyumu olumsuz etkilediĵi ifade 

edilmektedir (Lan et al., 2023).   

Bu baĵlamda, rehabilitasyon s¿recini daha tolere edilebilir ve motive edici hâle 

getirmeyi ama­layan teknoloji destekli rehabilitasyon programlarē son yēllarda ºne ­ēkmaktadēr. 

Eĵlenceli ve ilgi ­ekici yapēlarē sayesinde bu uygulamalarēn, yanēk hastalarēnēn dikkatini 

aĵrēdan uzaklaĸtērarak aĵrē algēsēnē azalttēĵē bildirilmektedir. Bu durumun, hastalarēn 

rehabilitasyon s¿recine katēlēmēnē ve tedaviye uyumunu olumlu yºnde etkilediĵi ifade 

edilmektedir. Ayrēca teknoloji destekli rehabilitasyon yaklaĸēmlarēnēn, eriĸim kolaylēĵē 

saĵlamasē sayesinde kērsal bºlgelerde yaĸayan bireylerin rehabilitasyon hizmetlerine 

ulaĸmasēnē kolaylaĸtērdēĵē belirtilmektedir (Atiaa et al., 2025).  

Oyun Tabanlē Dijital Rehabilitasyon Uygulamalarēnēn Fonksiyonel Baĵēmsēzlēk 

Üzerine Etkileri: Fonksiyonel baĵēmsēzlēk, yanēk rehabilitasyon sürecinin temel hedeflerinden 

biri olup bireylerin kendi bakēmlarēnē ger­ekleĸtirebilme ve anlamlē aktiviteler yapabilme 

d¿zeyini ifade etmektedir (Jawad, 2024). Rehabilitasyon s¿recinde eklem hareket a­ēklēĵēnēn 

artmasē, aĵrē d¿zeyinin azalmasē, ¿st ekstremite kavrama kuvveti ve kas g¿c¿ndeki artēĸ gibi 

klinik parametrelerin, fonksiyonel baĵēmsēzlēĵēn saĵlanmasēnda ºnemli rol oynadēĵē 

bildirilmektedir (Lan et al., 2023; Joo et al.,2020).  

Yapēlan sistematik incelemeler, sanal ger­eklik tabanlē uygulamalarēn eklem hareket 

a­ēklēĵēnē artērabildiĵini ve ºz bakēm ile fonksiyonel baĵēmsēzlēk d¿zeylerini geliĸtirebildiĵini 

ortaya koymaktadēr. Bununla birlikte, mevcut literat¿rde ºzellikle ºz bakēm ve hareketlilik 

alanlarēnda orta d¿zeyde kanēt bulunduĵu ve daha y¿ksek metodolojik kalitede ­alēĸmalara 

ihtiya­ olduĵu vurgulanmaktadēr (Riaz et al., 2025). Benzer ĸekilde exergame tabanlē 

uygulamalarēnda, fonksiyonel iyileĸme ve baĵēmsēzlēk ¿zerinde etkili olabileceĵi 

bildirilmektedir (Santos et al., 2025).  

TARTIķMA  

Bu derlemede, yanēk rehabilitasyonunda oyun tabanlē dijital rehabilitasyon 

uygulamalarēnēn kinezyofobi, rehabilitasyona uyum ve fonksiyonel baĵēmsēzlēk ¿zerindeki 

etkileri ele alēnmēĸtēr. Elde edilen bulgular, bu uygulamalarēn yanēk hastalarēnda hareketle 
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iliĸkili korku ve kaygēyē azaltabildiĵini, rehabilitasyon s¿recine katēlēmē artērabildiĵini ve 

fonksiyonel iyileĸmeyi destekleyebildiĵini gºstermektedir.  

Literat¿rde yanēk maĵdurlarēnda kinezyofobi davranēĸlarēnē doĵrudan inceleyen ­alēĸma 

sayēsē sēnērlēdēr. Yanēk rehabilitasyonunda deneyimlenen yoĵun ve tekrarlayēcē aĵrēnēn, 

bireylerde hareketle iliĸkili korkunun geliĸmesine ve zamanla ka­ēnma davranēĸlarēnēn ortaya 

­ēkmasēna neden olduĵu bildirilmektedir. Hareketten ka­ēnma davranēĸlarē, yanēk hastalarēnda 

eklem hareket a­ēklēĵēnēn korunmasēnē zorlaĸtērmakta ve fonksiyonel iyileĸme s¿recini olumsuz 

etkilemektedir (Lu et al., 2025).  

Bu derlemede incelenen ­alēĸmalar, oyun tabanlē dijital rehabilitasyon uygulamalarēnēn 

dikkat daĵētma ve oyunlaĸtērma yoluyla aĵrē algēsēnē azaltarak, hareketle iliĸkili korkunun 

ĸiddetinin azalmasēna katkē saĵlayabildiĵini d¿ĸ¿nd¿rmektedir. ¥zellikle sanal ger­eklik ve 

oyun tabanlē uygulamalarēn ­ok duyulu ve etkileĸimli yapēsēnēn, kapē kontrol teorisi 

doĵrultusunda aĵrē uyaranlarēnēn merkezi sinir sistemine iletimini azaltarak bireylerin hareket 

sērasēnda yaĸadēklarē korkunun azalmasēna katkē saĵlayabileceĵi ifade edilmektedir (Sean et al., 

2023).  

Rehabilitasyon s¿recinde hastanēn aktif ve istekli katēlēmē, tedavi baĸarēsēnē doĵrudan 

etkileyen temel faktºrler arasēnda yer almaktadēr. Yanēk rehabilitasyonunda geleneksel 

yaklaĸēmlar, ­oĵunlukla tekrarlayēcē eklem hareketlerini i­eren egzersiz programlarēna 

dayanmaktadēr. Ancak bu s¿re­te deneyimlenen aĵrē, bireylerde hareketle iliĸkili korkunun 

geliĸmesine yol a­arak kinezyofobiye neden olmakta ve tedaviye katēlēmē olumsuz yºnde 

etkileyebilmektedir (Ramage et al., 2025).  

Bu baĵlamda, dijital tabanlē rehabilitasyon uygulamalarēnēn eĵlenceli ve ilgi ­ekici 

yapēsē sayesinde aĵrē algēsēnē azalttēĵē, seans s¿resini uzattēĵē ve hastalarēn rehabilitasyon 

s¿recini daha tolere edilebilir algēlamalarēna katkē saĵladēĵē d¿ĸ¿n¿lmektedir (Sibbett et al., 

2025). Dijital yaklaĸēmlarēn bu ºzelliklerinin, geleneksel rehabilitasyon programlarēna kēyasla 

hastalarēn tedaviye katēlēmēnē ve s¿rece devamlēlēĵēnē artērdēĵē ileri s¿r¿lebilir. Rehabilitasyona 

uyumdaki bu artēĸēn egzersiz yoĵunluĵu ve s¿rekliliĵini destekleyerek fonksiyonel 

kazanēmlarēn g¿nl¿k yaĸam aktivitelerine yansēmasēnē kolaylaĸtērabileceĵi d¿ĸ¿n¿lmektedir.  

Fonksiyonel baĵēmsēzlēk, yanēk rehabilitasyonunun temel hedeflerinden biri olup 

bireylerin ºz bakēm, mobilite ve g¿nl¿k yaĸam aktivitelerini ger­ekleĸtirme d¿zeyini ifade 

etmektedir. Yanēk sonrasē geliĸen eklem hareket kēsētlēlēĵē, aĵrē, kas g¿c¿ kaybē ve ¿st 

ekstremite fonksiyonlarēndaki bozulmalar, fonksiyonel baĵēmsēzlēĵēn kazanēlmasēnē doĵrudan 

sēnērlayan faktºrler arasēnda yer almaktadēr (Varzeshi et al., 2025).  

Bu derlemede incelenen ­alēĸmalar, rehabilitasyona uyumun artmasēnēn fonksiyonel 

baĵēmsēzlēk ¿zerinde dolaylē ancak belirleyici bir etkiye sahip olduĵunu d¿ĸ¿nd¿rmektedir. 

¥zellikle d¿zenli egzersiz katēlēmēnēn saĵlanmasē, eklem hareket a­ēklēĵēnēn korunmasē ve kas 

kuvvetinin artērēlmasē yoluyla fonksiyonel kazanēmlarēn desteklenmesine katkē saĵlamaktadēr. 

Literat¿rde, rehabilitasyon s¿recine aktif katēlēm gºsteren yanēk hastalarēnda ºz bakēm 

aktiviteleri ve fonksiyonel mobilite d¿zeylerinin daha hēzlē iyileĸtiĵi bildirilmektedir (Garrido-

Ardila et al., 2022).   

Oyun tabanlē dijital rehabilitasyon uygulamalarēnēn, aĵrē algēsēnē azaltma ve 

motivasyonu artērma yoluyla egzersize katēlēmē destekleyerek fonksiyonel baĵēmsēzlēĵēn 

geliĸimine katkē saĵlayabildiĵi literat¿rde vurgulanmaktadēr.  

SONUÇ  
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Sonuç olarak; yanēk rehabilitasyonunda oyun tabanlē dijital rehabilitasyon 

uygulamalarēnēn kinezyofobiyi azaltarak rehabilitasyona uyumu kolaylaĸtērmaktadēr. 

Rehabilitasyona uyumun artmasē, tedavi s¿recini olumlu yºnde etkileyerek fonksiyonel 

baĵēmsēzlēk ¿zerinde iyileĸtirici etkiye sahiptir. Ancak yanēk rehabilitasyonunda oyun tabanlē 

dijital uygulamalarēnēn kinezyofobi, rehabilitasyona uyum ve fonksiyonel baĵēmsēzlēk 

¿zerindeki etkilerini inceleyen ­alēĸma sayēsēnēn sēnērlē olduĵu dikkat ­ekmektedir. Bu sebeple 

gelecekte yapēlacak ­alēĸmalarēn, bu teknolojik yaklaĸēmlarēn klinik etkinliĵinin 

belirlenmesinde fayda saĵlamasē beklenmektedir. Ayrēca geleneksel rehabilitasyon programēna 

entegre edilmesinin, hastalarēn tedaviye d¿zenli katēlēmēnē destekleyerek egzersiz alēĸkanlēĵē 

geliĸtirmesine katkē saĵlayabileceĵi d¿ĸ¿n¿lmektedir.   
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MULTI -CRITERIA ANALYSIS OF SAFETY MANAGEMENT PRACTICES IN 

CONSTRUCTION PROJECTS 

Wei Zhang, Mei Lin 

School of Civil Engineering, Tsinghua University, China 

ABSTRACT  

This multi-criteria decision analysis framework evaluates safety management efficacy across 

187 Chinese megaprojects (total contract value ¥2.4T) integrating AHP-TOPSIS methodology 

with real-time IoT safety data. Hierarchy construction weights safety climate (w=0.38), 

technological integration (0.29), regulatory compliance (0.21), and workforce competency 

(0.12). Performance measurement through 43 KPIs reveals digital twin implementations 

achieving 76% TRIR reduction versus traditional methods. BIM-5D integration enables 92% 

hazard identification pre-construction alongside 67% schedule-safety correlation optimization. 

Wearable sensors monitoring 28,000 workers achieve 94% fall detection accuracy reducing 

severity indices 41%. Fuzzy Delphi method refines indicator selection eliminating 23% 

redundant metrics. Grey relational analysis ranks Shanghai Tower contractors highest (ɔ=0.89) 

through integrated safety-RFID systems. Cost-benefit analysis confirms ¥18.3 ROI per 

prevented incident. Longitudinal analysis documents 3.2x safety culture improvement post-

training cascades reaching 94% foreman certification. Machine learning anomaly detection 

flags 87% unsafe behaviors preemptively. Gender analysis reveals female supervisors 2.1x 

safety incident reporting rates. Comparative benchmarking against Bechtel confirms Chinese 

megaprojects superior digital maturity despite regulatory fragmentation. Policy roadmap 

mandates GB 50300-2013 digital compliance alongside national safety cloud platform. 

Economic modeling projects ¥420B savings through 28% incident reduction across 12th Five-

Year Plan investments. Psychological safety scales predict 67% voluntary reporting increase. 

Research establishes comprehensive safety management taxonomy supporting China's zero-

accident megaproject ambition while exporting digital construction safety standards through 

BRI infrastructure programs. 

Keywords: safety management, multi-criteria analysis, construction safety, digital twin, IoT 

monitoring 
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STABILITY ENHANCEMENT OF FUNCTIONALLY GRADED COMPOSITE PIPES 

UNDER FLUID FLOW CONDITIONS  

Nabil Haddad, Leila Mansour 

Department of Mechanical Engineering, American University of Sharjah, UAE 

ABSTRACT  

This computational-experimental study optimizes functionally graded composite pipes 

exhibiting 4.2x buckling resistance under internal pressure-flutter coupling prevalent in 

hydrocarbon transport. ANSYS AQWA-FLUID coupling simulates 3D orthotropic laminates 

with through-thickness modulus grading E11(z)=42 GPaŸ180 GPa achieving 67% critical 

pressure increase (18.4 MPa vs 11.2 MPa steel). Flutter boundary advances 43% through graded 

damping ratios ɕ(z)=0.023Ÿ0.087. Manufacturing validation through filament winding 

confirms 2.1% fiber volume fraction gradient accuracy. Hydrothermal aging tests (80°C, 

seawater) document 94% retention after 5,000 hours versus 73% uniform composites. 

Nonlinear buckling analysis reveals 28% post-buckling load carrying through snap-through 

suppression. Vibration isolation performance achieves 82% transmissibility reduction at 

pumping frequencies. Cost modeling confirms $1,620/ton versus $2,800/ton API 5L X70. 

Finite element updating through DIC-measured strains achieves 3.2% simulation fidelity. 

Probabilistic analysis quantifies 4.1% failure probability under ISO 19901-7 metocean loading. 

Manufacturing scalability through automated tow-placement reaches 1,200 m/day production. 

Burst testing exceeds ASME B31.4 requirements by 23%. Thermal barrier performance reduces 

heat tracing costs 41%. Fitness-for-service assessment confirms 32-year design life under cyclic 

pressure. Patent-pending grading algorithm optimizes layer drops minimizing resin pockets 

76%. Field deployment in Das Island confirms 2.8x fatigue life versus steel. Research 

establishes functionally graded composites as disruptive pipeline technology reducing 68% 

lifecycle emissions while enabling strain-based design paradigms supporting energy transition 

infrastructure. 

Keywords: functionally graded composites, pipeline stability, fluid-structure interaction, 

filament winding, buckling analysis 
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ÖZET 

Sepsis, yüksek mortalite ile seyreden kritik bir klinik sendrom olup sepsisli hastalarda sepsis 

iliĸkili akut bºbrek hasarē (SA-AKI) geliĸimi yoĵun bakēm mortalitesini belirgin ĸekilde 

artērmaktadēr. SA-AKI insidansē d¿nya genelinde %30ï40, T¿rkiyeôde ise %25ï45 aralēĵēnda 

bildirilmektedir. Bu nedenle hastalēĵēn erken dºnemde ºngºr¿lmesi, zamanēnda m¿dahale ve 

prognozun iyileĸtirilmesi a­ēsēndan klinik ºnem taĸēmaktadēr. 

Bu ­alēĸmada, yoĵun bakēm hastalarēna ait ­ok deĵiĸkenli elektronik saĵlēk kayētlarē (31 klinik 

ºzellik) kullanēlarak SA-AKIônin erken tahmini i­in makine ºĵrenimi tabanlē bir risk 

sēnēflandērma modeli geliĸtirilmiĸtir. Veri ºn iĸleme aĸamasēnda eksik veri yºnetimi, z-skor 

normalizasyonu ve sēnēf dengesizliĵi i­in ADASYN uygulanmēĸ; LASSO, ki-kare ve bilgi 

kazanēmē temelli yºntemlerle ºzellik se­imi ger­ekleĸtirilmiĸtir.Model performansē, veri seti 

¿zerinde uygulanan 5 katlē ­apraz doĵrulama (k-fold cross validation) yöntemi ile 

deĵerlendirilmiĸtir. 

Sonu­lar, ºzellikle XGBoost modelinin en y¿ksek performansē saĵladēĵēnē (Accuracy=0.97, 

AUC=0.98) ve SA-AKI geliĸimini g¿venilir bi­imde ºngºrebildiĵini gºstermiĸtir. Elde edilen 

Sonuçlar, EHR tabanlē makine ºĵrenimi yaklaĸēmlarēnēn klinik karar destek sistemlerine 

entegre edilebilecek etkili ve uygulanabilir ara­lar sunduĵunu ortaya koymaktadēr. 

Anahtar Kelimeler ð Kronik bºbrek hastalēĵē, Makine ºĵrenmesi, Sēnēflandērma, Klinik karar 

desteĵi. 

ABSTRACT 

Sepsis is a critical clinical syndrome characterized by high mortality, and the development of 

sepsis-associated acute kidney injury (SA-AKI) in septic patients significantly increases 

intensive care mortality. The incidence of SA-AKI is reported to be 30ï40% worldwide and 

25ï45% in Turkey.  Therefore, early prediction of the disease holds clinical importance in 

terms of timely intervention and improving prognosis. 
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In this study, a machine learning-based risk classification model was developed for the early 

prediction of SA-AKI using multivariate electronic health records (31 clinical features) from 

intensive care patients. During the data preprocessing stage, missing data management, z-

score normalization, and ADASYN for class imbalance were applied; feature selection was 

performed using LASSO, chi-square, and information gain-based methods.The model 

performance was evaluated by the 5-fold cross validation (k-fold cross validation) method 

applied on the data set. 

The results showed that the XGBoost model provided the highest performance 

(Accuracy=0.97, AUC=0.98) and could reliably predict the development of SA-AKI. The 

findings reveal that EHR-based machine learning approaches offer effective and applicable 

tools that can be integrated into clinical decision support systems. 

Key Words ð Chronic kidney disease, Machine learning, Classification, Clinical decision 

support. 

 

1.  GĶRĶķ 

Sepsis iliĸkili akut bºbrek hasarē (SA-AKI), yoĵun bakēm hastalarēnda sēk gºr¿len ve 

mortaliteyi belirgin ĸekilde artēran ciddi bir klinik komplikasyondur (Koyner et al., 2018). 

Sistemik inflamasyon, mikrosirk¿lasyon bozukluklarē ve hemodinamik dengesizlikler 

sonucunda geliĸen bu tablo, saatler ila g¿nler i­inde hēzlē bºbrek fonksiyon kaybēna yol 

a­abilmekte ve erken tanē ile risk sēnēflandērmasēnē kritik hale getirmektedir (Vagliano et al., 

2022). Sepsis, enfeksiyona karĸē geliĸen kontrols¿z imm¿n yanēt sonucu organ disfonksiyonu 

ile karakterize yaĸamē tehdit eden bir sendromdur. Sepsis ile birlikte ortaya ­ēkan akut bºbrek 

hasarē, patofizyolojisinde inflamasyon, endotel disfonksiyonu, mitokondriyal hasar ve h¿cresel 

ºl¿m mekanizmalarēnēn rol oynadēĵē karmaĸēk bir s¿re­tir (Song et al., 2021). SA-AKI geliĸen 

hastalarda mortalite oranlarē yalnēzca sepsis veya yalnēzca AKI gºr¿len hastalara kēyasla 

anlamlē derecede daha y¿ksektir ve saĵ kalan bireylerde uzun dºnemde kronik bºbrek hastalēĵē 

geliĸme riski artmaktadēr. K¿resel ºl­ekte yēlda yaklaĸēk 48,9 milyon sepsis vakasē 

bildirilmekte olup, SA-AKI insidansē hasta pop¿lasyonuna baĵlē olarak %14ï87 arasēnda 

deĵiĸmektedir. Yēllēk 6ï10 milyon kiĸinin SA-AKI ge­irdiĵi tahmin edilmekte ve ­ok merkezli 

­alēĸmalarda yoĵun bakēm hastalarēnēn yaklaĸēk %18ôinde SA-AKI geliĸtiĵi belirtilmiĸtir 

(Khwaja, 2012). T¿rkiyeôde ise yoĵun bakēm sepsis hastalarēnda AKI geliĸme oranē %47ônin 

¿zerine ­ēkmakta ve bu durum ulusal saĵlēk sistemi i­in ºnemli bir klinik y¿k oluĸturmaktadēr. 

Yoĵun bakēm ortamēnda ¿retilen elektronik saĵlēk kayētlarē (EHR), ­ok boyutlu, heterojen ve 

zamana baĵlē yapēlarē nedeniyle geleneksel istatistiksel yºntemlerle yeterince analiz 

edilememektedir. Makine ºĵrenimi algoritmalarē ise karmaĸēk ve doĵrusal olmayan iliĸkileri 

modelleyebilme yetenekleri sayesinde erken risk ºngºr¿s¿ ve klinik karar desteĵi a­ēsēndan 

ºnemli avantajlar sunmaktadēr. Bu kapsamda, yoĵun bakēm hastalarēna ait b¿y¿k ºl­ekli 

elektronik saĵlēk kayētlarēnē i­eren a­ēk eriĸimli veri tabanlarē (ºrneĵin MIMIC-IV gibi) son 

yēllarda makine ºĵrenimi tabanlē prognostik model geliĸtirme ­alēĸmalarēnda yaygēn olarak 

kullanēlmaktadēr ve AKI/SA-AKI kohortlarē i­in g¿venilir ve ºnemli klinik veriler 

saĵlamaktadēr. Son yēllarda, sepsis iliĸkili akut bºbrek hasarēnēn erken ºngºr¿lmesi amacēyla 
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makine ºĵrenimi tabanlē ­eĸitli ­alēĸmalar yapēlmēĸtēr. Zhuang ve ark., MIMIC-IV ve eICU veri 

tabanlarēnē kullanarak SA-AKI hastalarēnda mortalite riskini tahmin eden makine ºĵrenimi 

modelleri geliĸtirmiĸ ve ºzellikle gradient boosting tabanlē yºntemlerin ºnemli tahmin 

performansē saĵladēĵēnē gºstermiĸtir(Zhuang et al., 2024). Benzer ĸekilde, Yu ve ark., SA-AKI 

hastalarēnda geliĸen sepsis iliĸkili deliryum i­in XGBoost temelli erken tahmin modeli 

ºnermiĸtir ve ­ok merkezli doĵrulama ile modelin klinik uygulanabilirliĵini ortaya koymuĸtur 

(Yu et al., 2025). Chen ve ark. tarafēndan y¿r¿t¿len bir diĵer ­alēĸmada ise ICU mortalitesi i­in 

XGBoost tabanlē tahmin modeli geliĸtirilmiĸ ve SHAP ile model yorumlanabilirliĵi ortaya 

konmuĸtur (Chen et al., 2025). Ayrēca, Ge ve ark. LightGBM tabanlē iki zaman noktalē dinamik 

bir model ile orta ĸiddetli SA-AKI progresyonunu ortaya konulmuĸ ve ­ok bºlgeli dēĸ 

doĵrulama ile modelin genellenebilirliĵini gºsterilmiĸtir(Ge et al., 2025). Jiang ve ark. ise 

a­ēklanabilir makine ºĵrenimi yaklaĸēmlarē kullanarak persistan SA-AKI geliĸimini tahmin 

eden bir model geliĸtirerek klinik karar destek sistemlerine entegrasyonun ºnemini 

a­ēklanmēĸtēr (Jiang et al., 2025). Bununla birlikte, mevcut ­alēĸmalarēn b¿y¿k ­oĵunluĵu 

mortalite, komplikasyon veya ge­ dºnem sonu­larē ¿zerine olup, SA-AKIônin erken dºnemde 

doĵrudan geliĸimini ºngºren ve ºzellik optimizasyonu ile dengelenmiĸ EHR tabanlē kapsamlē 

karĸēlaĸtērmalē modeller sēnērlē sayēdadēr. Bu nedenle, bu ­alēĸmada ­ok deĵiĸkenli EHR verileri 

¿zerinde ºzellik se­imi ve sēnēf dengesizliĵi giderme teknikleri ile optimize edilmiĸ farklē 

makine ºĵrenimi algoritmalarēnēn performansē karĸēlaĸtērēlarak SA-AKIônin erken ve g¿venilir 

tahmini ama­lanmēĸtēr. Bu baĵlamda, ­alēĸmada LASSO ve Ki-kare tabanlē ºzellik se­imi ile 

optimize edilmiĸ ve ADASYN ile dengelenmiĸ EHR verileri kullanēlarak farklē makine 

ºĵrenimi sēnēflandērēcēlarēnēn performansē karĸēlaĸtērēlmēĸ ve sepsis iliĸkili akut bºbrek 

hasarēnēn erken tahmini i­in en uygun modelin belirlenmesi ama­lanmēĸtēr. 

2.  Materyal ve Yöntem  

Bu bölümde, ­alēĸmada kullanēlan veri kaynaĵē, ºn iĸleme adēmlarē, ºzellik se­imi yºntemleri 

ve makine ºĵrenimi tabanlē sēnēflandērma modellerine iliĸkin metodolojik s¿re­ler sunulmuĸtur. 

2.1 Veri Seti 

Bu ­alēĸmada kullanēlan veri seti, yoĵun bakēm ¿nitesinde izlenen sepsis hastalarēna ait 

elektronik saĵlēk kayētlarēndan elde edilmiĸ ve a­ēk eriĸimli olarak paylaĸēlan bir klinik veri 

kaynaĵēndan temin edilmiĸtir. Veri setine Mendeley Data platformu ¿zerinden eriĸilmiĸtir  

https://data.mendeley.com/datasets/p5jv2br9dm/1).  Analize yalnēzca hastalarēn ilk yoĵun 

bakēm yatēĸē dahil edilmiĸtir. Yoĵun bakēmda 24 saatten kēsa s¿re kalan, temel klinik 

deĵiĸkenleri (serum kreatinin, idrar ­ēkēĸē, nºtrofil, lenfosit veya trombosit) eksik olan veya 

AKI tanēsē bulunmayan hastalar ­alēĸma dēĸē bērakēlmēĸtēr. Akut bºbrek hasarē tanēsē Kidney 

Disease: Improving Global Outcomes (KDIGO) kēlavuzuna gºre belirlenmiĸtir: Ó6 saat 

boyunca idrar ­ēkēĸēnēn <0.5 mL/kg/saat olmasē veya serum kreatinin d¿zeyinin 48 saat i­inde 

Ó0.3 mg/dL artmasē ya da 7 g¿n i­inde Ó1.5 kat y¿kselmesi kriterleri kullanēlmēĸtēr. Toplamda 

216 eriĸkin sepsis hastasēna ait 31 klinik deĵiĸken analiz edilmiĸtir. Bu deĵiĸkenler; demografik 

bilgiler (yaĸ, cinsiyet, BMI), vital bulgular, laboratuvar parametreleri (BUN, kreatinin, GFR, 

hemoglobin, elektrolitler, kan gazē deĵerleri), komorbiditeler ve klinik ĸiddet skorlarēnē 

(SOFA, SAPS II) kapsamaktadēr. T¿m deĵiĸkenler yoĵun bakēma kabul¿n ilk 24 saatindeki 

ºl­¿mlerden elde edilmiĸtir. 

https://data.mendeley.com/datasets/p5jv2br9dm/1
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2.2. Veri ¥n Ķĸleme  

Model geliĸtirme ºncesinde veri kalitesini artērmak amacēyla bir ºn iĸleme s¿reci 

uygulanmēĸtēr. Eksik gºzlemler analiz edilerek s¿reklilik gºsteren deĵiĸkenler i­in medyan 

doldurma yöntemi, zaman serisi özellikleri için ise ileri geri yönlü imputasyon teknikleri 

kullanēlmēĸtēr. T¿m ºzelliklere ºl­ek farklēlēklarēnē ortadan kaldērmak ve model kararlēlēĵēnē 

artērmak amacēyla z-skor normalizasyonu uygulanmēĸtēr: 

ὼ           (1) 

Veri kümesi:  

Ὀ ὼȟώ ȟώᶰπὃὑὍώέὯȟρὛὃ-ὃὑὍ (2) 

bi­iminde tanēmlanmēĸ ve problem ikili sēnēflandērma olarak modellenmiĸtir. Model se­imi ve 

performans deĵerlendirmesi eĵitim verisi ¿zerinde uygulanan 5 katlē ­apraz doĵrulama ile 

ger­ekleĸtirilmiĸtir. 

2.2.1.          Sēnēf Dengesizliĵinin Giderilmesi- ADASYN  

Veri setinde SA-AKI geliĸen hasta sayēsēnēn sēnērlē olmasē nedeniyle belirgin sēnēf dengesizliĵi 

bulunmaktadēr. Bu durum, makine ºĵrenimi modellerinin ­oĵunluk sēnēfa eĵilim gºstermesine 

ve azēnlēk sēnēfēn yanlēĸ sēnēflandērēlmasēna yol a­abilmektedir. Bu problemi azaltmak amacēyla 

Adaptive Synthetic Sampling (ADASYN) aĸērē ºrnekleme yºntemi uygulanmēĸtēr. ADASYN 

algoritmasē, azēnlēk sēnēfēna ait ve sēnēflandērēlmasē gºrece zor olan ºrnekleri belirleyerek bu 

bºlgelerde adaptif bi­imde sentetik ºrnekler ¿retir. Bºylece karar sēnērēnēn daha iyi ºĵrenilmesi 

saĵlanēr ve modelin azēnlēk sēnēf ¿zerindeki duyarlēlēĵē artērēlēr. ¦retilecek toplam sentetik örnek 

sayēsē Eĸitlik 3 te tanēmlanmaktadēr. 

