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Ozet

Afetler, dogal yollarla veya insan eliyle gergeklesebilen ve
tehlike yaratan olaylardir. Dogal afetler, dogadaki canlilari ve
yapuart ciddi  sekilde etkileyebilir. Ulkeler, olusabilecek
zararlart azaltmak i¢in yatirimlar yaparak afet éncesi énlemler
alabilir ve kayiplart en aza indirebilir.

Afet oncesi, sirast veya sonrasinda kullanilacak erken uyar
sistemleri, énlemlerin hizli alinmasin kolaylastirir. Gegmiste
farkli teknolojiler kullamilmis olsa da baglanti kopukluklar: ve
bilgi iletimindeki gecikmeler Kablosuz Algilayict Aglar (KAA)
kullammuini artwrmugtir. Bu ¢alismada, farkl afet tiirleri icin
tasarlanmis teknolojiler incelenmis ve kavramsal bir model
onerilmistir. Onerilen modelde, IR sensorlerle acil gecis
araglarinin kavsaklardaki mesafesi takip edilerek trafik isiklar:
otomatik yonetilmektedir.

Bu sistem, afet sonrast veya normal durumlarda acil arag
gecislerini kolaylastirmayr amaglamaktadir. Calisma bir fikir
ve tasarim  niteligindedir;  heniiz  gercek  ortamda
uygulanmamistir.  Gelecekte — simiilasyon — ve  prototip
calismalariyla test edilebilir.

Anahtar kelimeler: Kablosuz Algilayici Ag, Sensor, Acil Gegis,
Afet Erken Uyar: Sistemleri

Abstract

Disasters are hazardous events that may occur due to natural
processes or human activities. Natural disasters can have
severe impacts on living organisms and structures. Countries
can take preventive measures before disasters occur by making
investments to reduce potential damage and minimize losses.

Early warning systems, which can be used before, during, or
after a disaster, facilitate the rapid implementation of necessary
measures. Although various technologies have been used in the
past, communication disruptions and delays in information
transmission have increased the use of Wireless Sensor
Networks (WSNs). In this study, technologies designed for
different types of disasters are examined, and a conceptual
model is proposed. In the proposed model, infrared (IR) sensors
monitor the distance of emergency response vehicles from
intersections, and traffic signals are automatically controlled
accordingly. The system aims to facilitate the passage of
emergency vehicles both in the aftermath of disasters and under
normal conditions.

This study is conceptual and design-oriented, the proposed
system has not yet been implemented in a real-world
environment. In future studies, the proposed model can be
tested and evaluated through simulations and prototype
implementations.

Keywords: Wireless Sensor Networks, Sensors, Emergency
Vehicle Priority, Disaster Early Warning Systems

1.Giris

Insan yasamim veya dogadaki tiim canlilari etkileyebilecek,
dogal ve/veya fiziksel yapilari etkileyen bir olguya sahip, hayati
durma noktasma getirebilecek yapida, insan eliyle veya
kendiliginden gerceklesen olaylarin tiimiine afet denmektedir.
Afet dncesinde, afet sirasinda ve afet sonrasinda yasanabilecek
sikintilar, alinabilecek o6nlemler her daim insanoglunu
ilgilendirmis ve bu yoniiyle toplumsal ve akademik ¢aligmalara
konu olmustur.

Afetler olusmadan 6nce alinabilecek 6nlemler, hicbir sekilde
zarara ugranmamasini veya zararlar asgari diizeye diisiirmeyi
saglayabilirler. Sikga afet yasayan veya risk potansiyeli yiiksek
olan iilkeler bu manada alacaklar1 kararlar ve yapacaklari
uygulamalar ile hem bu risk faktorlerini ortadan kaldirirlar hem
de kalkinma diizeylerini yiikseltmektedirler.

Tiirkiye, en basta deprem olmak {iizere; yangin, sel, ¢1g ve
heyelan gibi bir¢ok insan kaynakli veya dogal afetin yasandigt
ve canli 6liimii agisindan diinyada en riskli bolgeler arasinda yer
almaktadir [1].

Afetler insani veya  dogal sebeplerden  dolayi
olusabilmektedirler. Insani bir etki olmadan, evrenin kendi
diizeni igerisinde gergeklesen ve birden fazla tiirii bulunan
afetler dogal afetlerdir. Bunlar meteorolojik, biyolojik, iklimsel
ve jeolojik vb. yapida goriilebilmektedir.

Gergeklesen dogal afetlerin biiyiik bir boliimii de meteorolojik
kaynaklidir [2]. Insan kaynakli afetler ise dikkatsizlik veya
yanlis bir davrams sonucu yine hayati tehlikeye yol agabilecek
durumlarin ortaya ¢ikmasi durumudur. Dogal veya insani
afetlerin neler oldugu Tablol.’de gésterilmistir.
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Tablo 1. Afet Tirleri.

Afet Tiirii Ornekler
Dogal Afetler — Toprak kaymasi,
Jeolojik Kokenli deprem, yanardag
patlamasi,
tsunami vb.

Dogal Afetler — Dolu, erozyon,

Meteorolojik yildirim, taskin,
Kokenli kuraklik, hortum,
¢1g, hava kirliligi,
sel vb.
insan Kaynakli Kazalar,
Afetler Biyolojik

Saldirilar, Teror
Olaylar1 vb.
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Afetlere miidahale; can ve mal kayiplarinin en aza indirilmesi,
acil durumda bulunan hasta ve yaralilarin saglik hizmetlerinden hizli
bir sekilde yararlanabilmesi, giivenlik ve barmma ihtiyaglarmin
karsilanmasi ve afet bolgesinin daha etkin bir sekilde tammabilmesi
amaciyla haritalandirma ¢alismalarmin yapilmas: gibi gesitli
onlemler almarak gergeklestirilmektedir. Tyilestirme ise, afet sonrast
donemde, yasanan aksakliklarin saptanmasi, hatalarin giderilmesi
ve diizeltme yoluna gidilmesi durumudur. Ayrica afet bolgesinde
gerceklesmis yapisal ve psikolojik bozulmanin devlet eliyle
diizeltilmeye calisilmasidir. Ancak, afet hazirlik asamalar daha ¢ok
kalkimmis  ilkelerde  gerceklesmekte, kalkinmamis  veya
kalkinmakta olan iilkelerde benzer bi¢imde ger¢eklesmedigi icin
zararlar ¢ok daha fazla meydana gelmektedir [2][3]. Hi¢ siliphesiz
afet erken uyar: sistemlerine sahip bir tilkede kalkinma daha hmzh
gerceklesecek ve karsilasilabilecek riskler bertaraf edilebilecektir.

Bu ¢alismanin temel katkisi, afet sonras1 merkezi haberlesme
altyapisinda yasanabilecek kesintiler dikkate alinarak kavsak bazl
calisan diisiik gecikmeli bir acil ara¢ Oncelik sistemi onerilmesidir.
Literatiirde bulunan GPS veya RF tabanl sistemlerden farkli olarak
onerilen yapida, yonlii algilama saglayan IR sensorler ile Kablosuz
Algilayic1 Ag altyapisinin birlikte kullanilmas hedeflenmistir.

Bir sonraki boliimde kablosuz algilayict ag (KAA) hakkinda
bilgi verilecek daha sonra KAA ile tasarlanis baz1 afet erken uyari
sistemleri gosterilecektir.

Ugiincii boliimde ise afet sonrasinda acil gecis araglarinin
ulagimlarmi kolaylastirip hizlandiracak Kizil6tesi (IR) Teknolojisi
ile tasarlanmus ve KAA altyapisi ile arag bilgisinin gerekli merkeze
iletimini saglayan bir yap1 6nerilecektir.

2. Kablosuz Algilayic1 Ag (KAA)

KAA kavrami ilk kez 1980’lerin baslarinda ortaya ¢ikmustir.
ilk basta 6zellikle askeri alanda kullanilan kablosuz algilayici
(sensor) aglari; maliyetlerinin giin gectikge diismesi ile yaygin
bir bicimde kullanilmaya baglamistir [4]. Kablosuz algilayici
aglar, bulunduklar: ortamun fiziki kosullarin izleyip kaydetmek
ve/veya bilgileri merkezi bir ortamda diizenlemek igin
olusturulmus ve dagitilmis  Ozel sens6r manasina
gelmektedirler. Is1, gaz, kirlilik, nem, basing, titresim, mesafe
vb. durumlan olgebilmektedirler. Boylelikle ortamdan uzakta,
ortamla ilgili bilgiler anlik olarak alinabilmekte ve gerekli
adimlar daha hizla atilabilmektedir. Kablosuz algilayici aglarin
kullamim yerleri Tablo 2’de gosterilmistir.

Teknolojide gergeklesen degisim ve gelismeler, ayrica
saglamis oldugu kolayliklardan dolay1 KAA teknolojileri
giderek artmaktadir. Habitat izleme, ¢evre ve saglik alaninda
yogunlasilmistir. Ayrica egitim, endustri, tarim, trafik gibi
alanlarda yaygin olarak kullanilmaya baslamis ve hemen hemen
tiim sektorlerde tercih edilmeye baglamustir [5].

Kablosuz algilayici aglar, profesyonel bilgiye sahip olmadan
kolayca kurulabilme, giivenilir sonuglar verebilme, esnek ve
maliyet verimliligi gibi sagladigi bir¢ok fayda ile farkli
alanlarda tercih edilmektedir.

Tipik bir KAA, kablosuz bir ortamda birbirine bagli ve
birbiriyle bilgi aligverisi yapan yiizlerce hatta binlerce sensor
diigimiinden olusur [6].

Sensor diigiimleri bir film teneke kutu i¢erisinde kendi pili,
sensOr panosu (board), mikro kontrolorii ve RF adaptorii ile
tlimlesik bir yap1 olusturur [7].

Sensorler genigge bir alana dagitilarak bir adhoc ag
olusturulur. Bu ag sayesinde birbirleri ile is birligi yapan
sensOrler bilgiye her an, kolayca ulasilabilmesini saglarlar.
Sonunda ag, zeki bir ortam olusturulmus olur. Bir kablosuz ag
yapist Sekil 1’te gosterildigi gibidir. Bir kablosuz diigiimiin
genel yapisi ise Sekil 2°de gosterilmistir.

©  Sensor dugim
®  Gegit sensor dugam

Sekil 1. Kablosuz Algilayic1 Ag Yapisi

Tablo 2. Kablosuz Algilayici Ag Kullanim Alanlari.

Algilayic1 Ag
Takip izleme
Doga Takibi Doga
(Hayvan takibi, Orman | (Hayvan nesli izleme,
takibi vb.) Jeolojik Olgtimler vb.)
Askeri Askeri
(Diisman takibi vb.) (Guvenlik, yasadis1 giris
Kamu/Endiistriyel izleme vb.)
(Arag takibi, Eleman takip | Ticari
vb.) (Envanter kontrolii vb.)
Ticaret Kamu/Endistriyel
(Musteri takip vb.) (Kimyasal atik izleme,
Otomasyon Fabrika izleme vb.)
(Akilli ev uygulamalari vb.) | Cevre
(Kimyasal Gaz izleme,
Orman yangini izleme vb.)
Saglik
(Hasta takip vb.)

Agin kendi yapisinda, biitiin algilayicilara komut iletmek ve
algilayici diigiimlerden bilgi almak adina bir toplama istasyonu
bulunmaktadir [8]. Algilamaya ek olarak diigtimler, diger biitiin
diigimlerin elde ettikleri bilgileri toplama istasyonuna iletme
gorevini de gergeklestirmektedirler [9].

| Verici | Algilayica |

} i }

|_.I Mikrodenetleyici J_.I ASD

[ 1 i

| Bellek ” GPS || Alglln_wcn|

Gii¢

Sekil 2. Kablosuz Diigiimiin Genel Yapisi [10].

2.1. Kablosuz Algilayic1 Aglar ile Tasarlanms Afet Erken

Uyan Sistemleri

Hangi tip afet olursa olsun insan odakli olmak ve her agidan
glivenligi saglamak iilkelerin tartismasiz ilkelerinden biri
olmalidir. Ozellikle dogal afetlerin yasama olan etkisi ve
yarattig1 tehlike, bu manada erken uyar1 sistemlerin 6nemini
gOstermektedir.



Kablosuz Algilayici Aglar (KAA) ile Tasarlanmis Afet Uyari Sistemleri ve Oncelikli Araglarin Afet Sonrasi Gegislerinin Kolaylastiriimasi Tasarimi
Disaster Warning Systems Designed with Wireless Sensor Networks (WSN) and Design of Facilitating Passage of Priority Vehicles After Disasters
Merve Babaoglu

Afet erken uyar1 sistemlerinin hazirlanmasi sayesinde
insanlar hizli hareket edip onlem alabilir, cihazlar ve ihtiyag
duyulacak malzemeler korunabilmektedir. Afet yonetiminde
acil durumlarin miidahalesinde hiz ¢ok 6nemli bir etkendir.
Bundan dolayr zarar goren iletisim altyapilarinin tamir
edilmesinden 6nce, farkli iletisim sistemlerinin tasarlanmasi ve
kullaniminin saglanmasi daha uygundur. [11][12].

Afet aninda; iletisim sistemleri ¢oktiigiinde afetzedelerin
konumlarinin belirlenmesi veya saha personeli ile haberlesmek
belki de en biiyiik sorun olmaktadir. Dogru bilgiye dogru
zamanda erisim birgok hayat kurtarabilir. Konum tabanli ve
konum altyapili sistemler bu sorunun ¢éziilmesinde énemli rol
oynayabilir. Uydu sistemleri sayesinde elde edilecek konum
bilgisi ve iletisim sayesinde dogru bilgiye en hizli ve en dogru
sekilde ulagmak miimkiin olmaktadir [13].

Tiirkiye 6zelinde, jeolojik olarak ¢ok geng bir iilkedir. Bu
nedenle siirekli olarak dogal afet tehlikesiyle kars: karstyadir.
Ulkemizde sel, heyelan, orman yanginlari, deprem gibi birgok
afet goriilmektedir. Afetlerin olusturacagi can kaybi, ekonomik
ve psikolojik sorunlar ciddi sikinti yaratmaktadir. Bu tiirden
problemleri iilkemizde yasamamak, yagsanmadan dnce haberdar
olmak ve/veya en az zararla atlatabilmek adina kablosuz sensor
ag yapilarina ¢okga yatirim yapilmali ve takibine &nem
verilmelidir.

Sensorler deprem zamaninda veya metrolarda da
kullanilabilirler. Mesela bir metroda herhangi bir nedenle
mahsur kalmis insanlarin nerede mahsur kaldiklar verisi bilgisi
yardim ekiplerine gonderilebilir. Deprem aninda, ¢oken
binalarda insanlarin tahmini olarak nerede veya hangi
yiikseklikte olduklari bilgisi yine ekiplere bildirilebilir. [14].
Farkl1 afet tiirlerine gore gelistirilmis, kablosuz sensoér aglar
kullanilarak olusturulmus baz1 erken uyart sistemleri bir sonraki
béliimde gosterilecektir.

2.1.1. Orman Yangim Algilama Sistemleri

Ormanlar iilkelerin hazineleridirler. Igerisinde yasayan
canlilara besin ve yuva, insanlara da oksijen, gida, yakit deposu
ve daha sayilamayacak nice faydalari vardir. Boylesine degerli
yapilarin yanginlarla yok olmasini engellemek adina ¢ok sayida
orman yangini uyarl sistemi gelistirilmistir. Bu yanginlar
meteorolojik kaynakli olabilecegi gibi insan hatasindan dolay:
da gerceklesebilmektedir.

Tiirkiye’de 2011-2020 yillart arasinda ¢ikan orman
yangmlarinin ~ sadece  %11’inin  dogal  nedenlerden
kaynaklandig1 goziikmektedir. %89’luk biiyiik bir kismi ise
insan kaynaklr ¢tkmustir [15].( Sekil 3).

Kablosuz sensor aglari, yanginlarin tespiti icin 6nemli olan,
CO, CO2, ortam nem miktari, ortam sicakligr gibi degerlerde
Olgiilmekte ve ilgili merkeze bildirmektedir. Boylelikle
beklenmedik degerler 6l¢iildigiinde hizla hareket edilebilir ve
herhangi bir sikinti durumunda miidahale edilebilir.

Orman yanginlarinin 6zellikle ilk 5 dakikalik siirede fark

edilmesi ¢ok Onemlidir. Sonraki 15-20 dakikada gerekli
miidahalede bulunulamayan yanginlar c¢ok genis alanlara
yayilarak kontrol edilmesi giiglesebilmektedir. Kurulan
sistemler ile orman yanginlarimin daha heniiz baglangi¢
asamasinda tespit edilmesi ve yanginla miicadele ekiplerinin
bilgilendirilmesinin ardindan acil miidahalede bulunulmasi ve
yanginin ilerlemesinin 6niine gecilmesi miimkiin kilinmaktadir
[16].
Sekil 4’de gosterilen kablosuz sensér aginda orman
yanginlarini erken fark etmek ve miidahalede bulunabilmek
admna olusturulan sistemde 6rgii ag topolojisi kullanilmig ve
kablosuz cihazlara bagli sensorler, ormanlik alanlarda 6lgiim
yaparak olas1 bir tehdidi algilayip merkeze iletmektedir. Ayrica
ormanin bulundugu alanin hava sartlari, nem durumu gibi
bilgilerde takip edilmektedir.

Ttrkiye'de 2011-2020 yillariarasinda gikan
orman yangini sebepleri

7.

Sekil 3. Tiirkiye’de orman yangini ¢ikis sebepleri [15].

%

Orman yanginlarini 6nceden tespit edebilmek i¢in kullanilan
bir baska kablosuz sensor ag sistemi olan FireBugs, yangin
ortamlarinda real time veri toplamak i¢in aglar i¢inde kendisini
organize eden TinyOS isletim sistemine dayanan kiicik KAA
sistemidir. Bu sistemde ortamin davraniglarim izleyen ve bunu
internet tizerinden gonderen bir teknoloji ve kundakg: algilayici
teknolojisi kullanilmaktadir [17].

Internet

. o ¢ A<

Sekil 4. Orman yangini erken uyari sistemi isleyisi [16].

2.1.2. Deprem Algilama Sistemleri

Tiirkiye deprem afeti agisindan diinyanin en tehlikeli yerleri
arasinda bulunmakta ve “yiiksek risk” grubu iginde yer
almaktadir. En tehlikeli ve yikict faylar, kalabalik
sehirlerimizden ~ gegmektedir. ~ Dolayisiyla  iilkemizde
olusturdugu can ve mal kayb1 oran olarak da fazla olmaktadir.
Bu nedenle o&zellikle yapilarmm bu durum  gozetilerek
olusturulmast, takibinin yapilmasi, olast iletisim kopuklugu igin
hazirliklarin yapilmasi elzemdir.

Afet uyari sistemlerinin  onemi 6 Subat 2023
Kahramanmarag-Pazarcitk  depreminde  bir kez daha
goriilmiistiir. Kahramanmarag’ta gerceklesen depremin 50
saniye sonra diger illerde yikict etki yarattigt bilgisi
baskanligimi Prof. Dr. Tuncay Taymaz’in yaptig1 ve aralarinda
Kocaeli Universitesi'nden Dog. Dr. Serkan Irmak’in da
bulundugu ekip tarafindan belirlenmistir [18]. Dolayisiyla,
Kahramanmarag  disindaki  sehirlere  zamaninda  bilgi
aktarilmasint saglayan bir uyari sistemi, olasi bir afetin
etkilerinin ve meydana gelebilecek can ve mal kayiplarinin
azaltilmasina katki saglayabilirdi.

Depremin biiyiikligii ve gerceklestigi yonii tespit ve bina
saglamligimin  degerlendirilmesi i¢in bir binaya entegre
edilebilen sismik algilayicilar, afet Oncesinde uyari
verebilmektedirler [19].

Baska bir sistem ise algilayicilari konum algilamak igin
insanlar tarafindan giyilen cep algilayicilari, GPS alicilarindan
olusmaktadir. Kisinin konum hareketi ve konum bilgileri
iletilmektedir [20].
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Diinyada deprem konusunda en fazla zorluk ¢eken tilkelerin

basinda hi¢ siiphesiz Japonya gelmektedir. Japonya’da ¢okca
kullanilan erken uyar1 (Earthquake Early Warnings-EEW)
sistemi, deprem bildirimi konusunda Japonya’da kullanilan en
iyi uygulamadir. 1 Ekim 2007’den bu yana kullamlan bu
uygulama Japonya genelinde birden fazla cihaz araciligiyla
caligir durumda olup gii¢lii olma olasiligi yiiksek olan sarsintilar
gelmeden Once uyari saglamaktadir.[21].
Suzuki ve dig. [36], afet sonrasi ortamlarda 6zellikle enkaz
altinda kalanlar igin yer alti alanlarinda kullanilabilen ve
kablosuz algilayic1 ag araciligl ile bilgilerin toplandigi mobil
robot sistemi gelistirdiler.

Depremde erken uyart sistemleri, insanlara kendilerini
koruyabilecekleri ve giivenli bir alana gecebilecekleri kiymetli
birkag saniye vermektedir.

2.1.3. Sel / Taskin Algilama Sistemleri

Tiirkiye’de gerceklesen depremlerden sonra en gok can ve

mal kaybma neden olan dogal afet olan sel/su baskinlari
nedeniyle her yil en az 100 milyon dolar ekonomik kayip
yasanmaktadir [22].
Fazla yagis, kar erimesi, baraj patlamasi vb. durumlardan
kaynaklanan, su yataklarin kapasitesini agsmasi ve sonrasinda
neden olan seller, su basmalarina veya taskinlara sebep
olmaktadir. Bu tagkinlar canli yasamina, yerlesim yerlerine ve
tarim arazilerine ciddi boyutlarda zarar verebilmektedir.

Akarsu ve derelerdeki tagkim Oncesinden haber verecek
birtakim sistemler gelistirilmistir. Bunlardan bir tanesi Devlet
Su Isleri Genel Miidiirliigii tarafindan gelistirilen, TEFER
(Taskin Tahmini ve Erken Uyarist) projesidir. Bu proje radar
sensorlil gozlem istasyonu ile dere yataklarindaki su seviyesini
anlik (real time) olarak izleyip, yaklasik bir saat 6ncesinde
bolge halkina haber vererek can ve mal kaybini 6nlemektedir
[23]. (Sekil 5).

Afet yonetimi konusunda Fang ve digerleri [24], 6nerdikleri
sel/tagkin erken uyari sistemi yonteminde web servisleri, akilli
algilayicilar ve uzaktan algilama goriintiileri kullanarak
olusturduklart modelin prototipini Cin’in Xinjiang sehrinde yer
alan Quergou nehrinde meydana gelen kar erimesi sonucunda
olusan degisimleri izlemede basar1 bir sekilde uygulamislardir.

Lol e -
Sekil 5. TEFER projesi uygulamasi [23].

Elman diye adlandirilan bir bagka sistemde su sistemlerinin
sebep oldugu taskin durumlarinin 6nlenmesini saglamak igin
kullanilmaktadir. Tehlikeli olabilecek noktalara yerlestirilen bu
cihaz sahip oldugu sensérler sayesinde bu noktalardan gegen su
miktarinin tespitini gerceklestirir ve anlik olarak bilgilendirme
yapar. Acil durumlarda ise halka gerekli bilgilendirmeyi farkli
cihazlardan gergeklestirebilmektedir [25]. (Sekil 6)

Sekil 6. ELMAN Tagkin Bildirim Sistemi [25].

2.1.4. Heyelan Bildirim Sistemleri

Heyelan algilama sistemleri heyelan esnasinda olabilecek en
kiigiik toprak hareketlerini algilayabilmek icin bir KAA
kullanmaktadir. Gerekli tiim verileri toplayarak uzun heyelan
olusumu ger¢eklesmeden 6nce bu bilgilerin iletilmesini anlik
olarak saglamaktadir.

Bozkurt & Erenoglu [26], c¢alismalarinda, heyelanin
mithendislik yapilarinmi etkileyerek olusabilecek kazalarin
ontine gecilebilmesi i¢in bulut bilisim ve nesnelerin interneti
tercih edilerek bir erken uyar1 sistemi tasarlanmistir. Bunun igin
ilkemizde heyelan olusma riski fazla olan Edirne ili
Uzunkoprii ilgesi Demirtas Koyii yakinlarinda, 41°17°45.0"N,
26°41°53.0"E  cografi koordinatlarin1 tercih etmislerdir.
Miihendislik yapist olarak da demiryolu kullanilmis ve burada
olusan mesafe oOlglimleri siirekli izlenmis, sonuglar Google
Drive iizerinden kaydedilmistir. Sistem gelistirilerek farkl:
yapilarda da test edilebilir ve kullanighh bir sistem
gelistirilebilir.

Sofwan ve ark. [27], nesnelerin interneti kullanarak heyelana
neden olan ve birgok fiziksel parametreyi dlgebilen bir KAA
yapisini bagariyla gelistirilmistir.

Frigerio ve ark. [35], Rotolon heyelanmin (Dogu Italya Alpleri)
otomatik ve siirekli izlenmesi i¢in web tabanli bir platformun
tasarimi gergeklestirmislerdir.

2.1.5. Maden Afet Uyari Sistemleri

Is giivenligi agisindan yer alti madenciligi ciddi tehlikeler
barindirabilen ve ig giivenligi acisindan 6nem verilmesi
gereken alanlardan biridir. Madencilikte tehlike yaratabilen ve
takip edilmesi gereken durumlar baslica asagidaki gibidir:

* Yangin

* Cokme

* Gaz Sikigmasi
 Su Baskint

* Toz

Yukarida belirtilenler ve bunlarin diginda ortaya ¢ikabilecek
bir¢ok tehlikenin dnceden belirlenmesi belki de diinyanin bu en
riskli caligma ortamlarini giivenli hale getirmekte, can ve mal
kaybina engel olmaktadir. Kablosuz yeralti algilayici ag yapisi
son zamanlarda oOzellikle yurtdisindaki madenlerde c¢okga
tercih edilmeye baslamistir. Bu teknik kullamlarak yeralti
komiir ocaklarinda uygun yerlere algilayict sensorler
yerlestirilerek ¢evresel parametrelerin (nem, hava akimu,
sicaklik, maden gazlar) izlenmesi ve maden iginde
olusabilecek gociik, yangin ve patlama gibi olasi tehlikelerin
varlig1 dnceden tespit edilebilmistir [28].
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Ozellikle komiir madenlerinde KAA uygulamast ile izlenebilen

Tablo 3. Farkli Sistemlerle Karsilastirma.

]%el:gle:;rle parametreler 8 baglik altinda toplanmaktadir [29]. Sistem Teknoloji | Avantaj Dezavantaj
1. Ocaktaki ¢esitli patlamalarin izlenmesi Optik
2. S1caklik ve nemin izlenmesi Sistem
3. Personel ve makine ekipmanin izlenmesi o Goriis hattt
Diisiik .
4. Gogiiklerin izlenmesi IR/Optik | maliyet, hizlt gerekir, hava
. . >, kosullarindan
5.0Ocak yanginlarinin izlenmesi tepki etkilenir
6. Zararli gazlarin izlenmesi
7.Tozlarin (tas ve komiir tozlar) izlenmesi
8.Hava basinci veya hava akim hizinin
izlenmesi RF
Sistem
Gaz sensorleri ise belli bir bolgede mevcut olan farkl
gazlarin varligmi tespit etmek icin kullanilir. Sensorler Radyo Uzun menzil Parazit riski
belirlenecek gazin yogunluguna bagli olarak orantili bir Frekansi | engel tamma; maliyet yiiks ék
elektriksel tepki verirler. Eger izlenen gazin yogunlugu 6nceden
belirlenmis esik degerleri asarsa sensor/sensorlerin kullanmildigi
alete, yakindaki personele alarm vermekte veya ekipmanin gii¢
kaynagini kapatma gibi acil eylemleri
gerceklestirebilmektedirler [30].
GPS
Ozellikle yer alti bildiri sistemlerinde mesafelerin nasil Tabanl
Olciildiigiine gore lokalizasyon (yer belirleme) algoritmalar Sistem
menzile dayali ve menzile dayali olmayan seklinde iki
kategoriye ayrilir:[33]. Menzile dayali yaklagimlar, bilinmeyen Arag takibi ) »
diigiimlerin konumunu tahmin etmek i¢in komsu diigiimler GPS + merkezi ’ Gecikme olabilir,
arasindaki mutlak noktadan noktaya mesafe veya yonlendirme GSM Kontrol altyapiya bagimlh
bilgilerini kullanir. Bu teknikler ek donanim gerektirir, boylece
onlar1 daha pahali hale getirir. Bu nedenle, biiyiik 6lgekli
KAA'da uygulanamayabilirler. Menzile dayali yaklasimlardan
farkli olarak, menzilsiz yaklasimlar mesafe veya aci bilgisi
gerektirmez. Bu nedenle, ek maliyetli donanim kullanmazlar,
bu da onlar1 daha uygun maliyetli ve daha basit alternatifler Onerilen Disiik
haline getirir. [34]. Sistem gecikme,
diisiik
3. Materyal ve Yontem (Material and Method) enetji o
KKA + L Kismi goriis hatti
IR titketimi, gerektirir
.. gergek
3.1. Onerilen Sistemin Farkl Sistemlerle Karsilastirilmasi samanli
Calismada, bir dnceki boliimde anlatilan sistemler disinda, haberlesme
afet sonrast veya acil durumlarda miidahale Oncesi ve

sonrasinda dncelikli araglarin gegislerini kolaylastirmak adina
WSN aglar1 kullamlmasi diisiiniilmiistiir. Itfaiye, ambulans,
emniyet araglari ve AFAD gibi acil miidahale ekiplerinin
ozellikle biiyiik ve kalabalik sehirlerde kavsak noktalarinda
yogun trafik ve kirmuzi 1sik siirelerinden otiirii yasadiklari
gecikmenin en aza indirgenmesi amaglanmistir. Bu amacla
birden fazla yontem kullanilabilir. Literatiirde ¢okga tercih
edilen farkli yontemler ile 6nerdigimiz yontem karsilastirmast
Tablo 3’te verilmistir.

Onerilen IR teknolojisi diisiik gecikme siiresi, diisiik enerji

Tablo 3’te gosterildigi gibi her sistemin kendine gore avantaj
ve dezavantajlari bulunmaktadir.

Bununla birlikte IR tabanli yapi, ¢alismada onerilen sistem
icin temel algilama mekanizmast olarak degerlendirilmis olup;
kisa mesafeli ve gergek zamanli acil arag¢ tespiti agisindan
avantaj saglamaktadir. Ancak afet sonrast haberlesme
stirekliligi, uzun menzil ihtiyaci ve goriis hatt1 problemlerinin
azaltilmasi amactyla sistemin gelecekte hibrit haberlesme
altyapilar ile desteklenmesi planlanmaktadir.

tiketimi ve hizli tepki avantajlari sunmasina ragmen;
haberlesme mesafesi ve dogrudan goriis hatt1 (Line of Sight) Bu kapsamda:
gereksinimi gibi bazi teknik smirliliklar barindirmaktadir. e ZigBee,
Ozellikle biiyiik 6lgekli yol ve kavsak sistemlerinde bu durum e 433 MHz RF haberlesme sistemleri,
sensOr sayisimin artmasina ve sistem yonetim karmasikliginmin e LoRa,
yiikselmesine neden olabilmektedir. e NB-IoT,
e  ve GSM/LTE tabanli hiicresel IoT

altyapilarinin sisteme entegre edilmesiyle daha genis kapsama

alani, diisiik altyap: bagimliligi ve daha giivenilir veri iletimi
saglanabilecegi degerlendirilmektedir.
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Boylece onerilen sistemin yalnizca IR tabanl degil, ¢ok
katmanli ve Olceklenebilir bir akilli ulagim altyapisina
dontstiiriilebilecegi ongoriilmektedir.

3.2. Onerilen Sistem Yapisi

Tercih ettigimiz sistemde aragtaki verici ile direklerdeki alicilar
¢esitli teknolojiler kullanilarak birbirleri ile iletisim kurabilirler.

e  HGS sistemlerinde kullanilan Proximity
veya Mifare teknolojisi,

e Kiuzlétesi (IR) teknolojisi,

e  Bluetooth ve Wifi gibi WSN alict ve verici
teknolojisi.

Acil durum araglarinda 6nceden kurulacak olan acil durum
bildirim sensorleri ile yaklasilan kavsaktaki alicilara sinyal
gonderilerek ilgili kavsaktaki trafik isiklarinin gelen acil
miidahale aract yoniinde yesile dondiriilerek gegisinin
kolaylastirilmasi planlanmaktadir. Caligsmanin yapisal 6zetini
anlatan gorsel Sekil 7°deki gibidir.

Kavyak Ktrol Catest

TR Aher Mikrodenethersci b sl
.
o0
A 4 -

Kablossz A
Wl

Sekil 7. Onerilen IR Tabanh acil gegis 6ncelik sisteminin genel
mimarisi.

Calismada, Wifi, Bluetooth aglari, Proximity veya Mifare
teknolojileri ile yapilacak sistemlerde kavsaktaki alici sensorler
arasindaki mesafeler yakin olabileceginden verilen sinyallerin
kavsaktaki diger algilayicilar tarafindan algilanip karigikliga
sebep olacagi disiiniildiigiinden, tek yonlii iletisim kurabilmek
adma IR teknolojisi kullanmanin daha saglikli sonug verecegi
diigtiniilmektedir.

3.3. Kizlotesi (IR) Teknolojisi

Infrared (IR) radyasyon ilk kez William Herschel tarafindan
1800’1 yillarda kesfedilmistir [31]. IR teknolojisi, uzaktan
kumanda ve algillamayr iceren ¢ok ¢esitli kablosuz
uygulamalarda kullanilmaktadir.Bu sensdrde verici olarak IR
LED, dedektdr olarak fotodiyot kullanilir. Fotodiyot iizerine bir
kizilotesi 151k diistiiglinde, ¢ikis voltaj1 ve direnci alinan IR 151k
biiyiikliigii ile orantili olarak degisecektir. IR Sensorii ¢alisma
prensibi, bir kizilotesi sensor, verici ve alict (verici ve alict)
olmak tizere iki boliimden olusur.