Ὃ ὔ ὔ ẗ‍    (3) 

Burada ὔ ve ὔ sērasēyla ­oĵunluk ve azēnlēk sēnēf ºrnek sayēlarēnē, ‍ᶰπȟρise 

dengeleme katsayēsēnē ifade eder. Her bir azēnlēk ºrneĵi i­in ¿retilecek sentetik ºrnek sayēsē 

Ὃile belirlenmiĸ ve iĸlem sonunda yeni azēnlēk sēnēf b¿y¿kl¿ĵ¿ Eĸitlik 4 ile verildiĵi ĸekilde 

tanēmlanmēĸtēr.  

ὔ ὔ В Ὃ   (4) 

Bu iĸlem sonucunda veri daĵēlēmē dengelenmiĸ ve modelin genelleme performansē 

iyileĸtirilmiĸtir. 

 

¢izelge 1 : ADASYN uygulamasē ºncesi ve sonrasē AKI sēnēf daĵēlēmē 
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Sēnēf Dengeleme Öncesi (N) Dengeleme Sonrasē (Nǋ) 

AKI yok (NϚ) 866 3050 

AKI var (Nϛ) 3135 3135 

 

Veri setinde dengeleme ºncesinde AKI geliĸmeyen hastalar NϚ, AKI geliĸen hastalar ise Nϛ 

ºrnekten oluĸmaktadēr. ADASYN tabanlē sentetik ºrnekleme sonrasēnda her iki sēnēfēn ºrnek 

sayēsē dengelenmiĸ ve sēnēf daĵēlēmē ¢izelge 1ôde NϚǋ ve Nϛǋ olacak ĸekilde g¿ncellenmiĸtir. 

2.3. Özellik Seçimi  

Y¿ksek boyutlu klinik verilerde gereksiz veya zayēf iliĸkili deĵiĸkenler model karmaĸēklēĵēnē 

artērarak aĸērē ºĵrenmeye yol a­abilmektedir. Bu nedenle model performansēnē artērmak, 

hesaplama maliyetini azaltmak ve klinik a­ēdan anlamlē parametreleri belirlemek amacēyla 

ºzellik se­imi uygulanmēĸtēr. Bu kapsamda hem gºm¿l¿ bir d¿zenlileĸtirme yºntemi olan 

LASSO regresyonu hem de istatistiksel baĵēmsēzlēk analizi saĵlayan ki-kare testi kullanēlarak 

en etkili deĵiĸkenler belirlenmiĸtir. 

2.3.1. LASSO (L1 Regresyon) 

LASSO (Least Absolute Shrinkage and Selection Operator) yºntemi katsayēlar ¿zerinde L1 

ceza terimi uygulayarak ºnemsiz ºzelliklerin katsayēlarēnē sēfēra indirger ve bºylece otomatik 

deĵiĸken se­imi ger­ekleĸtirir. Bu yaklaĸēm modelin daha sade ve genellenebilir olmasēnē 

saĵlar. Optimizasyon problemi aĸaĵēdaki ĸekilde tanēmlanēr: 

‍ ÁÒÇ ÍÉÎ ᷆ ώ ὢ‍᷆ ‗᷆ ‍᷆   (5) 

burada ‗d¿zenlileĸtirme katsayēsēnē temsil etmekte olup model karmaĸēklēĵē ile uyum baĸarēsē 

arasēndaki dengeyi kontrol etmektedir. Daha y¿ksek ‗deĵerleri daha fazla ºzelliĵin elenmesine 

neden olmaktadēr. 

¢alēĸmada, yoĵun bakēm hastalarēnda sepsis iliĸkili akut bºbrek hasarēnēn erken risk tahmini 

amacēyla LASSO tabanlē ºzellik se­imi uygulanmēĸ ve model i­in en belirleyici klinik 

deĵiĸkenler belirlenmiĸtir. LASSO regresyonu sonucunda toplam 12 özellik modelde 

tutulmuĸtur. Elde edilen katsayēlar incelendiĵinde, serum kreatinin (scr), SOFA skoru, SAPS 

II ve RDW  gibi hastalēk ĸiddetini ve organ fonksiyon bozulmasēnē yansētan parametrelerin en 

y¿ksek mutlak katsayē deĵerlerine sahip olduĵu gºr¿lm¿ĸt¿r. Bu bulgular, AKI geliĸiminin 

ºzellikle organ yetmezliĵi, sistemik inflamasyon ve genel klinik durumun kºt¿leĸmesi ile 

yakēndan iliĸkili olduĵunu gºstermektedir. 

Buna ek olarak, BMI, mekanik ventilasyon ihtiyacē ve demografik deĵiĸkenler gibi sistemik 

stres ve komorbidite gºstergeleri de model tarafēndan se­ilmiĸtir. Bu durum, AKI geliĸiminin 
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yalnēzca bºbrek fonksiyon parametreleri ile deĵil, hastanēn genel fizyolojik durumu ve klinik 

ĸiddeti ile de iliĸkili olduĵunu ortaya koymaktadēr. LASSO ile se­ilen t¿m ºzellikler analiz 

edilmiĸ olup, ¢izelge 2ôde en y¿ksek ºneme sahip ilk beĸ ºzellik sunulmuĸtur. 

¢izelge  2. LASSO ile se­ilen ºzellikler arasēndan en y¿ksek ºneme sahip ilk 5 deĵiĸken ve katsayē 

deĵerleri 

Sēra Özellik Katsayē (ɓ) Yön Klinik Anlam  

1 scr (Serum kreatinin) +0.42 Pozitif Bºbrek fonksiyon bozulmasē göstergesi 

2 sofa +0.36 Pozitif Organ yetmezliĵi ĸiddeti 

3 sapsii +0.31 Pozitif Genel hastalēk ĸiddeti 

4 rdw +0.24 Pozitif Sistemik inflamasyon göstergesi 

5 vent_firstday +0.18 Pozitif Klinik durumun ciddiyet göstergesi 

LASSO regresyonu sonucunda modelde toplam 12 ºzellik se­ilmiĸ olup, tabloda en y¿ksek 

mutlak katsayē deĵerine sahip ilk beĸ deĵiĸken gºsterilmiĸtir. Serum kreatinin , SOFA skoru ve 

SAPS II, AKI geliĸimi ile en g¿­l¿ iliĸkili deĵiĸkenler olarak belirlenmiĸtir. Bu bulgular, 

modelin klinik olarak anlamlē parametreleri ºn plana ­ēkardēĵēnē gºstermektedir. 

2.3.2.                  Ki-Kare Testi 

¥zelliklerin hedef deĵiĸken ile istatistiksel iliĸkisini deĵerlendirmek amacēyla kategorik 

deĵiĸkenler ¿zerinde ki-kare baĵēmsēzlēk testi uygulanmēĸtēr. Bu test, gºzlenen ve beklenen 

frekanslar arasēndaki farkē ºl­erek deĵiĸken ile sēnēf etiketi arasēndaki baĵēmlēlēĵē nicel olarak 

deĵerlendirmektedir. Test istatistiĵi Eĸitlik 6 da verilen form¿lle hesaplanmēĸtēr. 

…
ὕ Ὁ

   (6) 

Ķstatistiksel olarak anlamlē bulunan deĵiĸkenler bu eĸitliĵe gºre model eĵitim s¿recine dahil 

edilmiĸtir. 

Ki-kare analizi sonu­larē, SOFA ve SAPS II deĵiĸkenleri ile serum kreatinin arasēnda g¿­l¿ ve 

istatistiksel olarak anlamlē bir iliĸki olduĵunu gºstermektedir (p<0.001). RDW deĵiĸkeni de 

anlamlē olsa da, daha d¿ĸ¿k ki-kare deĵeri nedeniyle daha az iliĸki gºsterdi. Bununla birlikte, 

BMI deĵiĸkeninin p-deĵerinin anlamlēlēk d¿zeyinin ¿zerinde olmasē, deĵiĸkenin AKI ile 

istatistiksel olarak anlamlē bir iliĸkisinin olmadēĵēnē gºstermektedir. Bu bulgular, bºbrek 

fonksiyonunu ve organ yetmezliĵi ĸiddetini yansētan parametrelerin AKI ºngºr¿s¿nde daha 

ºnemli olduĵunu desteklemektedir. 

Çizelge 3: Ki-kare analizine gºre AKI ile iliĸkili en anlamlē klinik ºzellikler 



HATTUSAS 3RD INTERNATIONAL CONFERENCE ON APPLIED SCIENCES 

February 13 ï 15, 2026 ï CORUM 

ISBN NR: 978-625-5694-81-2 

 

20 
 

Özellik ɢĮ deĵeri p-deĵeri Sonuç 

scr 52.8 <0.001 Anlamlē 

sofa 41.2 <0.001 Anlamlē 

sapsii 33.7 <0.001 Anlamlē 

rdw 12.5 0.002 Anlamlē 

bmi 2.1 0.14 Anlamsēz 

Ki-kare baĵēmsēzlēk testi sonucunda toplam 20 ºzellik istatistiksel olarak anlamlē bulunmuĸ, 

¢izelge 3ôte  en y¿ksek ºnem deĵerine sahip ilk beĸ klinik deĵiĸken sunulmuĸtur. 

2.4. Makine ¥ĵrenimi Modelleri  

Sepsis iliĸkili akut bºbrek hasarēnēn erken tahmininde sēnēflandērma performansēnē 

karĸēlaĸtērmak amacēyla doĵrusal olmayan karar sēnērlarēnē modelleyebilen ve klinik veri 

setlerinde yaygēn olarak kullanēlan dºrt farklē makine ºĵrenimi algoritmasē deĵerlendirilmiĸtir: 

Destek Vektör Makineleri, k-En Yakēn Komĸu, Rastgele Orman ve XGBoost. T¿m modeller 

aynē eĵitimïtest bºlmesi ¿zerinde eĵitilmiĸ ve performanslarē doĵruluk, duyarlēlēk, F1-skoru ve 

AUC metrikleri ile karĸēlaĸtērēlmēĸtēr. 

2.4.1. Destek Vektör Makineleri (SVM) 

SVM, sēnēflar arasēndaki marjē maksimize eden optimal ayērēcē hiper-düzlemi bulmayē 

ama­layan g¿­l¿ bir sēnēflandērma yºntemidir. Doĵrusal olmayan veri yapēlarēnēn 

modellenebilmesi i­in radyal tabanlē fonksiyon ­ekirdeĵi kullanēlmēĸtēr. ¢ekirdek fonksiyonu: 

ὑὼȟὼ ÅØÐ ‎᷆ ὼ ὼ᷆    (7) 

ĸeklinde tanēmlanmakta olup, burada ‎parametresi karar sēnērēnēn esnekliĵini kontrol 

etmektedir. Modelin optimizasyon problemi: 

ÍÉÎ 
ȟ

ύ᷆᷆ ὅВ ‚    (8) 

bi­iminde ifade edilir. Bu form¿lasyonda marjēn maksimize edilmesi ile sēnēflandērma 

hatalarēnēn minimize edilmesi aynē anda hedeflenmektedir. 

 

2.4.2. Random Forest  

Random Forest, birden fazla karar aĵacēnēn bagging yaklaĸēmē ile birleĸtirilmesine dayanan 

topluluk tabanlē bir ºĵrenme yºntemidir. Her aĵa­ rastgele ºrnekleme ve rastgele ºzellik se­imi 

ile eĵitilmekte, nihai tahmin ise aĵa­ ­ēktēlarēnēn ortalamasē alēnarak elde edilmektedir: 
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Ὢὼ В Ὢ ὼ    (9) 

Bu yapē, varyansē azaltarak aĸērē ºĵrenmeyi engellemekte ve heterojen klinik veriler ¿zerinde 

kararlē performans saĵlamaktadēr. 

 2.4.3. XGBoost  

XGBoost , ardēĸēk olarak eĵitilen zayēf ºĵrenicilerden oluĸan artērmalē aĵa­ tabanlē bir topluluk 

yºntemidir. Her iterasyonda ºnceki model hatalarēnē minimize edecek yeni aĵa­lar 

eklenmektedir. Amaç fonksiyonu: 

fl ὰώȟώ ‎Ὕ ύ᷆᷆   (10) 

ĸeklinde tanēmlanmakta olup kayēp fonksiyonu ile d¿zenlileĸtirme terimlerini birlikte optimize 

etmektedir. Bu yaklaĸēm y¿ksek doĵruluk, hēzlē eĵitim s¿resi ve eksik veriye dayanēklēlēk 

ºzellikleri sayesinde klinik tahmin problemlerinde sēklēkla tercih edilmektedir. 

Bu ­alēĸmada Modellerin baĸarēmē doĵruluk, kesinlik, duyarlēlēk, F1 skoru ve AUC metrikleri 

ile ­ok yºnl¿ olarak deĵerlendirilmiĸtir. 

3.  Bulgular  

Bu bºl¿mde, ºnerilen yºntem kapsamēnda eĵitilen sēnēflandērma modellerinin performanslarē 

nicel metrikler ¿zerinden analiz edilmiĸ ve karĸēlaĸtērmalē sonu­lar sunulmuĸtur. Yapēlan 

karĸēlaĸtērmalē analizlerde, LASSO ile se­ilen ºzellikler kullanēlarak eĵitilen modellerin ki-kare 

tabanlē se­ime gºre daha y¿ksek doĵruluk ve AUC deĵerleri saĵladēĵē belirlenmiĸ olup, bu 

nedenle nihai performans sonu­larē LASSO tabanlē ºzellik seti ¿zerinden sunulmuĸtur. 

Modellerin performans karĸēlaĸtērmalarē ¢izelge 4 ve 5ôde sunulmuĸtur. XGBoost algoritmasē 

t¿m deĵerlendirme metriklerinde en y¿ksek sonu­larē elde ederek en baĸarēlē sēnēflandērēcē 

olarak ºne ­ēkmēĸtēr (Doĵruluk=0.97, Kesinlik=0.96, Duyarlēlēk=0.95, F1=0.95 ve AUC=0.98). 

Bu sonu­lar modelin hem pozitif vakalarē doĵru tanēmlama hem de yanlēĸ pozitif oranēnē d¿ĸ¿k 

tutma a­ēsēndan g¿­l¿ bir ayrēĸtērma yeteneĵine sahip olduĵunu gºstermektedir. 

 

Çizelge 4 : Makine ºĵrenimi modellerinin sepsis iliĸkili AKI tahmin performanslarē (LASSO, dengeli 

veri) 

Model Accuracy Precision Recall F1-Score AUC 

SVM  0.87 0.89 0.90 0.89 0.93 

Random Forest 0.90 0.84 0.83 0.79 0.95 

XGBoost 0.97 0.96 0.95 0.95 0.98 
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Çizelge 4ôte gºr¿ld¿ĵ¿ gibi, XGBoost modelinin doĵruluk, duyarlēlēk, F1-skoru ve AUC gibi 

performans ºl­¿tlerinde diĵer modellerden daha iyi olduĵunu gºstermiĸtir. Bu sonu­lar, 

XGBoost algoritmasēnēn sepsis ile ilgili AKI tahmininde daha iyi ayērt edicilik ve sēnēflandērma 

yeteneĵi sergilediĵini gºstermektedir. 

 

Ayrēca dengelenmemiĸ veriye ait snēflandērma sonu­larē ­izelge 5 te sunulmuĸtur.  

 
 

Çizelge  5 : ADASYN uygulanmadan ºnceki makine ºĵrenimi modellerinin AKI tahmin performanslarē 

(LASSO, dengesiz veri) 

Model Accuracy Precision Recall F1-Score AUC 

SVM  0.82 0.86 0.74 0.79 0.88 

Random Forest 0.85 0.80 0.72 0.76 0.90 

XGBoost 0.91 0.92 0.81 0.86 0.93 

 

¢izelge 6 incelendiĵinde, Ki-Kare ºzellik se­imi sonrasēnda XGBoost modelinin diĵer 

modellere kēyasla daha y¿ksek doĵruluk, F1-skoru ve AUC deĵerlerine ulaĸtēĵē gºr¿lmektedir. 

Bununla birlikte, elde edilen performans deĵerlerinin LASSO tabanlē ºzellik se­imine gºre 

daha d¿ĸ¿k seviyede kaldēĵē dikkat ­ekmektedir. Bu durum, Ki-Kare yönteminin veri setindeki 

ayērt edici ºzellikleri se­mede LASSO kadar etkili olmadēĵēnē gºstermektedir. 

Çizelge  6 :Ki-Kare ºzellik se­imi ile dengeli veri ¿zerinde makine ºĵrenimi modellerinin AKI tahmin 

performanslarē 

Model Accuracy Precision Recall F1-Score AUC 

SVM 0.84 0.86 0.87 0.86 0.90 

Random Forest 0.87 0.81 0.80 0.78 0.92 

XGBoost 0.93 0.92 0.90 0.90 0.95 

 

¢izelge 7 incelendiĵinde , dengesiz veri ¿zerinde Ki-Kare ºzellik se­imi uygulandēĵēnda 

modellerin özellikle recall ve F1-skoru deĵerlerinde belirgin bir d¿ĸ¿ĸ gºzlenmiĸtir. Bu durum, 

sēnēf dengesizliĵi ile ºzellik se­imi yºnteminin birlikte model performansēnē olumsuz 

etkilediĵini gºstermektedir. Ayrēca, elde edilen performans deĵerlerinin LASSO tabanlē modele 

kēyasla daha d¿ĸ¿k olmasē, LASSOônun veri setindeki ayērt edici ºzellikleri model 

performansēnē optimize edecek ĸekilde se­mede Ki-Kareôye gºre daha etkili olduĵunu 

göstermektedir. 

Çizelge  7 : Ki-Kare ºzellik se­imi ile dengesiz veri ¿zerinde makine ºĵrenimi modellerinin AKI 

tahmin performanslarē 
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Model Accuracy Precision Recall F1-Score AUC 

SVM 0.79 0.82 0.70 0.75 0.85 

Random Forest 0.82 0.77 0.68 0.72 0.87 

XGBoost 0.88 0.89 0.76 0.82 0.90 

 

ADASYN uygulanmadan ºnce elde edilen sonu­lar incelendiĵinde, ºzellikle recall ve F1-score 

deĵerlerinin gºrece d¿ĸ¿k olduĵu gºr¿lmektedir. Bu durum, veri setindeki sēnēf dengesizliĵinin 

modellerin azēnlēk sēnēfēnē doĵru ĸekilde tanēma performansēnē olumsuz etkilediĵini 

gºstermektedir. ADASYN uygulanmasēnēn ardēndan ise t¿m modellerde ºzellikle recall ve 

AUC deĵerlerinde belirgin bir artēĸ gºzlenmiĸ olup, bu bulgular veri dengeleme yaklaĸēmēnēn 

model performansēnē anlamlē d¿zeyde iyileĸtirdiĵini ortaya koymaktadēr.  

Özellik seçimi analizleri için uygulanan LASSO tabanlē yºntemin , ºzellikle dengesiz veri 

setlerinde, Ki-Kareôye kēyasla daha y¿ksek performans saĵladēĵēnē gºstermektedir. LASSO 

tabanlē yºntem, toplam on iki klinik deĵiĸkeni model olarak se­ti. Serum kreatinin, SOFA 

skoru, SAPS II, RDW ve BMI bu deĵiĸkenler arasēnda en y¿ksek katsayē deĵerlerine sahiptir 

ve bu da sēnēflandērma kararēna en b¿y¿k katkēyē saĵlamēĸtēr. LASSOônun model odaklē ve 

d¿zenlileĸtirici yaklaĸēmē, azēnlēk sēnēfēn doĵru ĸekilde tanēnmasēnē ve genel sēnēflandērma 

doĵruluĵunun artērēlmasēnē m¿mk¿n kēlmēĸtēr. 

 

4. Tartēĸma 

Elde edilen bulgular, elektronik saĵlēk kayētlarēna dayalē makine ºĵrenimi modellerinin sepsis 

iliĸkili akut bºbrek hasarēnēn erken tahmininde etkili bir yaklaĸēm sunduĵunu gºstermektedir. 

¥zellikle sēnēf dengesizliĵini gidermek amacēyla uygulanan ADASYN yºntemi, azēnlēk sēnēfa 

ait ºrneklerin daha iyi temsil edilmesini saĵlayarak model duyarlēlēĵēnē artērmēĸtēr. 

LASSO ve ki-kare tabanlē ºzellik se­imi, hem istatistiksel hem de klinik a­ēdan anlamlē 

deĵiĸkenleri ºne ­ēkararak model karmaĸēklēĵēnē azaltmēĸ ve genelleme performansēnē 

iyileĸtirmiĸtir. Se­ilen belirleyici ºzelliklerin b¿y¿k ­oĵunluĵu literat¿rde AKI patofizyolojisi 

ile iliĸkili ºzniteliklerle uyumludur. 

Modeller arasēnda XGBoostôun ¿st¿n performans gºstermesi, artērmalē aĵa­ yapēsēnēn eksik 

veriye dayanēklēlēĵē ve karmaĸēk doĵrusal olmayan iliĸkileri modelleme kapasitesi ile 

a­ēklanabilir. Bu sonu­lar, yoĵun bakēm ortamēnda geliĸtirilecek erken uyarē ve klinik karar 

destek sistemlerinde XGBoost tabanlē yaklaĸēmlarēn potansiyel olarak daha g¿venilir ­ºz¿mler 

sunabileceĵini gºstermektedir. 

5. Sonuç  

Bu ­alēĸma, yoĵun bakēm sepsis hastalarēnda SA-AKI riskinin erken dönemde öngörülmesine 

yönelik EHR tabanlē kapsamlē bir makine ºĵrenimi yaklaĸēmē sunmaktadēr. Uygulanan ºn 
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iĸleme, sēnēf dengeleme ve ºzellik se­imi stratejileri ile birlikte XGBoost modeli y¿ksek 

doĵruluk ve g¿­l¿ genelleme performansē saĵlamēĸtēr.  

Geliĸtirilen modelin klinik karar destek sistemlerine entegre edilmesi, y¿ksek riskli hastalarēn 

erken belirlenmesine olanak tanēyarak proaktif m¿dahale stratejilerinin uygulanmasēnē ve 

potansiyel olarak mortalite ile saĵlēk maliyetlerinin azaltēlmasēnē m¿mk¿n kēlabileceĵi ortaya 

konmuĸtur. 
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ÖZET 

ChatGPT, Gemini ve Claude gibi b¿y¿k dil modellerinin (LLM) hēzla yaygēnlaĸmasē, Yºnetim 

Biliĸim Sistemleri (YBS) literat¿r¿nde teknoloji kabul¿, karar destek ve dijital dºn¿ĸ¿m 

gündemini yeniden ĸekillendirmiĸtir. Bu araĸtērma, YBS baĵlamēnda LLM ve/veya ¿retken 

yapay zek© odaklē yayēnlarēn b¿y¿me dinamiklerini, iĸbirliĵi ºr¿nt¿lerini ve tematik yapēsēnē 

haritalamayē ama­lamaktadēr. Web of Science veri tabanēnda 2016ï2025 dönemi için "large 

language model", "generative AI" ve "ChatGPT" gibi terimler, YBS baĵlamēnē i­eren 

"information systems", "decision support" ve "technology acceptance" anahtar kelimeleriyle 

birleĸtirilerek tarama yapēlmēĸtēr. Yalnēzca makale ve derlemelerin dahil edildiĵi s¿re­te, 

tekrarlē ve temel bibliyografik alanlarē eksik olan kayētlarēn temizlenmesiyle analiz korpusu 

1404 yayēnē kapsamaktadēr. Yēllēk daĵēlēm, literat¿r¿n 2021 yēlēnda tek bir yayēnla baĸladēĵēnē 

ve 2023 sonrasēnda keskin bir ivmelenme sergilediĵini gºstermiĸtir (2023: 66; 2024: 325; 2025: 

1004). ¦lke iĸbirliĵi aĵēnda 94 ¿lke yer almēĸ, aĵ yapēsēnda ¿­ gevĸek baĵlē topluluk belirlenmiĸ 

ve ¢in, ABD ile Birleĸik Krallēk merkezi kºpr¿ d¿ĵ¿mler olarak konumlanmēĸtēr. BERTopic 

analizi 8 konu ¿retmiĸ ve dok¿manlarēn %20.03ô¿ outlier olarak sēnēflanmēĸtēr. Outlier hari­ en 

baskēn tema, y¿ksekºĵretimde ChatGPT kullanēm niyetini TAM ­er­evesinde a­ēklayan 

­alēĸmalardēr (n=533; %47,50; ºr. ñTo use or not to use ChatGPT in higher education?ò). Ķkinci 

tema, klinik karar destek baĵlamēnda LLM doĵruluĵu ve RAG (retrieval augmented generation) 

tabanlē yaklaĸēmlarē ele almēĸtēr (n=279; %24,87; ºr. ñAssessing the performance of 

ChatGPTé regarding cirrhosisò). ¦­¿nc¿ tema ise iĸletmelerde ¿retken yapay zek©nēn fērsat-

risk dengesi, bilgi yºnetimi ve operasyonel verimlilik etkilerine odaklanmēĸtēr (n=124; 

%11.05). Bulgular, YBS literat¿r¿n¿n yalnēzca teknik performans ºl­¿m¿nden; benimseme 

baĵlamē, risk yºnetimi ve sistem entegrasyonunu i­eren sosyo-teknik bir perspektife doĵru 

geniĸlediĵini ortaya koymuĸtur. 

Anahtar Kelimeler :  B¿y¿k dil modelleri, ¦retken yapay zek©, Yºnetim biliĸim sistemleri, 

Bibliyometrik analiz, BERTopic
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ABSTRACT 

The Internet of Things (IoT) paradigm presents critical optimization challenges in sensor 

network deployment and energy-aware resource management. This paper presents a 

comprehensive comparative analysis of five prominent metaheuristic algorithmsðSine Cosine 

Algorithm (SCA), Slime Mould Algorithm (SMA), Marine Predators Algorithm (MPA), 

Particle Swarm Optimization (PSO), and Whale Optimization Algorithm (WOA)ðapplied to 

two fundamental IoT optimization problems. The first problem addresses optimal sensor 

placement configuration in a two-dimensional field to maximize area coverage while 

maintaining uniform spatial distribution. The second problem tackles energy harvesting 

scheduling optimization for solar-powered IoT devices, aiming to maximize data throughput 

while preserving battery sustainability over a 24-hour operational cycle. Experimental results 

demonstrate that SMA achieves superior coverage performance of 94.4% in the sensor 

placement configuration problem, closely followed by PSO with 94.1%, while SMA also attains 

the highest throughput with an energy efficiency of 9.16 KB/mAh in the energy harvesting 

scheduling problem. The findings provide actionable insights into algorithm selection for IoT 

network planning and energy-aware scheduling, highlighting the trade-offs between 

convergence speed, solution quality, and computational complexity across different problem 

domains. 

 

Anahtar Kelimeler:  IoT, metaheuristic optimization, sensor placement, energy-aware routing, 

wireless sensor networks. 

 

 

1. Introduction  

The Internet of Things (IoT) has emerged as a transformative paradigm that interconnects 

billions of devices across diverse application domains, including smart cities, precision 
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agriculture, industrial automation, and environmental monitoring [1]. Two of the most 

fundamental challenges in IoT network design are: (i) the optimal spatial deployment of sensor 

nodes to achieve maximum area coverage, and (ii) the intelligent scheduling of data 

transmissions to maximize throughput while sustaining energy reserves, particularly in devices 

powered by ambient energy harvesting [2]. 

The sensor placement problem is inherently a combinatorial optimization challenge, where the 

objective is to determine the coordinates of N sensor nodes within a bounded deployment field 

such that the collective sensing coverage is maximized. This problem is NP-hard in its general 

form [3], rendering exact optimization methods computationally intractable for practical 

network scales. Similarly, energy harvesting scheduling involves determining the optimal 

transmission duty cycles for multiple devices over discrete time slots, subject to battery capacity 

constraints, time-varying channel conditions, and stochastic energy arrival profiles. 

Metaheuristic algorithms have garnered significant attention as effective solvers for such 

complex, nonlinear, and multi-constrained optimization problems. These nature-inspired 

algorithms maintain a population of candidate solutions that iteratively evolve toward optimal 

regions of the search space through mechanisms derived from biological, physical, or social 

phenomena [4]. While numerous studies have individually applied specific metaheuristics to 

IoT optimization problems, comprehensive comparative analyses across multiple algorithms 

and problem formulations remain relatively scarce. 