Ortaklasa bir optokupldr veya bir fotokuplor olarak adlandirilir.
Burada verici olarak IR LED, alict olarak IR fotodiyot
kullamlir. Bunda kullanilan fotodiyot, bir kizilétesi LED
aracilifiyla tiretilen kizil6tesi 1518a ¢ok duyarlidir. Fotodiyot ve
cikis voltajinin direnci, elde edilen kizilétesi 1sikla orantili
olarak degistirilebilir. Bu, temel IR sensoriiniin ¢alisma
prensibidir [32].

Sekil 8. IR Sensér Ornegi

Kizil6tesi sensor devresi, bir cihazdaki temel ve popiiler sensor
modiillerinden biridir. Bu devre Sekil 9 ‘de gosterildigi gibidir

[32].
1R1 L 1Rz é
DOQT oK

IR
Transmifier R

Vs >4

\‘Rmm

T

Sekil 9. IR Sensér Devre Semasi.

3.4. Sistemin isleyisi

Bu ¢alismada Onerilen sistem, afet sonrasi ve acil durum
senaryolarinda Oncelikli ara¢ gegislerini kolaylastirmaya
yonelik  kavramsal bir tasarim niteligindedir.  Oneri
kapsaminda, acil gegis Onceligine sahip araglarin tepesine
monte edilecek IR sensor vericilerinin, gorevli personel
tarafindan aktif edilen tepe lambalaryla es zamanli olarak
caligmasi ve stirekli sinyal liretmesi 6ngoriilmektedir. Kavsaga
yaklagan aracin gonderdigi sinyal, trafik lambasi direklerine
konumlandirilmig IR sensor alicilart tarafindan algilanarak
islenecektir.

Bu isleme siireci sonucunda, trafik kontrol kartlarina iletilen
veri sayesinde aracin seyir yoniindeki trafik 1giklarinin uygun
sekilde yesile donmesi, diger yonlerde ise trafik akigimin
kontrollii bigimde durdurulmasi saglanabilecektir. Ayrica
sistemin, giivenlik ve denetim amaciyla ara¢ plakasi veya
tanimlanmig 6zel kod bilgisini kaydederek kablosuz algilayici
ag altyapist  lzerinden merkezi birimlere iletmesi
planlanmaktadir. Boylece hem operasyonel kolaylik hem de
kayit altina alinabilirlik saglanmig olacaktir.

IR sensorlerin hem trafik lambasi direklerine hem de acil
miidahale araglarina entegre edilebilmesi, sistemin teknik
acidan uygulanabilirligini artirmaktadir. Bu ¢alisma, heniiz
kavramsal ve tasarim diizeyinde bir 6neri olmakla birlikte;
gelistirilmesi, prototip iiretimi ve saha testleri ile desteklenmesi
durumunda &zellikle biiyiik ve yogun trafikli sehirlerde acil
miidahale siirelerini azaltarak Onemli Ol¢lide can ve mal
kaybinin 6nlenmesine katki saglayabilecek potansiyele
sahiptir.
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Kontrol
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Sekil 9. Acil Durum Trafik Kontrol Sistemi.

Dolayisiyla onerilen model, afet yonetimi ve akilli ulasgim
sistemleri literatiiriine uygulanabilir ve gelistirilebilir bir fikir
sunmakta olup, gelecekte yapilacak deneysel calismalar i¢in
temel olusturabilecek niteliktedir.

IR sensor Sekil 9 da gosterildigi bigimde hem trafik lambast
diregine hem de acil gegisli araglara konumlandirilabilir.

4. Sonuc ve Oneriler

Calismada oncelikle Tiirkiye’de ve diinyada yapilmis olan
Kablosuz Algilayict Ag (KAA) uygulamalart incelenmis ve
farkli afetlere gore simiflandirilarak anlatilmistir. Amag,
Kablosuz Algilayict Aglar (KAA) afet uygulamalar1 konusunda
temel kaynak olusturmaktir.

Kablosuz Algilayict  Aglar afet uyar1 sistemlerinde
kullanildiklarinda olast tehlike ve tehditleri engelleyebilme,
dogru ve giivenilir sonuca en kisa slirede ulastirma ve tedbir
alinmasimt ~ kolaylagtirma  konusunda 6nemli  faydalar
saglamaktadirlar. Ancak KAA’nin en bilyiik sorunlarindan
birini maliyet olusturmaktadir. Tirkiye gibi KAA iretimi
yapilmayan ve ithal edilmek zorunda kalian bir iilkede bu
manada sikinti daha biiyiik olabilmektedir. Dogal veya yapay
afet konusunda dezavantajli bir durumda olan tilkemizde KAA
teknolojisi tiretim yapilmali, tesvik edilmeli ve bdylelikle afet
teknolojileri tiretimi kolaylastiriimalidir.

Onemli olan bir diger nokta bu teknolojilerin kurulum ve
uygulama asamalarinda gorevli olacak ¢alisanlarin  bu
teknolojiler hakkinda bilgilendirilmesi, sonraki dénemlerde
aksaklik olmamas1 amaciyla kapasite gelistirme ¢alismalarinin
yapilmas1 durumudur. Ulkemizde gelecekte karsilasilabilecek
durumlar 6n goriilerek mevcut altyap: giiclendirilmeli ve
gelisen teknoloji yakindan takip edilip uygulanmasinin hizla
saglanmasi gerekmektedir. Ayrica yasalarla denetlenebilecek
sunucular ile sensorlerden alinan verilerin giivenligi koruma
altina alinmalidir.

Calismada, IR teknolojisi kullanilarak oOncelikli araglarin
gecislerini  kolaylagtirmak, olusabilecek karmasayr ve
gecikmeyi engelleyecek, gelistirilebilir ve gercek hayatta
kullanilabilir ve bu araglarla ilgili verilerin yine kablosuz
algilayict ag sayesinde gerekli mercilere iletim yapist
onerilmektedir. Bu yapr gelistirilip uygulanabilir duruma
getirilirse, tilkemizde 6zellikle biiyiikk ve kalabalik sehirlerde
faydali olacaktir.
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Ozet

Bu ¢alismada, motor yagi kullamim omriiniin mikrodalga
frekans  bélgesinde tahribatsiz  ve yiiksek hassasiyetle
izlenebilmesi amaciyla kuplaj hatti destekli, stub yapili kompakt
bir sensor tasarlanmig ve deneysel olarak dogrulanmistir. AD
255C taban malzemesi iizerine insa edilen 120 % 30 mm?
boyutlarindaki sensor, ¢eyrek dalga empedans uyumlamasina
gore optimize edilerek elektromanyetik alanin numune ile
etkilesimi artirtlmistir. Tasarimin performanst, 0 km ile 21.100
km araligindaki motor yagi numuneleri kullanilarak S2; iletim
parametresi iizerinden analiz edilmistir. Deneysel sonuglar,
vagin kullamm  kilometresi arttik¢a dielektrik sabitindeki
degisime  bagl  olarak rezonans frekansinda  kayma
sergiledigini kanitlamistir. Hava ortaminda 5.48 GHz olan
rezonans frekansi, kullanilmamis motor yaginda 5.20 GHz e,
15.500 km'de 5.18 GHz’e ve 21.100 km’de 5.12 GHz seviyesine
gerilemistir. Toplamda 360 MHz ' lik bir frekans kaymas: elde
edilmistir. Onerilen S2; tabanl yaklasim, literatiirdeki yansima
temelli sistemlerden farkll bir l¢iim altyapisi sunarak, motor
vagr  kullanim  durumunun belirlenmesine yonelik bakim
uygulamalari i¢in pratik bir yaklasim ortaya koymaktadr.

Anahtar kelimeler: Motor yagi, mikrodalga sensér, kuplaj,
stub, motor yagi kullanim émrii.

Abstract

In this study, a coupling line-supported, stub-structured
compact microwave sensor was designed and experimentally
validated to monitor engine oil service life non-destructively
and with high sensitivity in the microwave frequency range. The
sensor, fabricated on an AD 255C substrate with dimensions of
120 x 30 mm? was optimized according to quarter-wave
impedance matching conditions to enhance the interaction
between the electromagnetic field and the oil sample. The
sensor performance was evaluated using the S21 transmission
parameter for engine oil samples with usage histories ranging
from 0 kmto 21,100 km. Experimental results demonstrated that
the resonance frequency systematically shifted toward lower
frequencies as the oil usage increased, due to changes in the

dielectric constant. The resonance frequency decreased from
5.48 GHz in air to 5.20 GHz for unused oil and to 5.12 GHz for
oil used for 21,100 km, resulting in a total frequency shift of 360
MH:z. The proposed S:i-based approach provides a different
measurement infrastructure from the reflection-based systems
reported in the literature, offering a practical approach for
maintenance applications aimed at determining the condition
of engine oil.

Keywords: Engine oil, microwave sensor, coupling, stub,
engine oil lifetime.

1. Giris

Mikrodalga frekanslarinda ¢alisan sensor — sistemleri,
yliksek hassasiyetleri, diisiik liretim maliyetleri ve temassiz
Ol¢iim kabiliyetleri sayesinde malzeme karakterizasyonu ve
icerik analizi uygulamalarinda kullanim1 giin  gegtikge
artmaktadir [1-4]. Bu sistemler, Ol¢iim yapilan ortamin
dielektrik ozelliklerinde meydana gelen degisimleri, S-
parametreleri lizerinden rezonans frekansi kaymalari ve genlik
degisimleri araciligiyla hassas bir bigimde algilayabilmektedir
[5, 6]. Elektromanyetik dalgalarin madde ile etkilesimine
dayanan bu yaklasim, ozellikle sivi veya kati ortamlarin
elektriksel 6zelliklerindeki degisimlerin izlenmesinde basarili
sonuglar sunmaktadir. Mikrodalga sensdrler hizli ve tahribatsiz
Olciim avantajlar1 sayesinde gida giivenligi, kimyasal saflik
analizi ve biyolojik sivilarm smiflandirilmas: gibi farkl
disiplinlerde uygulanmaktadir [7]. Mikrodalga sensorlerin
algilama hassasiyetini arttirmak icin farkli teknikler tercih
edilmektedir [8-12]. Mikrodalga sensorlerindeki —teknikler
arasinda metamalzemeler [13, 14], anten tabanli sistemler [15],
diferansiyel yontemler [16], iletim hatlart [17], RFID sistemli
uzaktan sensorler [17-19], rezonatdr tasarimlari [20] ve kuplor
[5] uygulamalaridur.

Motorlu tasitlarda motor yagimin islevsel 6mrii ve durumu;
slirtiinme ve agimnmanin azaltilmasi, 1smin uzaklastiriimasi ve
sizdirmazligin  korunmasi acisindan kritik 6neme sahiptir.
Uygulamada yag degisim periyotlari ¢ogunlukla sabit kilometre
veya zaman araliklarina gore belirlenmektedir. Ancak siiriis
kosullar1, gevresel faktorler, yakit kalitesi ve motor i¢i kirlenme
gibi ¢ok sayida degisken nedeniyle yagin gergek kullanim dmrii
bu tahminlerden Onemli o6lgiide sapabilmektedir. Kurum,
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oksidasyon {iriinleri, su ve yakit seyreltmesi ile metal asinma
partikiillerinin birikimi, yagin hem fiziksel hem de dielektrik
ozelliklerini zamana bagl olarak degistirmekte; bu durum
erken degisim nedeniyle maliyet ve atik artigina ya da gecikmis
bakim sonucu performans kayb1 ve ariza riskinin yiikselmesine
neden olabilmektedir. Bu baglamda, motor yaginin anlik
durumunu dogrudan yansitan, arag iizerinde uygulanabilir ve
ekonomik bir izleme yaklasimma duyulan ihtiyag giderek
artmaktadir. Motor yag1 6zelinde yapilan bir ¢aligmada arag
motor yagmin Omrii ve seviyesini ger¢ek zamanli olarak
izlemek amaciyla 2.4 GHz’de ¢alisan Asimetrik Es-diizlemsel
Serit beslemeli bir mikroserit anten tasarlamis ve antenin motor
yagi igerisindeki farkli derinliklerdeki konumuna bagli olarak
rezonans frekansi, bant geniglifi ve yansima genligi
degisimlerini analiz edilmisti. Elde edilen sonuglar,
kullanilmamis motor yagmin 2.20 GHz’de, 10 bin km
kullanilmis motor yaginin 2.18 GHz’de dl¢iildagii belirtilmistir.
kullanim kilometresi arttik¢a dielektrik 6zelliklerde meydana
gelen degisimlerin rezonans karakteristiklerine yansidigini
acik¢a ortaya koymustur [15]. Motor yag1 dzelinde yapilan bir
diger caligmada ise X-bandinda caligan kiral metamalzeme
tabanli sensdr onerilmektedir. Onerilen calismada, IS680 alt
tabakasi lizerine basilmis kare ve dairesel rezonatorlerden
olusan kiral bir metamalzeme sensorii gelistirilmis, sayisal
olarak analiz edilmis ve deneysel olarak dogrulanmustir.
Sensoriin performansi, motor yaginin bozulmasina bagli olarak
degisen dielektrik sabitinin rezonans frekansinda olusturdugu
kaymalar tizerinden degerlendirilmistir. Rapor edilen sonuglara
gore, temiz ve kullanilmis motor yagi Ornekleri arasinda
belirgin rezonans frekansi kaymalar1 gozlemlenmistir. Sii
parametresi i¢in 0—10.000 km araliginda yaklasik 40 MHz, 0—
5.000 km araliginda ise 60 MHz’lik kaymalar rapor edilirken;
S22 parametresi i¢in bu degerlerin sirastyla 30 MHz ve 120
MHz oldugu belirtilmistir. Sayisal simiilasyon sonuglart ile
deneysel olglimler arasinda genel olarak iyi bir uyum elde
edilmis olup, kiiciik sapmalarin kalibrasyon ve laboratuvar
kosullarindan kaynaklandig: ifade edilmektedir [21].

Mikrodalga sensorlerin yalnizca biyolojik ve gida
numunelerinde degil, petrol tlirevi sivilarin  dielektrik
6zelliklerinin karakterizasyonunda da yiiksek potansiyele sahip
oldugu, gilincel c¢alismalarla ortaya konmustur. Yapilan
caligmalarda mazot igerisine farkli oranlarda gaz yagi ilave
edilmesiyle olugan dielektrik  &zellik  degisimlerinin
belirlenmesi amaciyla yansima katsayisi (S11) tabanli, yiiksek
kalite faktorine sahip bir mikrodalga rezonatdr sensori
gelistirmistir. Yaklagik 5.08 GHz rezonans frekansinda ¢alisan
sensoriin  elektromanyetik tasarimi 3.95-5.85 GHz frekans
araliginda gergeklestirilmis, numunelerin dielektrik 6zellikleri
acitk  uclu  koaksiyel prob  yontemiyle belirlenerek
elektromanyetik benzetim modeline aktarilmistir. Gaz yagi
oraninin artmasina bagli olarak rezonans frekansinda diizenli
kaymalar meydana geldigi ve Onerilen sensoriin yakit
numunelerindeki dielektrik degisimlerin karakterizasyonunda
yiiksek duyarlilik sagladigi gosterilmistir [22]. Petrol tiirevi
sivilar iizerinde elde edilen bu sonuglarin ardindan benzer
mikrodalga sensor yaklagimi, gida iiriinlerinde tagsis analizine
de uygulanmistir. Bu alanda yapilan ¢alismada ise 3.95-5.85
GHz frekans araliginda calisan, Si1 tabanli yiiksek kalite
faktoriine sahip bir mikrodalga rezonatdr sensori kullanarak siit
tagsisinin belirlenmesini amaglamistir. Farkli oranlarda yagsiz
siit ilave edilen numunelerin dielektrik 6zellikleri agik uglu
koaksiyel prob yontemiyle belirlenmis, yaklasik 5.127 GHz
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rezonans frekansinda ¢alisan sensoriin, katki oranina bagl
olarak belirgin frekans kaymalari olusturdugu gosterilmistir. Bu
sonuglar, mikrodalga rezonatér tabanli sensorlerin siit
numunelerindeki dielektrik degisimlerin hassas bigimde
karakterize edilmesinde etkili bir yontem sundugunu ortaya
koymustur [23]. Benzer yaklasim bitkisel yaglarda tagsis
analizine de uyarlanmistir. Zeytinyagina farkli oranlarda misir
yagi ilavesinin belirlenmesi amaciyla metamalzeme tabanli, S11
esasli bir mikrodalga rezonatér sensorii gelistirmistir.
Elektromanyetik analizleri 3.95-5.85 GHz frekans araliginda
gerceklestirilen ve yaklasik 5.05 GHz rezonans frekansinda
calisan sensor ile katki oranmma bagli olarak rezonans
frekansinda belirgin degisimler elde edilmis; kalite faktord,
normalize edilmis hassasiyet ve basarim Olgiitii bakimindan
olumlu sonuglar rapor edilmistir. Bu c¢alisma, metamalzeme
tabanli rezonator sensorlerin sivi gida tiriinlerindeki dielektrik
degisimlerin belirlenmesinde yiiksek duyarlilik
saglayabilecegini gostermistir [24]. Bu c¢alismanin yani sira
zeytinyagindaki aycicek yagi tagsisinin belirlenmesine yonelik
metamalzeme tabanli diizlemsel, Si1 tabanli mikrodalga
rezonatdr sensOrii gelistirmistir. FR-4 alt tabaka {izerine
tasarlanan ve 8-12 GHz X-band frekans araliginda optimize
edilen sensoriin numunesiz rezonans frekansi yaklagik 9.48
GHz olarak belirlenmistir. Acik uglu koaksiyel prob yontemiyle
elde edilen dielektrik verileri kullanilarak gergeklestirilen
analizler, ay¢icek yagi oranindaki artisa baglh olarak rezonans
frekansinda diizenli kaymalar meydana geldigini géstermistir.
Bulgular, farkli rezonatér geometrileri ve c¢alisma
frekanslarinda  gelistirilen mikrodalga sensorlerin  sivi
numunelerdeki dielektrik 06zellik degisimlerinin  yiiksek
hassasiyetle karakterize edilmesinde giivenilir bir yaklasim
sundugunu ortaya koymaktadir [25]. Bir baska ¢alismada ise
bal numunelerinde su tagsisinin belirlenmesine yonelik
yansima katsayisi tabanli, diizlemsel bir mikrodalga rezonator
sensorii gelistirmistir. Yaklasik 2.45 GHz rezonans frekansinda
calisan sensoriin elektromanyetik tasarimi gergeklestirilmis,
farkli oranlarda su ilave edilen bal numunelerinde olusan
dielektrik 6zellik degisimleri rezonans frekansindaki kaymalar
iizerinden degerlendirilmistir. Su oranindaki artiga bagl olarak
rezonans frekansinda diizenli degisimler meydana geldigi ve
Onerilen sensoriin bal numunelerindeki dielektrik &zellik
degisimlerinin karakterizasyonunda yiiksek hassasiyet sundugu
gosterilmistir [26].

Literatiirde, motor yagi kalitesinin ger¢ek zamanli ve
invaziv olmayan yontemlerle izlenmesine yonelik olarak X-
bandinda ¢alisan elektroformlu iris dalga kilavuzu tabanl
mikrodalga sensdrler rapor edilmistir. Ugiincii dereceden
elektroformlu dalga kilavuzu filtresi kullanan bu sensér, motor
yaginin yaslanmasina bagh dielektrik 6zellik degisimlerini
rezonans frekansi kaymalari lizerinden tespit edebilmekte ve
geleneksel laboratuvar temelli yag analizi yontemlerine kiyasla
stirekli ve yerinde izleme avantaji sunmaktadir. Deneysel
calismalarda, 148, 316 ve 604 saat boyunca yaslandirilmig
motor yagi numuneleri i¢in rezonans frekansinda belirgin
kaymalar gozlemlenmis; en ileri yaslanma durumunda yaklasik
10 MHz’e kadar frekans kaymasi Ol¢iilmistiir. Ek olarak,
koaksiyel prob teknigi ile gergeklestirilen dielektrik 6l¢timler,
mikrodalga sensor verileriyle tutarli sonuglar vermistir. Elde
edilen bulgular, rezonans frekansinin yagin yaslanma stiresine
yiiksek duyarlilik gosterdigini ve sensoriin ngoriicii bakim
uygulamalarinda kullanilabilirligini dogrulamaktadir.
Elektroformlama yontemiyle iretilen dalga kilavuzu yapist,
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disiik maliyet, hafiflik ve yiiksek hassasiyet avantajlar
sunarken, sensoriin sivi konsantrasyon analizi gibi farkli
endiistriyel uygulamalara da 6lgeklenebilir bir ¢6ziim sagladigi
literatiirde ~ vurgulanmaktadir  [27]. Mikrodalga tabanl
sensorler, motor yaginin yaslanma ve bozulma siiregleri
sirasinda meydana gelen bagil dielektrik gegirgenlik ve kayip
tanjant1 degisimlerini dogrudan algilayabilmeleri sayesinde bu
ihtiyaca giiglii bir ¢6ziim sunmaktadir.

Bu ¢alismada, motor yagmm kullanim 6mriiniin yiiksek
duyarlilikla degerlendirilmesi amaciyla stub yapilt ve kuplaj
hatt1 destekli kompakt bir mikrodalga sensor onerilmektedir.
Stub ve kuplaj hatti, ceyrek dalga kosullarma gore
boyutlandirilmis; kuplaj bdlgesinin optimize edilmesiyle
elektromanyetik alanin yag numunesi ile etkilesiminin
artirilmast  hedeflenmigtir. Bu sayede frekans seciciligi
yiikseltilmis ve dielektrik 6zelliklerde meydana gelen kiiciik
degisimlere karsi hassas bir sensdr yaniti elde edilmistir. Bu
caligmanin 6zgiin katkilar1 asagida 6zetlenmistir:

(1) Motor yagi kullanim émriiniin belirlenmesine yonelik
olarak Szi iletim parametresi tabanli, stub yapili bir mikrodalga
sensOr mimarisi onerilmistir.

(i1) Yansima parametrelerine dayali yaklasimlardan farkli
olarak, iletim parametresi kullanilarak bir Sl¢iim yaklagimi
sunulmustur.

(iii) Onerilen sensor, farkli kilometrelerde kullanilmis

gercek motor yagi numuneleri ile deneysel olarak
dogrulanmustir.
2. Sensor Tasarimi
Bu c¢aligmada, sivi karakterizasyonu ve dielektrik

Ozelliklerin derisimini tespiti amaciyla kuplaj hattt Tabanli Stub
Yapili bir mikrodalga sensor tasarimi gerceklestirilmistir.
Sensoriin temel geometrisi, test edilecek numunelerin dielektrik
katsayilarinda meydana gelen degisimlere karsi yiiksek
duyarlilik saglayacak sekilde optimize edilmistir. Sensor
tasariminda mikroserit iletim hatti1 yapist esas alinmis olup,
etkin dielektrik sabiti ve karakteristik empedans degerleri klasik
mikroserit hat teorisine dayali olarak hesaplanmistir. Bu
kapsamda, mikroserit hattin etkin dielektrik sabiti (eefr), alt
tabaka dielektrik sabiti (&r), alt tabaka kalmlhigi (h) ve iletim
hatt1 genigligi (W) cinsinden asagidaki esitlik ile ifade
edilmektedir:

e+1 & -1

1)
Eeff = 2 + 2

h
. -1
1+12-—)

Burada eefr, mikroserit hattin elektromanyetik alaninin bir
kismmin hava ortaminda yayilmasindan kaynaklanan etkin
dielektrik sabitini temsil etmektedir. Etkin dielektrik sabiti,
iletim hattinin faz hiz1 ve rezonans frekansinin belirlenmesinde
kritik  bir  parametredir.  Etkin  dielektrik  sabitinin
belirlenmesinin ardindan, mikroserit hattin karakteristik
empedansi (Zo) asagidaki esitlik kullanilarak hesaplanmistir:

60

v Eeff

Karakteristik empedans degeri, sensoriin giris-¢ikis uyumu
ve maksimum gii¢ aktarimmin saglanmasi agisindan 6nem
tasimaktadir. Bu ¢alismada, sensoriin Ol¢lim  sistemleriyle

2o = @

i+ 025
n(y; +025-5-)

uyumlu olacak sekilde 50 Q empedans kosulu hedeflenmistir.
Stub yapili rezonatdr yapisinin rezonans davranisi, esdeger
devre modeli iizerinden LC rezonans yaklasimi ile analiz
edilmistir. Bu baglamda, rezonans frekansi asagidaki esitlik ile
ifade edilmektedir:

1

/= 21 /(LC) )

Burada L ve C parametreleri, rezonator yapisinin esdeger
endiiktans ve kapasitans degerlerini temsil etmektedir.
Rezonans frekansi, test edilen motor yagi numunelerinin
dielektrik ozelliklerine bagli olarak degismekte olup, bu
degisim sensoriin  algilama mekanizmasinin  temelini
olusturmaktadir. Bu teorik ifadeler dogrultusunda, sensor
geometrisi ¢eyrek dalga kosullart dikkate alinarak optimize
edilmis ve elektromanyetik alanin numune ile maksimum
etkilesimi  saglayacak  sekilde tasarim  parametreleri
belirlenmistir.

Sensor tasariminda, yiiksek frekans uygulamalarina uygun
mikrodalga alt tabaka malzemesi olan Rogers AD 255C tercih
edilmistir. Kullanilan alt tabaka malzemesinin bagil dielektrik
sabiti (er) 2.55, kayip tanjant1 (tand) 0.0014 (10 GHz'de) ve
kalinlig1 0.762 mm'dir; bakir kaplama kalinligi ise 35 pm olarak
belirlenmistir. Sensoriin toplam fiziksel boyutlart 120 x 30 mm?
olarak belirlenmis olup, kompakt bir yapr igerisinde yiiksek
hassasiyet gostermesi hedeflenmistir. Bu kapsamda tasarlanan
stub yapili mikrodalga sensoriin tasarim parametreleri ve
esdeger devre modeli Sekil 1°de birlikte sunulmustur.

L1

T
&)
} T L |
k2 I62 Tes 5
g (k30
b = |
16
A f—

a)

cg2

Sekil 1: Onerilen sensdriin tasarim parametreleri (a) ve
esdeger devre modeli (b)

Sekil 1(a)’da dnerilen iki portlu sensor yapisinin tasarimina
ait parametreler verilirken Sekil 1(b)’de bu parametreler ile
tasarlanan sensoriin esdeger devre modeli yer almaktadir.
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Sensor, ana iletim hatt1 {izerine yerlestirilmis T-saplamali
rezonatér ve kuplaj bdolgesini igcermekte olup, rezonans
kosullarmmin  ¢eyrek dalga empedans uyumlamaya gore
tasarlanmistir.  Sensor iizerinde tanimlanan parametreler,
elektromanyetik alanin sivi numune ile etkilesimini maksimize
edecek sekilde optimize edilmistir. Sunulan esdeger devre
modeli ise iletim hatt1 segmentlerinin endiiktanslari (bi, bz, bs)
ve kuplaj ile sacilma etkilerini temsil eden kapasitif elemanlar
(cg, cgl, Cg2, cc) kullanilarak olusturulmustur. Bu model
sayesinde sensoriin rezonans frekansi yiikleme etkilerine karst
gosterdigi  davranis analitik olarak incelenebilmektedir.
Onerilen sensoriin tasarim parametreleri ve esdeger devresinde
kullanilan elemanlarin degerleri Tablo 1 ile verilmektedir.

Tablo 1: Sensor tasariminda ve esdeger devrede kullanilan
parametreler ve degerleri

Parametreler | Degerler | Parametreler | Degerler
(nH) (®F)
bl 0.3838 cg 0.02653
b2 2.41302 cgl 0.3269
b3 3.5089 cg? 0.4310
cc 1.2991
Parametreler | Degerleri | Parametreler | Degerler
(mm) i (mm)
L1 120 L6 8
L2 30 G 0.5
L3 6.5 Gl 1.8
L4 100 G2 2.8
L5 50 G3 1

Tablo 1°de, onerilen stub yapili mikrodalga sensoriin
esdeger devre modelinde kullanilan elemanlarin parametreleri
ile geometrik boyutlart sunulmaktadir. Esdeger devrede yer
alan endiiktans (bi—bs) ve kapasitans (cg, Cgl, cg2, Cc) degerleri,
sensoriin elektromanyetik davranigini en iyi temsil edecek
sekilde optimize edilmis; buna karsilik L1-L6 uzunluklart ve
G, G1-G3 bosluk parametreleri, rezonans frekansi, kuplaj
seviyesi ve alan yogunlasmasini kontrol edecek bi¢imde
belirlenmistir. Onerilen sensoriin  esdeger devre modeli,
Keysight Advanced Design System (ADS) 2016 yazilimi
kullanilarak olusturulmustur. Esdeger devrede yer alan
endiiktans (b1-b3) ve kapasitans (cg, cgl, cg2, cc) degerleri,
sensoriin elektromanyetik davranigini en iyi temsil edecek
sekilde optimize edilmis; L1-L6 uzunluklar ile G ve G1-G3
bosluk parametreleri ise rezonans frekansi, kuplaj seviyesi ve
elektromanyetik alan yogunlagsmasini kontrol edecek sekilde
belirlenmistir. Ardindan, ADS ortamindaki Tuning ve
Optimization araglar1 kullanilarak devre elemanlarinin
parametreleri iteratif olarak optimize edilmis, esdeger devre
modelinin elektromanyetik benzetim sonuglariyla kabul
edilebilir diizeyde uyum saglamasi hedeflenmistir.

Onerilen sensér yapisinin elektromanyetik performansimni
dogrulamak amaciyla, 6l¢im sonuglart ile esdeger devre ve
elektromanyetik simiilasyon ¢iktilari S-parametreleri iizerinden
karsilagtirtlmistir.  Onerilen  sensoriin - elektromanyetik
benzetimleri CST Studio Suite 2021 yazilimi kullanilarak
gergeklestirilmistir. Simiilasyonlarda Elektromanyetik alanin
serbest uzay kosullarinda yayilimini modellemek amacryla tiim
yonlerde “Open (Add Space)” sinir kosullar uygulanmistir.
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Sekil 2: Onerilen sensériin Olgiim, Simiilasyon ve Esdeger
Devre S-Parametreleri

Sekil 2’de sunulan S21 ve Si1 parametreleri igin 6lglim,
esdeger devre simiilasyonu ve elektromanyetik simiilasyon
sonuglarinin  karsilagtirilmas:  verilmistir. Sz1  parametresi
incelendiginde, sensoriin 5.48 GHz frekansinda iletimin en az
oldugu belirgin bir rezonans sergiledigi ve 6l¢lim sonuglarmin
simiilasyon verileriyle kabul edilebilir diizeyde uyumlu oldugu
goriilmektedir. Bu rezonans frekansi, motor yagi kullanim
omriiniin belirlenmesinde temel gosterge olarak kullanilmis ve
yagm dielektrik O6zelliklerindeki degisimlere bagli frekans
kaymalar1 Sz1 iizerinden analiz edilmistir. Si1 parametresi
acisindan ise esdeger devre simiilasyonu ve dlgliim sonuglarinin
4.91 GHz ayn rezonans frekans1 verdigi fakat farkli genlik
oranlarin1 oldugu gozlemlenmistir. Bu durum logaritmik
Olcekte her ne kadar genlik farkiin oldugu goziikse de lineer
Olcekte sonuclarin kabul edilebilir diizeyde uyumludur. Bazi
frekans bantlarinda gdzlemlenen uyumsuzluklar, sensdriin
tiretim  sirecinden  kaynaklanan  tolerans  hatalarina
atfedilmektedir. Ozellikle bakir iletim hatlarinm asindirma
asamasinda olusan 0.1 mm’den kiiciik boyutsal sapmalar,
elektromanyetik davranis iizerinde smnirl diizeyde etkiler
olusturarak bu uyumsuzluklara neden olmustur. Tasarlanan stub
yapilt mikrodalga sensoriin deneysel olarak dogrulanabilmesi
amactyla, belirlenen geometrik parametrelere uygun olarak
bask1 devre kart: {izerinde iiretimi ger¢eklestirilmistir. Onerilen
sensOr  prototipi, Universitenin  laboratuvar  imkanlari
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kapsaminda kimyasal asindirma yontemi kullanilarak
uretilmigtir. Sensor geometrisi AD 255C alt tabaka {izerine
bakir kapli PCB olarak aktarilms, iletken desenler kimyasal
asindirma islemi ile elde edilmistir. Uretim tamamlandiktan
sonra sensor giris ve ¢ikis portlarina 50 Q SMA konnektorler
laboratuvar ortaminda lehimlenmis, ardindan spektrum
analizOriin yansima ve iletim kalibrasyonlart ayri ayri
gerceklestirilerek Si1 ve S21 parametreleri dl¢tilmiistiir.

(c)
Sekil 3: Onerilen sensériin baskismin én (a), arka (b)
yiizeyleri ve elektrik alan dagilimi (c)

Sekil 3’te, iiretilen sensor prototipinin iist yiizeyi ve toprak
diizlemi olan alt yiizeyi swrasiyla gosterilmektedir. Ust
katmanda, ana iletim hatti, T-saplamali rezonatdr yapist ve
kuplaj bolgesi bulunurken; alt yiizeyi ise toprak yapisi
olusturmaktadir. Onerilen sensér yapisinda bulunan kuplaj hatti
elektrik alani yogunlastirarak sensore algilama hassasiyetini
artirmaktadir.  Sensér, Ol¢lim  sistemine entegrasyonun
saglanabilmesi amaciyla SMA konnektorler ile donatilmstir.
Uretilen prototip, simiilasyon ve esdeger devre calismalarinda
elde edilen tasarim parametreleri ile uyumlu olup, deneysel
Ol¢timlerin gergeklestirilmesinde kullanilmustir.