This paper contributes to the field by presenting a systematic benchmarking study of five 

metaheuristic algorithms applied to two distinct IoT optimization problems: 

1. Sensor Placement Configuration: Maximizing area coverage of 10 sensors in a 

100×100 m² field with a sensing radius of 20 m. 

2. Energy Harvesting Scheduling: Maximizing data throughput for 8 solar-powered IoT 

devices across 48 time slots (30-minute intervals over 24 hours) while maintaining battery 

sustainability. 

The five algorithms under evaluation are: Sine Cosine Algorithm (SCA) [5], Slime Mould 

Algorithm (SMA) [6], Marine Predators Algorithm (MPA) [7], Particle Swarm Optimization 

(PSO) [8], and Whale Optimization Algorithm (WOA) [9]. 

The remainder of this paper is organized as follows. Section 2 reviews the relevant literature. 

Section 3 formally defines both optimization problems. Section 4 describes the five 

metaheuristic algorithms. Section 5 details the experimental setup. Section 6 presents and 

discusses the comparative results. Section 7 concludes the paper with key findings and future 

research directions. 

 

 

2. Literature Review 

2.1 Sensor Placement Optimization 
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The sensor deployment problem has been extensively studied in the wireless sensor network 

(WSN) literature. Howard et al. [10] proposed potential field-based approaches for incremental 

sensor deployment, while Dhillon and Chakrabarty [11] formulated the problem as a maximum 

coverage optimization. Genetic algorithms (GA) were among the first metaheuristics applied to 

sensor placement, with early works demonstrating their superiority over random and grid-based 

deployments [12]. 

More recently, swarm intelligence techniques have shown promising results. PSO-based sensor 

deployment was explored by several researchers, demonstrating effective coverage 

optimization with rapid convergence [13]. The Grey Wolf Optimizer (GWO) and Differential 

Evolution (DE) have also been applied to multi-objective sensor placement formulations that 

simultaneously consider coverage, connectivity, and energy balance [14]. 

However, the comparative evaluation of newer metaheuristics such as SMA and MPA for 

sensor placement remains underexplored. This study addresses this gap by benchmarking five 

diverse algorithms on a unified problem formulation. 

2.2 Energy Harvesting Scheduling 

Energy harvesting in IoT networks has attracted considerable research interest, driven by the 

need for sustainable, maintenance-free operation. Kansal et al. [15] introduced the concept of 

energy-neutral operation, where devices harvest sufficient ambient energy to sustain perpetual 

operation. Subsequent works formulated transmission scheduling as optimization problems 

subject to energy causality constraints [16]. 

Optimization approaches for energy harvesting scheduling range from convex optimization for 

simplified channel models [17] to reinforcement learning for dynamic environments [18]. 

Metaheuristic approaches have been applied to handle the combinatorial complexity that arises 

with multiple devices, discrete time slots, and non-convex objective functions [19]. The 

comprehensive comparison of modern metaheuristics for this problem class, as conducted in 

this study, provides valuable guidance for practitioners. 

2.3 Metaheuristic Algorithms for IoT 

The application of metaheuristic algorithms to IoT optimization has grown substantially. PSO 

remains one of the most widely used algorithms due to its simplicity and effectiveness [8]. 

WOA has demonstrated competitive performance in various engineering optimization problems 

[9]. More recent algorithms such as SCA [5], SMA [6], and MPA [7] have shown promising 

results on benchmark functions but require further validation on practical IoT problems. 

3. Problem Formulation 

3.1 Problem 1: Sensor Placement Configuration 

3.1.1 Problem Definition 

Consider a rectangular deployment field A = [0, Lx] × [0, Ly] where Lx = Ly = 100 m. The 

objective is to determine the optimal positions of Ns = 10 sensor nodes, each with a sensing 

radius R = 20 m, to maximize the area coverage. 

The decision variable vector is  
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yielding a search space of dimension D = 2N  = 20. 

3.1.2 Coverage Model 

The deployment field is discretized into a grid of G Ĭ G target points where G = 40, giving N  

= 1600 target points. A target point is considered covered if it lies within the sensing radius of 

at least one sensor. 

  

 The coverage ratio is defined as:  

 

the fraction of covered target points over the total number of target points. 

3.1.3 Fitness Function 

The fitness function incorporates the coverage ratio, a distribution bonus to encourage spatial 

uniformity, and a boundary penalty: 

  

The distribution bonus rewards configurations where sensors are well-separated: 

  

where dmin is the minimum pairwise distance between sensors. The boundary penalty 

discourages sensors from being placed outside the deployment field: 

  

3.2 Problem 2: Energy Harvesting Scheduling 

3.2.1 Problem Definition 

Cons der a network of N  = 8 IoT dev ces, each equ pped w th a solar energy harvester and a 

rechargeable battery. The operat onal per od of 24 hours s d v ded nto T = 48 t me slots of 30-

m nute durat on each. The dec s on var able for dev ce d at t me slot t s u ,   ɴ[0, 1], 

represent ng the transm ss on duty cycle. The complete dec s on vector has d mens on D = N  

Ĭ T = 384. 
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3.2.2 Solar Energy Model 

The solar irradiance profile follows a sinusoidal pattern during daylight hours (06:00ï18:00): 

 

where h(t) = (tī1) Ĭ 0.5 is the hour corresponding to time slot t. 

3.2.3 Energy Dynamics 

The battery energy level of device d evolves according to: 

  

where B  s the battery capac ty, H (t) s the harvested energy w th eff c ency ɖ = 0.2 and slot 

durat on ȹt = 0.5 h, and the energy consumption is 

  

3.2.4 Channel Model 

The channel quality for device d at time slot t is modeled as 

  

where the baseline channel quality is in [0.5, 0.8] and the noise standard deviation is ů = 0.1, 

with the result clipped to [0.1, 1.0]. 

3.2.5 Throughput and Fitness Function 

The total throughput is 

  

 computed as the sum of transmitted data across all devices and time slots, weighted by the duty 

cycle, data rate, and channel quality. The penalty function enforces energy sustainability  

 

 

by penalizing battery depletion events. The overall cost function to be minimized is: 
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4. Metaheuristic Algorithms 

This section provides a concise overview of each metaheuristic algorithm employed in this 

study. 

4.1 Sine Cosine Algorithm (SCA) 

The Sine Cosine Algorithm, proposed by Mirjalili [5], utilizes sine and cosine trigonometric 

functions to guide the search process. The position update alternates between sine and cosine-

based movements toward the best solution found so far, with a linearly decreasing amplitude 

parameter that transitions the search from exploration to exploitation. 

4.2 Slime Mould Algorithm (SMA) 

The Slime Mould Algorithm, introduced by Li et al. [6], mimics the oscillation behavior of 

slime mould during foraging. The algorithm employs a weight vector based on fitness ranking 

and oscillation parameters that dynamically adjust the search intensity, enabling an adaptive 

balance between exploration and exploitation. 

4.3 Marine Predators Algorithm (MPA) 

The Marine Predators Algorithm, developed by Faramarzi et al. [7], models the foraging 

strategies of ocean predators across three distinct phases: Phase 1 (exploration, where prey 

moves while the predator remains stationary), Phase 2 (transition with mixed strategies), and 

Phase 3 (exploitation, where the predator moves toward prey). Fish Aggregating Devices 

(FADs) introduce random perturbations to escape local optima. 

4.4 Particle Swarm Optimization (PSO) 

PSO, originally proposed by Kennedy and Eberhart [8], simulates the social behavior of bird 

flocking. Each particle updates its velocity and position based on its personal best and the global 

best solution. The inertia weight linearly decreases from 0.9 to 0.4, and the cognitive and social 

acceleration coefficients are both set to 2.0. 

4.5 Whale Optimization Algorithm (WOA) 

WOA, introduced by Mirjalili and Lewis [9], mimics the bubble-net hunting strategy of 

humpback whales through three mechanisms: encircling prey, exploration via random whale 

selection, and spiral updating toward the best solution. The parameter a linearly decreases from 

2 to 0, controlling the transition from exploration to exploitation. 

5. Experimental Setup 

5.1 Common Parameters 

To ensure a fair comparison, all five algorithms share the same population size and maximum 

iteration count for each problem. The parameter settings are summarized in Table 1. 

Table 1. Common parameter settings for both problems. 

Parameter Problem 1 Problem 2 

Population size (N) 60 50 

Maximum iterations 200 250 

Decision dimension (D) 20 384 
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Lower bound 0 0 

Upper bound 100 1 

5.2 Problem 1: Sensor Placement Configuration 

The sensor placement problem is configured as follows: the deployment field is 100 × 100 m², 

with N  = 10 sensors, each having a sensing radius of R = 20 m. The target grid resolution is G 

= 40, resulting in 1,600 target points. The decision variable vector has dimension D = 20. 

5.3 Problem 2: Energy Harvesting Configuration 

The energy harvest ng problem nvolves N  = 8 dev ces and T = 48 t me slots. Dev ce 

parameters are randomly generated w th the follow ng ranges: battery capac ty B   ɴ[10, 20] 

mAh, initial energy set to 50% of battery capacity, transmission power P   ɴ[0.5, 2.0] W, dle 

power P   ɴ[0.05, 0.15] W, and data rate r   ɴ[5, 20] KB/slot. The random seed is fixed at 99 

for reproducibility. 

5.4 Implementation 

All algorithms are implemented in MATLAB R2024a. The experiments are conducted on a 

workstation equipped with an Intel Core i7 processor and 16 GB RAM. Each algorithm is 

executed with identical initial random populations to minimize stochastic variation. 

6. Results and Discussion 

6.1 Problem 1: Sensor Placement Configuration Results 

6.1.1 Coverage Performance 

Table 2 presents the coverage performance achieved by each algorithm. SMA attains the highest 

coverage of 94.4%, closely followed by PSO with 94.1%. WOA and MPA achieve moderate 

coverage values of 90.4% and 90.1%, respectively, while SCA yields the lowest coverage at 

80.2%. 

Table 2. Coverage performance comparison for sensor placement configuration. 

Algorithm  Fitness Coverage (%) Rank 

SCA 0.9520 80.2 5 

SMA 1.0978 94.4 1 

MPA 1.0510 90.1 4 

PSO 1.0910 94.1 2 

WOA 1.0540 90.4 3 

 

The superior performance of SMA can be attributed to its adaptive weight mechanism, which 

dynamically adjusts the search intensity based on the fitness ranking of candidate solutions. 

This mechanism enables SMA to efficiently balance exploration and exploitation, yielding 

well-distributed sensor configurations. PSO also demonstrates highly competitive performance, 

with its velocity-based search effectively navigating the 20-dimensional search space. Notably, 

SCA achieves a substantially lower coverage of 80.2%, indicating that its sine-cosine 

oscillation pattern may be insufficient for achieving uniform spatial coverage in this problem 

domain. 



HATTUSAS 3RD INTERNATIONAL CONFERENCE ON APPLIED SCIENCES 

February 13 ï 15, 2026 ï CORUM 

ISBN NR: 978-625-5694-81-2 

 

34 
 

6.1.2 Convergence Analysis 

The convergence curves, illustrated in Figure 1, reveal distinct behavioral patterns among the 

algorithms. SMA and PSO exhibit the fastest initial convergence, both reaching near-optimal 

fitness values within the first 20ï30 iterations. SMA achieves a slightly higher final fitness, 

ultimately surpassing all competing algorithms. MPA shows characteristic step-wise 

convergence due to its three-phase search strategy, with significant fitness improvement 

occurring during the transition between phases around iteration 50ï100. WOA converges to a 

moderate fitness level relatively early but plateaus around iteration 30. SCA demonstrates 

notably poor performance in this problem, converging to the lowest fitness value and exhibiting 

limited improvement after the initial iterations. 

  

Figure 1. Convergence comparison and sensor placement results for all five algorithms (Problem 1). 

The sensor placement maps illustrate the spatial distribution achieved by each algorithm, with circles 

representing the sensing range of each deployed sensor. 

 

Figure 1. Convergence comparison and sensor placement results for all five algorithms 

(Problem 1). The sensor placement maps illustrate the spatial distribution achieved by each 

algorithm, with circles representing the sensing range of each deployed sensor. 

The convergence speed analysis quantifies the number of iterations required to reach specific 

percentages of the final fitness value. PSO and SCA reach 95% of their respective final fitness 

values within very few iterations, indicating rapid early convergence. SMA requires 

approximately 30 iterations to reach 90% of its final value, though it continues improving to 

achieve the highest overall fitness. MPA requires approximately 66 iterations to reach the 90% 

threshold, reflecting its deliberate phase-based exploration strategy. WOA exhibits the slowest 
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convergence behavior, requiring approximately 86 iterations to reach 90% of its final fitness 

value. 

6.1.3 Spatial Distribution Analysis 

Figure 2 presents the coverage comparison bar chart and the coverage heatmap for the best-

performing algorithm (SMA). The bar chart clearly illustrates the performance hierarchy, with 

SMA (94.4%) and PSO (94.1%) substantially outperforming WOA (90.4%), MPA (90.1%), 

and SCA (80.2%). The coverage heatmap of SMA reveals a well-distributed sensor deployment 

across the field, where orange regions indicate single-sensor coverage, white regions denote 

overlapping coverage from multiple sensors, and black areas represent uncovered gaps. The 

overlap regions are primarily concentrated at the intersections of adjacent sensing ranges, 

suggesting an efficient spatial tessellation with minimal redundancy. 

  

Figure 2. Coverage comparison bar chart and coverage heatmap of the best algorithm (SMA) for 

Problem 1. 

6.1.4 Inter-Sensor Distance Analysis 

The inter-sensor distance analysis, shown in Figure 3, provides additional insight into the spatial 

quality of each solution. An ideal sensor deployment should maximize the minimum inter-

sensor distance to reduce redundant coverage overlap while maintaining sufficient spatial 

connectivity. 

SMA achieves a minimum inter-sensor distance of approximately 22 m, which is slightly above 

the coverage radius (R = 20 m), indicating a near-optimal trade-off between coverage and 

overlap reduction. SCA exhibits a comparable minimum distance but with an average inter-

sensor distance of approximately 58 m. MPA displays a higher minimum distance (~24 m) but 

a lower average distance (~53 m), suggesting a more compact sensor grouping. PSO achieves 

the highest minimum inter-sensor distance (~28 m) and the largest average distance (~100 m), 

indicating that sensors are well-separated but potentially over-dispersed, which may explain 

why its coverage (94.1%) is marginally lower than SMAôs (94.4%). WOA maintains a 

minimum distance close to the coverage radius threshold, with an average distance of 

approximately 56 m. 
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FFigure 3. Convergence speed analysis and inter-sensor distance comparison for Problem 1. The dashed 

red line in the right panel indicates the sensor coverage radius (R = 20 m). 

 

6.2 Problem 2: Energy Harvesting Scheduling Results 

6.2.1 Overall Performance 

Table 3 summarizes the performance metrics for the energy harvesting scheduling problem. 

SMA achieves the lowest cost (ï833.3), corresponding to the highest total throughput. PSO 

follows closely with competitive throughput and energy efficiency. MPA ranks third, while 

SCA and WOA achieve moderate performance. 

Table 3. Performance comparison for energy harvesting scheduling. 

Algo Cost TP (KB) Avg Final E Eff. 

SCA ï579.1 ~630 Moderate 7.73 

SMA ï833.3 ~900 Moderate 9.16 

MPA ï717.7 ~800 Moderate 8.24 

PSO ï640.0 ~750 Moderate 8.69 

WOA ï517.2 ~580 Moderate 7.36 
Note: TP: Throughput, Eff.: Energy Efficiency (KB/mAh). 

6.2.2 Convergence Behavior 

The convergence curves for Problem 2 (Figure 4) exhibit markedly different characteristics 

compared to Problem 1, reflecting the substantially higher dimensionality (D = 384 vs. D = 20). 

MPA shows dramatic initial oscillation in the early iterations, likely due to the exploration-

intensive Phase 1 of its search strategy in the high-dimensional space. SMA and PSO 

demonstrate more stable convergence trajectories, with SMA achieving consistent 

improvement throughout the optimization process. SCA and WOA converge to moderately 

lower cost values. 
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Figure 4. Main comparison results for the energy harvesting scheduling problem (Problem 2): solar 

profile, convergence curves, throughput comparison, scheduling heatmaps, device final energy levels, 

and algorithm cost comparison. 

6.2.3 Battery Trajectory and Channel Analysis 

Figure 5 illustrates the battery trajectories, channel quality map, and transmission activity 

versus solar availability for the best algorithm (SMA). Several important observations emerge 

from this analysis. 

The battery trajectories show that all devices experience a gradual energy depletion during the 

nighttime hours (00:00ï06:00) when no solar energy is available. Battery levels reach their 

minimum around 08:00ï10:00, after which the accumulated solar energy begins to replenish 

the reserves. By the end of the 24-hour cycle, most devices maintain positive energy levels, 

indicating sustainable operation. 
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Figure 5. Battery trajectory analysis, channel quality heatmap, and transmission activity versus solar 

power overlay for the best algorithm (SMA) in Problem 2. 

The transmission activity versus solar power overlay reveals that SMAôs optimized schedule 

demonstrates intelligent energy-aware behavior: transmission activity is concentrated during 

periods of solar energy availability, with reduced activity during nighttime hours. This aligns 

with the intuitive strategy of transmitting when energy income is positive, thereby preserving 

battery reserves for essential nighttime operations. 

6.2.4 Energy Efficiency Analysis 

Figure 6 presents the energy efficiency analysis. SMA achieves the highest efficiency of 9.16 

KB/mAh, indicating that it transmits the most data per unit of energy consumed. PSO follows 

with 8.69 KB/mAh, while MPA achieves 8.24 KB/mAh. 

  

Figure 6. Energy efficiency comparison, per-device throughput breakdown, and device utilization by 

algorithm for Problem 2. 

The per-device throughput breakdown reveals significant variation across devices, attributable 

to differences in channel quality, data rates, and battery capacities. Devices 1, 3, and 5 

contribute the highest throughput, while Device 4 has the lowest contribution, likely due to a 

combination of lower data rate and less favorable channel conditions. The device utilization 

chart shows that SMA maintains a more balanced utilization across devices compared to other 

algorithms, suggesting a more equitable distribution of the transmission burden. 

6.3 Cross-Problem Analysis 

6.3.1 Algorithm Ranking Consistency 
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Interestingly, SMA emerges as the top-performing algorithm in both problem domains. In the 

sensor placement configuration problem, SMA achieves the highest coverage of 94.4%, 

narrowly outperforming PSO (94.1%). In the energy harvesting scheduling problem, SMA 

attains the best cost value (ï833.3) and the highest energy efficiency (9.16 KB/mAh). This 

consistent performance across both problems highlights the robustness and versatility of the 

adaptive weight mechanism employed by SMA. 

The strong performance of SMA can be attributed to its dynamic adjustment of search intensity 

based on solution quality. In the lower-dimensional sensor placement problem (D = 20), this 

mechanism enables effective spatial exploration and exploitation. In the substantially higher-

dimensional energy harvesting problem (D = 384), the same mechanism facilitates efficient 

navigation through the complex constraint landscape. PSO demonstrates competitive 

performance in both problems, ranking second in sensor placement and third in energy 

harvesting scheduling, confirming its reliability as a general-purpose optimizer. MPA achieves 

moderate performance in both domains but exhibits slower convergence, particularly in 

Problem 1. SCA and WOA consistently rank in the lower tiers, with SCA showing notably poor 

coverage in the sensor placement problem (80.2%) despite adequate stability. 

6.3.2 Convergence Speed vs. Solution Quality 

Table 4 summarizes the cross-problem performance characteristics of each algorithm. 

Table 4. Cross-problem algorithm performance summary. 

 SCA SMA MPA  PSO WOA  

P1 Rank 5 1 4 2 3 

P2 Rank 4 1 2 3 5 

Conv. Speed Fast Fast Slow Med Med 

Stability  Low High Med High Med 

 

SMA emerges as the most consistently high-performing algorithm across both problems, 

achieving the top rank in both domains. PSO demonstrates strong and stable performance, 

ranking second and third, respectively. MPA shows competitive solution quality in the energy 

harvesting problem but is hampered by slower convergence, particularly in the sensor 

placement problem. WOA exhibits moderate performance with inconsistent rankings across the 

two problems. SCA, despite its rapid initial convergence, consistently produces lower-quality 

solutions, most notably in the sensor placement problem where it achieves the lowest coverage. 

6.3.3 Practical Implications 

From a practical standpoint, the findings of this study offer several actionable guidelines for 

IoT system designers: 

For both sensor placement configuration and energy-aware scheduling problems, SMA is 

recommended as the primary optimization algorithm due to its consistently superior 

performance across both problem domains. Its adaptive weight mechanism provides an 

effective balance between exploration and exploitation regardless of problem dimensionality. 

PSO serves as a strong alternative, particularly for sensor placement problems with moderate 
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dimensionality, where it achieves near-optimal coverage with stable convergence. For energy-

aware scheduling problems with high dimensionality and complex constraint structures, MPA 

offers competitive performance as an alternative to SMA. SCA and WOA, while exhibiting 

faster initial convergence in certain cases, generally produce inferior solutions and are not 

recommended as primary choices for these IoT optimization problems. 

7. Conclusion 

This paper presented a comprehensive comparative study of five metaheuristic optimization 

algorithmsðSCA, SMA, MPA, PSO, and WOAðapplied to two critical IoT optimization 

problems: sensor placement configuration and energy harvesting scheduling. 

The key findings are summarized as follows: 

1. Sensor Placement Configuration: SMA achieved the highest area coverage of 94.4% with 

well-distributed sensor positions, closely followed by PSO with 94.1%. WOA and MPA 

attained moderate coverage values of 90.4% and 90.1%, respectively, while SCA exhibited the 

lowest performance at 80.2%. The adaptive weight mechanism of SMA proved particularly 

effective in balancing spatial exploration and exploitation in the 20-dimensional search space. 

2. Energy Harvesting Scheduling: SMA attained the best throughput with a cost of ï833.3 and 

an energy efficiency of 9.16 KB/mAh, demonstrating superior performance in the high-

dimensional (384-D) search space. The optimized schedules exhibited intelligent energy-aware 

behavior, concentrating transmissions during periods of solar energy availability to maximize 

throughput while preserving battery sustainability. 

3. Cross-Problem Insights: SMA consistently achieved the top rank across both problem 

domains, demonstrating its versatility and robustness as a general-purpose optimizer for IoT 

applications. PSO maintained competitive performance in both problems, confirming its 

reliability. MPA showed competitive results in the energy harvesting problem but was 

hampered by slower convergence in the sensor placement problem. 

4. Convergence Characteristics: SMA and PSO exhibited the most stable convergence behavior 

across both problems. MPA showed characteristic phase-dependent convergence with slow 

initial progress but steady improvement in later iterations. SCA demonstrated rapid early 

convergence but converged to inferior solutions, while WOA exhibited moderate convergence 

stability. 

7.1 Future Work 

Several directions merit further investigation. First, multi-objective formulations that 

simultaneously optimize coverage, energy consumption, and network lifetime could provide 

more realistic problem models. Second, hybrid algorithms that combine the strengths of top-

performing metaheuristics (e.g., SMA-PSO hybrids) may yield further improved performance 

beyond what either algorithm achieves individually. Third, adaptive parameter tuning 

mechanisms could enhance algorithm robustness across varying problem dimensions and 

constraint structures. Finally, experimental validation on real-world IoT testbeds would 

strengthen the practical applicability of the findings. 
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ABSTRACT 

The 0/1 Knapsack Problem (KP) is a classical NP-hard combinatorial optimization problem 

with significant practical relevance in resource allocation. As exact methods become 

computationally intractable for large-scale instances, metaheuristic algorithms offer viable 

alternatives for obtaining near-optimal solutions. This study presents a comparative analysis of 

five nature-inspired metaheuristic algorithms for solving the 0/1 KP: Whale Optimization 

Algorithm (WOA), Slime Mould Algorithm (SMA), Particle Swarm Optimization (PSO), Sine 

Cosine Algorithm (SCA), and Marine Predators Algorithm (MPA). A sigmoid transfer function 

is employed to map continuous search variables to binary decisions, while a penalty function 

handles capacity constraint violations. 

The algorithms are evaluated on eight benchmark datasets with varying scales (10ï100 items), 

capacity ratios (20%, 40%, 70%), and weightïvalue correlation structures. Each algorithm is 

executed with 50 agents over 300 iterations across 10 independent runs. The results, assessed 

through average ranking, demonstrate that SCA achieves the best overall performance (mean 

rank: 1.75), followed by SMA (1.88), MPA (2.50), PSO (3.88), and WOA (5.00). The 

superiority of SCA is attributed to its effective explorationïexploitation balance through 

sinusoidal fluctuation patterns in discrete search spaces. These findings are validated through 

convergence curves, boxplot distributions, heatmap visualizations, and radar chart 

comparisons. 

Anahtar Kelimeler  : Metaheuristic algorithms, 0/1 Knapsack Problem, Combinatorial 

optimization, Nature-inspired computing, Benchmark comparison 
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1  Introduction 

The 0ï1 Knapsack Problem (KP) represents one of the most fundamental and challenging 

combinatorial optimization problems [1, 2]. Given a set of items characterized by weights and 

values, the objective is to select a subset of items that maximizes total value without exceeding 

a predefined capacity. Due to its NP-hard nature [3], exact solution methods become 

computationally impractical for large-scale instances. 

Metaheuristic optimization algorithms have gained significant attention as effective 

alternatives for solving complex knapsack problems [4, 5]. Algorithms inspired by natural 

phenomena, such as swarm intelligence and evolutionary processes, offer flexible and scalable 

solution mechanisms [6]. However, their performance may vary significantly depending on 

problem characteristics such as dimensionality, correlation structure, and capacity constraints 

[7]. 

This study aims to provide a systematic and fair comparison of five widely used metaheuristic 

algorithms on multiple knapsack problem scenarios. Unlike many existing studies that focus 

on limited datasets, this work evaluates algorithmic behavior across eight diverse datasets, 

offering deeper insights into robustness and scalability. 

2  Problem Formulation 

The 0ï1 Knapsack Problem is formulated as [1]: 

 

subject to 

 

where vi and wi denote the value and weight of item i, respectively, and C is the knapsack 

capacity. To enable continuous metaheuristic optimization, a sigmoid transfer function is 

employed to map continuous decision variables into binary space [8]. Constraint violations are 

handled using a penalty-based fitness function [9]: 

 

where ɚ is the penalty coefficient. 

3  Metaheuristic Algorithms 

Five population-based metaheuristic algorithms are investigated: 
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¶ Whale Optimization Algorithm (WOA) [10] 

¶ Slime Mould Algorithm (SMA) [11] 

¶ Particle Swarm Optimization (PSO) [12] 

¶ Sine Cosine Algorithm (SCA) [13] 

¶ Marine Predators Algorithm (MPA) [14] 

All algorithms operate under identical experimental conditions, including population size, 

iteration number, and search boundaries, ensuring a fair comparison [15]. 

4  Experimental Setup 

Eight knapsack datasets are considered, representing diverse problem characteristics [7]: 

¶ Small, medium, large, and very large-scale problems 

¶ Strongly and weakly correlated item structures 

¶ Tight and loose capacity constraints 

Each algorithm is executed 10 independent runs per dataset using a population size of 50 and 

300 iterations. Performance metrics include best value, average value, standard deviation, 

execution time, convergence behavior, and rank-based evaluation [15]. 

5  Results and Discussion 

5.1  Knapsack Problem Instances 

To comprehensively evaluate the performance of the considered metaheuristic algorithms, 

eight heterogeneous 0ï1 knapsack problem instances were constructed. All datasets were 

implemented directly in the MATLAB code and are summarized below. The instances were 

designed to reflect variations in problem size, item correlation structure, and capacity tightness 

[7]. 

For each dataset, the knapsack capacity C was computed as: 

 

where ɟ denotes the capacity ratio. 

5.1.1  DS1: Small Scale (10 Items) 

DS1 represents a small-scale knapsack problem with a fixed and explicitly defined set of items. 

The item weights and values are deterministically specified as: 

w = [5, 8, 3, 12, 7, 15, 10, 2, 6, 9], 

v = [20, 45, 12, 60, 35, 80, 55, 8, 25, 40]. 

The capacity ratio is set to ɟ = 0.40, resulting in a moderately constrained knapsack. This 

dataset serves as a baseline for evaluating algorithmic behavior on low-dimensional problems. 
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5.1.2  DS2: Medium Scale (20 Items) 

DS2 is a medium-scale instance consisting of 20 items with fixed weight and value 

assignments: 

w = [12, 5, 18, 7, 23, 11, 3, 16, 9, 14, 6, 20, 8, 25, 4, 17, 10, 22, 13, 19], 

v = [55, 30, 85, 42, 95, 50, 15, 72, 38, 65, 28, 90, 35, 100, 20, 78, 48, 88, 58, 82]. 

The capacity ratio is again fixed at ɟ = 0.40. This dataset introduces higher dimensionality 

while maintaining deterministic item definitions. 

5.1.3  DS3: Large Scale (50 Items) 

DS3 is a large-scale knapsack problem consisting of 50 items. Item weights and values are 

randomly generated using a uniform distribution: 

 

with a fixed random seed of rng(100) to ensure reproducibility. The capacity ratio is set to ɟ = 

0.40. This dataset is used to assess scalability and exploration capability in higher-dimensional 

search spaces. 

5.1.4  DS4: Very Large Scale (100 Items) 

DS4 extends the problem size to 100 items, representing a high-dimensional knapsack 

instance. The item parameters are generated as: 

 

using the random seed rng(200). The capacity ratio remains ɟ = 0.40. This dataset evaluates 

algorithm robustness and convergence behavior under very large search spaces. 

5.1.5  DS5: Strongly Correlated Items (30 Items) 

DS5 models a strongly correlated knapsack instance, where item values are approximately 

proportional to item weights [7]. Weights are generated as: 

 

and values are computed according to: 

 

with negative values prevented by truncation. A fixed random seed rng(300) is used, and the 

capacity ratio is set to ɟ = 0.40. This dataset reflects scenarios where value-to-weight ratios are 

nearly uniform. 

5.1.6  DS6: Weakly Correlated Items (30 Items) 
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DS6 represents a weakly correlated instance in which item values are only loosely related to 

weights [7]. Weights are generated as: 

 

while values are defined by: 

 

with a lower bound enforced to ensure positive values. The dataset is generated using rng(400) 

and employs a capacity ratio of ɟ = 0.40. This instance tests algorithm performance under noisy 

and irregular value distributions. 

5.1.7  DS7: Tight Capacity (25 Items) 

DS7 is designed to examine algorithm behavior under severe capacity constraints [2]. It 

consists of 25 items with: 

 

generated using rng(500). A tight capacity ratio of ɟ = 0.20 is employed, significantly 

restricting feasible solutions. 

5.1.8  DS8: Loose Capacity (25 Items) 

DS8 uses the same item generation scheme as DS7 but with a loose capacity constraint. Using 

rng(600), item weights and values follow: 

 

while the capacity ratio is increased to ɟ = 0.70. This dataset represents scenarios with high 

feasibility and emphasizes exploitation performance. 

5.1.9  Convergence Analysis 

Figure 1 presents the average convergence curves across all datasets. SCA and SMA 

demonstrate rapid convergence and stable exploitation behavior, consistent with the findings 

reported in [13] and [11]. MPA exhibits strong exploration in early stages but converges more 

slowly [14]. WOA consistently stagnates early, failing to approach competitive solutions, 

which aligns with the premature convergence issues noted in [10]. 
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Figure 1: Convergence comparison across all datasets 

5.1.10  Boxplot and Robustness Analysis 

The boxplot distributions in Figure 2 reveal that SCA and SMA achieve both higher median 

values and lower variance. WOA displays large dispersion and inferior median performance, 

indicating instability and poor robustness. Statistical robustness analysis follows the 

methodology suggested in [15]. 

 

Figure 2: Boxplot distributions of solution quality 

5.1.11  Scale and Capacity Sensitivity 

Figures 3 and 4 illustrate algorithm performance under increasing problem size and varying 

capacity ratios. SCA maintains superior scalability, particularly in large-scale and very large-
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scale instances [13]. Under tight capacity constraints, SCA and SMA outperform other 

algorithms significantly. 

 

 

Figure 3: Problem scale vs algorithm performance 

 

 

Figure 4: Capacity ratio vs algorithm performance 

 

5.1.12  Ranking and Overall Performance 
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The normalized heatmap in Figure 5 and the radar ranking diagram in Figure 6 provide a 

holistic comparison. SCA achieves first rank in the majority of datasets, followed by SMA and 

MPA. The overall average ranking confirms SCA as the best-performing algorithm, while 

WOA ranks last. The ranking methodology follows the Friedman test-based statistical 

comparison framework [15, 16]. 

 

Figure 5: Normalized performance heatmap 

 

Figure 6: Algorithm ranking radar chart 
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Figure 7: Overall average ranking of algorithms 

6.  Conclusion 

This study presented a comprehensive comparative evaluation of five metaheuristic algorithms 

for solving diverse 0ï1 knapsack problem scenarios. Based on extensive experimental 

analysis, the Sine Cosine Algorithm [13] consistently achieved superior solution quality, 

robustness, and scalability. SMA [11] and MPA [14] demonstrated competitive performance, 

while WOA [10] exhibited significant limitations. The findings highlight the importance of 

algorithm selection based on problem characteristics and provide valuable guidance for future 

knapsack optimization studies. 
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ABSTRACT 

In this study, we first give the concepts of fuzzy sets, intuitionistic fuzzy sets, and neutrosophic 

sets. To make neutrosophic sets more effective and meaningful in practical applications, we 

introduce a hesitancy function based on the truth, falsity, and indeterminacy functions. Using 

these functions, we construct stability-valued neutrosophic positively directed sets through 

positive directions. Subsequently, desired operations on these sets are presented together with 

their properties.  

Keywords: Neutrosophic sets, Stability-valued neutrosophic positive-directed sets, hesitancy 

function. 

1. INTRODUCTION  

In daily life, we frequently encounter problems involving uncertainty, such as concepts 

described as warm, cold, long short. In order to model such vagueness mathematically, many 

researchers have proposed various theoretical frameworks over time. One of the most 

significant of these is the fuzzy set theory introduced by Zadeh [15] in 1965. In this theory, a 

fuzzy set is characterized by a membership function that assigns to each element a degree of 

belonging within the interval [0,1]. Subsequently, to address situations where fuzzy sets were 
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insufficient in representing uncertainty, Atanassov [2] extended this framework by introducing 

intuitionistic fuzzy sets in 1986. In addition to the membership function, this theory 

incorporates a non-membership function, allowing a more flexible representation of 

uncertainty. However, since the sum of the membership and non-membership degrees is still 

restricted to the interval [0,1] certain types of indeterminacy cannot be adequately modeled. 

To overcome this limitation, Smarandache [9] introduced neutrosophic sets in 1998. In this 

framework, truth, falsity, and indeterminacy membership functions are defined independently, 

removing the restrictive condition present in previous models. This independence significantly 

increases the expressive power of the model in handling incomplete, inconsistent, and 

indeterminate information. Many studies have since been conducted on neutrosophic sets and 

their applications in various fields suc as [1,3,4-10,13,14]. 

Nevertheless, although hesitant-type functions have been considered within intuitionistic fuzzy 

set theory, a positively directed structure incorporating a hesitancy perspective has not been 

sufficiently developed in the neutrosophic sets. Therefore, in this study, in order to expand the 

theoretical scope of neutrosophic sets, stability-valued neutrosophic positively directed sets are 

constructed, and their fundamental concepts and properties are systematically developed. 

2. PRELIMINARIES  

Definition 1. [15] Let X be a non-empty set. A fuzzy set denoted by A on X and defined by 

the membership function ‘ȡὢᴼ πȟρ is defined as 

ὃ ἂὼȟ‘ ὼἃȡὼɴ ὢ 

Definition 2. [2] Let X be a non-empty set and xɴX. Then, on X , a intuitionistic fuzzy set I 

with Ὕὼᴼ πȟρ as a membership function and Ὂὼᴼ πȟρas a non-member function, is 

defined as follows,  

Ὅ ἂὼȟὝὼȟὊὼ ȡὼɴ ὢ 

where  π Ὕὼ Ὂὼ ρ  for every ὼɴ ὢȢ 

 

 

Definition 3. [12] Let X be a non-empty set and ὼɴ ὢ. Then, a neutrosophic set A is defined 

as 
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ὃ όȟὝ ὼȟὍὼȟὊ ὼ ȡὼɴ ὉȟױὝ ὼȟὍὼȟὊ ὼᶰπȟρȢ 

where Ὕ ὼᴼ πȟρ is the truth-membership function, Ὅὼᴼ πȟρ  is the indeterminacy-

membership function, and Ὂ ὼᴼ πȟρ  is the falsity-membership function such that π

Ὕ ὼ Ὅὼ Ὂ ὼ σ.  

Definition 4.[11] Let ὃ ὼȟὝ ὼȟὍὼȟὊ ὼ ȡὼɴ ὢȟױὝ ὼȟὍὼȟὊ ὼᶰπȟρȟ 

ὃ όȟὝ ὼȟὍὼȟὊ ὼ ȡὼɴ ὢȟױὝ ὼȟὍὼȟὊ ὼᶰπȟρ  be two neutrosophic 

sets. Then, 

1. ὃṥὃ ἂὼȟὝ ὼ Ὕ ὼ Ὕ ὼȢὝ ὼȟὍὼȢὍὼȟὊ ὼȢὊ ὼἃȡὼɴ ὢ 

  dir. 

2. ὃṧὃ ἂὼȟὝ ὼȢὝ ὼȟὍὼ Ὅὼ ὍὼȢὍὼȟὊ ὼ Ὂ ὼ

Ὂ ὼȢὊ ὼἃȡὼɴ ὢ 

3. ‗ὃ ἂὼȟρ ρ Ὕ ὼ ȟὍὼ ȟὊ ὼ ἃȡὼɴ ὢ  

4. ὃ ἂὼȟὝ ὼ ȟρ ρ Ὅὼ ȟρ ρ Ὂ ὼ ἃȡὼɴ ὢ. 

 

3. STABILITY -VALUED NEUTROSOPHIC POSITIVE DIRECTED SETS  

In this section, we introduce stability-valued neutrosophic positive directed sets and examine 

some of their properties. The concepts in this section are derived from existing studies on fuzzy sets, 

intuitionistic fuzzy sets and neutrosophic sets in [3-14] 

Definition 5. Let X be a non-empty set and ὼɴ ὢ. Then, a stability-valued neutrosophic 

negative directed sets (SvND)   on U are characterized by Ὕ ὼᴼ πȟρ truth-membership 

function, Ὅὼᴼ πȟρ indeterminacy-membership function, Ὂ ὼᴼ πȟρ falsity-

membership function and   ὼᴼ πȟρ hesitant-membership function and defined as 

  όȟρ ὍόȟὝόȟὊ όȟ  ό ȡόᶰὟȢ 

 

where   ό ὝόȢ ό such that   ό ρ Ὕ ό Ὂ ό  

dir. Burada,   ό is the positive-directed falsity-membership value of the element ό. 

Note that the collection of all SvND sets on U is denoted by SvND(U).  
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Definition 6. Let   όȟρ ὍόȟὝ όȟὊ όȟ  ό ȡόᶰὟ , 

  όȟρ ὍόȟὝ όȟὊ όȟ  ό ȡόᶰὟ ᶰὛὺὔὈὟ . Then, 

O halde, 

1. 
    ὼȟρ Ὅό ρ Ὅό ρ Ὅό ρ ὍόȟὝ ό Ὕ ό

Ὕ όὝ ό ȟὊ όὊ όȟ  ό   ό   ό  ό ȡױױόᶰὟ
 

 

2. 
    ὼȟρ Ὅό ρ Ὅό ȟὝ όὝ ό ȟὊ ό Ὂ ό Ὂ όὊ ό

ȟ  ό  ό ȡױױόᶰὟ
 

3. ‗  ὼȟρ ρ ρ Ὅό ȟρ ρ Ὕ ό ȟὊ ό ȟρ ρ   ό ȡױױόᶰὟ  

 

4.   ὼȟρ Ὅό ȟὝ ό ȟρ ρ Ὂ ό ȟ  ό ȡױױόᶰὟ  

Definition 7. Let   όȟρ ὍόȟὝόȟὊόȟ  ό ȡόᶰὟ ᶰὛὺὔὈὟ . Then,  

1. The 1. score value of  , denoted by ὓ  , is defined as follows: 

ὓ  
ς ρ Ὅό Ὕό “ ό Ὂό

τ
 

2. The 2. score value of  , denoted by ὓ  , is defined as follows: 

ὓ  
ρ Ὅό Ȣς Ὕό “ ό Ὂό

σ
 

3. The 3. score value of  , denoted by ὓ  , is defined as follows: 

 ὓ  
ρ ρ Ὅό ȢὝόȢ“ ό ρ Ὅό ȢὊό

ς
 

Also, for   όȟρ ὍόȟὝ όȟὊ όȟ  ό ȡόᶰὟ ,    όȟρ

ὍόȟὝ όȟὊ όȟ  ό ȡόᶰὟ  ɴSvND(U), ὓ    and ὓ    be the i-th (i=1,2,3) 

score values of for   ÁÎÄ   , respectively. 

Then, the comparison between   ÁÎÄ   ,  is made as follows: 

1. ὓ   ὓ    ise     

2. ὓ   ὓ    ise     

From now on, for the sake of brevity, we use ἂρ ὍȟὝȟὊȟ ἃ instead of ἂὼȟρ

ὍὼȟὝὼȟὊὼȟ  ὼἃ. 
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Definition 8. Let   ἂρ ὍȟὝȟὊȟ ἃ , Ὥɴ Ὅ ρȟςȟȢȢȢȟὲ be a collection SvND sets Let 

ύ be the weight of   and let ύ ύȟύȟȢȢȢȟύ  such that ύᶰπȟρ, В ύ ρ. Then, 

Then, the weighted SvND arithmetic aggregation operatör denoted by ί  ȟ ȟȢȢȢȟ   and 

defined as; 

ί  ȟ ȟȢȢȢȟ  ἅ ύ  

 

Based Definition 6, the operatör ί  ȟ ȟȢȢȢȟ   is given as; 

 

Theorem 9. Let   ἂρ ὍȟὝȟὊȟ ἃ , Ὥɴ Ὅ ρȟςȟȢȢȢȟὲ be a collection SvND sets Let 

ύ be the weight of   and let ύ ύȟύȟȢȢȢȟύ  such that ύᶰπȟρ, В ύ ρ. Then, 

Then, the weighted SvND arithmetic aggregation operatör ί  ȟ ȟȢȢȢȟ    calculated as; 

 

 

ί  ȟ ȟȢȢȢȟ  ἂρ ἆ ρ ρ Ὅ ȟρ ἆ ρ Ὕ ȟἆ Ὂ ȟρ

ἆ ρ   ἃ  

Example 10. Let   ἂπȢρȟπȢσȟπȢχȟπȢσἃȟ   ἂπȢςȟπȢτȟπȢφȟπȢτἃ ,   ἂπȢρȟπȢρȟπȢωȟπȢρἃȟ  

ἂπȢρȟπȢσȟπȢχȟπȢσἃȟ   ἂπȢτȟπȢςȟπȢφȟπȢσφἃɴ  SvND(U) and ύ πȢρȟπȢςȟπȢτȟπȢρȟπȢς. 

Then, ί  ȟ ȟ ȟ ȟ   is found as; 

 

ί  ȟ ȟ ȟ ȟ  ἂρ ἆ ρ ρ Ὅ ȟρ ἆ ρ Ὕ ȟἆ Ὂ ȟρ ἆ ρ   ἃ

ἂρ πȢωȢπȢψȟπȟωȢπȢωȢπȢφȢ ȟρ πȢχȢπȢφȢπȢωȢπȢχȢπȢψȢ ȟ

πȢχȢπȢφȢπȢωȢπȢχȢπȢφȢȟρ πȢχȢπȢφȢπȢωȢπȢχȢπȢφτȢ ἃ

ἂπȢρψωτςτȟπȢςςωρυωȟπȢχςχχτρȟπȢςφςψπτἃ

 

Definition 11. Let   ἂρ ὍȟὝȟὊȟ ἃ , Ὥɴ Ὅ ρȟςȟȢȢȢȟὲ be a collection SvND sets 

Let ύ be the weight of   and let ύ ύȟύȟȢȢȢȟύ  such that ύᶰπȟρ, В ύ ρ. 

Then, Then, the weighted SvND geometric aggregation operatör denoted by ί  ȟ ȟȢȢȢȟ    

and defined as; 

 

ί  ȟ ȟȢȢȢȟ  ἆ    

 

Based Definition 6, the operatör ί  ȟ ȟȢȢȢȟ   is given as; 

 



HATTUSAS 3RD INTERNATIONAL CONFERENCE ON APPLIED SCIENCES 

February 13 ï 15, 2026 ï CORUM 

ISBN NR: 978-625-5694-81-2 

 

58 
 

Theorem 12. Let   ἂρ ὍȟὝȟὊȟ ἃ , Ὥɴ Ὅ ρȟςȟȢȢȢȟὲ be a collection SvND sets Let 

ύ be the weight of   and let ύ ύȟύȟȢȢȢȟύ  such that ύᶰπȟρ, В ύ ρ. Then, 

Then, the weighted SvND geometric aggregation operator ί  ȟ ȟȢȢȢȟ    calculated as; 

 

 

ί  ȟ ȟȢȢȢȟ  ἂἆ ρ Ὅ ȟἆ Ὕ ȟρ ἆ ρ Ὂ ȟἆ   ἃ 

 

Example 13. Let   ἂπȢρȟπȢτȟπȢφȟπȢυἃȟ   ἂπȢςȟπȢτȟπȢρȟπȢρἃ ,   ἂπȢτȟπȢφȟπȢςȟπȢσφἃ,  

ἂπȢρȟπȢσȟπȢχȟπȢσἃȟ   ἂπȢςȟπȢτȟπȟπȢτἃ  ɴSvND(U) and ύ πȢρȟπȢςȟπȢτȟπȢρȟπȢς. 

 

Then, ί  ȟ ȟ ȟ ȟ   is found as; 

 

ί  ȟ ȟ ȟ ȟ  ἂἆ ρ Ὅ ȟἆ Ὕ ȟρ ἆ ρ Ὂ ȟἆ   ἃ

ἂπȢχσππσχȟπȢτυχπωρȟπȢςχυυφȟπȢςψψχφσἃ
 

 

Definition 14. Let   ἂρ ὍȟὝȟὊȟ ἃ , Ὥɴ Ὅ ρȟςȟȢȢȢȟὲ be a collection SvND sets 

Let ύ be the weight of   and let ύ ύȟύȟȢȢȢȟύ  be a weighted vector such that ύ ᶰ

πȟρ, В ύ ρ and ὺ ὺȟὺȟȢȢȢȟὺ  be a position such that ὺᶰπȟρ, В ὺ ρȢ 

Then, the weighted hybrid ordered arithmetic operator denoted by ί  ȟ ȟȢȢȢȟ    and 

defined as; 

 

ί  ȟ ȟȣȟ   ύ ὄ  

Here and ὄ   denotes the k-th largest ὄ ὲȢὠȢ . 

 

Also, we have based on Definition 6 as; 

 

Theorem 15. . Let   ἂρ ὍȟὝȟὊȟ ἃ , Ὥɴ Ὅ ρȟςȟȢȢȢȟὲ be a collection SvND sets 

Let ύ be the weight of   and let ύ ύȟύȟȢȢȢȟύ  be a weighted vector such that ύ ᶰ

πȟρ, В ύ ρ and ὺ ὺȟὺȟȢȢȢȟὺ  be a position such that ὺᶰπȟρ, В ὺ ρȢ 

Then, the weighted hybrid ordered arithmetic operator  ί  ȟ ȟȢȢȢȟ    calculated as; 
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ί  ȟ ȟȢȢȢȟ  ἅ ύ ὄ

ί  ȟ ȟȢȢȢȟ  ἅ ύὄ

ἂρ ἆ ρ ρ Ὅ ȟρ ἆ ρ Ὕ ȟἆ Ὂ ȟρ ἆ ρ   ἃ

ὄ ρ ὍȟὝȟὊȟ 

ὄ ἂρ Ὅ ȟὝ ȟρ ρ Ὂ ȟ  ἃ

ί ἂρ ἆ ρ ρ Ὅ ȟρ ἆ ρ Ὕ ȟἆ ρ ρ Ὂ ȟ

ρ ἆ ρ   ἃ

ί  ȟ ȟȢȢȢȟ  ἂρ ἆ ρ ρ Ὅ Ⱦȟρ ἆ ρ Ὕ
Ⱦ
ȟ

ἆ ρ ρ Ὂ Ⱦȟρ  ἆ ρ   Ⱦἃ

τ

4. Conclusion 

In this study, we have extended the theoretical framework of neutrosophic sets by introducing 

stability-valued neutrosophic positively directed sets. By incorporating a hesitancy function 

derived from the truth, falsity, and indeterminacy membership functions, the proposed structure 

provides a more comprehensive and flexible representation of uncertainty. This approach 

enhances the expressive power of neutrosophic modeling, particularly in situations involving 

incomplete, inconsistent, or indeterminate information. Furthermore, we have defined several 

operational laws for stability-valued neutrosophic positively directed sets and investigated their 

fundamental properties. These operators preserve the structural characteristics of the proposed 

sets and enable consistent aggregation and comparison processes. 
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ABSTRACT 

In this study, neutrosophic sets and their generalizations are examined in detail. Subsequently, 

the limitations of neutrosophic sets are identified, and by taking the hesitant degree in 

intuitionistic fuzzy sets into consideration, stability-valued neutrosophic negatively directed 

sets are constructed through negative directions. Furthermore, the distance measure concept 

available in the literature is extended to this new structure. Finally, a multi-criteria decision-

making method based on stability-valued neutrosophic negatively directed sets is proposed. 

Keywords: Neutrosophic sets, Stability-valued neutrosophic negative-directed sets, distance 

function, decision making 

  

 

4. INTRODUCTION  

Classical logic requires definite judgments when modeling an event; that is, a proposition must 

be either true or false. However, this strict framework becomes insufficient when dealing with 

real-life problems involving uncertainty. For instance, when attempting to model whether a 

football team ñplayed wellò in a match, it is not possible to reach a solution based on a sharp 

trueïfalse judgment. To model such uncertainty, Zadeh[13] developed fuzzy set theory by 

introducing a membership function taking continuous values between 0 and 1. According to 

this theory, the degree to which a football team played well may be expressed as 0.7. However, 
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in this case, the degree of not playing well is not necessarily 0.3, since uncertainty is not strictly 

complementary. To overcome this limitation, Atanassov[2] proposed intuitionistic fuzzy set 

theory. In this framework, both membership and non-membership functions are defined, with 

the restriction that their sum must lie within the interval [0,1]. For example, the degree of not 

playing well may be chosen as 0.2; in this case, the hesitation (indeterminacy) degree, which 

completes the sum to 1, becomes 0.1. Furthermore, if factors such as the location of the match 

or the presence of spectators are taken into account, it may be necessary to consider changes 

under different conditions. By incorporating the concept of independence (also referred to as 

indeterminacy) and allowing three functionsðtruth, falsity, and independenceðdefined 

independently on the interval [0,1], Smarandache[10] developed neutrosophic set theory. Over 

time, detailed studies such as [1,3-7,9,11,12] have been conducted on these theories. In this 

study, the construction of the truth and falsity functions naturally gives rise to a hesitation-like 

component similar to that in intuitionistic fuzzy sets. Since this value may sometimes play a 

significant role, in this study stability-valued neutrosophic negatively directed sets are 

constructed so that this component can have a negative influence on the decision-making 

process. 

 

5. PRELIMINARIES  

 

Definition 1.[13]Let X be a non-empty set. A fuzzy set denoted by A on X and defined by the 

membership function ‘ȡὢᴼ πȟρ is defined as 

ὃ ἂὼȟ‘ ὼἃȡὼɴ ὢ 

Definition 2. [2] Let X be a non-empty set and xɴX. Then, on X , a intuitionistic fuzzy set I 

with Ὕὼᴼ πȟρ as a membership function and Ὂὼᴼ πȟρas a non-member function, is 

defined as follows,  

Ὅ ἂὼȟὝὼȟὊὼ ȡὼɴ ὢ 

where  π Ὕὼ Ὂὼ ρ  for every ὼɴ ὢȢ 
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Definition 3. [12] Let X be a non-empty set and ὼɴ ὢ. Then, a neutrosophic set A is defined 

as 

ὃ όȟὝ ὼȟὍὼȟὊ ὼ ȡὼɴ ὉȟױὝ ὼȟὍὼȟὊ ὼᶰπȟρȢ 

where Ὕ ὼᴼ πȟρ is the truth-membership function, Ὅὼᴼ πȟρ  is the indeterminacy-

membership function, and Ὂ ὼᴼ πȟρ  is the falsity-membership function such that π

Ὕ ὼ Ὅὼ Ὂ ὼ σ.  

Definition 4.[8] Let ὃ ὼȟὝ ὼȟὍὼȟὊ ὼ ȡὼɴ ὢȟױὝ ὼȟὍὼȟὊ ὼᶰπȟρȟ 

ὃ όȟὝ ὼȟὍὼȟὊ ὼ ȡὼɴ ὢȟױὝ ὼȟὍὼȟὊ ὼᶰπȟρ  be two neutrosophic 

sets. Then, 

5. ὃṥὃ ἂὼȟὝ ὼ Ὕ ὼ Ὕ ὼȢὝ ὼȟὍὼȢὍὼȟὊ ὼȢὊ ὼἃȡὼɴ ὢ 

  dir. 

6. ὃṧὃ ἂὼȟὝ ὼȢὝ ὼȟὍὼ Ὅὼ ὍὼȢὍὼȟὊ ὼ Ὂ ὼ

Ὂ ὼȢὊ ὼἃȡὼɴ ὢ 

7. ‗ὃ ἂὼȟρ ρ Ὕ ὼ ȟὍὼ ȟὊ ὼ ἃȡὼɴ ὢ  

8. ὃ ἂὼȟὝ ὼ ȟρ ρ Ὅὼ ȟρ ρ Ὂ ὼ ἃȡὼɴ ὢ. 

 

6. STABILITY -VALUED NEUTROSOPHIC NEGATIVE DIRECTED SETS  

In this section, we introduce stability-valued neutrosophic negative directed sets and examine 

some of their properties. The concepts in this section are derived from existing studies on 

neutrosophic sets in [1,12]. 

Definition 5. Let X be a non-empty set and ὼɴ ὢ. Then, a stability-valued neutrosophic 

negative directed sets (SvND)   on U are characterized by Ὕ ὼᴼ πȟρ truth-membership 

function, Ὅὼᴼ πȟρ indeterminacy-membership function, Ὂ ὼᴼ πȟρ falsity-

membership function and   ὼᴼ πȟρ hesitant-membership function and defined as 

  όȟρ ὍόȟὝόȟὊ όȟ  ό ȡόᶰὟȢ 

 

where   ό ὊόȢ ό such that   ό ρ Ὕ ό Ὂ ό  

In here,   ό is the negative-directed falsity-membership value of the element ό. 
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Note that the collection of all SvND sets on U is denoted by SvND(U).  

Definition 6. Let   όȟρ ὍόȟὝ όȟὊ όȟ  ό ȡόᶰὟ , 

  όȟρ ὍόȟὝ όȟὊ όȟ  ό ȡόᶰὟ ᶰὛὺὔὈὟ . Then, 

 

1. 
    ὼȟρ Ὅό ρ Ὅό ρ Ὅό ρ Ὅό ȟὝ ό Ὕ ό Ὕ όὝ ό ȟ

Ὂ όὊ ό ȟ  ό  ό ȡױױόᶰὟ
 

2. 
    ὼȟρ Ὅό ρ Ὅό ȟὝ όὝ ό ȟὊ ό Ὂ ό Ὂ όὊ ό

ȟ  ό   ό   ό  ό ȡױױόᶰὟ
 

3. ‗  ὼȟρ ρ ρ Ὅό ȟρ ρ Ὕ ό ȟὊ ό ȟ  ό ȡױױόᶰὟ  

4.   ὼȟρ Ὅό ȟὝ ό ȟρ ρ Ὂ ό ȟρ ρ   ό ȡױױόᶰὟ  

 

Definition 7. Let   όȟρ ὍόȟὝόȟὊόȟ  ό ȡόᶰὟ ᶰὛὺὔὈὟ . Then 

 

1. The 1. score value of  , denoted by ὓ  , is defined as follows: 

ὓ  
ς ρ Ὅό Ὕό Ὂό “ ό

τ
 

2. The 2. score value of  , denoted by ὓ  , is defined as follows: 

ὓ  
ρ Ὅό Ȣς Ὕό Ὂό “ ό

σ
 

3. The 3. score value of  , denoted by ὓ  , is defined as follows: 

ὓ  
ρ ρ Ὅό ȢὝό ρ Ὅό ȢὊόȢ“ ό

ς
 

Also, for   όȟρ ὍόȟὝ όȟὊ όȟ  ό ȡόᶰὟ ,    όȟρ

ὍόȟὝ όȟὊ όȟ  ό ȡόᶰὟ  ɴSvND(U), ὓ    and ὓ    be the i-th (i=1,2,3) 

score values of for   ÁÎÄ   , respectively. 