3. Ol¢iim Sistemi ve Sonuclar

Bu calismada onerilen stub yapili mikrodalga sensoriin
motor yagi kullanim Omriinii ayirt edebilme yetenegini
degerlendirmek amaciyla kontrolli bir o&l¢lim  sistemi
olusturulmugtur. Deneysel diizenek Rohde & Schwarz FSH6
spektrum analizor, Onerilen sensdr, sabitleme mekanizmasi ve
farkli  kullanim  kilometrelerine  sahip motor  yagi

numunelerinden olusmaktadir. Deneysel Olgiimlerden Once
FSH6 spektrum analizor 4.5-5.7 GHz frekans araliginda Su
Acik (Open)-Kisa Devre (Short)-Yiik (Load) kalibrasyon
yontemi kullanilarak, Sz1 ise kablolarm birbirine dogrudan
baglanarak daha sonra Yiik baglanarak kalibre edilmistir.
Kalibrasyon igleminde referans yiik olarak 50 Q standart yiik
kullanilmistir.  Olglim  ve kalibrasyon islemlerinde ise
karakteristik empedanst 50 Q olan ve 0-18 GHz frekans
araliginda calisabilen diisiik kayipli RF koaksiyel kablolar
tercih edilmistir. Boylece ol¢tim sisteminden
kaynaklanabilecek sistematik hatalarin en aza indirilmesi ve
referans diizleminin sensor girisine taginmast saglanarak
Olgtimlerin  dogrulugu ve tekrarlanabilirligi artirtlmistir.
Olgiimler sirasinda gevresel etkilerin ve mekanik titresimlerin
azaltilmasit  hedeflenmis;  sensér—numune  etkilesiminin
tekrarlanabilir ve kararli kosullar altinda gerceklestirilmesine
ozen gosterilmistir. Olgiim sistemi ve kullanilan motor yag:
numunelerine ait gorseller Sekil 4’te sunulmaktadir.

Sekil 4: Onerilen 61(;1"1 sistemi e fahikullanlm
degerlerine sahip motor yaglari

Sekil 4’te stub yapili mikrodalga sensoriin deneysel dlgiim
diizenegi, motor yagi numuneleri ve Ol¢tim kurulumu yer
almaktadir. Sensor, sabit bir mekanik diizenek yardimiyla
konumlandirilmistir. Olgiimler, hi¢ kullanilmamis motor yag
(0 km), yaklasik 15.500 km ve 15.371 km kullanilmis yaglar,
20.000 km ve 21.100 km kullanilmis motor yaglarindan
olugmaktadir. Deneysel ¢alismada 0 km yeni motor yag: ile
kullanim &mrii farkli dort adet ticari motor yagi numunesi
kullanilmigtir. Numuneler; 15.371 km ve 15.500 km kullanim
omriine sahip SW30 viskozite sinifindaki benzinli arag motor
yaglari ile 20.000 km ve 21.000 km kullanim 6mriine sahip
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5W30 viskozite sinifindaki dizel ara¢ motor yaglarindan temin
edilmistir. Yag numunelerinin alindig1 araglar genellikle sehir
ici ulagimda kullanilmustur.

Sensoriin kompakt boyutlart ve sade geometrik yapisi
yiizeyin hizli ve kalintisiz temizlenmesine imkan tanimakta;
bdylece ardigik Olglimler arasindaki g¢apraz bulasma riski
ortadan kaldirilarak sistem bir sonraki teste hizla hazir hale
getirilmektedir. Olciimler &ncesinde tim numuneler ayni
laboratuvar ortaminda muhafaza edilmis ve oda sicakliginda
bekletilerek dlgiimler gergeklestirilmistir.

Motor yagmin kullanim siiresi boyunca maruz kaldigi
termal, mekanik ve kimyasal etkiler; yagin dielektrik sabiti,
kaylp faktorii  ve viskozitesi gibi elektromanyetik
parametrelerinde dl¢iilebilir degisimlere neden olmaktadir. Bu
degisimler, mikrodalga frekanslarinda ¢alisan rezonans tabanl
sensorler aracihigiyla, temasli veya temassiz olarak
izlenebilmektedir. Ozellikle stub yapili ve kuplajli rezonator
mimarileri, elektromanyetik alanin  6rnekle etkilesimini
artirarak kiiciik dielektrik degisimlere karst belirgin rezonans
frekans1 kaymalar1 iiretmektedir. Bu ¢aligmada Onerilen stub
yapili mikrodalga sensoér kullanilarak, motor yagi numuneleri
oda sicakliginda  Sz1  iletim  parametresi iizerinden
degerlendirilmistir. Sekil 5’te, hava ortami referans ile farkli
kullanim kilometrelerine sahip motor yagi numuneleri igin elde
edilen Sz1 frekans yanitlart sunulmaktadir.

Sz (dB)

——Hava
— () km

—— 15371 km
——15500 km
e 20000 km
——— 21000 km

25 1 I 1
49 5 5.1 5.2 §3 54 5.5 56 57
Frekans (GHz)

Sekil 5: Onerilen sensér ile gergeklestirilen S»1 dlgiim
sonuglart

Sekil 5’te goriildiigii izere, stub yapili mikrodalga sensoriin
rezonans frekansi, ortamda bulunan motor yaginin kullanim
kilometresi arttikca daha diisiik frekanslara dogru kaymaktadir.
Referans olarak alman hava ortaminda rezonans frekansi
yaklasik 5.48 GHz civarinda gozlemlenirken, kullanilmamis
motor yagina karsilik gelen 0 km numunesinde bu deger
yaklastk 5.20 GHz seviyesine gerilemistir. Benzer sekilde,
15.500 km ve 15371 km kullanilmis yag numuneleri icin
rezonans frekansi yaklasik 5.18 GHz, 20 000 km i¢in 5.14 GHz
ve 21.100 km i¢in ise yaklagik 5.12 GHz olarak ol¢tilmiistiir.
Rezonans frekansindaki bu asagi yonli kayma, motor yaginin
kullanim stiresi arttikga dielektrik sabitinin  ve kayip
mekanizmalarinin  degismesiyle iliskilendirilmektedir. Yag
igerisindeki oksidasyon firlinleri, metal asinma partikiilleri ve
katki maddelerinin bozulmasi, sensoriin rezonans frekansini
disiik frekanslara tagimaktadir.
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Tablo 2: Onerilen sensér ile farkli kullanim oranma sahip
numunelerin Sz1 6l¢lim sonuglari

Olciimler Rezonans Rezonans
s frekansi frekansi Degisimi
Hava
(Yiiksiiz) 3480 -
0 km
(Kullanilmamig) 3.200 280 MHz
15.371 km 5.180 300 MHz
15.500 km 5.180 300 MHz
20.000 km 5.140 340 MHz
21.100 km 5.120 360 MHz

Tablo 2 incelendiginde, yagin kullanim mesafesi arttik¢a
rezonans frekansimm 5.200 GHz seviyesinden 5.120 GHz
seviyesine dogru degisim sergiledigi goriilmektedir. Yapilan
Olgtimlerde 15.371 km ve 15.500 km numunelerinin her
ikisinde de 5.18 GHz rezonans frekansi elde edilmistir. Bu
durum, s6z konusu kilometre araliginda yagm dielektrik
ozelliklerinde meydana gelen degisimin, sensoriin spektrum
analizorii tizerindeki frekans ¢oziintlirlik limitlerinin altinda
kaldigin1 ve yagin bu evrede kimyasal olarak benzer
karakteristikler sergiledigini gostermektedir.

Tablo 3’te, motor yagi kullanim 6mriiniin ve kalitesinin
belirlenmesine yonelik olarak literatiirde rapor edilen segilmis
calismalar Ozetlenmis ve kullanilan sensor tiirleri, ¢alisma
frekanslari, elde edilen rezonans frekansi degisimleri, dlgiilen
S-parametreleri ve test edilen sivi tiirleri kargilagtirmali olarak
sunulmustur.

Tablo 3: Motor yagi kullanim Omriiniin tespit edilmesi i¢in
yapilan ¢aligmalar

e fo Af

Referans| Sensor tiirii (GHz) | (MH2) S-param.|Numune|
r1s7 | Mikroserit |5 45 113 | g, | Motor
Anten yagi

1] | P8 xpand| 120 | Siesy | MOt
kilavuzu yagl

2g) [CSRRYapill o5y 1 gy | g, | Motor
Anten yagi

[29] |Dipol Anten| 240 | 510 | s, | Motor
yagt

Bu Stub yapili Motor
calisma | Iletim Hatt: 548 360 S21 yagl

Tablo 3’te sunulan literatiir karsilastirmasi incelendiginde,
bu calismada elde edilen rezonans frekansi degisiminin bazi
anten ve metamalzeme tabanli yaklasimlara kiyasla daha diisiik
oldugu goriilmektedir. Ancak Onerilen yaklagim, literatiirdeki
calismalardan farkli olarak iletim hatt1 (stub yapil1) tabanli bir
sensOr mimarisi kullanmakta ve yansima katsayilart (S11, S22)
yerine  dogrudan iletim  parametresi Sz1  {izerinden
degerlendirme yapmaktadir. S21 parametresinin kullanilmasi,
sensér—numune etkilesiminin iletim karakteristigi iizerinden
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degerlendirilmesine ve motor yaginin kullanim durumuna bagl
degisimlerin rezonans frekansindaki kaymalar araciligryla
karakterize edilmesine olanak saglamaktadir. Ayrica, onerilen
iletim hatt1 tabanli sensor yapisi, spektrum analizorii ile
gerceklestirilebilecek Olglimler acisindan pratik bir yap1
sunmaktadir. Si1 parametresine dayali yansima Slgiimlerinde
Olglim sistemine uygun bir yonlii baglastirict veya benzeri
yansima Ol¢giim bilesenlerinin gerekebilmesine karsin, iletim
hatt1 tabanli yapida sensoriin giris ve ¢ikis portlar1 arasindaki
iletim karakteristiginin dogrudan degerlendirilmesi miimkiin
olabilmektedir. Bu yoniiyle oOnerilen yapi, motor yagi
kullanimina bagli dielektrik degisimlerin S21  rezonans
frekansindaki degisimler {izerinden degerlendirilmesi igin
pratik bir 6l¢lim yaklasimi sunmaktadir. Bu yoniiyle dnerilen
sensor, yiksek frekans kaymasi hedefleyen anten tabanli
yaklagimlardan ziyade, kestirimci bakim ve siirekli durum
izleme uygulamalarina uygun, kararli ve giivenilir bir 6l¢iim
altyapist saglamaktadir. Dolayisiyla bu ¢aligma, literatiire
motor yagi kullanim Omriiniin belirlenmesinde S»21 tabanli,
iletim hatti  destekli mikrodalga sensdr yaklagimini
kazandirmasi bakimindan 6zgiin bir katki sunmaktadir.

4. Sonuclarin Tartisilmasi

Bu ¢alismada, motor yagi kullanim durumunun mikrodalga
frekans bolgesinde temassiz  ve yiliksek hassasiyetle
izlenebilmesi amaciyla stub yapili, kuplaj hatti destekli
kompakt bir mikrodalga sensor tasarlanmis ve deneysel olarak
dogrulanmustir.  Olgiim  sonuglar;,  sensériin  rezonans
frekansinm motor yagmm kullanim kilometresi arttikca
sistematik bi¢imde daha diisiik frekanslara kaydigini agikca
gostermistir. Hava ortaminda 5.48 GHz olarak dl¢iilen rezonans
frekansi, kullanilmamis motor yag: (0 km) i¢in 5.20 GHz’e
diiserken, 15.371-15.500 km araligindaki yaglarda 5.18 GHz,
20 000 km’de 5.14 GHz ve 21 100 km’de 5.12 GHz olarak
Ol¢iilmiistiir. Buna karsilik rezonans frekansi degisimi, hava
referansina goére maksimum 360 MHz’e ulasmistir. Stub
yapisinin ¢eyrek dalga kosullarma gore optimize edilmesi ve
kuplaj bolgesinin gii¢lendirilmesi sayesinde elektromanyetik
alanin numune ile etkilesimi artirllmig, bdylece kiigiik
dielektrik degisimlere karsi yiiksek frekans seciciligi elde
edilmistir. Elde edilen deneysel bulgular, 6nerilen sensoriin
motor yagi durum izleme uygulamalarinda anlik, diisik
maliyetli ve saha kosullarina uygun bir ¢6ziim sundugunu
ortaya koymaktadir. Gelecek caligmalarda, daha yiiksek
hassasiyet saglayan algilama teknikleri kullanilarak sensdriin
performansinin gelistirilmesi ve farkli kullanim durumlarina
sahip cesitli motor yagi tirleri ile kapsamli Olciimlerin
gergeklestirilmesi hedeflenmektedir.
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0z 1. Introduction

Bu ¢alismada, rulmanlarda meydana gelen arizalara ait
seyrek ve periyodik sinyal bilegenlerinin giiriiltiilii gozlem
verilerinden geri kazanumi incelenmektedir. Hedef sinyallerin
darbeselligini ve seyrekligini artwrmak amacwyla, yiiksek
mertebeden istatistiklerin (¢arpikiik ve basiklik) optimizasyonu
ile L;-normu minimizasyonu yontemleri karsilastiriimistir.
Ilgilenilen sinyal, harmonik olarak iliskili siniis dalgalarinin
toplami seklinde modellenmis; bu  optimizasyon
fonksiyonlarimin  performanslari, beyaz giiriiltii ve lineer
bozulmanin  bulundugu  ve  bulunmadigi  durumlarda
degerlendirilmistir. Elde edilen bulgular, gradyan tabanli
optimizasyonun  istenmeyen bilesenleri bastirarak ariza
kaynakli  periyodik darbeleri basariyla geri kazandigin
gostermektediv.  Ayrica  sayisal  deneyler,  L,-normu
minimizasyonunun, ¢arpiklik ve basiklik maksimizasyonuna
kiyasla, seyrekligi artirmada daha iistiin bir performans ve
daha hizli yakinsama sergiledigini dogrulamaktadir.

Anahtar kelimeler: Seyrek sinyal geri kazammi, Gradyan
arama optimizasyonu, Ariza teshisi, Oznitelik ¢ikarimi

Abstract

This study investigates recovering sparse, periodic fault
signatures  from noisy observations in rolling-element
bearings. We compare optimizing higher-order statistics
(skewness and kurtosis) with L,-norm minimization to enhance
the impulsiveness and sparseness of the target signals. By
modeling the signal of interest as a sum of harmonically
related sinusoids, these objective functions are evaluated in
the presence and absence of additive noise and linear
distortion. The vresults demonstrate that gradient-based
optimization successfully recovers defect-related periodic
impulses by suppressing undesired components. Furthermore,
numerical experiments confirm that Li-norm minimization
provides superior performance and faster convergence in
promoting  sparsity  compared to  skewness-  and
kurtosis-maximizing methods.

Keywords:  Sparse signal recovery, Gradient search
optimization, Fault diagnosis, Feature extraction

Periodic and sparse impulse trains, representing either
periodic excitation or a response to such an event, carry
valuable information about phenomena occurring in the
process being monitored. Such impulsive appearances are
studied in seismic wave propagation [1], acoustic signals [2],
power-line communications [3-4], mechanical vibrations [5-6],
and teletraffic and hydrology [7]. For example, such sparse
signals could arise from high-energy impacts due to a defect in
a rolling bearing as an almost-periodic event [8] or be
generated and transferred via a modulator to excite a system,
as in ultrasound [9-12].

In an experimental setting where random noise and
disturbances corrupt the source signal, extracting impulsive
events from noisy observations remains challenging. By
exploiting the side information at hand - the hypothesis
imposed on the physical or statistical characteristics of the
source signal - the undesired components can be suppressed to
recover the information-rich signal. After recovery, the
resulting output may indicate a fault in the observed system,
for instance, in rolling bearings widely used in rotating
machinery [13-14]. These fault signatures possess certain
characteristics, such as impulsiveness and sparseness, that can
be enhanced by optimizing measures of merit (objectives)
such as higher-order statistics (HOS) and the L;-norm,
respectively.

The periodic impulses are modeled and simulated to study
and compare recovery methods for vibration analysis of
rolling bearings, thereby building a robust predictive
maintenance scheme [15]. A periodic impulse train
representing an outer race defect will be the signal of interest,
which is disturbed by an unknown linear propagation path
(transfer function) and additive noise. Such a sparse spike train
can be extracted by enhancing impulsiveness via skewness-
and kurtosis-maximization [6] or by promoting sparseness via
L,-norm minimization [16]. In addition to this, modeling the
periodic impulses as a sum of harmonically related sinusoids
will enable a comparison of the ability of these measures as
sparsity-promoting functions on a real Fourier basis consisting
of mutually orthogonal components [17].

The main contribution of this study is the comparative
evaluation of higher-order statistics (skewness and kurtosis)
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and L,-norm minimization, conducted strictly within the
framework of a real Fourier basis specifically designed for
bearing fault diagnosis. While previous studies have
independently explored HOS and sparsity for signal recovery,
this paper uniquely models the fault-induced periodic impulses
as a weighted sum of harmonically related sinusoids to
benchmark these objective functions. Specifically, this study
contributes by demonstrating that L,-norm minimization not
only yields a better approximation of the pristine sparse signal
by enforcing a more rapid decay of harmonic weights, but it
also achieves significantly faster convergence compared to
traditional skewness and kurtosis maximization in the presence
of noise and linear distortion.

2. Extracting Fault Signatures by
Optimizing a Measure of Merit

2.1. Background And Prior Work

In a problem setting without access to the signal of interest
or a training signal, impulsive signatures can be extracted
using a blind adaptation scheme. In this approach, a linear
filter is adapted stepwise to optimize an objective that
promotes a specific measure of merit of the source signal
while suppressing the undesired components that mask it. In
condition-based maintenance (CBM) of rolling element
bearings, the underlying failures manifest as sparse, periodic
impacts with (trivially) asymmetric or heavy-tailed probability
density functions (PDFs). These statistical attributes can be
quantified by scale-invariant 3™ and 4™ order moments,
respectively. By maximizing these objectives, periodic
impulses can be recovered blindly from noisy vibration signals
[5-6, 18]. Because these measures involve multi-model
surfaces that can cause local convergence issues, previous
studies have investigated their convergence properties for
different signal classes [6, 19-21].

In another attempt to recover fault signatures by enhancing
sparsity, local convergence issues associated with the
above-mentioned objectives can be avoided under certain
circumstances. Sparseness in a discrete-time vector x, € RY
can be quantified by Ly-norm |[|x,||, = #{i: xith} that can be

approximated (convex relaxation) in a signal recovery
framework (from noisy observations) by L;-norm |x,,

N
=Yy |xi| allowing linear programming [22-23]. Then, by
i=1

minimizing the L,-norm of an observed signal that is defined
on a proper basis, sparseness, and therefore the temporal
resolution of spikes can be enhanced to reveal fault signatures
[16].

The methods briefly mentioned so far are all implemented
via gradient search: maximizing HOS is steepest ascent [24],
whereas L,-norm minimization is steepest descent. Sparsity
enhancement is generally studied under basis pursuit (BP)
[25-27], with sufficient conditions for successful recovery of
sparse signals given in [28], where the uniqueness of sparse
representation [27] on orthonormal bases was discussed in
[29] and objectives promoting sparsity stronger than L, were
given in [30].

It is worth mentioning recovering sparse spike trains
buried in noise [23, 31], for instance, using a wavelet packet
dictionary and comparing against matching pursuit (MP) at
varying levels of defect severity for inner and outer races [16].
L,-norm minimization was utilized to reveal the impulse

response of flaws in non-destructive evaluation (NDE) of
materials [32], in deconvolution of seismic traces in the
presence of noise [33], and in recovering lamb waves to
remove multipath interference in ultrasonic testing [34]. In
[35], impulsive signatures were enhanced using a normalized
objective L,/L, and compared with kurtosis maximization, and
in [36], L;-norm minimization was employed on a subset of
the spectrum of noisy vibrations from defective structures.
Since the geometry of rolling bearings is known a priori [37],
defect frequencies (given the rotational speed) can be
estimated and used in [38] to detect mechanical faults.

2.2. Notation and Signal Model

This study focuses on outer-race defects to simplify the
presentation. The deterministic, non-stationary, and periodic

discrete-time source signal s = Y. 8[n — mT] with period
m=—oo
T, discrete-time index 7, and the Kronecker delta function d/n]
is a sparse impulse train representing the impacts [38-40]
arising from defective rolling bearings. This signal (picket
fence) can be represented as a sum of harmonically related
sinusoids [41] by a model with an implicit Fourier series
expansion. By expanding the Fourier series to separate the DC
component, the model then becomes

(o]
1 2 2m .
s =1+, > cos[rwon], where w, =" is the ball pass
r=—00
frequency of a defect. In practical vibration analysis,
piezoelectric  sensors  (accelerometers) are inherently

AC-coupled and naturally reject the DC component (1/7).
Furthermore, to ensure algorithmic stability and eliminate any
static drift, the observed signals are explicitly pre-processed to
be zero-mean. Consequently, the DC term is safely omitted
from the analytical dictionary, and the basis matrix y[n, w,] is
constructed starting from the first fundamental harmonic
(r=1). In practice, the physical sensor used for data acquisition
has a finite bandwidth, limiting the observable high-frequency
components. Consequently, the maximum number of
harmonics N that can be accurately captured is strictly
bounded by the Nyquist limit associated with the system's
sampling frequency w,, formulated as N<w,/2w,, where w, is
the fundamental ball-pass frequency of the defect. This will
produce a signal with a sparse representation in the given
(orthogonal) real Fourier basis containing a certain number of
impacts within an observation window. Through the
mechanical structure represented by a linear time-invariant
(LTI) system with impulse response #,, the fault impacts s,
undergo amplitude and phase distortion, producing the
distorted signal x,. The final observed signal u, is then formed
by the addition of measurement noise 1z, expressed
mathematically as wu,=x,+z,. As established, this can be
represented in matrix form as u,=0+z,. A more detailed
analysis of the modeling and construction is available in [6].
Here, the emphasis (and thus novelty) is on the matrix notation
that will be given now for the sparse enhancement of
fault-related periodic impulses.

Assuming the source signal is sufficiently sparse, a
concise representation in the proper basis enables sparse
reconstruction of the fault impacts from noisy vibrations.
Here, an asymmetric or heavy-tailed distribution
(impulsiveness) does mnot necessarily imply sparseness;
however, it aligns with this signal model.
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The noisy observations will be synthesized as a weighted
sum of harmonics. Let M denote the number of samples in the
observation window, and N denote the number of considered
harmonics. For a discrete-time index n=0, I, ..., M-1 spanning
the observation window, we define the harmonic basis row
vector y[n, w,] € R™ evaluated at time n as defined in Eq.
1:

IIJ[TL, wo] = [cos(won) , cos(ZwOn) - Cos(Na)On) ] (1)

The signal of interest, s,, representing the equally spaced
and scaled periodic impacts, can be expressed in vector-matrix
notation as defined in Eq. 2:

T
s = lll[n, wo]c where ¢ = [% % %] er" 2)

As the signal travels through the mechanical structure, it is
convolved with the linear time-invariant (LTI) system
characterized by the impulse response 4, The frequency
response of this transmission path is mathematically defined
by its Discrete-Time Fourier Transform (DTFT) as

H(e] m) = ¥ hme_} “™ " This system introduces linear
m=—oo

distortion, filtering the harmonic components. Consequently,

the parameter vector 0=[o,,a,...,o0x] " ERY represents the

modified weights of the harmonics, such that the initial

amplitude of each r-th harmonic is scaled by the magnitude

response of the transmission path at that specific harmonic

s jro . .
frequency, yielding o = % |H (e 0)l. The resulting distorted

signal x,={i[n, w,)]0 and the final noisy observation u, are
modeled as defined in Eq. 3:

u=x +z (3

where the parameter vector 0=[a,a,,...,ay] " ERY represents
the modified weights of the harmonics such that

jro .
a = %|H(e °)|, The term z, represents the additive

background noise inherent to the measurement environment,
bounded by ||z,||, < €.

This mathematical model with an implicit dictionary is the
analytical approach that will allow us to seek the 0~

T

= [O(;,... 0(;] one that produces the sparsest signal in both the
absence and presence of noise. By doing so, we will assess the
optimized functions for their ability to increase sparsity. Then,
the aim will be to extract the impulses corrupted by an LTI
transfer function and additive noise. The following section
presents a simulation experiment to compare the methods for
extracting fault signatures.

The proposed analytical approach uses a fixed, predefined
dictionary constructed from the bearing's known kinematics.
Specifically, the basis matrix Y[n, w,] serves as a
deterministic dictionary of harmonically related sinusoids.
Unlike "dictionary learning" frameworks, where atoms are
adaptively learned from data, our dictionary is analytically
constructed to reflect the physical periodicity of expected fault
signatures, ensuring that the optimization process focuses
solely on finding the sparsest weight vector 0 within this
established physical basis.

The processing has been performed in the context of blind
deconvolution, treating mechanical vibration as a sum of
harmonics to analyze the convergence properties of skewness
[6, 42]. A similar study on seismic data used a normalized
sparsity measure [43]. In addition to extracting impulses from
the given signal model, this application can also be seen as a
harmonic content enhancement by L,-regularization [44], as it
was done by skewness maximization in [45].

3. Sparse Enhancement of Fault
Signatures

3.1. Comparison of Sparsity-Enhancing Functions in the
Absence of Noise and Linear Distortion

This section compares functions optimized to enhance
sparse fault signatures. As a sparsity measure, the expectation
of the functions is to produce weights that are rapidly
decreasing in the parameter vector 0, imposing a quick decay
on them [46]. In other words, the more evenly distributed the
total energy among the o -coefficients, the less sparse the
signal is produced.

The following analyses are primarily fundamental and
theoretical. Rather than proposing a competitive algorithm to
outperform current state-of-the-art diagnostic tools, the aim is
to investigate the mathematical behavior, coefficient decay,
and convergence properties of specific sparsity-promoting
functions when applied strictly to a real Fourier basis
representation.

3.1.1. Maximizing HOS via Gradient Ascent on Y[n, »,]0

The scale-invariant p" order moment of a zero-mean
discrete-time signal , is mathematically defined as
M ( e

w)= el
m )

n

Based on this general definition,
Skewness (S) and Kurtosis (K) correspond to the 3™-order (
p = 3) and 4%-order (p = 4) moments, respectively. Thus,
substituting p=3 into Eq. 4 yields Skewness S(u,)=M;(u,),
whereas substituting p=4 into Eq. 5 yields Kurtosis

K(un):M4(un):

5fu) )

K= N

The complete mathematical derivations of the gradients for
Skewness and Kurtosis, including their step-by-step
formulations and local convergence proofs, have been
extensively established in prior work [6]; therefore, they are
omitted here for brevity. However, for the practical numerical
implementation of the simulation experiments, it is crucial to
explicitly define how the statistical expectation operator E[-] is
computed. In our discrete-time finite sample versions, the
expectation is calculated as an unbiased time average over the
observation window of length M. Specifically, the p™ order
expectation of a discrete-time signal vector v is defined as in
Eq. 6:
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M-1 6
W= b3 v ©

n=0

Algorithmic Presentations

While highly efficient, state-of-the-art algorithms such as
FastICA or the Fast Kurtogram exist in the literature for HOS
maximization, we deliberately chose standard steepest
ascent/descent algorithms with fixed step sizes for all
objective functions in this study. The primary goal is not to
benchmark the computational sophistication of the solvers, but
rather to conduct a controlled, baseline comparison of the
inherent mathematical topography (e.g., convexity, gradient
steepness, and local optima) of the objective functions
themselves. By confining all methods to the same basic
gradient-based search mechanism within the fixed Fourier
basis, the inherent convergence behavior and coefficient-decay
properties dictated strictly by the chosen metrics (HOS vs.
L,-norm) can be isolated and evaluated fairly.

To maximize the higher-order statistics (HOS) and
minimize the L,-norm, we use iterative gradient-based
approaches. Algorithm 1 and Algorithm 2 summarize the
procedures.

Algorithm 1: HOS (Skewness/Kurtosis) Maximization via
Gradient Ascent

1. Initialize: Initialize:
vector O, as a

Define starting parameter
uniform  weight  vector

T . . .
=1, 1, .., 1] . Set step size x> 0. Set iteration
index k= 0.
2. Normalize: Scale the initial vector to unit norm:
0
0 = "—
0 I8l

3.  Repeat until convergence (e.g.,
maximum iterations reached):
a. Compute the target

u, = Yn, wo]ek.

b. Calculate the gradient of the objective
function (Skewness or Kurtosis): V M(0,).

c. Update the parameter vector via steepest
ascent:
0.1 =0, + 1V M(8))

d.  Enforce unit energy constraint:

e — ek+1
k1 = 180

e. Update iteration index: k=k+ 1.

[|01-0,]], < 0 or

signal estimate:

4. Output: Optimal parameter vector @ = 0 r

alel

L

Woeighis 14

@

Al

1] Winghes 12

(b)

L} Weaghin |

(c)

Figure 1. (a) The a”-weights (scaled to have unit
amplitude) in the vector 8~ after kurtosis maximization, (b)
after skewness maximization, and (¢) L,-norm minimization as
formulated in (7).

For a numerically tractable algorithm, the norm of the
parameter vector is constrained to be unity, which implies

N,
= Z o =
r=1 T
4™ (kurtosis) order moments will be maximized to produce a

sparse signal, both in the absence and presence of noise, to
compare their performances against L;-norm minimization.

||9||§ =00 1. Scale-invariant 3" (skewness) and

3.1.2. Minimizing L,-norm via Gradient Descent on P[n, ©,]/0

Sparseness is promoted by minimizing the L,-norm, which
is defined as the sum of the absolute values of the vector
components. For the parameter vector 6:

v ™
lell, = |«

Algorithm 2: L,-Norm Minimization via Gradient Descent
/ Subgradient Method
1. Initialize: Define starting parameter vector as a zero

vector 8, = [0, 0, ..., 0]". Set step size u > 0. Set
regularization parameter 4. Set k = 0.
2. Formulate Lagrangian Objective:

K@—WH+} z (oo, )"

3.  Repeatuntil convergence
Compute the gradlent of the quadratic error term:

5(0)= 1 T wlro (o, )

a. Compute the subgradient of the L,-norm:
sgn(0,).

b. Update the parameter vector via steepest
descent:
0.1= ;- u(sgn(8,) + VE(8)))

c. Update iteration index: k =k + 1.

4. Output: Optimal sparse parameter vectorg =0 r



Extracting Sparse Periodic Fault Signatures from Noisy Signals in Rolling Element Bearings

_ ®)
¥
|
N i e A e —
_ ©
k
. .ll- A - s A -
(d)

Figure 2. (a) The simulated source signal with N =50 and f, =
1 Hz, (b) the generated signal after kurtosis maximization, (c)
after skewness maximization, and (d) L,-norm minimization,
where the signals are scaled to have unit amplitude. The
relative improvement in time resolution after optimizing each
function is evident.
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3.1.3. Simulations

The performance and relevance of the functions in
promoting sparsity can be compared in the absence of noise (z,
= 0) and linear distortion (trivial 4,) by seeking the weights
producing the sparsest solution on the given signal model. The
0~ that maximizes the skewness and kurtosis, or minimizes the
L,-norm, should produce a compressible signal (or, with a
stricter notion, sparse) on the basis that the atoms (columns)

are scaled by ocr~ with a magnitude that decays according to a

power law. In this context, a source signal is simulated as a
sum of 50 equally strong harmonics (N = 50), resulting in
spikes that are 1 sec. long. apart (f, = 1 Hz) as shown in Fig.
2a. Maximizing the kurtosis and skewness until convergence
produced O~ settings as shown in Figure la and Figure 1b,
respectively, whereas minimizing the L;-norm resulted in a
setting as depicted in Figure lc. Here, to solve problem (7)
designed on the signal model in (1), CVX was utilized, a
package for specifying and solving convex programs [49, 50].

3.1.4 Simulation Parameters and Practical Implications

To ensure the reproducibility of the numerical
experiments, the key hyperparameters utilized in the
simulations are explicitly defined and justified in Table 1. The
selection of these hyperparameters directly impacts the
recovery performance, computational complexity, and
real-time feasibility of the methods. For instance, increasing
the filter length L or the number of harmonics N improves the
temporal resolution of the extracted impulses but significantly
increases the computational cost per iteration.

Table 1. Summary of Simulation Parameters

Parameter Symbol

Value Justification

Number of Harmonics N

50 (clean) / 15 (noisy) IChosen based on presumed sensor
bandwidth limits and required

signal resolution.

Fundamental Frequency Jo

1 Hz/50 Hz Selected to emulate typical
uter-race bearing fault

frequencies (BPFO).

Step Size (Skewness) s

107 mpirically tuned to balance
onvergence speed and algorithmid
stability.

Step Size (Kurtosis) Uk

107 mpirically tuned; required a
smaller step than skewness to
revent divergence.

Number of Iterations k,

600 Determined empirically as the
threshold where HOS algorithms
reached a steady-state optimum.

FIR Filter Length L

225 (Chosen to encompass enough
impact periods for accurate
statistical estimation.

Regularization Param. A

0.5 Tuned to achieve an optimal
trade-off between strict sparsity
land data fidelity.

Window Length M

3 seconds (depending on the
sampling frequency)

Defined to capture enough
mechanical cycles within the

observation timeframe.