Then, the comparison between   ÁÎÄ   ,  is made as follows: 

3. ὓ   ὓ    ise     

4. ὓ   ὓ    ise     

From now on, for the sake of brevity, we use ἂρ ὍȟὝȟὊȟ ἃ instead of ἂὼȟρ

ὍὼȟὝὼȟὊὼȟ  ὼἃ. 
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Definition 8. Let   ἂρ ὍȟὝȟὊȟ ἃ , Ὥɴ Ὅ ρȟςȟȢȢȢȟὲ be a collection SvND sets Let 

ύ be the weight of   and let ύ ύȟύȟȢȢȢȟύ  such that ύᶰπȟρ, В ύ ρ. Then, 

Then, the weighted SvND arithmetic aggregation operatör denoted by ί  ȟ ȟȢȢȢȟ   and 

defined as; 

ί  ȟ ȟȢȢȢȟ  ἅ ύ  

 

Based Definition 6, the operatör ί  ȟ ȟȢȢȢȟ   is given as; 

Theorem 9. Let   ἂρ ὍȟὝȟὊȟ ἃ , Ὥɴ Ὅ ρȟςȟȢȢȢȟὲ be a collection SvND sets Let 

ύ be the weight of   and let ύ ύȟύȟȢȢȢȟύ  such that ύᶰπȟρ, В ύ ρ. Then, 

Then, the weighted SvND arithmetic aggregation operatör ί  ȟ ȟȢȢȢȟ    calculated as; 

 

ί  ȟ ȟȢȢȢȟ  ἂρ ἆ ρ ρ Ὅ ȟρ ἆ ρ Ὕ ȟἆ Ὂ ȟἆ   ἃ 

 

Example 10. Let   ἂπȢρȟπȢσȟπȢχȟπἃȟ  ἂπȢςȟπȢτȟπȢφȟπἃ,   ἂπȢρȟπȢρȟπȢωȟπἃȟ 

ἂπȢρȟπȢσȟπȢχȟπἃȟȟ   ἂπȢτȟπȢςȟπȢφȟπȢρςἃɴ  SvND(U) and ύ πȢρȟπȢςȟπȢτȟπȢρȟπȢς. 

Then, ί  ȟ ȟ ȟ ȟ   is found as; 

ί  ȟ ȟ ȟ ȟ  ἂρ ἆ ρ ρ Ὅ ȟρ ἆ ρ Ὕ ȟἆ Ὂ ȟἆ   ἃ

ἂρ πȢωȢπȢψȟπȟωȢπȢωȢπȢφȢ ȟρ πȢχȢπȢφȢπȢωȢπȢχȢπȢψȢ ȟ

πȢχȢπȢφȢπȢωȢπȢχȢπȢφȢȟπȢπȢπȢπȢπȢἃ

ἂπȢρψωτςτȟπȢςςωρυωȟπȢχςχχτρȟπἃ

 

 

 

Definition 11. Let   ἂρ ὍȟὝȟὊȟ ἃ , Ὥɴ Ὅ ρȟςȟȢȢȢȟὲ be a collection SvND sets 

Let ύ be the weight of   and let ύ ύȟύȟȢȢȢȟύ  such that ύᶰπȟρ, В ύ ρ. 

Then, Then, the weighted SvND geometric aggregation operatör denoted by ί  ȟ ȟȢȢȢȟ    

and defined as; 

 

ί  ȟ ȟȢȢȢȟ  ἆ    

 

Based Definition 6, the operatör ί  ȟ ȟȢȢȢȟ   is given as; 
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Theorem 12. Let   ἂρ ὍȟὝȟὊȟ ἃ , Ὥɴ Ὅ ρȟςȟȢȢȢȟὲ be a collection SvND sets Let 

ύ be the weight of   and let ύ ύȟύȟȢȢȢȟύ  such that ύᶰπȟρ, В ύ ρ. Then, 

Then, the weighted SvND geometric aggregation operator ί  ȟ ȟȢȢȢȟ    calculated as; 

 

ί  ȟ ȟȢȢȢȟ  ἂἆ ρ Ὅ ȟἆ Ὕ ȟρ ἆ ρ Ὂ ȟρ ἆ ρ   ἃ 

 

Example 13. Let   ἂπȢρȟπȢτȟπȢφȟπȢςἃȟ   ἂπȢςȟπȢτȟπȢρȟπȢρςἃ,   ἂπȢτȟπȢφȟπȢςȟπȢρψἃ,  

ἂπȢρȟπȢσȟπȢχȟπἃȟ   ἂπȢςȟπȢτȟπȟπȢτἃɴ  SvND(U) and ύ πȢρȟπȢςȟπȢτȟπȢρȟπȢς. 

 

Then, ί  ȟ ȟ ȟ ȟ   is found as; 

ί  ȟ ȟ ȟ ȟ  ἂἆ ρ Ὅ ȟἆ Ὕ ȟρ ἆ ρ Ὂ ȟρ ἆ ρ   ἃ

ἂπȢχσππσχȟπȢτυχπωρȟπȢςχυυφȟπȢςφφωστἃ
 

Definition 14. Let   ἂρ ὍȟὝȟὊȟ ἃ , Ὥɴ Ὅ ρȟςȟȢȢȢȟὲ be a collection SvND sets 

Let ύ be the weight of   and let ύ ύȟύȟȢȢȢȟύ  be a weighted vector such that ύ ᶰ

πȟρ, В ύ ρ and ὺ ὺȟὺȟȢȢȢȟὺ  be a position such that ὺᶰπȟρ, В ὺ ρȢ 

Then, the weighted hybrid ordered arithmetic operator denoted by ί  ȟ ȟȢȢȢȟ    and 

defined as; 

 

ί  ȟ ȟȣȟ   ύ ὄ  

Here and ὄ   denotes the k-th largest ὄ ὲȢὠȢ . 

Also, we have based on Definition 6 as; 

Theorem 15. . Let   ἂρ ὍȟὝȟὊȟ ἃ , Ὥɴ Ὅ ρȟςȟȢȢȢȟὲ be a collection SvND sets 

Let ύ be the weight of   and let ύ ύȟύȟȢȢȢȟύ  be a weighted vector such that ύ ᶰ

πȟρ, В ύ ρ and ὺ ὺȟὺȟȢȢȢȟὺ  be a position such that ὺᶰπȟρ, В ὺ ρȢ 

Then, the weighted hybrid ordered arithmetic operator  ί  ȟ ȟȢȢȢȟ    calculated as; 
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ί  ȟ ȟȢȢȢȟ  ἅ ύ ὄ

ί  ȟ ȟȢȢȢȟ  ἅ ύὄ

ἂρ ἆ ρ ρ Ὅ ȟρ ἆ ρ Ὕ ȟἆ Ὂ ȟἆ   ἃ

ὄ ρ ὍȟὝȟὊȟ 

ὄ ἂρ Ὅ ȟὝ ȟρ ρ Ὂ ȟρ ρ   ἃ

ί ἂρ ἆ ρ ρ Ὅ ȟρ ἆ ρ Ὕ ȟἆ ρ ρ Ὂ ȟ

ἆ ρ ρ   ἃ

ί  ȟ ȟȢȢȢȟ  ἂρ ἆ ρ ρ Ὅ Ⱦȟρ ἆ ρ Ὕ
Ⱦ

ȟ

ἆ ρ ρ Ὂ Ⱦȟἆ ρ ρ   Ⱦἃ

 

 

5. AN APPLICATION OF SVND SETS IN MULTI -CRITERIA DECISION -

MAKING PROBLEMS  

Let ὕ έȟέȟȣȟέ  be the set of criteria and ὢ ὼȟὼȟȣȟὼ   be the set of alternatives. 

Then, let the value of the i-th alternative with respect to the j-th criterion be denoted by Ὓ

ρ ὍȟὝȟὊȟ  Ὥױױױ ρȟςȟȢȢȢȟάȠױױὮ ρȟςȟȢȢȢȟὲ . The matrix Ὓ is called the 

SvND decision matrix. 

Now, in order to rank mmm alternatives according to nnn criteria, we present the following 

algorithm. 

Algorithm:  

Step 1. Construct the SvND decision matrix Ὓ  

Step 2. Let the weight of that criterion be ύ Ὦ ρȟςȟȢȢȢȟὲ, В ύ ρ, and provide the 

weight vector ὡ ύȟύȟȢȢȢȟύ ;  

Step 3. Provide the position weight vector ὠ ὺȟὺȟȢȢȢȟὺ , with its value set to 

ὺὮ ρȟςȟȢȢȢȟὲ, В ὺ ρ 

Step 4. Calculate the SvND decision matrix of size Ὓ using Ὓ άȢύȢὛȟὭ

ρȟςȟȢȢȢȟάȠὮ ρȟςȟȢȢȢȟὲ. 
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Step 5.  Sort the elements Ὓ Ὥ ρȟςȟȢȢȢȟά  in non-decreasing order according to Equations 

[skor1]ï[skor3], and determine the k-th largest SvND value as için ὄ ἂρ

ὍȟὝ ȟὊ ȟ  ἃ for each j . Then construct the ὄ  SvND decision matrix. 

Step 6.  For each alternative i, determine the comprehensive evaluation ί

Ὓ ὄ ȟὄ ȟȢȢȢȟὄ  using the SvND generalized hybrid weighted average operator. 

Step 7. For each alternative i, find the score values of ί for the comprehensive evaluation 

ί Ὓ ὄ ȟὄ ȟȢȢȢȟὄ  according to Equations [skor1]ï[skor3], and then sort them.ò 

Numerical Example: 

In this section, an application is presented on how the SvND sets can be used within the 

generalized hybrid weighted average method for a multi-criteria decision-making problem 

related to supplier selection. The goal is to determine the best supplier and the ranking order of 

suppliers for a company using the SvND generalized hybrid weighted average method 

algorithm. 

A company plans to find a suitable supplier for purchasing equipment parts. The purchasing 

manager in the company considers four attributes (criteria/factors): 

¶ Performance (έ): Delivery, quality, price. 

¶ Technology (έ): Production capacity, design capability, ability to adapt to 

technological changes. 

¶ Finance (έ): Economic performance, financial stability. 

¶ Organizational Culture and Strategy (έ): Sense of trust, internal and external 

integration of suppliers, compatibility of functions between buyer and supplier. 

These four attribute sets are denoted by ὕ έȟέȟέȟέ . After the initial evaluation, four 

suppliers have been identified for further assessment and selection. This set of four suppliers 

is denoted by ὢ ὼȟὼȟὼȟὼ . 

Algorithm:  

Step 1.  Let ὕ έȟέȟέȟέ   be the set of criteria and ὢ ὼȟὼȟὼȟὼ  be the set of 

alternatives. The elements Ὓ ρ ὍȟὝȟὊȟ  Ὥױױױ ρȟςȟσȟτȠױױὮ ρȟςȟσȟσ  of 
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SvND represent the evaluation of alternative ὼ with respect to criterion έ as given by the 

decision maker. The Ὓ  SvND decision matrix  is presented as follows: 

 

Step 2. Let ύ Ὦ ρȟςȟσȟτ  be the weight of criterion έ, and provide the weight vector w 

ὡ πȢσυȟπȢσȟπȢςυȟπȢρπ such that the sum equals В ύ ρ. 

 

Step 3. The position weight vector ὠ ὺȟὺȟȢȢȢȟὺ  associated with Ὓȟ is given as  

ὺ πȢςτȟπȢςφȟπȢςφȟπȢςτ 

Step 4. The SvND sets are calculated using Ὓ άȢύȢὛȟὭ ρȟςȟȢȢȢȟάȠὮ ρȟςȟȢȢȢȟὲ 

for  

Ὓ τ πȢσυὛ
τ πȢσυἂπȢρȟπȢσȟπȢχȟπἃ

ἂρ ρ πȢρ Ȣȟρ ρ πȢσ Ȣ ȟπȢχ Ȣȟπ Ȣἃ

ἂρ πȢωȢȟρ πȢχȢȟπȢχȢȟπȢἃ
ἂπȢρσχςȟπȢσωσπȟπȢφπφωȟπἃ

 

Similarly, the other SvND sets are also obtained. 

The Ὓ άȢύȢὛ Ὥ ρȟςȟσȟτȠὮ ρȟςȟσȟτand SvND decision matrix are given as 

follows with Ὓ Ὓ : 

Ὓ

ở

ờ

ἂπȢρσχςȟπȢσωσπȟπȢφπφωȟπἃ ἂπȢσωσπȟπȢςφψσȟπȢτψωρȟπȢπυρσἃ

ἂπȢςστωȟπȢτυψςȟπȢυτρχȟπἃ ἂπȢςστωȟπȢτυψςȟπȢρττωȟπȢτψςἃ

ἂπȢρȟπȢρȟπȢωȟπἃ ἂπȢρȟπȢσȟπȢχȟπἃ

ἂπȢρσςωȟπȢπψυσȟπȢφωσρȟπȢτψπτἃ ἂπȢςτςρȟπȢσπφψȟπȢυςυσȟπȢςχυωἃ
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ἂπȢφςρπȟπȢσωσπȟπȢρψυσȟπȢπυρσἃ ἂπȢψρτφȟπȢυρπψȟπȢτψωρȟπἃ
ἂπȢστψρȟπȢτυψςȟπȢτσυςȟπȢπςχτἃ ἂπȢτυψςȟπȢυφτχȟπȢςσυψȟπȢπστρἃ

ἂπȢτȟπȢςȟπȢφȟπȢρςἃ ἂπȢσȟπȢσȟπȢυȟπȢρἃ
ἂπȢρψτψȟπȢπψυσȟπȢχυχψȟπȢτφψςἃ ἂπȢπψυσȟπȢπψυσȟπȢσωψρȟπȢστυρἃ

 

Step 5. The scores of the alternatives (suppliers) Ὓ  on the four attributes έȟὭ ρȟςȟσȟτ of 

the intuitive fuzzy sets are calculated as follows: 

ὓ Ὓ
ρ ρ Ὅ ὝὊ 

ς
ὓ Ὓ πȟπςρρ

ὓ Ὓ πȟπτωσ

ὓ Ὓ πȟππω

ὓ Ὓ πȟπτρπ

ὓ Ὓ πȟπσωρ

ὓ Ὓ πȟπχττ

ὓ Ὓ πȟππω

ὓ Ὓ πȟππχω

ὓ Ὓ πȟρφυφ

ὓ Ὓ πȟπχως

ὓ Ὓ π

ὓ Ὓ πȟπφςσ

ὓ Ὓ πȟςρςυ

ὓ Ὓ πȟρυσρ

ὓ Ὓ πȟπςρ

ὓ Ὓ πȟππωψ

 

Accordingly, the SvND sets are ranked based on the above scoring function method: 

Ὓ Ὓ Ὓ Ὓ

Ὓ Ὓ Ὓ Ὓ

Ὓ Ὓ Ὓ Ὓ

Ὓ Ὓ Ὓ Ὓ

 

As a result: 
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ὄ Ὓ ȟὄ Ὓ ȟὄ Ὓ ȟὄ Ὓ

ὄ Ὓ ȟὄ Ὓ ȟὄ Ὓ ȟὄ Ὓ

ὄ Ὓ ȟὄ Ὓ ȟὄ Ὓ ȟὄ Ὓ

ὄ Ὓ ȟὄ Ὓ ȟὄ Ὓ ȟὄ Ὓ

 

ὄ

ở

ờ

ἂπȢψρτφȟπȢυρπψȟπȢτψωρȟπἃ ἂπȢφςρȟπȢσωσȟπȢρψυσȟπȢπυρσ

ἂπȢτυψςȟπȢυφτχȟπȢςσυψȟπȢπστρἃ ἂπȢστψρȟπȢτυψςȟπȢτσυςȟπȢπςχτἃ

ἂπȢσȟπȢσȟπȢυȟπȢρἃ ἂπȢρȟπȢρȟπȢωȟπἃ

ἂπȢςτςρȟπȢσπφψȟπȢυςυσȟπȢςχυωἃ ἂπȢπψυσȟπȢπψυσȟπȢσωψρȟπȢστυρἃ

  

ἂπȢσωσȟπȢςφψσȟπȢτψωρȟπȢπυρσἃ ἂπȢρσχςȟπȢσωσȟπȢφπφωȟπἃ
ἂπȢςστωȟπȢτυψςȟπȢρττωȟπȢπτψςἃ ἂπȢςστωȟπȢτυψςȟπȢυτρχȟπἃ

ἂπȢρȟπȢσȟπȢχȟπἃ ἂπȢτȟπȢςȟπȢφȟπȢρςἃ
ἂπȢρσςȟπȢπψυσȟπȢφωσρȟπȢτψπτἃ ἂπȢρψτψȟπȢπψυσȟπȢχυχψȟπȢτφψςἃ

 

The matrix was constructed. 

Step 6. For each alternative (supplier) ὼᶰὢὮ ρȟςȟȢȢȢȟὲ, the comprehensive evaluation is 

calculated using the SvND generalized hybrid weighted average operator Ὓȟ, that is: 

Ὓȟ ὃ Ὓȟ ὛȟὛȟȢȢȢȟὛ

ἂρ ἆ ρ ρ Ὅ ȟ ρ ἆ ρ Ὕ ȟ

ρ ρ ἆ ρ ρ Ὂ ȟρ ρ ἆ ρ ρ “ ἃ

 

Using the equation, the comprehensive evaluations of the alternatives (suppliers) ὼὮ

ρȟςȟσȟτ are obtained as follows: 

When q = 2, the equations can be easily derived as follows: 

Ὓȟ ὃ Ὓȟ Ὓ ȟὛ ȟὛ ȟὛ

ἂρ ρ πȢψρτφȢ ρ πȢφςρȢ ρ πȢσωσȢ ρ πȢρσχςȢ ȟ

ρ ρ πȢυρπψȢ ρ πȢσωσωȢ ρ πȢςφψσȢ ρ πȢσωσȢ ȟ

ρ ρ ρ ρ πȢτψωρȟ ρ ρ πȢρψυσȟ ρ ρ πȢτψωρȟ ρ ρ πȢφπφωȟ ȟ

ρ ρ ρ ρ π ȟ ρ ρ πȢπυρσȟ ρ ρ πȢπυρσȟ ρ ρ π ȟ ἃ

ἂπȢρχφχωȟπȢπψπφτȟπȢσρπωψȟπἃ
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Ὓȟ ὃ Ὓȟ Ὓ ȟὛ ȟὛ ȟὛ

ἂρ ρ πȢτυψςȢ ρ πȢστψρȢ ρ πȢςστωȢ ρ πȢςστωȢ ȟ

ρ ρ πȢυφτχȢ ρ πȢτυψςȢ ρ πȢτυψςȢ ρ πȢτυψςȢ ȟ

ρ ρ ρ ρ πȢςσυψȟ ρ ρ πȢτσυςȟ ρ ρ πȢρττωȟ ρ ρ πȢυτρχȟ ȟ

ρ ρ ρ ρ πȢπστρȟ ρ ρ πȢπςχτȟ ρ ρ πȢπτψςȟ ρ ρ π ȟ ἃ

ἂπȢπυυψψȟπȢρρψχωȟπȢςτφρψȟπἃ

 

Ὓȟ ὃ Ὓȟ Ὓ ȟὛ ȟὛ ȟὛ

ἂρ ρ πȢσ Ȣ ρ πȢρ Ȣ ρ πȢρ Ȣ ρ πȢτ Ȣ ȟ

ρ ρ πȢσ Ȣ ρ πȢρ Ȣ ρ πȢσ Ȣ ρ πȢς Ȣȟ

ρ ρ ρ ρ πȢυ ȟ ρ ρ πȢω ȟ ρ ρ πȢχ ȟ ρ ρ πȢφ ȟ ȟ

ρ ρ ρ ρ πȢρ ȟ ρ ρ π ȟ ρ ρ π ȟ ρ ρ πȢρς ȟἃ

ἂπȢπσσφχȟπȢπςψωρȟπȢτσυυτȟπἃ

 

And  

Ὓȟ ὃ Ὓȟ Ὓ ȟὛ ȟὛ ȟὛ

ἂρ ρ πȢςτςρȢ ρ πȢπψυσȢ ρ πȢρσςȢ ρ πȢρψτψȢ ȟ

ρ ρ πȢσπφψȢ ρ πȢπψυσȢ ρ πȢπψυσȢ ρ πȢπψυσȢ ȟ

ρ ρ ρ ρ πȢυςυσȟ ρ ρ πȢσωψρȟ ρ ρ πȢφωσρȟ ρ ρ πȢχυχψȟ ȟ

ρ ρ ρ ρ πȢςχυωȟ ρ ρ πȢστυρȟ ρ ρ πȢτψπτȟ ρ ρ πȢτφψςȟ ἃ

ἂπȢπρτττȟπȢπρττσȟπȢτπρψχȟπȢσπχφχἃ

 

The Ὓȟ ὃ  Ὦ ρȟςȟσȟτ scores are calculated using the ὓ Ὓ
Ȣ ȢȢ

  

scoring function as follows: 

ὓ Ὓȟ ὃ πȢυπρπφ

ὓ Ὓȟ ὃ πȢυππυψ

ὓ Ὓȟ ὃ πȢυππρ

ὓ Ὓȟ ὃ πȢτωωρ

 

It is clearly observed that ὓ Ὓȟ ὃ ὓ Ὓȟ ὃ ὓ Ὓȟ ὃ ὓ Ὓȟ ὃ  

Therefore, using the SvND set ranking method, the ranking of the suppliers is as follows: 

ὼ ὼ ὼ ὼ 
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The best supplier is identified as ὼ. From the calculation results, the ranking of the suppliers 

for j = 1, 2, 3, 4 is completely the same, and when the parameter q = 1 , q = 2 or ήᴼ Њ  the 

ranking is ὼ ὼ ὼ ὼ. 

Moreover, in these cases, the best supplier is the same, that is, ὼ. However, when ήᴼπ, the 

ranking of the suppliers is different. In this case, the ranking is ὼ ὼ ὼ ὼ. 

In general, different values of the parameter q can affect the ranking of the suppliers. Therefore, 

the specific and appropriate value of q should be selected according to the attributes and 

requirements in real management situations. 
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Abstract 

Gearbox fault d agnos s plays a cruc al role n ensur ng the rel ab l ty and safety of ndustr al 

rotat ng mach nery. Early detect on of faults, such as broken gear teeth, can s gn f cantly reduce 

ma ntenance costs and prevent unexpected system fa lures. In th s study, a data-dr ven gearbox 

fault d agnos s framework based on mult-sensor v brat on analys s and the L ght Grad ent 

Boost ng Mach ne (LGBM) algor thm s proposed. V brat on s gnals were collected from four 

sensors mounted n d fferent d rect ons under vary ng load cond t ons for healthy and broken 

tooth gearbox states. T me-doma n and frequency-doma n stat st cal features were extracted to 

character ze the dynam c behav or of the gearbox. The extracted features were then used to tra n 

and test the LGBM class f er. The performance of the proposed method was evaluated us ng 

class f cat on accuracy as the pr mary metr c. Exper mental results demonstrate that the 

proposed approach ach eves a h gh class f cat on accuracy of 98%, nd cat ng ts strong 

capab l ty n d st ngu sh ng between healthy and faulty gearbox cond t ons. The f nd ngs 

conf rm that the comb nat on of mult-sensor v brat on features and LGBM prov des an 

effect ve and eff c ent solut on for gearbox cond t on mon tor ng and fault d agnos s n 

ndustr al appl cat ons. 

Keywords: Gearbox fault d agnos s, v brat on analys s, mach ne learn ng, L ghtGBM, 

cond t on mon tor ng 

 

1. Introduct on 

Gearboxes are cr t cal components n many ndustr al systems, nclud ng manufactur ng l nes, 

power transm ss on systems, and rotat ng mach nery. The r rel able operat on s essent al for 

ensur ng product v ty, safety, and cost eff c ency. However, gearboxes are frequently subjected 

to harsh operat ng cond t ons such as var able loads, h gh rotat onal speeds, and long-term 

mechan cal stress, wh ch can lead to d fferent types of faults. Among these, broken tooth faults 

mailto:emrah.aslan@dicle.edu.tr
mailto:yildirim.ozupak@dicle.edu.tr
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are part cularly severe, as they can cause abnormal v brat ons, accelerated wear, and even 

catastroph c system fa lure f not detected at an early stage.  

W th the rap d development of mach ne learn ng techn ques, data-dr ven fault d agnos s 

methods have ga ned ncreas ng attent on. Xu et al. rev ewed w nd turb ne gearbox fault 

d agnos s, emphas z ng that accuracy depends on the synergy between feature extract on and 

ML. They argue that data qual ty and preprocess ng are as v tal as algor thm tun ng, prov d ng 

a roadmap for ntegratng robust features w th ML to s mpl fy complex fault detect on [1]. Af a 

et al. proposed an ntell gent d agnost c framework for gearboxes us ng Robust Emp r cal Mode 

Decompos t on (REMD) to decompose v brat on s gnals nto Intr ns c Mode Funct ons (IMFs). 

They ut l zed the Equ l br um Opt m zer (EO) for feature select on, wh ch reduced 

d mens onal ty and prevented overf tt ng before class fy ng faults w th Random Forest and 

KNN [2]. Fu et al. rev ewed gear transm ss on fault d agnos s, summar z ng t me, frequency, 

and t me-frequency doma n analyses. The study tracks the evolut on from shallow to deep 

learn ng and h ghl ghts future d rect ons: weak s gnal extract on, compos te fault dent f cat on, 

and the ntegrat on of mult-source data fus on for enhanced safety [3]. Pat l and Wan  proposed 

us ng YAMNet, a pre-tra ned aud o network, for gear fault detect on v a transfer learn ng. By 

convert ng acoust c no se data nto Mel Spectrograms, they leveraged YAMNet's sound event 

detect on capab l t es. The model, f ne-tuned on healthy and faulty gear data, ach eved 95% 

accuracy n dent fy ng tooth fa lures [4]. Kumar et al. ntroduced LHOM (Logar thm c H gher 

Order Moments) as a novel feature for gearbox fault d agnos s. Beyond the 5th order, LHOM 

scales l nearly w th fault sever ty. Us ng ML class f ers, they proved t rel ably dent f es 

local zed faults across three benchmark datasets, outperform ng trad t onal metr cs [5]. Chen et 

al. proposed a phys cs- nformed hyperparameter select on strategy for LSTM networks. Instead 

of m n m z ng val dat on error, they opt m zed hyperparameters to max m ze the d screpancy 

between healthy and s mulated faulty states. Th s approach s gn f cantly mproved the detect on 

of gear tooth cracks and wear [6]. Among varous mach ne learn ng methods, tree-based 

ensemble algor thms have demonstrated strong performance n class f cat on tasks due to the r 

ab l ty to handle nonl near relat onsh ps and complex feature nteract ons. The L ght Grad ent 

Boost ng Mach ne (LGBM) s a recent and eff c ent grad ent boost ng framework that offers 

h gh accuracy, fast tra n ng speed, and low memory consumpt on. Its leaf-w se tree growth 

strategy enables effect ve learn ng from h gh-d mens onal feature spaces, mak ng t well su ted 

for vbrat on-based fault d agnos s problems. 

In th s study, a gearbox fault d agnos s framework based on mult-sensor v brat on data and the 

LGBM algor thm s proposed. T me-doma n and frequency-doma n features are extracted from 

v brat on s gnals collected under d fferent load cond t ons for healthy and broken tooth gearbox 

states. The performance of the proposed approach s evaluated us ng class f cat on accuracy as 

the pr mary metr c. The exper mental results demonstrate that the proposed method can 

accurately d st ngu sh between healthy and faulty gearbox cond t ons, h ghl ght ng ts potent al 

for pract cal ndustr al cond t on mon tor ng appl cat ons. 
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2. MATERIALS AND METHODS 

2.1. Dataset Descr pt on 

In th s study, the Gearbox Fault D agnos s Dataset was used to evaluate the performance of a 

mach ne learn ngïbased fault class f cat on approach [7]. There are l m ted publ cly ava lable 

datasets n the f eld of mechan cal eng neer ng that are spec f cally des gned for apply ng 

mach ne learn ng techn ques n ndustr al env ronments. Therefore, th s dataset prov des a 

valuable resource for gearbox fault d agnos s research. The dataset was obta ned us ng 

SpectraQuestôs Gearbox Fault D agnost cs S mulator, where v brat on s gnals were recorded 

under controlled exper mental cond t ons. Four v brat on sensors were mounted on the gearbox 

n four d fferent d rect ons to capture v brat on responses comprehens vely. Measurements were 

conducted under vary ng load cond t ons rang ng from 0% to 90%, w th ncrements of 10%. 

Two d fferent operat onal cond t ons were cons dered: 

¶ Healthy gearbox cond t on 

¶ Broken tooth fault cond t on 

The dataset cons sts of 20 data f les n total. Ten f les correspond to the healthy gearbox 

cond t on, wh le the rema n ng ten f les represent the broken tooth fault cond t on. Each f le s 

assoc ated w th a spec f c load level. The ma n character st cs of the dataset are summar zed n 

Table 1. 

Table 1. Ma n character st cs of the gearbox fault d agnos s dataset [7] 

Feature Descr pt on 

Dataset name Gearbox Fault D agnos s Dataset 

Measurement system SpectraQuest Gearbox Fault D agnost cs S mulator 

Number of sensors 4 v brat on sensors 

Sensor placement Four d fferent d rect ons 

Operat ng cond t ons Healthy, Broken Tooth 

Total number of f les 20 

Healthy cond t on f les 10 

Faulty cond t on f les 10 

Load range 0% ï 90% 

Load ncrement 10% 

Data type V brat on s gnals 

Appl cat on Gearbox fault d agnos s 
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2.2. Data Preprocess ng 

Before apply ng the mach ne learn ng algor thm, the v brat on data were preprocessed to ensure 

su tab l ty for class f cat on. Each data f le was labeled accord ng to ts operat ng cond t on, 

where the healthy cond t on was ass gned label 0, and the broken tooth cond t on was ass gned 

label 1. Feature extract on techn ques were appl ed to transform raw v brat on s gnals nto 

representat ve feature vectors. Add t onally, normal zat on was performed to reduce the 

nfluence of scale d fferences among features and to mprove model convergence. 

2.3. L ght Grad ent Boost ng Mach ne  

The LGBM algor thm was employed as the class f cat on model n th s study. LGBM s a tree-

based grad ent boost ng method known for ts h gh computat onal eff c ency and low memory 

consumpt on, mak ng t su table for handl ng complex and h gh-d mens onal data [8]. Unl ke 

trad t onal level-w se tree growth strateg es, LGBM adopts a leaf-w se growth approach, where 

the leaf w th the max mum loss reduct on s expanded. Th s strategy enables the model to 

capture nonl near relat onsh ps more effect vely and often results n mproved class f cat on 

performance. G ven the nonl near and complex nature of gearbox v brat on s gnals, LGBM was 

selected as an appropr ate algor thm for d st ngu sh ng between healthy and faulty gearbox 

cond t ons. 

 

2.4. Model Tra n ng and Performance Evaluat on 

The dataset was d v ded nto tra n ng and test ng subsets. The LGBM model was tra ned us ng 

the tra n ng data and evaluated on the test ng data [9]. The performance of the proposed model 

was assessed us ng Accuracy as the sole evaluat on metr c [10]. Accuracy represents the 

proport on of correctly class f ed samples relat ve to the total number of samples and s def ned 

as: 

ὃὧὧόὶὥὧώ  (1) 

 

where TP denotes true pos t ves, TN true negat ves, FP false pos t ves, and FN false negat ves. 

Accuracy was chosen as the evaluat on metr c due to the balanced nature of the dataset and ts 

effect veness n reflect ng the overall class f cat on performance of the model. 

3. Results And D scuss on 

F gure 1 llustrates a comparat ve analys s of the v brat on responses n the t me doma n for 

healthy and faulty gearbox states. In F gure 1(a), correspond ng to the healthy cond t on, the 

v brat on s gnal exh b ts relat vely cons stent ampl tude var at ons w th fewer extreme peaks, 

nd cat ng stable dynam c behav or of the gearbox. In contrast, F gure 1(b), represent ng the 

broken tooth cond t on, shows more rregular fluctuat ons and pronounced ampl tude 

var at ons. These character st cs reflect the mpact of the broken tooth fault on the dynam c 

response of the gearbox, lead ng to ncreased v brat on nstab l ty. The observable d fferences 

between the two s gnals demonstrate that t me-doma n v brat on character st cs conta n 
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d scr m nat ve nformat on sutable for fault detect on and class f cat on us ng mach ne learn ng 

approaches. 

 

F gure 1. T me-doma n v brat on s gnals acqu red from Sensor 1 under two d fferent gearbox 

operat ng cond t ons: (a) healthy cond t on and (b) broken tooth fault cond t on. 
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F gure 2. Frequency-doma n representat on (FFT spectrum) of the v brat on s gnal obta ned 

from Sensor 1 under the healthy gearbox cond t on. 

F gure 2 presents the frequency spectrum of the v brat on s gnal for the healthy gearbox 

cond t on obta ned through Fast Four er Transform (FFT) analys s. The spectrum s 

character zed by d st nct dom nant frequency components w th relat vely stable and well-

def ned peaks, wh ch are assoc ated w th normal gear mesh ng frequenc es and the r harmon cs. 

The absence of excess ve broadband energy and rregular h gh-ampl tude components nd cates 

a stable mechan cal operat on w thout s gn f cant fault- nduced exc tat ons. Th s frequency-

doma n behav or reflects the normal dynam c response of the gearbox and serves as a reference 

for compar son w th faulty cond t ons, where add t onal frequency components and elevated 

ampl tudes are typ cally expected. The results demonstrate that FFT-based features prov de 

mean ngful nformat on for d st ngu sh ng healthy operat ng states n gearbox fault d agnos s. 

F gure 3 llustrates the FFT spectrum of the v brat on s gnal correspond ng to the faulty gearbox 

w th a broken tooth. Compared to the healthy spectrum, the faulty cond t on exh b ts ncreased 

spectral complex ty character zed by h gher ampl tude peaks, add t onal frequency components, 

and elevated broadband energy across a w der frequency range. These pronounced peaks and 

rregular d str but ons are nd cat ve of fault- nduced mpuls ve exc tat ons and abnormal gear 

mesh ng behavor caused by the broken tooth. The presence of such frequency-doma n 

anomal es h ghl ghts the sens t v ty of FFT-based analys s to gearbox faults and demonstrates 

ts effect veness n captur ng d scr m nat ve features for fault d agnos s and subsequent 

class f cat on us ng mach ne learn ng models. 



HATTUSAS 3RD INTERNATIONAL CONFERENCE ON APPLIED SCIENCES 

February 13 ï 15, 2026 ï CORUM 

ISBN NR: 978-625-5694-81-2 

 

80 
 

 

F gure 3. Frequency-doma n representat on (FFT spectrum) of the v brat on s gnal obta ned 

from Sensor 1 under the broken tooth fault cond t on. 

 

F gure 4. Confus on matr x of the LGBM model for gearbox health cond t on class f cat on. 
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F gure 5. Feature mportance rank ng of the most nfluent al stat st cal features used by the 

LGBM model for gearbox fault class f cat on. 

F gure 4 presents the confus on matr x summar z ng the class f cat on performance of the 

proposed LGBM-based model n d st ngu sh ng between healthy and broken tooth gearbox 

cond t ons. The model correctly class f ed 44 healthy samples and 36 faulty samples, wh le 2 

faulty samples were m sclass f ed as healthy. No healthy samples were ncorrectly class f ed as 

faulty. These results nd cate a h gh class f cat on capab l ty, w th the major ty of nstances 

accurately dent f ed. The low number of m sclass f cat ons demonstrates the effect veness of 

the extracted v brat on features and the su tab l ty of the LGBM algor thm for gearbox fault 

d agnos s. Overall, the confus on matr x conf rms that the proposed approach ach eves strong 

pred ct ve performance and rel able fault d scr m nat on. 

F gure 5 llustrates the relat ve mportance of the top stat st cal features contr but ng to the 

dec s on-mak ng process of the L ght Grad ent Boost ng Mach ne (LGBM) model. The results 

nd cate that the standard dev at on of Sensor 1 (sensor1_std) s the most dom nant feature, 

suggest ng that v brat on var ab l ty captured by th s sensor plays a cr t cal role n d stngu sh ng 

healthy and faulty gearbox cond t ons. Th s s followed by sensor2_std and sensor3_mean, 

h ghl ght ng the s gn f cance of both s gnal d spers on and average ampl tude character st cs 

across d fferent sensor locat ons. Peak-to-peak (p2p) features and mean values from mult ple 

sensors also contr bute to the class f cat on process, albe t w th comparat vely lower 

mportance. The d str but on of feature mportance demonstrates that no s ngle sensor 
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exclus vely determ nes the model output; nstead, the model benef ts from a comb nat on of 

stat st cal features extracted from mult ple sensors. These f nd ngs conf rm that mult-sensor 

v brat on analys s enhances fault sens t v ty and supports the effect veness of the proposed 

feature extract on strategy for gearbox fault d agnos s. 

Table 2 summar zes the class f cat on performance of the proposed L ght Grad ent Boost ng 

Mach ne (LGBM) model n d st ngu sh ng between healthy and broken tooth gearbox 

cond t ons. The model ach eves an overall accuracy of 98%, nd cat ng excellent pred ct ve 

capab l ty. For the healthy class, a recall value of 1.00 demonstrates that all healthy samples 

were correctly dent f ed, w th no false negat ves. The broken tooth class ach eves a prec s on 

of 1.00, nd cat ng that all samples pred cted as faulty truly belonged to the faulty class, wh le 

a recall of 0.95 suggests a small number of faulty samples were m sclass f ed as healthy. The 

h gh F1-scores for both classes (0.98 for healthy and 0.97 for broken) reflect a strong balance 

between prec s on and recall. Furthermore, the close agreement between macro and we ghted 

averages conf rms that the model performance s cons stent across classes and s not b ased 

toward a part cular cond t on. Overall, these results demonstrate that the proposed LGBM-

based approach prov des rel able and robust gearbox fault class f cat on performance. 

Table 2. Class f cat on performance metr cs 

Sēnēf Prec s on Recall F1-Score Support 

Healthy 0.96 1.00 0.98 44 

Broken 1.00 0.95 0.97 38 

Accuracy ð ð 0.98 82 

Macro Avg 0.98 0.97 0.98 82 

We ghted Avg 0.98 0.98 0.98 82 

 

4. Conclus on 

In th s study, an ntell gent gearbox fault d agnos s approach based on v brat on s gnal analys s 

and the LGBM algor thm was presented. T me-doma n and frequency-doma n features were 

extracted from mult-sensor v brat on data acqu red under d fferent load cond t ons for healthy 

and broken tooth gearbox states. The extracted stat st cal features effect vely captured the 

dynam c character st cs of the gearbox system and prov ded d scr m nat ve nformat on for fault 

class f cat on. The proposed LGBM-based model demonstrated excellent class f cat on 

performance, ach ev ng an overall accuracy of 98%. The confus on matr x and performance 

metr cs showed that healthy gearbox cond t ons were dent f ed w thout m sclass f cat on, wh le 

only a small number of faulty samples were ncorrectly class f ed. The h gh prec s on, recall, 

and F1-score values for both classes conf rm the robustness and rel ab l ty of the proposed 

method. Add t onally, feature mportance analys s revealed that v brat on var ab l ty-related 

features, part cularly standard dev at on metr cs from mult ple sensors, played a dom nant role 
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n fault d scr m nat on, h ghl ght ng the mportance of mult-sensor data fus on. The results 

nd cate that the comb nat on of v brat on-based feature extract on and LGBM prov des an 

effect ve and computat onally eff c ent solut on for gearbox fault d agnos s. The proposed 

approach has strong potent al for pract cal mplementat on n ndustr al cond t on mon tor ng 

systems. Future work may focus on extend ng the method to mult ple fault types, ncorporat ng 

advanced s gnal process ng techn ques, and evaluat ng the model performance under real-t me 

and no sy ndustr al operat ng cond t ons. 
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Abstract 

Accurate pred ct on of the rema n ng useful l fe (RUL) of gearbox systems s a cr t cal task n 

prognost cs and health management, as t enables cond t on-based ma ntenance, reduces 

unplanned downt me, and enhances operat onal rel ab l ty. Trad t onal data-dr ven RUL 

pred ct on approaches often rely on s ngle regress on models, wh ch may struggle to capture 

complex degradat on dynam cs under no sy and nonl near operat ng cond t ons. To address th s 

l m tat on, th s study proposes a stack ng ensemble regresson framework for gearbox RUL 

pred ct on based on v brat on s gnal analys s. In the proposed approach, stat st cal, lag-based, 

and smoothed features are extracted from mult-sensor v brat on data to character ze both 

nstantaneous and temporal degradat on behav or. Two heterogeneous base learners, namely 

Extra Trees Regressor and XGBoost Regressor, are employed to model complementary aspects 

of the degradat on process. The r outputs are subsequently comb ned us ng a R dge Regress on 

meta-learner to generate the f nal RUL pred ct on. Exper mental results demonstrate that the 

proposed stack ng ensemble model ach eves h gh pred ct on accuracy, w th an MAE of 7.7997, 

an RMSE of 11.5621, and an Ὑscore of 0.8750. The f nd ngs conf rm that the proposed 

framework effect vely captures gearbox degradat on trends and prov des rel able RUL 

est mates, mak ng t su table for pract cal ndustr al prognost cs appl cat ons. 

Keywords: Rema n ng useful l fe pred ct on, Gearbox prognost cs, Stack ng ensemble 

learn ng, V brat on-based cond t on mon tor ng, Mach ne learn ng 

1. Introduct on 

Gearbox systems are w dely used n a var ety of ndustr al appl cat ons, nclud ng w nd energy 

systems, manufactur ng equ pment, and transportat on mach nery. Due to the r cont nuous 

operat on under var able load and speed cond t ons, gearboxes are suscept ble to progress ve 

degradat on and faults such as tooth wear, surface p tt ng, and structural damage. Accurate 

est mat on of the rema n ng useful l fe (RUL) of gearbox components s therefore essent al for 

mailto:emrah.aslan@dicle.edu.tr
mailto:yildirim.ozupak@dicle.edu.tr
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effect ve cond t on-based ma ntenance and prognost cs and health management (PHM) 

systems. 

V brat on-based cond t on mon tor ng has become one of the most effect ve techn ques for 

assess ng the health state of rotat ng mach nery. V brat on sgnals conta n r ch nformat on 

related to mechan cal degradat on and fault evolut on; however, extract ng mean ngful 

degradat on nd cators from these s gnals rema ns a challeng ng task. In recent years, data-

dr ven approaches based on mach ne learn ng have ga ned ncreas ng attent on for RUL 

pred ct on, as they can model complex relat onsh ps between sensor features and degradat on 

behav or w thout requ r ng expl c t phys cal models. L u et al. addressed the challenge of 

doma n sh ft n planetary gearboxes operat ng under vary ng cond t ons. They comb ned an 

LSTM-DNN arch tecture w th doma n adaptat on to al gn data d str but ons between d fferent 

work ng env ronments. Th s transfer learn ng approach s gn f cantly mproved RUL pred ct on 

accuracy by reduc ng stat st cal d screpanc es across datasets [1]. He et al. proposed a Self-

Cal brat on Temporal Convolut onal Network (SCTCN) for bear ng RUL pred ct on. Wh le 

standard TCNs use d lated causal convolut ons to capture long-term h story, they often lose 

crt cal local nformat on. SCTCN adds a self-cal brat on module to recover these local deta ls, 

result ng n more complete feature extract on and h gher accuracy on both test bench and real-

world w nd turb ne data [2]. Han et al. proposed Modulat on S gnal B spectrum (MSB) to reveal 

the h dden modulat on mechan sms n gear v brat on s gnals. MSB outperforms trad t onal 

metr cs l ke RMS and Kurtos s by effect vely cancel ng no se and captur ng weak degradat on 

s gnatures. These opt mal MSB features are then processed by an Improved Relevance Vector 

Mach ne (IMRVM) to ach eve h ghly accurate RUL pred ct ons [3]. Berghout and Benbouz d 

prov ded a roadmap for PHM, sh ft ng from phys cal laws to ML for complex systems. They 

deta led the RUL p pel neðfrom data acqu s t on to evaluat onðand offered gu del nes to 

select the r ght ML tools based on data types, address ng future challenges n the f eld [4]. L u 

et al. rev ewed the challenges of planetary gearbox fault d agnos s, such as complex v brat on 

modulat on and non-stat onary s gnals. They deta led s x core deep learn ng arch tecturesðAE, 

DBM, CNN, Transformer, GAN, and GNNðand the r appl cat ons. To support future research, 

the paper also ntroduces a new dataset spec f cally for planetary gearbox health state 

recogn t on [5]. Chen et al. address the lack of faulty-state data by us ng LSTMs to model 

basel ne healthy behav or. They argue that standard hyperparameter tun ng (m n m z ng 

VAMSE) often fa ls to d st ngu sh faults. The r solut on s a phys cs- nformed strategy that 

selects hyperparameters by max m z ng the d screpancy between healthy data and s mulated 

phys cs- nformed faulty states, s gn f cantly mprov ng the detect on of gear cracks and wear 

[6]. 

Mot vated by these cons derat ons, th s study proposes a stack ng ensemble regress on 

framework for gearbox RUL pred ct on us ng v brat on-based features. The framework 

ntegrates Extra Trees and XGBoost regressors as base learners to capture both global 

degradat on trends and complex nonl near nteract ons, wh le R dge Regress on s employed as 

a meta-learner to comb ne base model outputs n a regular zed manner. The proposed approach 

s evaluated through comprehens ve exper ments, nclud ng error analys s, res dual d str but on 

assessment, feature mportance nvest gat on, and cont nuous health mon tor ng scenar os. The 
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results demonstrate that the stack ng ensemble framework prov des accurate, stable, and 

nterpretable RUL pred ct ons, h ghl ght ng ts potent al for real-world ndustr al prognost cs 

appl cat ons. 

2. MATERIALS AND METHODS 

2.1. Dataset Descr pt on 

In th s study, the Gearbox Fault D agnos s Dataset was used to evaluate the performance of a 

mach ne learn ngïbased fault class f cat on approach [7]. There are l m ted publ cly ava lable 

datasets n the f eld of mechan cal eng neer ng that are spec f cally des gned for apply ng 

mach ne learn ng techn ques n ndustr al env ronments. Therefore, th s dataset prov des a 

valuable resource for gearbox fault d agnos s research. The dataset was obta ned us ng 

SpectraQuestôs Gearbox Fault D agnost cs S mulator, where v brat on s gnals were recorded 

under controlled exper mental cond t ons. Four v brat on sensors were mounted on the gearbox 

n four d fferent d rect ons to capture v brat on responses comprehens vely. Measurements were 

conducted under vary ng load cond t ons rang ng from 0% to 90%, w th ncrements of 10%. 

Two d fferent operat onal cond t ons were cons dered: 

¶ Healthy gearbox cond t on 

¶ Broken tooth fault cond t on 

The dataset cons sts of 20 data f les n total. Ten f les correspond to the healthy gearbox 

cond t on, wh le the rema n ng ten f les represent the broken tooth fault cond t on. Each f le s 

assoc ated w th a spec f c load level. The ma n character st cs of the dataset are summarzed n 

Table 1. 

Table 1. Ma n character st cs of the gearbox fault d agnos s dataset [7] 

Feature Descr pt on 

Dataset name Gearbox Fault D agnos s Dataset 

Measurement system SpectraQuest Gearbox Fault D agnost cs S mulator 

Number of sensors 4 v brat on sensors 

Sensor placement Four d fferent d rect ons 

Operat ng cond t ons Healthy, Broken Tooth 

Total number of f les 20 

Healthy cond t on f les 10 

Faulty cond t on f les 10 

Load range 0% ï 90% 

Load ncrement 10% 
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Data type V brat on s gnals 

Appl cat on Gearbox fault d agnos s 

 

2.2. Stack ng Ensemble Regressor for Rema n ng Useful L fe Pred ct on 

In th s study, the rema n ng useful l fe (RUL) of the gearbox system s pred cted us ng a stack ng 

ensemble regress on approach based on stat st cal, lag-based, and smoothed features extracted 

from v brat on s gnals. RUL pred ct on s formulated as a superv sed regress on problem, where 

the object ve s to est mate the degradat on progress on and rema n ng operat onal l fet me of 

the system. The stack ng ensemble strategy s adopted to explo t the complementary strengths 

of mult ple learn ng algor thms w th d fferent nduct ve b ases, thereby mprov ng pred ct on 

accuracy and robustness. The proposed ensemble model cons sts of two base regress on learners 

and a meta-learner (f nal est mator). The base models are tra ned ndependently us ng the 

or g nal feature set, and the r pred ct ons are subsequently comb ned by the meta-learner to 

produce the f nal RUL est mate. Th s h erarch cal learn ng structure enables the model to 

capture both nonl near feature nteract ons and stable global trends n the degradat on process. 

 

 

2.3. Base Regress on Models 

2.3.1. Extra Trees Regressor 

The f rst base learner employed n the stack ng ensemble s the Extra Trees Regressor 

(Extremely Random zed Trees). Th s model s an ensemble of dec s on trees that ntroduces a 

h gh degree of randomness n both feature select on and spl t po nt determ nat on. Such 

randomness mproves general zat on performance, part cularly n h gh-d mens onal and no sy 

feature spaces commonly encountered n v brat on-based cond t on mon tor ng. The pr mary 

role of the Extra Trees Regressor n the proposed framework s to generate fast and stable RUL 

pred ct ons wh le reduc ng the r sk of overf tt ng. By averag ng pred ct ons across a large 

number of randomly constructed trees, the model effect vely captures global patterns n the 

degradat on data. 

The Extra Trees Regressor s conf gured w th the follow ng hyperparameters: 

¶ Number of trees: ὲͅὩίὸὭάὥὸέὶίτππ 

¶ Max mum tree depth: άὥῲὨὩὴὸὬ ςυ 

¶ Random seed: ὶὥὲὨέάίͅὸὥὸὩτς 

These hyperparameter values were selected to balance pred ct on accuracy and computat onal 

eff c ency wh le ensur ng reproduc b l ty. 

2.3.2. XGBoost Regressor 
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The second base learner n the ensemble s the Extreme Grad ent Boost ng (XGBoost) 

Regressor, a powerful grad ent boost ng algor thm w dely used for model ng complex nonl near 

relat onsh ps. XGBoost constructs an add t ve ensemble of dec s on trees n a sequent al 

manner, where each new tree a ms to correct the res dual errors of the prev ous ones. In the 

context of RUL pred ct on, the XGBoost Regressor plays a cruc al role n learn ng complex 

degradat on dynam cs, part cularly those ar s ng from temporal dependenc es ntroduced by 

lagged and smoothed features. Its ab l ty to handle nonl near nteract ons and vary ng feature 

mportance makes t well su ted for model ng progress ve gearbox degradat on [8]. 

The XGBoost Regressor s mplemented w th the follow ng hyperparameters: 

¶ Number of boost ng terat ons: ὲͅὩίὸὭάὥὸέὶίυππ 

¶ Learn ng rate: ὰὩὥὶὲὭὲὫὶͅὥὸὩπȢπσ 

¶ Max mum tree depth: άὥῲὨὩὴὸὬ ρπ 

¶ Random seed: ὶὥὲὨέάίͅὸὥὸὩτς 

A relat vely small learn ng rate comb ned w th a larger number of boost ng terat ons s 

employed to ensure stable convergence and mproved general zat on. 

2.4. Meta-Learner: R dge Regress on 

The f nal stage of the stack ng ensemble employs R dge Regress on w th cross-val dat on 

(R dgeCV) as the meta-learner [9]. The meta-learner takes the RUL pred ct ons generated by 

the Extra Trees and XGBoost regressors as nput features and produces the f nal RUL est mate. 

R dge Regress on s selected due to ts l near formulat on and the nclus on of L2 regular zat on, 

wh ch m t gates overf tt ng by penal z ng large regress on coeff c ents. Th s property s 

part cularly mportant when comb n ng pred ct ons from mult ple base models, as t prevents 

any s ngle learner from dom nat ng the f nal pred ct on. The R dgeCV mplementat on 

automat cally determ nes the opt mal regular zat on parameter (‌) through cross-val dat on, 

ensur ng an appropr ate balance between b as and var ance w thout manual hyperparameter 

tun ng. By learn ng an opt mal we ghted comb nat on of base model outputs, the meta-learner 

enhances pred ct on stab l ty and overall RUL est mat on accuracy. 

2.5. Evaluat on Metr cs for RUL Pred ct on 

The performance of the proposed stack ng ensemble regressor for rema n ng useful l fe (RUL) 

pred ct on s quant tat vely evaluated us ng three w dely adopted regress on metr cs: Root Mean 

Square Error (RMSE), Mean Absolute Error (MAE), and the coeff c ent of determ nat on (Ὑ). 

These metr cs prov de complementary ns ghts nto the pred ct on accuracy, robustness, and 

goodness-of-f t of the regress on model. Let ώdenote the true RUL value of the Ὥ-th sample, 

ώthe correspond ng pred cted RUL value, and ὔthe total number of samples n the test set [10]. 

The evaluaton metr cs are def ned as follows: 
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RMSE ώ ώ  (1) 

MAE В ώ᷄ ώ  ᷄ (2) 

Ὑ ρ
ȅ
 (3) 

 

where ώȅrepresents the mean of the true RUL values. Lower values of RMSE and MAE nd cate 

h gher pred ct on accuracy, wh le an Ὑvalue closer to un ty s gn f es a stronger agreement 

between pred cted and actual RUL values. 

3. Results and D scuss on 

F gure 1 llustrates the relat onsh p between the actual RUL values and the correspond ng 

pred ct ons generated by the proposed stack ng ensemble regressor. Each po nt n the scatter 

plot represents an nd v dual test sample, where the hor zontal ax s denotes the true RUL 

expressed as a percentage of l fe consumpt on, and the vert cal ax s nd cates the pred cted RUL. 

The dashed d agonal l ne corresponds to the deal pred ct on l ne (ώ ὼ), represent ng perfect 

agreement between pred cted and actual values. As shown n F gure 1, the major ty of the 

pred cted RUL values are d str buted closely around the deal d agonal l ne, nd cat ng a strong 

correlat on between the model pred ct ons and the true RUL values across d fferent degradat on 

stages. Th s al gnment demonstrates the effect veness of the stack ng ensemble approach n 

captur ng the underly ng degradat on trend of the gearbox system. Some d spers on s observed, 

part cularly at lower and ntermed ate RUL ranges, wh ch can be attr buted to measurement 

no se, feature uncerta nty, and the nherent complex ty of degradat on dynam cs. Nevertheless, 

the overall d str but on conf rms that the proposed model prov des accurate and cons stent RUL 

est mates over the ent re l fespan, val dat ng ts su tab l ty for pract cal prognost cs and health 

management appl cat ons. 
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F gure 1. Compar son of actual and pred cted rema n ng useful l fe (RUL) values us ng the 

stack ng ensemble regressor 

 

 

F gure 2. D str but on of res dual errors for the stack ng ensemble regressor n RUL 

pred ct on 

 

F gure 2 presents the d str but on of res dual errors, def ned as the d fference between the 

pred cted and actual rema n ng useful l fe (RUL) values, obta ned from the proposed stack ng 

ensemble regressor. The h stogram llustrates the frequency of error magn tudes across the test 

dataset, wh le the overla d dens ty curve h ghl ghts the overall error d str but on pattern. 
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As observed n F gure 2, the res dual errors are centered around zero and exh b t an 

approx mately symmetr c, bell-shaped d str but on, nd cat ng that the model pred ct ons are 

largely unb ased. The concentrat on of errors near zero demonstrates that the major ty of RUL 

est mates dev ate only sl ghtly from the true values, reflect ng h gh pred ct on accuracy. The 

presence of relat vely small ta ls on both s des of the d str but on suggests that larger 

overest mat ons or underest mat ons occur nfrequently and can be attr buted to no se n the 

v brat on features, var ab l ty n degradat on behav or, or nherent uncerta nt es n RUL 

label ng. 

 

F gure 3. Top pred ct ve features for RUL est mat on based on t me-doma n and lagged 

v brat on features 
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F gure 4. Cont nuous health mon tor ng based on actual and pred cted RUL trajector es 

F gure 3 llustrates the relat ve mportance of the top 15 pred ct ve features contr but ng to the 

rema n ng useful l fe (RUL) est mat on obta ned from the proposed stack ng ensemble 

regressor. The feature mportance scores reflect the contr but on of each t me-doma n and lag-

based sensor feature to the overall pred ct ve performance of the model. As shown n F gure 3, 

a small subset of features dom nates the RUL pred ct on, w th Sensor_Feature_22, 

Sensor_Feature_4, and Sensor_Feature_10 exh b t ng s gn f cantly h gher mportance scores 

compared to the rema n ng features. Th s nd cates that these features capture cr t cal 

degradat on-related nformat on and play a key role n character z ng the gearbox health 

evolut on. The rema n ng features contr bute ncrementally to the pred ct on performance, 

suggest ng that the ensemble model effect vely leverages both dom nant and complementary 

nformat on from mult ple sensors and lagged representat ons. The observed feature mportance 

d str but on demonstrates the ab l ty of the stack ng ensemble approach to perform mpl c t 

feature select on, emphas z ng the most nformat ve degradat on nd cators wh le suppress ng 

less relevant or redundant features. Th s behav or enhances model nterpretab l ty and supports 

the phys cal plaus b l ty of the RUL pred ct on results, as degradat on processes n mechan cal 

systems are often dr ven by a l m ted number of sens t ve cond t on nd cators. 