Furthermore, the step sizes (1) dictate the stability of the
gradient search; a step size that is too large causes the
adaptation to diverge, while a conservatively small step size
drastically increases the required number of iterations,

delaying diagnosis. Notably, the L;-norm minimization
demonstrated convergence in substantially fewer iterations
(e.g., 9 iterations) compared to HOS maximization (600
iterations), highlighting its better computational efficiency for
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potential real-time condition monitoring. Initialization also
plays a critical role in these algorithms. For HOS
maximization (Algorithm 1), which navigates non-convex
multi-modal surfaces, the parameter vector was initialized

uniformly as 90 =[11,.., 1]T/\/N to provide an unbiased

starting point with unit energy. Conversely, for the L;-norm
minimization (Algorithm 2), the parameter vector was
initialized as a zero vector (6, = 0). Because the L,-norm
formulation poses a convex optimization problem, it
inherently guarantees convergence to the global optimum
regardless of the starting point. Furthermore, when the
adaptation is shifted from the harmonic weights () to a
time-domain FIR filter (f) in Section 3.2, the filter is initialized
as a center-spike (Dirac delta) sequence (e.g., f,=[0, ..., 0, 1,
0, ..., 0] to pass the initial signal unaltered before gradient
updates commence.

Theoretical Sensitivity and Robustness: While an
exhaustive empirical robustness analysis is beyond the scope
of this study, the theoretical implications of parameter
variations are critical for practical implementation. In
gradient-based HOS maximization, the step size (u) is the
most sensitive parameter; slight perturbations can drastically
alter the convergence landscape, with excessively large values
causing rapid divergence, particularly at lower Signal-to-Noise
Ratios (SNR). Conversely, the L,-norm minimization relies
heavily on the regularization parameter (4), which strictly
dictates the trade-off between absolute sparsity and data
fidelity. If 4 is set too high in a low-SNR environment, the
algorithm may oversmooth the signal, suppressing true
physical effects along with noise. Generally, as background
noise increases (lower SNR), all discussed methods
theoretically require larger observation windows or longer FIR
filter lengths to maintain reliable gradient estimates, albeit at
the cost of significantly increased computational overhead.

In accordance with these results, it can be concluded that

the coefficients ocr~ Scaling the harmonics does not cause them

to decay rapidly after HOS maximization; rather, the disparity
between them decreases with r. On the other hand, seeking the
sparsest solution as in (7) produced weights that decay
relatively more quickly, making it a more proper measure of
sparsity. Synthesizing the signals on the given basis with the
resulting parameter vector @~ shows the improvement in the
sparsity in the output signals. The ripples due to the finite
number of harmonics (limited bandwidth) are suppressed,
resulting in the sparsest signal after L,-norm minimization as
illustrated in Figure 2d. Skewness-maximizing output, as in
Figure 2c, yields a better approximation than
kurtosis-maximizing output, as in Figure 2b.

Such a performance assessment was also done on different
functions [46], where kurtosis was normalized, satisfying more
constraints than its original counterpart. As mentioned before,
the purpose is to find a sparsity-enhancing function that yields
a parameter setting with a few strong coefficients that
characterize the entire signal on a proper basis. The method in
(7) appears to better satisfy this expectation than maximizing
the HOS in the model of (1). The next section will investigate
the case where z, # 0.

3.2. Comparison Of Sparsity-Enhancing Functions in the
Presence of Noise and Linear Distortion

In case the source signal is subject to amplitude and phase
distortion and corrupted by measurement noise, the goal is to
approximately invert the disturbing system by promoting
sparsity [51, 52] from noisy measurements [48, 53, 54]. To
extract sparse periodic impulses arising from defects, the
observed signal u, is iteratively filtered by a finite impulse
response (FIR) filter to maximize the higher-order statistics
objective functions as defined in Eq. 4 and Eq. 5. Similarly,
promoting sparseness is achieved by minimizing the L;-norm
as defined in Eq. 7. The processing is accomplished as in Sec.
III-A1 in an iterative manner (with index k), where the

gradient is estimated with respect to the filter f: instead of 0.

The output signal v, = f'u, is expected to provide conclusive
evidence of the existence of a defect, where the adaptation
process suppresses the undesired components. Here, the
constraint on the filter vector is still valid ||f¥|, = 1, as was the
case for the parameter vector of weights 6%,

For the same purpose of recovering the signal of interest
by restoring its structure, sparseness can also be promoted in
noisy observations by minimizing the L;-norm, as defined in
(7). To conduct experiments with these methods, the source
signal was simulated as a sum of 15 harmonics (N = 15) with a
fundamental frequency of f; = 50 Hz to form a sparse
impulsive signal representing an outer race defect as shown in
Figure 3a. To simulate the linear distortion introduced by the
mechanical transfer function 4,, each 7™ harmonic component
of the source signal was subjected to arbitrary amplitude
attenuation and phase shifts. Specifically, the intermediate
distorted sequence x, was numerically generated as

x = El a_cos (ru) ot yr) , where the weights o, < (0, 1]
and phase shifts y, € [0, 27) represent the magnitude and
phase response of the transmission path, respectively.
Following this linear degradation, additive white Gaussian
noise z, was introduced to yield the final observed signal u, =
x, + z,, as illustrated in Figure 3b.

For this illustrative simulation, the additive white Gaussian
noise z, was scaled to yield a Signal-to-Noise Ratio (SNR) of
approximately 8.5 dB. This noisy signal is processed by an
FIR filter maximizing the kurtosis of its output iteratively with
a fixed step size u = 107, resulting in a signal as shown in
Figure 6a, whereas maximizing the skewness with a fixed step
size 1 = 10" produced an output as in Figure 6b. In both cases,
the algorithms were iterated for 600 iterations at equal filter
lengths, allowing the HOS to converge.

In any sparsifying dictionary, the source signal's sparsity
depends on the rotation speed, provided we use a constrained
local observation window. This creates a relation between
sparseness and rotation speed, which can further be analyzed
for diagnostics of slowly rotating machinery.

After noting this remark, the result of promoting
sparseness in u, via the objective formulated in (7) is shown in
Figure 6c, where the defect-related impulses are recovered
after 9 iterations. The parameter vector 8~ forming the sparse
output signal v, = Y[n, ®,]0  from the real Fourier basis

consisted of almost equally strong weights 0(;, unlike the case

in the absence of noise and linear distortion.
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Figure 3. (a) The simulated source signal s, as a sparse
impulse train and (b) the observed signal u, after linear
distortion and additive noise.

To provide an objective, quantitative assessment of
recovery performance beyond visual inspection, the Mean
Squared Error (MSE) and Pearson correlation coefficient (r)
were calculated between the impulsive source signal (s,) and
the final reconstructed outputs (v,). Table 2 summarizes the
test-case results.

Table 2. Quantitative Performance Metrics for Signal

Recovery

Optimizati MSE C Jati
Method Coefficient (r)
Kurtosis 0.00523 0.9248
Maximization

Skewness 0.00519 0.9317
Maximization

Ll-norm 0.00483 0.9428
Minimization

These metrics align with the visual findings, demonstrating
that the L,-norm minimization not only converges in
significantly fewer iterations but also yields a reconstructed
signal that mathematically correlates more strongly with the
original sparse impulse train, minimizing the residual error
compared to the HOS-based approaches.

Noise Robustness and Breakdown Limits: To rigorously
evaluate the noise tolerance of the compared objective
functions, additional simulations were conducted across a
wide range of Signal-to-Noise Ratios (SNR = [5, 0, -5, -10,
-15] dB) wunder purely additive noise conditions. The
evaluation metrics, Mean Squared Error (MSE) and Pearson
correlation coefficient (r), are visually presented in Figure 4
and Figure 5, respectively. The results reveal a stark contrast
in robustness between the methods. As the background noise
begins to overpower the defect-induced impacts, higher-order
statistics experience catastrophic breakdowns. Specifically,
kurtosis maximization collapses below 0 dB, showing a sharp
MSE increase (Figure 4a) and dropping to near-zero
correlation (Figure 5a) Dbecause 4th-order moments
exponentially amplify noise variance. Skewness maximization
exhibits a similar, albeit slightly softer, degradation (Figure 4b

and Figure 5b). Conversely, the L;-norm minimization
demonstrates exceptional resilience, maintaining a minimal
MSE (Figure 4c) and a correlation coefficient above 0.82
(Figure S5c) even at extreme noise levels (-15 dB). These
breakdown limits theoretically confirm that while HOS
methods require strict pre-whitening in noisy environments,
L,-norm minimization provides a vastly superior and more
stable approximation of sparse fault signatures under heavy
background noise.

Kurtosis Maximization: MSE vs. SNR Breakdown

0.045
. 0.04f
o
7]
= 0.035
5
5 o003t
=
g 0.025
g 0.02
=
73]
£ 002
=
0.015
L
0.01 - :
5 0 -5 -10 -15
Signal-to-Noise Ratio (SNR) [dB]
(a)
0 mSkewness Maximization: MSE vs. SNR Breakdown
»
. 0.035F ]
o
7]
Z 0031
g
E o025t
=
5 oot
g 0.02
=
wl
£ 0015
=
0.01
L
0.005 - - *
5 0 -5 -10 -15
Signal-to-Noise Ratio (SNR) [dB]
(b)
Ll-norm Minimization: MSE vs. SNR Breakdown
0.016 T T -
F0015F
7]
=
:E: 0.014
o
= 0013}
]
ES
w1 0.012
g
2l
= 0011}
0.01 - :
5 0 -5 -10 -15
Signal-to-Noise Ratio (SNR) [dB]
()

Figure 4. The breakdown limits of the objective functions
evaluated by Mean Squared Error (MSE) under varying
Signal-to-Noise Ratios (SNR): (a) Kurtosis maximization, (b)
Skewness maximization, and (c) L,-norm minimization.
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Kl]ll‘tOSiS Maximization: Correlation vs. SNR Breakdown

Correlation CoefTicient (r)

-0.2 - - -
5 0 -5 -10 -15
Signal-to-Noise Ratio (SNR) [dB]
(a)
Skewness imizatic ion vs. SNR

Correlation Coefficient (1
e o o o ‘o o
S 2 8§ 8 2 8

°
0

°

o
°

5
Signal-to-Noise Ratio (SNR) [dB]

(b)

L_-norm Minimization: Correlation vs. SNR Breakdown
0.88

< <
% o)
=) 3

Correlation CoelTicient (r)
5
L

0.84 1
083
0.82 - - -
0 -5 -10 -15
Signal-to-Noise Ratio (SNR) [dB]
(c)

Figure 5. The breakdown limits of the objective functions
evaluated by Pearson correlation coefficient (#) under varying
Signal-to-Noise Ratios (SNR): (a) Kurtosis maximization, (b)

Skewness maximization, and (c¢) L,;-norm minimization.

3.3. Discussion on Scope and Applicability

While this study primarily uses an outer race defect model to
demonstrate the theoretical framework, the underlying
hypothesis of sparse, periodic impulses naturally extends to
other localized faults, such as inner race or rolling-clement
defects. However, practitioners should note that inner race
faults often exhibit amplitude modulation due to the rotating
load zone. This modulation introduces sidebands that slightly
deviate from the strictly uniform harmonic weights modeled in
our pristine signal s,, though the core sparsity assumptions
remain valid.

Regarding the selection of optimization methods,
Li-norm  minimization is  highly  advantageous-and
recommended-when the structural kinematics (e.g., shaft speed
and bearing geometry) are known a priori. In such cases, the
basis matrix Y[n, w,] can be accurately constructed, and the
algorithm will robustly handle high noise levels and strong
linear distortion while guaranteeing global convergence.
Conversely, HOS-based blind deconvolution (such as
skewness maximization) might still be preferable in purely
exploratory or "blind" scenarios. If the exact machinery
kinematics are unknown, an adaptive FIR filter that maximizes
HOS does not require a predefined frequency basis to extract
an impulsive signature, making it a flexible, albeit
mathematically riskier, alternative, given the potential for local
convergence issues.
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Figure 6. (a) The output signal v, after kurtosis maximization,
(b) after skewness maximization, and (c) after L;-norm
minimization, zoomed in and marked with outer race ball-pass

period, the inverse of the ball-pass frequency outer race
(1/bpfo).

4. Conclusion

This study provided a theoretical and numerical
comparison of Higher-Order Statistics (skewness and kurtosis)
and L;-norm minimization for recovering sparse periodic fault
signatures in rolling element bearings. Using a real Fourier
basis as an analytical dictionary, we showed that both methods
could suppress noise and compensate for linear distortion,
revealing the underlying impact trains.

However, key performance differentiators were identified.
Our numerical experiments L,-norm minimization achieves a
statistically superior approximation of the true sparse signal,
with a more rapid decay of harmonic weights compared to
HOS-based methods. Crucially, the computational L;-norm
approach converged in significantly fewer iterations (typically
under 10) than the 600 iterations required for HOS
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maximization to reach steady state. Furthermore, while HOS
objectives are prone to local convergence issues depending on
initialization, Z;-norm minimization offers robust global
convergence properties within the established basis. These
findings suggest that for predictive maintenance regimes
where bearing kinematics are known, L;-based sparsity
enhancement provides a more efficient and mathematically
sound framework for automated fault diagnosis.

A notable limitation of the current study is the absence of
experimental validation using real-world measured data. To
strictly isolate and mathematically compare the convergence
dynamics and coefficient decay of the optimization functions
on a real Fourier basis, this study relied on a controlled
synthetic framework. Consequently, the performance of the
proposed approach on benchmark empirical data remains
untested. Validating the proposed L,-norm minimization
framework on publicly available datasets-such as the SU RF
Sensing Lab, CWRU, or Paderborn bearing
datasets-constitutes a primary direction for future work.
Applying this analytical dictionary approach to such real
signals would be highly feasible in subsequent studies,
provided that the complex, time-varying structural transfer
paths and non-Gaussian mechanical background noises
inherent to physical machinery can be adequately decoupled or
robustly integrated into the measurement model.
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Abstract

This study develops a hybrid stochastic—robust
optimization  framework for industrial energy
management under photovoltaic generation and
electricity price uncertainty. The proposed two-stage
model integrates scenario-based scheduling, robust
operational adjustments, battery storage dynamics, and
carbon emission costs. Its effectiveness is evaluated
using a grid-connected industrial microgrid and
compared with deterministic, stochastic, and robust
optimization approaches. The hybrid model achieves a
daily operating cost of $1,173.9, with 86.4% photovoltaic
utilization and 751.8 kg of carbon emissions. Sensitivity
analyses demonstrate that adjustable risk preferences
improve protection against unfavorable operating
conditions, while increased battery capacity supports
renewable energy integration. These findings indicate
that the proposed framework offers a flexible approach to
balancing economic efficiency, operational resilience,
and environmental performance in industrial energy
systems.

Keywords: Hybrid optimization, Energy management,
PV uncertainty, Battery storage, Industrial microgrids

Ozet

Bu ¢alisma, fotovoltaik iiretim ve elektrik fiyati
belirsizliklerine maruz kalan sebekeye bagli endiistriyel
mikro sebekelerde enerji yonetimi igin iki asamalr hibrit
stokastik-saglam optimizasyon gergevesi onermektedir.
Senaryo tabanli planlama, saglam gercek zamanh
diizenlemelerle birlestirilirken batarya isletimi ve karbon
maliyetleri karar modeline dahil edilmistir. Onerilen
yaklasim, 24 saatlik endiistriyel bir vaka ¢alismasinda
deterministik,  stokastik ve saglam optimizasyon
modelleriyle karsilastirilarak degerlendirilmistir. Hibrit
strateji, guinliik 1.173,9 ABD dolari isletme maliyeti,

%806,4 fotovoltaik enerji kullamim oram ve 751,8 kg
karbon emisyonu saglamistir. Duyarlilik analizi, risk
korumasimin artirilmasinmin en kotii durum maliyetlerini
azaltigimi, daha yiiksek depolama kapasitesinin ise
sebeke bagimhiligini diistirdiigiinii gostermistir. Genel
olarak  onerilen  ¢erceve,  isletme  maliyetleri,
belirsizliklere maruz kalma ve c¢evresel faktorler
arasinda denge kuran uyarlanabilir bir enerji planlama
yaklagimi sunmaktadir.

Anahtar  Kelimeler:  Hibrit optimizasyon, Enerji
Yénetimi, Fotovoltaik iiretim belirsizligi, Batarya
depolama, Endiistriyel mikro sebekeler

1. Introduction

The rapid decarbonization of industrial energy systems has
significantly increased the adoption of on-site renewable energy
sources, particularly photovoltaic (PV) systems, within
industrial microgrids. While renewable integration reduces
operational costs and carbon emissions, it also introduces
substantial uncertainty due to intermittency and market price
volatility. Industrial energy management systems (EMS) are
therefore required to operate under multi-dimensional
uncertainty while maintaining economic efficiency, reliability,
and environmental compliance [1].

Unlike traditional deterministic energy scheduling approaches,
contemporary EMS frameworks must explicitly address
uncertainties associated with renewable generation, electricity
market prices, and demand fluctuations. In industrial
environments—where production continuity, contractual
power limits, and penalty costs are critical—suboptimal
decisions caused by uncertainty mismanagement can lead to
considerable financial losses [2].