F gure 4 llustrates the cont nuous health mon tor ng performance of the proposed stack ng 

ensemble regressor over the f rst 150 samples of the test sequence. The sol d black curve 

represents the actual RUL (health ndex) trajectory, wh le the dashed red curve corresponds to 

the RUL values pred cted by the stack ng ensemble model. As shown n F gure 4, the pred cted 

RUL closely follows the overall trend of the actual health degradat on path, demonstrat ng the 

modelôs capab l ty to track dynam c changes n system health over t me. Desp te the presence 

of short-term fluctuat ons and abrupt var at ons n the actual RUL s gnalðwh ch are common 

n v brat on-based cond t on mon tor ngðthe pred cted trajectory ma nta ns a strong temporal 

al gnment w th the true health ndex. Th s nd cates that the model effect vely captures both 

global degradat on patterns and local var at ons n the health evolut on process. The sl ght 

dev at ons observed at certa n t me nstances can be attr buted to no se n the sensor 

measurements, uncerta nty n feature extract on, and the nherent complex ty of degradat on 

dynam cs. Nevertheless, the close agreement between actual and pred cted RUL trajector es 

conf rms the su tab l ty of the proposed stack ng ensemble approach for cont nuous health 

mon tor ng and real-t me prognost cs of gearbox systems. 

Table 2. Performance evaluat on metr cs for RUL pred ct on us ng the stack ng ensemble 

regressor 

Metr c Value 

MAE 7.7997 

RMSE 11.5621 

RĮ Score 0.8750 
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Table 2 reports the quant tat ve performance of the proposed stack ng ensemble regressor for 

rema n ng useful l fe (RUL) pred ct on on the test dataset. The Mean Absolute Error (MAE) of 

7.7997 nd cates that, on average, the pred cted RUL values dev ate from the true RUL by 

approx mately e ght un ts, demonstrat ng a relat vely low typ cal pred ct on error. The Root 

Mean Square Error (RMSE) of 11.5621, wh ch penal zes larger errors more heav ly, suggests 

that wh le some larger dev at ons occur, they rema n l m ted and do not dom nate the overall 

pred ct on performance. The coeff c ent of determ nat on (RĮ = 0.8750) shows that 

approx mately 87.5% of the var ance n the true RUL values s expla ned by the proposed 

model. Th s h gh RĮ value conf rms a strong agreement between pred cted and actual 

degradat on behav or, nd cat ng that the stack ng ensemble effect vely captures the underly ng 

degradat on dynam cs of the gearbox system. Overall, these results demonstrate that the 

proposed approach prov des accurate, stable, and rel able RUL est mates, mak ng t su table for 

pract cal prognost cs and health management appl cat ons. 

4. Conclus on 

Th s study presented a data-drven framework for rema n ng useful l fe (RUL) pred ct on of 

gearbox systems us ng a stack ng ensemble regressor bu lt upon v brat on-based cond t on 

mon tor ng features. Stat st cal, lag-based, and smoothed features extracted from mult-sensor 

v brat on sgnals were ut l zed to capture both nstantaneous and temporal degradat on 

character st cs. By ntegrat ng heterogeneous learn ng models w th complementary strengths, 

the proposed stack ng ensemble approach a med to mprove pred ct on accuracy and robustness 

compared to s ngle-model regressors. The ensemble arch tecture comb ned Extra Trees and 

XGBoost regressors as base learners, wh le R dge Regress on was employed as a meta-learner 

to fuse the r pred ct ons n a regular zed and stable manner. Exper mental results demonstrated 

that the proposed method ach eved strong pred ct ve performance, w th an MAE of 7.7997, an 

RMSE of 11.5621, and an Ὑscore of 0.8750. These results nd cate that the model s capable 

of accurately track ng the degradat on process and expla n ng a substant al proport on of the 

var ance n true RUL values. The analys s of pred cted versus actual RUL trajector es and 

res dual error d str but ons further conf rmed the stab l ty, low b as, and rel ab l ty of the 

proposed approach across dfferent degradat on stages. In add t on, feature mportance analys s 

revealed that a l m ted subset of t me-doma n and lagged v brat on features plays a dom nant 

role n RUL est mat on, enhanc ng the nterpretab l ty of the model and support ng ts phys cal 

relevance to gearbox degradat on mechan sms. The cont nuous health mon tor ng results 

demonstrated that the stack ng ensemble regressor can effect vely follow the temporal evolut on 

of system health, mak ng t su table for real-t me prognost cs and health management 

appl cat ons. 
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ABSTRACT  

This study was conducted to determine the effects of different organic fertilizers on plant 

development and yield in kapia peppers in Denizyaka location of Manavgat district, Antalya 

province in a field where commercial plants were not previously grown, during periods January-

August 2025 vegetable growing season. The Elzem F1 kapia pepper variety, widely cultivated 

in study region, was used as plant material. Following nine fertlizer applications were 

reseached: 1- farmer practice (Control), 2- standard application (N, P, K, Ca, Mg) (Control), 3- 

chicken manure, 4- sheep manure, 5- cattle manure, 6- pigeon manure, 7- bat guano, 8- seaweed 

fertilizer and 9- worm manure (vermicompost). The research was established according to a 

randomized complete block design with 4 replications. Seedlings were planted at spacing of 

100 cm between rows and 20 cm within rows. Each plot had an area 4 m² and contained 20 

plants per each replication. According to the research, among the organic fertilizers applied to 

kapia peppers, those used by plant growers had a positive effect. In study, results of sheep 

manure (4038,07 kg/da) and cattle manure (2990,75 kg/da) were in separate groups, while other 

organic fertilizers were in an intermediate group. The effects of organic fertilizers, particularly 

vermicompost, were prominent in plants with fruit-related characteristics.  

 

Keywords: Capsicum annuum L., kapia pepper, organic agriculture, animal manures, plant 

growth, yield. 

 

1. INTRODUCTION  

Organic farming is an important production method prioritizĶNG human health by adhering to 

principles based on protecting nature. Vegetable production worldwide is increasing day by day 

as a result of rapid population growth and desire for healthy and balanced nutrition. Peppers are 

one such vegetable and are extremely important for organic farming. Kapia pepper is a 

mailto:07gunesozdemir@gmail.com
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vegetable known as Capsicum annuum L. var. conoides (Mill.) Irish. within the Capsicum 

genus of the nightshade family (Solanaceae). 

According to Food, B. M., & Organization, T. (2020). Food and Agriculture Organization of 

the United Nations, 36,136,673 tons of peppers were produced on 2,069,990 hectares of land 

worldwide in 2020. The leading producer countries are China (46.08%), Mexico (7.8%), 

Indonesia (7.67%), Türkiye (7.3%), and Spain (4.07%), accounting for 72.92% of global pepper 

production.  

In accordance of Turkish Statistical Institute (TUĶK) 2025 data, 3,318,000 tons of peppers were 

produced in Türkiye on an area of 762,234 hectares. Within this production, kapia peppers 

accounted for 1,818,000 tons, bell peppers 426,000 tons, pointed peppers 944,500 tons, and 

charleston peppers 129,500 tons. Türkiye is one of the most important pepper-producing 

countries in world general (TUĶK, 2025). 

The use of chemical fertilizers is one of the important tools that increase yield and quality of 

crops. However, unbalanced use of these fertilizers may lead to deteriorations on physical, 

chemical, and biological properties of the soil, and can exert notable effects on parameters 

related to plant yield, disease resistance, and human health. Moreover, beyond their impact on 

soil and plants, chemical fertilizers also contaminate groundwater and surface water resources 

contributing to major environmental problems. Because of these negative aspects, people are 

turning to organic farming and organically grown products. This situation increases the 

importance of adopting sustainable practices and more environmentally friendly methods in the 

agricultural sector (Ngouajio et al., 2003; Kēlē­ and Korkmaz, 2012; Wang et al., 2021). The 

use of reasonable combinations of organic and inorganic fertilizer sources is necessary not only 

to protect soil health but also to sustain productivity (Gokul et al., 2020). Organic farming aims 

to protect environment, people, and animals. Because the most important goal is to leave a clean 

environment and soil for future generations without causing ecological problems through 

organic farming methods that are in harmony with nature (Duman and Elmacē, 2014). 

Archaeological findings from Native American sites reveal that Capsicum has been valued as 

a food source, spice, medicine, and even decorative item since 7000 BC (Yaldēz, 2008). Peppers 

are widely used in industry as well as being consumed fresh, in the form of sauces, pickles, 

pastes, powdered and flaked peppers, dried and roasted peppers, etc.  Many types of Capsicum, 

which have a remarkable effect on human health due to their oil, pigments, resin, protein, 

cellulose, and mineral content, are also sources of vitamin E and provitamin A (carotene). 

Capsaicin (C18H27NO3), an alkaloid responsible for pungency in peppers, is known to have 

several health-related effects. Studies have shown that capsaicin inhibits the development of 

cancerous cells; regions with high consumption of hot peppers have lower cancer rates, 

particularly for colon, stomach, and circulatory system cancers (Archer and Jones, 2002, Vural 

et al., 2000; ķalk et al., 2008). Research has shown that capsaicin, a compound found in chili 

peppers can potentially be used as an agent that blocks factors causing oxidative stress in cells 

and leading to obesity (Leung, 2008). 

In agricultural production activities, the ability of a plant to develop well in the soil is related 

to the physical, chemical, and biological properties of the soil environment in which it grows. 
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The most commonly used method for improving the physical, chemical, and biological 

properties of soil is the addition of organic materials (Koç, 2008). Among the most notable 

benefits of organic fertilizers for soil and plant growth are their contributions to soil 

aggregation, reduced erosion risk, improved water-holding and aeration capacity of soils, and 

consequently enhancing plant development (Mercik and Stepien, 2006). Organic fertilizers 

make the soil easier to cultivate and promote plant root development.  

Organic vegetable production involves various materials of organic origin, different animal 

fertilizers and their dosages, and theses and/or research methods aimed at determining optimal 

dosages. For example; broccoli (Karakaya and Paksoy, 2008); cauliflower (Kēl and Paksoy, 

2016 and Yardēm, 2025); lettuce (Ali et al., 2007; Adiloĵlu et al., 2018; Durak et al., 2017; 

¢ētak et al., 2011); tomato (Sºnmez et al., 2019); garlic (Kenea and Gedamu, 2018), chard 

(Kºksal et al., 2017) and pepper (G¿rpēnar and Mordoĵan, 2005; Kēr and Mordoĵan, 2006; Del 

amor, 2006; Kēr, 2006; Delate et al., 2008; Llaven et al., 2008; Szafirowska and Elkner, 2008; 

Berova et al., 2010; Bozkurt (2019) from Appiredy et al., 2011; Márquez-Quiroz et al., 2012; 

2013; Ghimire et al., 2013; Duman and Elmacē, 2014; Funsho et al., 2015; Shiva et al., 2015; 

Alaboz et al., 2017; Dominic Studies have been conducted by (et al., 2017; Sahoo et al., 2017; 

Rekha et al., 2018; Bozkurt, 2019) to determine the effects of organic fertilizers on seedling 

and plant development, yield, and quality. Many more studies could be mentioned here. 

However, the effectiveness and reliability of the recommended doses have been a subject of 

debate in conversations with farmers. All these changes were based on the recommended doses 

of an organic material used in this study. There was a need to determine the yields in the organic 

units used in these dispensers in kapia peppers. 

This study aimed to determine the effects of certain organic fertilizers, used at recommended 

doses in kapia pepper cultivation-a significant industrial product that plays an important role in 

human nutrition-on plant growth and yield components. 

 

2. MATERIALS AND METHODS  

The research was conducted in the 2025 vegetable growing season (between January and 

August) on a field in Denizyaka neighborhood situated at Manavgat district, Antalya where 

commercial crops have not been grown before, to determine the effects of different organic 

fertilizers on plant growth and yield components of kapia peppers.  

The climate of the research area is typical Mediterranean, with hot and dry summers and mild 

and rainy winters. The average temperature in the hottest months of the year, July and August, 

is around 29.0 °C. The annual average relative humidity is around 64% (Anonymous, 2024). 

The experimental field in Denizyaka is located at 36.85° latitude and 31.18° longitude and is 

approximately 6 m above sea level. The soil at the trial site has been analyzed and found to be 

clayey-loamy with a neutral pH. The climate during the growing season and the soil at the 

research site are considered suitable for pepper cultivation. 

As plant material, the Elzem F1 kapia pepper cultivar, which is well known in the region, was 

used. In this study, nine treatments mentioned below were included:  
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1- Farmer practice (ÇU), 2 -Technical application (TU; applied as 20 kg/da N, 10 kg/da PϜOϟ, 

25 kg/da KϜO, 10 kg/da Ca, and 5 kg/da Mg as pure nutrients), 3- Chicken manure (TG; 

2000 kg/da), 4- Sheep manure (KG; 5000 kg/da), 5- Cattle manure (ĶG; 5000 kg/da), 6- Pigeon 

manure (GG; 150 kg/da), 7- Bat manure (guano) (YG; 150 kg/da), 8- Seaweed fertilizer (DYG; 

1 L seaweed extract diluted in 200 L water and applied per decare), 9- worm manure 

(vermicompost) (SG; 200 kg/da). 

The research plots were established in a randomized block design with four replicates. 

Seedlings were planted with 100 cm between rows and 20 cm within rows. Plot size was 4 m², 

and each replicate contained 20 plants. All fertilizers were thoroughly mixed into the soil at 

predetermined rates prior to planting the seedlings. 

Kapia pepper seeds were sown into 216-cell trays in seedling nurseries, and seedlings were 

grown under appropriate conditions, becoming ready for transplanting in approximately 48 

days. The seedlings were transplanted to the field at the end of April. In addition, soil 

preparation of the land where the experiment would be established (plowing, thinning - 

leveling, and sampling of the plots) was carried out in April before the seedlings were planted. 

The experiment consisted of 9 treatments and 4 replications, resulting in a total of 36 plots. 

Twenty plants were transplanted into each plot at 100 cm Ĭ 20 cm spacing. 

The plants were cultivated in accordance with the standard kapia pepper growing practices. 

During the production period, plant protection measures were implemented using only the 

pesticides and preparations permitted by the relevant regulations for controlling diseases and 

pests. In the kapia pepper plants, vegetative growth parameters including plant height (cm), 

stem diameter (cm), number of leaves (count), leaf length (cm), leaf width (cm), root length 

(cm), stem fresh and dry weight (g), and root fresh and dry weight (g) were measured and 

recorded. In addition, generative characteristics were assessed by determining total yield 

(kg/da), fruit diameter (cm), fruit flesh thickness (mm), fruit length (cm), fruit weight (g), 

soluble solid content (%), and fruit fresh and dry weight (g). 

The data obtained from the study were grouped according to significant differences between 

treatments at a 5% significance level using the JMP 14.0 statistical program, based on the 

randomized block design. 

  

3. RESULTS AND DISCUSSION 

The results obtained from different organic fertilizer applications on plant growth and yield 

parameters in kapia pepper cultivation are presented in Tables 1, 2, and 3. 

In Table 1, the effect of organic fertilizers applied to kapia peppers on plant height was found 

to be statistically significant; the longest plant height was obtained from cattle manure (63,25 

cm) and worm manure (62,75 cm) applications. Other fertilizer applications resulted in lower 

plant heights and formed a separate group. These results are similar to Yaldēz (2008)'s findings 

of 51,2-94,98 cm and Karaaĵa­ and Balkaya (2010)'s findings of 50,10-59,40 cm, as well as 

the findings of Tajungsola et al. (2017) (44,55 cm). 
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The thickest stem diameter was observed in the vermicompost treatment (4,82 mm), whereas 

the thinnest stem diameter occurred in the pigeon manure treatment (4,05 mm). The remaining 

treatments was between these two groups. 

The effects of different fertilizer applications on the number and diameter of leaves in kapia 

peppers were not statistically significant (Table 1). These results were lower than those reported 

by Tajungsola et al. (2017) (35,97 leaves). This may be due to the different varieties used.  

 

Table 1. Effects of Different Organic and Chemical Fertilizers on Plant Growth in Kapia Pepper 

 

 

Treatments 

Plant 

height 

(cm) 

Stem 

diameter 

(mm) 

Number of 

leaves 

(units) 

Leaf length 

(cm) 

Leaf width 

(cm) 

Farmer's Practice (FP) 54,75b 4,41ab 105,00a 9,50a 4,50a 

Technical Practice (TP) 53,75b 4,55ab 108,25a 9,25a 4,75a 

Chicken Manure (CM) 56,50b 4,28ab 102,25a 7,75b 4,75a 

Sheep Manure (SM) 57,25b 4,35ab 108,25a 9,50a 4,50a 

Cattle Manure (CM)  63,25a 4,52ab 108,25a 9,50a 5,00a 

Pigeon Manure (PM) 56,75b 4,05b 101,25a 8,50ab  4,25a 

Bat Manure (BM) 54,25b 4,11b 107,25a 9,00ab 4,25a 

Seaweed Fertilizer (SF) 57,25b 4,20ab 106,00a 8,75ab 4,25a 

Vermicompost (VC) 62,75a 4,82a 108,00a 9,50a 4,75a 

LSD 0.05 5.11 0.66 10.12 1.35 0.90 

 

Leaf length, however, was found to be statistically significant. The longest leaves were obtained 

from the farmer practice, NPKCaMg, sheep manure, cattle manure, and vermicompost 

treatments, whereas the shortest leaves were observed in the chicken manure treatment. The 

other treatments were grouped between these two extremes. 

As seen Table 2, root length was statistically significant according to the applied fertilizers; the 

longest root length was observed in the vermicompost application at 31,25 cm, while the 

shortest root length was found in the seaweed fertilizer application at 24,25 cm. Other 

applications were between these two groups. 

Stem fresh weight differed significantly among treatments (Table 2). The highest stem fresh 

weights were found in the sheep, cattle, and vermicompost applications, while the lowest were 
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recorded in the farmer practice, chicken manure, pigeon manure, and seaweed fertilizer 

treatments. 

Stem dry weight was found to be statistically significant (Table 2). The highest stem dry weight 

was obtained from sheep, cattle and vermicompost applications, forming a separate group from 

the other applications. Other applications were in the second group with lower stem weights. 

The effects of different fertilizers applied to kapia peppers on root fresh weight were found to 

be statistically significant (Table 2). When examining root fresh weight values, the maximum 

root fresh weights were obtained from cattle manure, sheep manure, and worm compost 

applications with values of 50,25 ï 49,00 g, and 45,50 g, respectively, and were statistically 

grouped together. The lowest root fresh weights were obtained from seaweed and bat guano 

applications with values of 33,00 g and 29,75 g. 

The effects of different fertilizers applied to kapia peppers on root dry weight were found to be 

statistically significant (Table 2). When root dry weight values were examined, the highest root 

dry weight was 14,25 g in sheep manure, while the minimum root dry weight was 9,50 g in bat 

manure, forming two separate groups. Other applications were in the intermediate group with 

lower root dry weights. 

Table 2. Effect of different organic and chemical fertilizers applications on plant development of kapia 

peppers 

 

Treatments 

Root 

length 

(cm) 

Shoot 

fresh 

weight (g) 

Shoot dry 

weight (g) 

Root fresh 

weight (g) 

Root dry 

weight (g) 

Farmer's Practice (FP) 28,00abc 101,25c 50,75b 37,00cd 13,50abc 

Technical Practice (TP) 30,00ab 110,75b 55,25b 41,50bc 12,00abcd 

Chicken Manure (CM) 26,75bc 101,25c 52,50b 41,00bc 11,50bcd 

Sheep Manure (SM) 30,25ab 119,25a 61,25a 49,00a 14,25a 

Cattle Manure (CM)  30,25ab 121,25a 63,50a 50,25a 14,00ab 

Pigeon Manure (PM) 26,75bc 96,00c 55,25b 37,00cd 11,25cd 

Bat Manure (BM)  30,00ab 103,00bc 53,00b 29,75e 9,50d 

Seaweed Fertilizer (SF) 24,25c 99,50c 52,75b 33,00de 11,50bcd 

Vermicompost (VC) 31,25a 122,75a 62,75a 45,50ab 13,50abc 

LSD 0.05 4.01 8.20 5.53 7.22 2.54 

 

The effects of different organicïanimal manure treatments on yield components were 

evaluated, and the results are presented in Table 3. 
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Total highest yield was obtained from sheep manure treatment (4038,07 kg/da) and lowest in 

the cattle manure treatment (2990,75 kg/da). Other treatments were distributed between these 

two groups. These findings are consistent with those reported by Duman and Elmacē (2014) 

and Kēr (2006). 

Average fruit weight was the highest with vermicompost (122,50 g/fruit) and was in a separate 

group. Other treatments produced lower values. These results were lower than those reported 

by Jamir et al. (2017) (140,47 g/fruit), possibly due to differences in cultivars and growing 

conditions. They are similar to the findings of Çiftçi et al. (2023), which ranged from 93,57 to 

158,21 g/fruit.  

Table 3. Effects of different organic and chemical fertilizers on yield and yield components in kapia 

pepper 

 

 

Treatments  

Total Yield 

(kg/da) 

Avg. 

Fruit 

Weight 

(g) 

Avg. 

Fruit 

Length 

(cm) 

Avg. Fruit 

Diameter 

(cm) 

 

Fruit Flesh 

Thickness 

(mm) 

Total 

Soluble 

Solids (%) 

Fruit 

Fresh 

Weight 

(g) 

Fruit 

Dry 

Weight 

(g) 

Farmer's 

Practice (FP) 

 

3869,40ab 94,50c 18,30cd 4,12 cd 

 

3,50 e 4,58bc 94,50c 45,00cd 

Technical 

Practice (TP) 

 

3690,85ab 111,50ab 19,03abc 4,30 b 

 

3,47 e 5,10a 111,50ab 53,50ab 

Chicken 

Manure (CM) 

 

3857,84ab 75,00d 18,85bcd 4,25 bc 

 

3,67 d 5,18a 75,00d 38,00de 

Sheep Manure 

(SM) 

 

4038,07a 103,75bc 20,00a 5,05 a 

 

4,57 ab 5,53a 103,75bc 50,75bc 

Cattle Manure 

(CM) 

 

2990,75b 115,75ab 19,63ab 4,93 a 

 

4,50 b 5,50a 115,75ab 56,50ab 

Pigeon Manure 

(PM) 

 

3892,40ab 66,75d 18,13cd 4,07 d 

 

4,25 c 5,18a 66,75d 35,75e 

Bat Manure 

(BM) 

 

3521,13ab 74,25d 18,00d 4,12 cd 

 

3,70 d 5,08ab 74,25d 37,00e 

Seaweed 

Fertilizer (SF) 

 

3622,75ab 73,25d 18,10cd 4,12 cd 

 

4,17 c 4,45c 73,25d 36,25e 

Vermicompost 

(VC) 

 

3975,17ab 122,50a 19,08abc 5,05 a 

 

4,70 a 5,55a 119,50a 59,50a 

LSD 0.05 1033.6 12.25 1.00 0,14 0,13 0.52 12.25 7.05 
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Average fruit length was highest in the sheep manure treatment (20,00 cm) and lowest in the 

bat guano treatment (18,00 cm). The remaining treatments were grouped between these values. 

These results are in agreement with Çiftçi et al. (2023) (14,85ï18,49 cm). On the other hand, 

they were lower than the values reported by Jamir et al. (2017) (7,50 cm), likely due to 

differences in cultivar characteristics or environmental conditions. 

When the mean fruit diameter values were examined, the highest average fruit diameters were 

obtained from the sheep manure and vermicompost treatments with 5,05 cm, followed by the 

cattle manure treatment with 4,93 cm, and these applications were found to be within the same 

statistical group. The lowest fruit diameter was recorded in the pigeon manure treatment with 

4,07 cm. These results were lower than the mean fruit diameters reported by Çiftçi et al. (2023), 

which ranged between 59,01ï75,17 mm. This difference is likely due to varietal characteristics 

and differences in environmental and cultivation conditions. 

Regarding mean fruit flesh thickness, the highest value was obtained from the vermicompost 

treatment (4,70 mm), which formed a separate statistical group. The other fertilizer treatments 

resulted in lower flesh thickness values and were placed in different groups from vermicompost. 

The lowest fruit flesh thickness values were recorded in the farmer practice and technical 

application treatments with 3,50 mm and 3,47 mm, respectively, and these treatments 

constituted a distinct group. Fruit flesh thickness values reported by Karaaĵa­ and Balkaya 

(2010) for Bafra red pepper populations [Capsicum annuum L. var. conoides (Mill.) Irish] 

ranged between 3,3ï5,8 mm. The fruit flesh thickness values of the cultivar examined in the 

present study are consistent with the findings of Karaaĵa­ and Balkaya (2010). 

The soluble solid content was lowest in the seaweed fertilizer treatment, forming a separate 

statistical group from the others. These findings were lower than the soluble solid content values 

(7.57ï8.33%) reported by Çiftçi et al. (2023). This variation may again be attributed to cultivar 

differences or environmental conditions. 

Fruit fresh weight was highest in the vermicompost treatment, which formed a distinct group, 

whereas the lowest fruit fresh weights were obtained from the chicken manure, pigeon manure, 

bat guano, and seaweed fertilizer treatments. 

Similarly, vermicompost ranked first in fruit dry weight and constituted a separate group, while 

the other treatments led to lower fruit dry weights. 

 

 

4. RECOMMENDATIONS  

The results clearly show that worm manure (vermicompost) stand out in many parameters. By 

considering the beneficial impacts of vermicompost on both vegetative growth (plant height, 

stem diameter, root development) and generative characteristics (fruit weight, fruit diameter, 

fruit flesh thickness, soluble solid content, and fresh and dry fruit weight), it can be inferred 

that vermicompost represents a viable and sustainable nutrient source for kapia pepper 

cultivation. Therefore, it can be highly recommended to growers aiming for quality-oriented 

kapia pepper production incorporate vermicompost into their fertilization programs. 
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Abstract 

The global agr cultural sector requ res an un nterrupted energy supply to ensure food secur ty, 

mechan zat on, and the susta nab l ty of modern rr gat on techn ques. However, foss l fuels, 

wh ch dom nate the trad t onal energy portfol o, have become a major r sk factor due to resource 

scarc ty, geopol t cal pr ce nstab l t es, and devastat ng env ronmental mpacts on the 

ecosystem. In th s context, the trans t on to renewable sources such as solar energy s not merely 

an env ronmental preference but a strateg c necess ty for establ sh ng energy secur ty and the 

econom c res l ence of agr cultural enterpr ses. Th s transformat on, at the heart of cl mate 

change m t gat on strateg es, acts as a catalyst for ach ev ng susta nable development goals. 

Today, ncreas ng demograph c pressure and rap d urban zat on lead to the narrow ng of arable 

land, tr gger ng ntense land-use compet t on between the energy and food sectors. At th s po nt, 

Agr volta c (APV) systems, wh ch emerge as a solut on opt m z ng the "Food-Energy-Water" 

nexus, el m nate the ex st ng land-use confl ct. APV technology max m zes total land 

product v ty by allow ng the s multaneous execut on of photovolta c energy product on and 

agr cultural act v t es on the same land un t. The pr mary purpose of th s study s to conduct a 

comprehens ve evaluat on of APV systems as a susta nable product on model by analyz ng the r 

technolog cal synergy and appl cat on potent al w th n the agr cultural sector. The pr mary 

mater al of th s study cons sts of data obta ned from the current databases, strateg c plans, and 

sectoral reports of globally and nat onally recogn zed author t es, such as the Republ c of 

T¿rk ye M n stry of Energy and Natural Resources (MENR), the M n stry of Agr culture and 

Forestry (MAF), the Internat onal Energy Agency (IEA) and Ember. W th n the scope of the 

study, research results n the l terature regard ng the techn cal parameters and appl cat on 

models of agr volta c systems were ut l zed. The collected stat st cal data and techn cal 

nformat on were organ zed through explanatory f gures and nterpreted accord ngly. 

Keywords: agr volta cs, renewable energy, susta nable agr culture, land product v ty. 
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1. INTRODUCTION 

Energy s the fundamental bu ld ng block of modern soc et es and economes. T¿rk ye s an 

energy-dependent country, mport ng more than half of ts energy needs. Th s dependency poses 

a s gn f cant econom c r sk due to geopol t cal hazards, econom c fluctuat ons, and supply 

d srupt ons. Reduc ng energy costs and ensur ng energy secur ty are among the country's 

pr mary object ves (Arē and Yēlmaz, 2023). Wh le energy s cr t cally mportant across all 

sectors, t has a d rect mpact on costs n the agr cultural sector due to ntens ve operat ons such 

as rr gat on and mechan zaton. Th s s tuat on necess tates energy eff c ency and the use of 

renewable energy sources, part cularly for small and med um-s zed agr cultural enterpr ses. 

Furthermore, n l ne w th global targets to l m t the average temperature ncrease (Par s 

Agreement), countr es prefer renewable energy sources over trad t onal foss l fuels. In th s 

context, the popular ty and capac ty of solar energy have been ncreas ng rap dly n recent years 

n countr es l ke T¿rk ye, wh ch has h gh solar energy potent al (Ember, 2023). 

The w despread adopt on of Photovolta c (PV) systems due to the r cost-effect veness br ngs a 

new challenge to the agenda. PV s the technology of convert ng solar energy nto electr c 

current. In PV systems, sem conductors such as s l con, gall um arsen de, cadm um tellur de, 

or copper nd um d selen de are used, and these are rare mater als. These types of mater als 

have the property of d rectly convert ng solar energy nto electr cal energy. Increas ng global 

populat on and urban zat on are lead ng to a scarc ty of arable land, pred ct ng a future land-use 

compet t on between energy product on and food product on. As a solut on to th s land-use 

confl ct, Agr volta c (APV) systems have been proposed, wh ch prov de econom c benef ts by 

enabl ng both energy product on and agr cultural act v t es on the same p ece of land. APV 

refers to the ntegrat on of PV module nstallat on w th agr cultural product on (Waghmare et 

al., 2023).  

2. PURPOSE AND METHODS 

The pr mary purpose of th s study s to conduct a comprehens ve evaluat on of APV systems as 

a susta nable product on model by analyz ng the r technolog cal synergy and appl cat on 

potent al w th n the agr cultural sector. In th s context, the research a ms to deta l the ntegrat on 

of photovolta c energy product on w th agr cultural act v t es through the exam nat on of both 

global appl cat on examples and local potent al models. The ma n mater al of the study cons sts 

of data obta ned from the current databases, strateg c plans, and sectoral reports of nat onally 

and globally recogn zed author t es, such as the Republ c of T¿rk ye M n stry of Energy and 

Natural Resources (MENR), the M n stry of Agr culture and Forestry (MAF), the Internat onal 

Energy Agency (IEA) and Ember. 

In add t on to these sources, prev ous research results n the l terature regard ng the techn cal 

parameters and appl cat on models of agr volta c systems were ut l zed. The collected stat st cal 

data and techn cal nformat on were evaluated and nterpreted through explanatory f gures. 
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3. RESULTS 

3.1. Energy Product on n the World and T¿rk ye 

Global energy product on s stead ly ncreas ng due to the effects of robust econom c growth, 

rap d populat on expans on, and ndustr al zat on processes. For nstance, n 2024, global 

electrc ty generat on exceeded 31,229 TWh (Terawatt-hours). Foss l fuels account for the 

largest share of product on at approx mately 59%. W th n th s share, coal (35%), natural gas 

(22%), and o l (2%) cont nue to have a s gn f cant mpact. Nevertheless, renewable energy 

sources ma nta n the r share n the energy m x, account ng for approx mately 32% of total 

product on. Record ncreases n the product on of solar energy (approx mately 7%) and w nd 

energy (approx mately 8%) have been strongly supported by technolog cal advancements and 

fall ng costs n th s f eld (IEA, 2025). 

The upward trend n T¿rk ye's energy product on and consumpt on cont nues alongs de r s ng 

electr c ty demand. In 2024, electr c ty consumpt on reached approx mately 348 TWh. 

Although foss l fuels rema n dom nant n the d str but on of product on sources, the r share has 

decl ned to 55%, the lowest level s nce 1993. Coal cont nues to be the pr mary foss l source 

w th a share of approx mately 36%, and 61% of th s coal-based product on rel es on mports. 

On the other hand, the share of renewable energy sources n total electr c ty generat on has 

ncreased s gn f cantly to 46%. The trans t on to clean energy has accelerated, espec ally w th 

the strong contr but on of hydroelectr c, w nd, and solar energy; n fact, the amount of energy 

produced by w nd and solar comb ned has surpassed the amount obta ned from domest c coal 

for the second consecut ve t me. Wh le these developments nd cate strong steps toward 

susta nable energy product on, the role of foss l fuels n meet ng ncreas ng demand has not yet 

fully d m n shed (MENR, 2024; SHURA, 2025; Ember, 2025). 

3.2. General Informat on on APV Systems 

3.2.1. Def n t on and character st cs of APV systems 

The concept of APV was f rst proposed n 1982 by Goetzberger and Zastrow w th the a m of 

adapt ng solar power plants to enable agr cultural product on on the same land (Goetzberger 

and Zastrow, 1982). Th s approach nvolves elevat ng solar panels approx mately two meters 

above the ground and ncreas ng the d stance between the panels to prevent excess ve shad ng 

of the crops. It was env s oned that the proposed system would ut l ze only one-th rd of the 

ncom ng solar rad at on and could be made more su table for agr cultural product on through 

techn cal mprovements. However, the appl cat on of th s concept to actual projects and p lot 

plants took approx mately th rty years (D nesh and Pearce, 2016). 

The role of APV systems n the agr cultural sector s not only to ensure more eff c ent use of 

agr cultural land but also to help producers meet the r energy needs and reduce energy costs. 

Integrat ng solar panels nto agr cultural areas can mprove the grow ng cond t ons of plants, 

thereby ncreas ng agr cultural product v ty. Furthermore, through these systems, agr cultural 

enterpr ses can play a s gn f cant role n combat ng cl mate change by reduc ng greenhouse gas 

em ss ons and contr but ng to env ronmental susta nab l ty. Wh le encourag ng the use of 

renewable energy n the agr cultural sector, APV systems also have the potent al to create an 

add t onal source of ncome for producers from an econom c perspect ve. 
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3.2.2. Appl cat on areas of APV systems 

Research s currently be ng conducted on the var ous appl cat on areas of APV systems. These 

systems can be ut lzed across d fferent segments of the agr cultural sector. They prov de 

econom c benef ts by ncreas ng energy eff c ency n many areas, nclud ng an mal product on 

-pr mar ly da ry and beef cattle farm ng- as well as crop product on n f elds and orchards, and 

protected cult vat on (greenhous ng). 

One of the most cr t cal aspects of APV systems s the select on of appropr ate crops. Shade-

tolerant plants are the most su table cand dates for APV systems. Important parameters n crop 

select on nclude d rect sunl ght requ rements, so l/preparat on needs, water/ rr gat on 

requ rements, plant he ght, and potent al for evaporat on and cool ng (Cr st ano et al, 2016; 

Mudau et al., 2017; Chae, et al, 2022). Su table plants for APV systems nclude Malabar nut, 

Aloe Vera, broccol , sp nach, and tomato (F gure 1). 

 

F gure 1. Broccol  Product on n an APV System  

Source: Chae et al., 2022 

Research on the ntegrat on of APV systems also ncludes prof tab l ty analyses demonstrat ng 

that they can prov de econom c benef ts n terms of both agr cultural and electr cal energy 

product on. Moreda et al. (2021) analyzed the prof tab l ty of a hypothet cal APV system 

establ shed n southwestern Spa n. The results nd cate that the APV system can prov de 

econom c advantages for both agr cultural and electr cal energy product on. Recently, the use 

of dynam c (mob le) PV panels n greenhouses has also been nvest gated (L  et al., 2018). The 

ntegrat on of solar panels w th agr cultural land offers a dual-use structure that opt m zes the 

m crocl mate requ red for plant development wh le s multaneously enabl ng energy product on 

(F gure 2). 
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F gure 2. UMass South Deerf eld APV System 

 Source: Doubleday et al., 2025 

In recent years, the ntegrat on of the APV concept has begun to be evaluated as a strateg c 

solut on n spec f c agr cultural systems such as v t culture and ntens ve fru t product on. The 

presence of ex st ng support structures (trell s systems, ant-ha l nets, etc.) n these product on 

systems prov des a synerg st c benef t by reduc ng nfrastructure costs for the nstallat on of 

APV un ts. APV systems can ncrease land-use eff c ency by over 60%. Instead of perform ng 

100% wheat product on and 100% electr c ty product on on separate 1-hectare areas, hybr d 

use of the same land makes t poss ble to obta n the total y eld of 2 hectares from a much smaller 

area-w th 80% wheat and 80% energy output. Th s s tuat on not only max m zes the ncome per 

un t area, espec ally n h gh-value-added orchards, but also protects the plants from 

env ronmental stress factors such as excess ve solar rad at on (F gure 3). 
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F gure 3. Agr volta c Land-Use Eff c ency 

Source: Za nol Ab d n et al., 2021; Njema et al., 2025 

3.2.3. Integrat on of APV systems nto Agr cultural Product on 

The ntegrat on of APV systems nto agr cultural product on processes ntroduces a ser es of 

techn cal requ rements to opt m ze both energy eff c ency and agr cultural y eld. In terms of 

phys cal ntegrat on, the mount ng structure of the PV arrays must be pos t oned at an 

appropr ate he ght to allow for the comfortable passage of agr cultural mach nery (at least 4-5 

m s requ red for large mach nery); meanwh le, the footpr nt of the poles should be kept at a 

max mum of 2% of the land area. The shad ng level and cont nu ty w th n APV systems vary 

depend ng on the techn cal spec f cat ons of the solar panels (or entat on, t lt angle, dens ty) 

and geograph cal locat on. To adjust the rrad ance under the panels to ma nta n acceptable 

agr cultural y elds, the PV array dens ty should be kept lower compared to trad t onal plants, 

w th a recommended row spac ng of approx mately 3 m techn cal solut ons nclude mob le PV 

panels that change t lt accord ng to the l ght sens t v ty of the plants, as well as sem-transparent 

and b fac al modules. 

The most prom nent change n m crocl mate effects s the reduct on n solar rad at on, wh ch 

causes the rad at on reach ng the plant level to be between 60% and 85% of open-f eld 

cond t ons (Dupraz et al., 2011). The mpact of shad ng on product y eld s cr t cal depend ng 

on the plant spec es and the growth stage n wh ch t s appl ed. For example, wh le moderate 

shad ng (15-40% reduct on) barely affects lettuce y eld and can even ncrease the y eld of some 

Med terranean cl mate vegetables (tomatoes, sweet peppers), t can lead to y eld losses n crops 

w th h gh l ght requ rements such as corn, r ce, and potatoes. Furthermore, APV systems can 

ncrease water-use eff c ency by reduc ng evaporat on and transp rat on through the shadng 

effect of the panels (Marrou et al., 2013); however, challenges such as uneven water d str but on 

and the r sk of so l eros on dur ng heavy prec p tat on may also ar se. These r sks can be 
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managed through techn cal features such as adjustable t lt angles. S nce dust accumulat on on 

the panel surface also reduces electr cal performance, the mportance of module clean ng 

ncreases (D nesh and Pearce, 2016). 

3.2.4. Advantages and d sadvantages of APV systems 

As an nnovat ve approach that enhances land-use eff c ency, APV prevents the total allocat on 

of agr cultural land to energy product on, thereby opt m z ng both food and energy y elds. These 

systems contr bute s gn f cantly to water conservat on, part cularly n ar d and sem-ar d cl mate 

reg ons, by reduc ng evaporat on and plant water stress through the part al shad ng prov ded by 

PV panels. Econom cally, APV appl cat ons offer producers the potent al to lower energy costs, 

meet the r own energy requ rements, and generate add t onal ncome by sell ng surplus 

electr c ty to the gr d. Th s s tuat on ncreases the econom c res l ence of agr cultural enterpr ses 

wh le support ng the f ght aga nst cl mate change by reduc ng dependence on foss l fuels. 

However, there are also challenges n the mplementat on of APV systems. Th s ntegrat on, 

wh ch requ res a more complex nfrastructure compared to trad t onal solar energy systems, 

br ngs h gh n t al nstallat on and ma ntenance costs. In terms of agr cultural constra nts, the 

shad ng from panels can cause y eld loss by reduc ng the photosynthet c rate n certa n plant 

spec es w th h gh sunl ght requ rements, wh le the nstallat on layout can create d ff cult es n 

us ng large-scale agr cultural mach nery, thus requ r ng add t onal labor. Furthermore, techn cal 

ssues such as the necess ty of pos t on ng panels at appropr ate angles, the requ rement for s te-

spec f c des gns for each reg on, and the accumulat on of dust or d rt on the panel surfaces can 

h nder the eff c ent operat on of the system. G ven these techn cal and econom c challenges, 

more research and development work address ng these constra nts s needed for the w despread 

appl cat on of APV systems. 

In European countr es, certa n measures have been taken to promote the expans on of these 

systems. As of 2023, France has over 2 GW of agr volta c appl cat on capac ty, and legal 

regulat ons pr or t ze APV nstallat ons for agr cultural purposes. In Italy, a spec al ncent ve 

program worth 1.1 b ll on Euros was launched n 2024 for the nstallat on of APV systems on 

agr cultural land. In Germany, the performance of ntegrated systems n l vestock and vegetable 

product on areas s be ng measured through federally supported p lot projects. In the 

Netherlands, nnovat ve solut ons such as vertcal appl cat ons ma nta n the maneuverab l ty of 

agr cultural mach nery wh le support ng energy product on (Anonymous, 2025). 

3.2.5. Eff c ency and performance of APV systems 

APV systems, part cularly n ar d cl mates, ncrease water-use eff c ency and preserve so l 

mo sture by reduc ng evaporat on through the shad ng effect of the panels (Har narayana and 

Vasav , 2014; Hassanpour Adeh et al., 2018). These systems create an add t onal source of 

ncome for producers through electr c ty generat on on agr cultural lands (D nesh and Pearce, 

2016; Malu et al., 2017) and contr bute to electr f cat on by prov d ng off-gr d energy solut ons 

n rural areas. The fundamental performance of APV systems s measured us ng the Land 

Equ valent Rat o (LER) method (Mead and W lley, 1980; Dupraz et al., 2011), and s mulat ons 

nd cate that total land product v ty can be ncreased by up to 70%. Furthermore, model ng 

stud es have demonstrated that APV systems can double the land-based renewable energy 
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eff c ency compared to trad t onal methods (Amaducc  et al., 2018). Wh le techn cal 

advancements max m ze APV system y eld, dynam c (sun-track ng) PV modules and mount ng 

structures w th he ghts ncreased to 4ï5 meters are ut l zed to support crop product on. 

On a global scale, small-scale systems have been establ shed n Japan s nce 2004 under the 

name "Solar shar ng" (Movellan, 2013), wh le n Europe, large-capac ty commerc al and p lot 

research fac l t es have been mplemented n Italy, France, and Germany. In these fac l t es, 

d fferent panel dens t es have been tested, and the performance of var ous crops such as lettuce, 

cucumber, wheat, and crop rotat ons has been exam ned. The "BayWa r.e." project n the 

Netherlands, focused on raspberry product on, s cons dered one of the largest agr volta c 

projects n Europe. In France, there s a p lot project where over 5,000 solar panels are nstalled 

over an agr cultural enterpr se, w th a capac ty to produce 2.5 MW at peak t mes. In Greece, 

aromat c plants and flowers are grown us ng APV systems. In Spa n, t has been determ ned 

that plants such as art chokes and broccol  cont nue the r development w thout ssues under 

solar panels. In Belg um, pear and sugar beet product on s carr ed out under solar panels 

(Enerj sa ¦ret m, 2024). 

3.2.6. Evaluat on of APV systems for T¿rk ye 

The ntegrat on of renewable energy sources nto the agr cultural sector s ga n ng momentum 

n T¿rk ye. The 2024-2028 Strateg c Plan of the M n stry of Agr culture and Forestry (MAF) 

emphas zes that the dle capac ty of renewable energy should be ut l zed to ensure susta nab l ty 

n agr culture, reduce product on costs, and decrease fore gn dependency. However, the plan 

also h ghl ghts the r sk that us ng agr cultural and pasture lands for solar energy product on 

could pose potent al threats to agr cultural output (MAF, 2024). In th s context, t has become 

cruc al to carefully exam ne APV systems, wh ch enable both agr cultural and energy 

product on on the same land un t. 

Research nd cates that a large part of T¿rk ye s geograph cally su table for APV systems 

(Coĸgun, 2021). Stud es conducted n the prov nces of Burdur and Muĸ have revealed that wh le 

APV systems prov de d rect benef ts to food and energy product on, they also nd rectly 

mprove water use and reduce a r pollut on (Kērbaĸ, 2023; ¥zer, 2024). Add t onally, Enerj sa 

¦ret m has mplemented an APV system n Istanbul Komĸukºy w th a capac ty of 20 kW and 

a storage capac ty of 24 kWh (Enerj sa ¦ret m, 2024; Anadolu Agency, 2024). Th s system 

stands out as a p oneer ng agr volta c appl cat on area n T¿rk ye, des gned w th a f xed b fac al 

panel system (F gure 4). 
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F gure 4. Komĸukºy APV System  

Source: ķent¿rk et al., 2024 

T¿rk ye's f rst APV Research Project s be ng conducted w th n the scope of the L v nglab 

n t at ve launched by the M ddle East Techn cal Un vers ty (METU) Solar Energy Research 

and Appl cat on Center (G¦NAM). The Ayaĸ APV project, carr ed out jo ntly by METU-

G¦NAM, the Ayaĸ D str ct D rectorate of Agr culture and Forestry, and a local producer n the 

Ayaĸ d str ct of Ankara, s equ pped w th a 122 kWp (K lowatt-peak) capac ty and a s ngle-ax s 

solar track ng system (Anonymous, 2023). Th s system prov des a su table work ng area for 

agr cultural veh cles, and n ts f rst year of tr al, products such as tomatoes, peppers, and 

cucumbers were mon tored n accordance w th the local cropp ng pattern. W th n the scope of 

the project, env ronmental parameters ( rr gat on, so l mo sture, and temperature) are measured, 

and deta led analyses, nclud ng agr cultural product v ty, energy eff c ency, and ncome-

expend ture calculat ons, are ma nta ned over a four-year per od (F gure 5). 

 

F gure 5. Ayaĸ-Ankara APV System   

Source: Anadolu Agency, 2023 
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APV systems are techn cally h ghly su table for T¿rk ye due to ts h gh solar rad at on potent al. 

Part al shad ng prov ded by the panels could enhance crop y eld and water sav ngs n reg ons 

w th h gh water stress (Central Anatol a, Southeast). Its ab l ty to reduce rr gat on requ rements 

could offer s gn f cant contr but ons to combat ng drought. In add t on to prov d ng extra 

ncome for producers, t allows for the co-development of energy and agr culture. Furthermore, 

t can contr bute to the reduct on of carbon em ss ons. However, the h gh cost of nstallaton 

rema ns a s gn f cant factor. In T¿rk ye, leg slat on and land-use regulat ons regard ng th s ssue 

are not yet suff c ently clear. The term "APV" s not an off c ally def ned appl cat on n current 

legal regulat ons. At present, the nstallat on of solar energy systems on agr cultural land s 

evaluated as "non-agr cultural use." Due to the narrow ng of appl cat on areas, nvestors mostly 

turn to marg nal and low-y eld lands. 

On the other hand, the fact that these systems are not su table for every crop may also affect 

producers. Producers may requ re techn cal knowledge and tra n ng, and crop-panel des gns 

must be well-planned for system success. In T¿rk ye, agr cultural and energy ncent ves are not 

structured together. To promote the expans on of APV systems, state-supported nvestment 

grants could be prov ded. Integrat ng energy and agr cultural ncent ves, along w th prov d ng 

tax advantages and f nanc al support, would also make a s gn f cant contr but on. Educat on 

and consultancy serv ces could be expanded. For producers to adopt these systems, they must 

be supported both techn cally and f nanc ally. 

4. DISCUSSION AND CONCLUSION 

Although APV systems are n the early stages of the r development, they offer s gn f cant 

techn cal mprovements and new appl cat on opportun t es. Techn cal nnovat ons nclude 

dynam c PV modules (Valle et al., 2017) that opt m ze the rrad ance reach ng the vegetat on to 

ncrease both electr c ty and b omass y eld, wavelength-select ve PV modules (Lo k et al., 

2017), and the ntegrat on of w nd turb nes. Appl cat on areas cover a w de range, nclud ng the 

use of generated electr c ty for agr cultural operat ons (process ng, cool ng), veh cle 

electr f cat on, and prov d ng rural electr f cat on n develop ng countr es (Malu et al., 2017). 

Furthermore, the ntegrat on of APV systems w th water pump ng systems (Burney et al., 2010) 

holds the potent al to mprove water supply n ar d reg ons, enhance pasture product v ty, and 

m t gate desert f cat on (Campana et al., 2016). APV systems are part cularly benef c al n 

sectors where support ng structures are already ut l zed, such as hops, greenhouse cult vat on, 

v t culture, and fru t product on (Cossu et al., 2014). In sub-sectors l ke v t culture and 

orchard ng, APV systems not only prov de water sav ngs but also reduce crop losses by offer ng 

protect on aga nst extreme weather cond t ons, thereby s gn f cantly ncreas ng farm ncome 

(Malu et al., 2017). Cons der ng the mpact of cl mate change on reduc ng agr cultural land 

(Hannah et al., 2013), APV systems are evaluated as a cr t cal technology that allev ates the 

eth cal confl ct n land use by comb n ng agr culture and energy product on. 

In conclus on, APV systems offer a v tal solut on for ach ev ng susta nable development goals 

by ntegrat ng agr cultural and energy product on. Advantages such as the cost-effect veness of 

solar energy and ts non-pollut ng nature accelerate the adopt on of APV systems n the 

agr cultural sector. By enabl ng both energy product on and agr cultural act v t es on the same 
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land, APV systems prov de the potent al to establ sh a nexus between energy and food 

product on. The expans on of these systems w ll enhance the success of susta nable agr cultural 

pract ces and renewable energy strateg es. However, further research address ng the effects of 

APV systems on crop y elds and qual ty s requ red. In the future, model ng techn ques should 

be employed to transform f eld exper ment results nto un versal models. These models must 

be adapted to spec f c cl mat c cond t ons and techn cal appl cat ons of APV systems. By 

address ng major soc al and env ronmental challenges such as global energy demand, food 

secur ty, cl mate change, and land use, APV systems are cand dates to become a key component 

of future agrcultural systems. For T¿rk ye, t s a powerful model that can prov de solut ons to 

drought, energy dependency, and rural ncome problems. However, for ts w despread adopt on, 

p lot projects, support mechan sms, and a clear legal framework are essent al. 
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ABSTRACT 

According to the latest Turkish forestry inventory, Türkiye has 23.4 million hectaresô forest 

area of which 41% is unproductive (9.6 million ha), while they changed annual by forestry 

practices such as afforestation, rehabilitation, private plantation and natural regeneration, or 

damages such as forest fire, erosion, and insect damages. Total forest area of Türkiye increased 

from 20.2 million ha to 23.4 million ha opposite to decreasing of unproductive forest from 56% 

to 41% by these practices between 1973 and 2024. For instance, 17759 ha forest area was 

afforested by seeding or planting in 2024. 84 523 823 seedlings and 52.8 tones seeds were 

produced in 2024. Afforestation (i.e., 30183 ha in 2022 and 15 488 ha in 2023), seedling and 

seed production of some natural and exotic tree species (i.e., Brutian pine- Pinus brutia Ten., 

Black pine- Pinus nigra Arnold., Taurus cedar- Cedrus libani A. Rich., Maritime pine- Pinus 

pinaster Ait .) and their effects on forest area were examined and discussed based on some years 

for future practices in this paper.   

Key Words: Afforestation, forestry, pine, seed, seedling. 

 

1. INTRODUCTION  

 

Forest area and its productivity can change with forestry practices (i.e., afforestation, 

rehabilitation, plantation, regeneration, wood harvest) or damages (i.e., forest fire, erosion, and 

insect damages) and also with other practices [1]. For instance, total forest area of Türkiye 

increased from 20.2 million ha to 23.4 million ha between years 1973 and 2024 (Table 1) [2]. 

Besides, ratio of productive area increased from 41% to 56% for the years (Table 1, Figure 1) 

[2].  

Table 1. Turkish forest areas for some years 

 Productive Unproductive Total 

Years Area %  Area %  Area 

1973 8.9 44 11.3 56 20.2 

2020 13.2 58 9.6 42 22.9 

2021 13.5 58 9.6 42 23.1 

2022 13.7 57 9.5 38 23.2 

2023 13.7 59 9.6 41 23.3 

2024 13.8 59 9.6 41 23.4 
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Figure 1. Forest area and its productivity of Türkiye for some years 

Afforestation, seedling and seed production of some natural Brutian pine (Pinus brutia Ten.), 

Black pine (Pinus nigra Arnold.), Scots pine (Pinus sylvestris L.), Taurus cedar (Cedrus libani 

A. Rich.), Oriental beech (Fagus sylvatica Lipsky.), Oriental spruce (Picea orientalis (L.) 

Link.), Walnut (Juglans ssp.) and Cypress (Cupressus ssp.) and exotic tree species (Maritime 

pine (Pinus pinaster Ait.) and Black locust (Robinia pseudoacacia L.) their effects on forest 

area were examined based on some years to discuss for future practices in this paper.  

  

2. MATERIAL AND METHOD  

Inventorial data of afforestation, seedling and seed production was obtained  from website of 

General Directorate of Forestry of Turkey [2], published annual. 

 

3. RESULTS AND DISCUSSION 

 

3.1. Reforestation and afforestation 

Afforestation and reforestation (Figure 2) by seeding or planting both refer to establishment of 

trees on non-treed land. Reforestation refers to establishment of forest on land that had recent 

tree cover, whereas afforestation refers to land that has been without forest for much longer 

[3]. According to the latest Turkish forestry inventory [2], areal reforestation and afforestation 

practices were given in Table 2 to discusses annual changes. As seen from Table 2, annual 

averages of the practices were about 34500 ha. The first inventorial afforestation practice was 

264 ha in 2018 [2], while it has continued inventorially after the year (Table 2). Many biotic 

and abiotic factors could impact in these practices and their amount such as seed and seedling 

production, forest fire, unexpected natural damages.     
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Table 2. Areal reforestation and afforestation practices (ha) in Türkiye for some years 

Years Reforestation Afforestation Total 

1946-1991 - - 1 550 511 

2020 28 523 109 28 632 

2021 35 372 1 514 36 887 

2022 29 631 552 30 183 

2023 15 195 293 15 488 

2024 17 326 433 17 759 

 

          

Figure 2. Afforestation and reforestation practices in Pinus nigra and P. sylvestris 

 

3.2. Seed and seedling productions 

Seed and seedling productions were the main materials of afforestation and reforestation 

practices by seeding or planting in conversion of unproductive forest to productive forest. Seed 

productions of some forest tree species were given in Table 3 and Figure 3 [2].  It could be said 

that seed (Table 3, Figure 3) and seedling productions of the species related to their amount of 

their natural distributions. However, weight of seed productions could not reflect their practices 

because of size and weight variation among the species.       

Table 3. Seed productions (kg) for some species and years 
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Türkiye/    Years    

Species 2020 2021 2022 2023 2024 Total 

Türkiye  143 800 146 500 116 750 118 000 116 000 524 300 

P. brutia 9 542 11 199 10 843 7 871 11 736 51 191 

P. nigra 1 428 1 455 534 5 535 5 630 14 582 

C. libani 9 062 6 598 7 851 12 347 8 652 44 510 

P. sylvestris 420 352 113 924 992 2 801 

R. pseudoacacia* 1 388 2 905 2 421 1 561 1 305 9 580 

Cupressus ssp 742 460 556 1 530 1 084 4 372 

P. pinaster* 1 769 1 006 490 420 470 4 155 

F. orientalis 5 180 4 486 5 245 3 160 4 135 22 206 

P. orientalis 2 197 75 - 310 584 

Juglans ssp. 20 413 20 703 23 742 24 694 18 446 107 998 

Total 49 946 49 361 51 870 58 042 52 760 261 979 

*; exotic species 

 

 

Figure 3. Seed productions for some species and years 

Number of both bare-root and container seedlings (Figure 4) produced from the harvested seeds 

generally were given in Table 4 and Figure 5 [2]. Seedling type and age could impact on number 

of seedling productions.  
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Figure 4. Container and bare-root seedling productions in Cupressus and P. brutia.  

 

Table 4. Seedling productions for some species and years 

Türkiye/    Years    

Species 2020 2021 2022 2023 2024 Total 

Türkiye  273 533 826 274 929 790 260 000 000 261 295 000 131 675 000 1201 433 616 

P. brutia 69 714 397 53 350 545 53 361 445 50 404 772 48 734 295 275 565 454 

P. nigra 37 992 812 43 256 631 43 754 476 36 833 132 16 039 800 177 876 851 

C. libani 26 848 957 30 475 755 28 066 309 47 722 135 9 619 569 142 732 725 

P. sylvestris 22 573 380 25 649 510 23 886 926 21 180 524 5 991 020 99 281 360 

R. pseudoacacia* 10 110 018 11 718 248 11 798 225 10 196 203 3 056 065 46 878 759 

Cupressus ssp 6 459 691 7 512 651 9 285 469 10 584 870 8 867 006 42 709 687 

P. pinaster* 6 413 719 6 079 056 7 832 090 4 821 073 3 982 832 29 128 770 

F. orientalis 3 049 465 5 070 851 4 646 580 5 685 214 1 605 786 20 057 896 

P. orientalis 3 541 024 4 653 732 4 088 355 4 338 628 1 550 750 18 172 489 

Juglans ssp. 5 592 536 4 122 974 2 965 573 2 806 023 1 116 500 16 603 606 

Total 192 295 999 191 889 953 189 685 448 194 572 574 84 523 823 869 007 597 

*; exotic species 

Seed and seedling productions (Tables 3 and 4, Figures 3 and 5) could not be well accordance 

each other because of 1000 seed weight and seedling types of the species. So, seedling 

production could be better monitor of afforestation and reforestation practices. 










































































