To cope with uncertainty, two principal modeling paradigms
have been widely adopted in the literature: stochastic
programming and robust optimization. Stochastic programming
models uncertainty through probabilistic scenarios and
optimize expected system performance. Although effective in
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capturing average-case behavior, these models may perform
poorly under extreme realizations or rare but costly events. On
the other hand, robust optimization provides protection against
worst-case deviations within predefined uncertainty sets,
ensuring solution feasibility under adverse conditions.
However, purely robust formulations often lead to overly
conservative strategies and inflated operational costs.

Despite extensive research in both domains, most existing
studies adopt either stochastic programming or robust
optimization independently. The lack of hybrid formulations
that jointly balance expectation-based efficiency and worst-
case resilience represents a critical methodological gap [3].
Particularly in industrial microgrids with PV generation and
battery energy storage systems (BESS), there is limited research
integrating both uncertainty treatment mechanisms within a
unified EMS framework.

Moreover, recent regulatory developments introducing carbon
pricing mechanisms have further complicated energy
management decisions. Industrial operators are now required to
consider not only electricity procurement and storage costs, but
also carbon-related operational impacts [4]. Nevertheless,
carbon cost integration into uncertainty-aware EMS
formulations remains underexplored.

Motivated by these challenges, this study proposes a two-stage
hybrid stochastic—robust optimization framework for industrial
energy management under renewable generation and price
uncertainty [5]. In the first stage, day-ahead energy scheduling
decisions are optimized using scenario-based stochastic
programming. In the second stage, real-time adjustments are
safeguarded against adverse deviations through a budget-of-
uncertainty robust counterpart formulation. A tunable risk-
sensitivity parameter is introduced to systematically balance
expected performance and worst-case resilience.

The major contributions of this study are summarized as
follows:

e Development of a hybrid stochastic-robust EMS
model for PV-integrated industrial microgrids.

e Integration of electricity price uncertainty, renewable
generation variability, and carbon cost considerations
within a unified optimization framework.

e Introduction of a risk-adjustable structure enabling
decision-makers to control conservativeness levels.

e  Comprehensive numerical analysis comparing
deterministic, purely stochastic, purely robust, and
proposed hybrid models.

e  Managerial insights on cost-risk—emission trade-offs
for industrial energy operators.
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Figure 1: Hybrid stochastic-robust EMS framework for
industrial microgrids

Hybrid stochastic-robust energy management systems (EMS)
framework for industrial microgrids is presented in Figure 1.

The remainder of this paper is organized as follows: Section 2
reviews related literature on uncertainty-aware energy
management. Section 3 presents the mathematical formulation
of the hybrid model. Section 4 describes the case study and
experimental setup. Section 5 discusses computational results
and comparative analyses. Section 6 presents the sensitivity
analysis. Finally, Section 7 concludes the study and outlines
future research directions.

2. Literature Research

The increasing penetration of renewable energy resources in
industrial energy systems has significantly intensified the
complexity of energy management problems, particularly under
uncertainty. In recent years, extensive research has been
conducted on optimizing energy management systems (EMS)
for microgrids integrating photovoltaic (PV) generation and
battery energy storage systems (BESS). Early studies primarily
relied on deterministic optimization techniques due to their
computational efficiency and simplicity [6-7]. However, these
approaches assume perfect knowledge of system parameters
and fail to capture the stochastic nature of renewable generation
and electricity market dynamics.
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To address uncertainty, stochastic programming has been
widely applied in EMS studies. Two-stage and multi-stage
stochastic optimization models have been proposed to account
for uncertainties in renewable generation, load demand, and
electricity prices [8-10]. For instance, stochastic scheduling
frameworks for microgrids have demonstrated improved cost
efficiency and operational flexibility compared to deterministic
models. Despite these advantages, stochastic approaches
depend heavily on accurate probability distributions and
scenario generation, and their performance may deteriorate
under extreme or rare events [11].

Robust optimization has emerged as an alternative approach to
address uncertainty without relying on probabilistic
information. In robust EMS models, uncertain parameters are
represented using bounded uncertainty sets, and solutions are
optimized against worst-case realizations [12-15]. This
approach ensures system reliability and feasibility under
adverse conditions and has been successfully applied in
microgrid operation and energy scheduling problems.
However, robust optimization often results in overly
conservative solutions, leading to increased operational costs
and reduced economic efficiency.

In recent years, hybrid stochastic-robust optimization
frameworks have gained attention as a promising approach to
balance expected performance and worst-case protection.
Several studies have proposed hybrid models that combine
scenario-based  stochastic ~ programming with  robust
optimization techniques [16-18]. For example, two-stage
hybrid frameworks have been applied in microgrid energy
management, enabling improved trade-offs between cost
efficiency and system reliability [19-20]. Nevertheless, the
application of such hybrid models in industrial energy
management systems remains relatively limited, particularly in
the context of PV-integrated microgrids with battery storage.

At the same time, environmental considerations have become
increasingly important in EMS research. With the
implementation of carbon pricing mechanisms, several studies
have incorporated carbon emission costs into energy
management models [21]. These works highlight the
importance of integrating economic and environmental
objectives in energy system optimization. However, the
interaction between carbon pricing and uncertainty modeling
has not been sufficiently explored in existing literature.

Moreover, recent studies have explored advanced approaches
such as machine learning-based forecasting, real-time
optimization, and digital twin technologies to enhance EMS
performance [22]. While these methods improve prediction
accuracy and operational adaptability, they often lack rigorous
uncertainty modeling frameworks capable of handling extreme
deviations in renewable generation and electricity prices.

Based on the above discussion, it is evident that although
significant progress has been made in uncertainty-aware EMS
modeling, several important gaps remain. Existing studies
predominantly focus on either stochastic programming or
robust optimization, with limited integration of both approaches
in a unified framework. Furthermore, few studies
simultaneously consider renewable uncertainty, electricity
price volatility, battery operation, and carbon emission costs
within an industrial microgrid context. To address these
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limitations, this study proposes a two-stage hybrid stochastic—
robust optimization framework that integrates scenario-based
uncertainty modeling with robust protection mechanisms,
providing a flexible and risk-aware solution for industrial
energy management.

3. Model Structure

3.1. System Description

This study considers an industrial microgrid composed of:
e  Photovoltaic (PV) generation units

Battery Energy Storage System (BESS)

Utility grid connection

Industrial electricity demand

Carbon pricing mechanism

The system operates in a discrete time horizon t€T (e.g., hourly
scheduling over 24 hours). The objective is to determine
optimal day-ahead and real-time energy scheduling decisions
under renewable generation and electricity price uncertainty.

Uncertainty sources include:
e PV generation variability
e  Electricity market price fluctuation
e  Load variability

To simultaneously capture expected performance and worst-
case protection, a two-stage hybrid stochastic—robust
optimization framework is developed.

3.2. Two-Stage Hybrid Decision Structure
3.2.1. First Stage (Here-and-Now Decisions)

These decisions are taken before uncertainty realization:
e Scheduled grid purchase P{>*

e  Battery charging/discharging plan
e  Energy procurement commitments

The first stage minimizes the expected operational cost over a
discrete scenario set Q.

3.2.2. Second Stage (Wait-and-See & Robust Adjustment)

After uncertainty realization, recourse decisions adjust:
e  Real-time power deviation APt,®

e  Battery corrective dispatch
e  Penalty handling

Robust optimization is applied within each scenario using a
budget-of-uncertainty parameter I" to hedge against worst-case
deviations.

3.3. Objective Function

The hybrid objective integrates expected cost and worst-case

protection:

min { Egeal CM(x, & m)][+A CP(x, ) }. (M
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where (x) denotes the vector of first-stage energy scheduling
decisions, () is the set of stochastic scenarios, () represents an
individual scenario,  denotes the vector of uncertain
parameters associated with scenario Q, and (C*°°M\(Q)) represents
the scenario-dependent stochastic operating cost. The
parameter A is the risk-sensitivity coefficient that determines the
relative importance assigned to protection against adverse
realizations, while C™*"!/ @ denotes the robust cost component
associated with worst-case deviations. The parameter ©
represents the uncertainty budget and controls the degree of
conservativeness of the robust solution.

Operational Cost Components:

The total cost consists of:
e  Electricity procurement cost
e  Battery degradation cost
e  Carbon emission cost

e  Demand violation penalty

C=2¢(mt 0P + CdegBt,w + CcozEt'w + CPS ) (2)

where (T) denotes the set of scheduling periods, (t) represents
the individual time period, pit is the electricity price at time (t)
under scenario Biw , and Pt denotes the electricity purchased
from the utility grid. The parameter c%¢ represents the unit
battery degradation cost, while B denotes the battery energy
throughput. Furthermore, ¢“©? is the unit carbon emission cost
and Eq, represents the corresponding carbon emissions. Finally,
cP°" denotes the unit penalty cost and St is the unmet-demand
or operational violation variable.

3.4. Constraints

3.4.1. Power Balance Constraint
PEN + PEY + Pl = Dy + PEL, 3)

where Pt,® represents the power purchased from the utility grid,
P.o™V is the available photovoltaic generation, and Py.d
denotes the battery discharge power at time (t) under scenario
. Similarly, Die represents the industrial electricity demand
and P denotes the battery charging power. Equation (3)
ensures that the total electricity supplied to the industrial
microgrid is equal to the total electricity demand and battery
charging requirement in each period and scenario.

3.4.2. Battery Dynamics

SOC; = SOC_y +n"PEh — —- pdlis “

ndls

where SOCio denotes the battery state of charge at time (t)
under scenario ®, SOCt-1,0 18 the state of charge in the preceding
period, n" and n% represent the battery charging and
discharging efficiencies, respectively, and At denotes the
duration of each scheduling interval. The charging and

40/92

discharging powers are represented by Pt and Pio%,
respectively.
The allowable battery state-of-charge range is constrained as

soc™n < S0C, < SOC™X (5)

where SOC™™ and SOC™% represent the minimum and
maximum permissible battery state-of-charge levels,
respectively. These limits prevent excessive charging or
discharging and ensure technically feasible battery operation.

3.4.3. Grid Capacity Limit

0 < " < pmax (6)

Where Ptg”d < P™% denotes the maximum power that can be
imported from the utility grid. Equation (6) restricts grid
electricity procurement within the technical connection
capacity of the industrial microgrid.

3.4.4. Robust Uncertainty Set
PV output deviation:
PPV = PPV + 6, (7)

|8¢| < &¢ ®)

where PV represents the uncertain realized PV generation,
PtPV denotes the forecasted PV generation, dt is the deviation
of actual PV output from its forecasted value, and 6t represents
the maximum allowable magnitude of this deviation at time (t).
Equation (8) therefore defines the interval within which PV
generation uncertainty is allowed to vary.

Budget constraint:

| 8¢ | ©

This structure ensures protection against simultaneous worst-
case deviations up to I" periods.

3.5. Hybridization Logic

The proposed model integrates stochastic and robust paradigms
as follows:
e Scenario-based modeling captures distributional
variability.
e Robust set within each scenario prevents extreme
realizations.
e Risk parameter A balances economic optimality and
conservativeness.
e Budget parameter I" controls robustness intensity.

3.6. Solution Approach

The model is formulated as a Mixed-Integer Linear
Programming (MILP) problem.
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Solution steps:
e  Scenario generation via Monte Carlo simulation

e  Reformulation of robust counterpart
e  Linearization of bilinear terms
e  Solution using CPLEX/Gurobi

To evaluate performance, four benchmark models are
implemented:
e  Deterministic EMS

e  Pure stochastic EMS
e  Pure robust EMS
e  Proposed hybrid EMS

3.7. Managerial Interpretation

The hybrid model enables industrial operators to:
e Quantify risk—cost trade-offs
o Adjust conservativeness through A and I'
e Evaluate carbon price impact
o Reduce vulnerability to renewable volatility

4. Case Study and Experimental Setup

4.1. Industrial Microgrid Description

To evaluate the effectiveness of the proposed hybrid stochastic—
robust energy management framework, a grid-connected
industrial microgrid is considered as the case study. The system
represents a medium-scale manufacturing facility equipped
with on-site renewable generation and energy storage
capabilities.

The microgrid consists of the following components:
e  Photovoltaic (PV) generation system

e  Battery Energy Storage System (BESS)
e  Utility grid connection
e Industrial electricity demand

The energy management system determines optimal day-ahead
and real-time operational strategies over a 24-hour scheduling

horizon, discretized into hourly intervals.

In this study, industrial microgrid system parameters are shown
in Table 1.

Table 1: Industrial microgrid description

Parameter Symbol Value | Unit
Scheduling T 24 h
horizon

Time interval At 1 h
Maximum grid arid 500 kW
purchase power

Battery energy ETS% 600 kWh
capacity

Maximum Thax 150 kW
charging power

Maximum X 150 kW
discharging

power

Charging nch 0.95 -
efficiency

Discharging ndis 0.95 -
efficiency

Minimum state of | SOC™" 0.20 p.u.
charge

Maximum state of | Soc™inmax | (,90 p.u.
charge

Initial state of socrini 0.50 p.u.
charge

Battery cdeg 0.015 | USD/kWh
degradation cost

Carbon price c¢02? 40 USD/tCO»
Grid emission EF 0.42 kgCO2/kWh
factor

Demand penalty cpen 0.30 USD/kWh
cost

The industrial load profile reflects typical electricity
consumption patterns observed in manufacturing plants, where
energy demand is relatively stable during production hours and
decreases during non-operational periods. Table 2 presents
hourly industrial load profile.

Table 2: Hourly industrial load profile

Hour | Load Hour | Load Hour Load
Demand Demand Demand
(kW) (kW) (kW)

1 210 9 355 17 390

2 205 10 380 18 360

3 200 11 395 19 335

4 198 12 410 20 300

5 202 13 420 21 275

6 220 14 415 22 250

7 260 15 405 23 230

8 310 16 398 24 220
Table 3: Forecasted PV generation profile

Hour | PV Hour | PV Hour | PV
Generation Generation Generation
(kW) (kW) (kW)

1 0 9 130 17 70

2 0 10 175 18 25

3 0 11 210 19 0

4 0 12 225 20 0

5 0 13 220 21 0

6 15 14 205 22 0

7 40 15 170 23 0

8 85 16 120 24 0

4.2. Photovoltaic Generation Modeling

PV generation is inherently uncertain due to weather variability.
To capture this uncertainty, a scenario-based approach is
adopted. Forecasted PV generation profile is given in Table 3.
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Historical solar irradiation data are used to construct multiple
PV generation scenarios. Monte Carlo simulation is employed
to generate a set of representative scenarios reflecting possible
PV output realizations throughout the scheduling horizon.

Q denote the set of PV generation scenarios and pe represent
the probability of scenario . The expected PV generation in
scenario o at time t is denoted as: PL}

To reduce computational complexity, scenario reduction
techniques are applied to retain the most representative
scenarios while preserving statistical characteristics.

4.3. Electricity Price and Uncertainty

Electricity market prices are subject to fluctuations caused by
demand variations, fuel prices, and market dynamics. In this
study, day-ahead electricity prices are modeled as uncertain
parameters. Day-ahead electricity price profile is given in Table
4.

Table 4: Day-ahead electricity price profile

Ho Price Ho Price Ho Price
ur (USD/k ur (USD/k ur (USD/k
Wh) Wh) Wh)
1 0.082 9 0.126 17 0.147
2 0.078 10 0.138 18 0.158
3 0.075 11 0.145 19 0.166
4 0.074 12 0.149 20 0.154
5 0.076 13 0.151 21 0.136
6 0.085 14 0.148 22 0.118
7 0.097 15 0.143 23 0.099
8 0.112 16 0.139 24 0.089

A scenario generation approach similar to PV modeling is used
to represent electricity price uncertainty. Historical market data
are used to generate price scenarios that capture realistic price
volatility.

o represent the electricity price at time t under scenario .
These price scenarios are integrated into the stochastic
component of the optimization model.

4.4. Battery Energy Storage System Modeling

The battery energy storage system plays a critical role in
balancing supply and demand, mitigating renewable
intermittency, and enabling cost-effective energy management.

Uncertainty modeling parameters is given in Table 5.

Table 5: Uncertainty modeling parameters

Parameter Symbol Value
Number of scenarios QO 20
PV deviation bound [y 15%
Price deviation bound 55’”56 12%
Load deviation bound §load 8%
Robustness budget r 6
Risk preference coefficient A 0.35
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The BESS is characterized by the following parameters:
e Maximum charging power

e Maximum discharging power
e  Storage capacity
e  Charging and discharging efficiencies

Battery degradation cost is incorporated into the objective
function to account for operational wear associated with
charging and discharging cycles.

The state-of-charge (SOC) evolution is governed by the battery
dynamics described in Section 3.

4.5. Carbon Emission Consideration

To reflect increasing regulatory pressure on industrial
emissions, carbon costs are integrated into the energy
management model.

Electricity purchased from the grid is associated with an
emission factor representing the carbon intensity of grid
electricity. The corresponding carbon emission cost is
calculated as:

cC02 — ¢CO2 pE pgrid (10)
where Cio’represents the carbon-related cost associated with
grid electricity consumption at time (t) under scenario ®, c¢0?
is the carbon price, (EF) denotes the grid emission factor,
Pt, 02" represents the electricity imported from the utility grid,
and At is the duration of the scheduling interval. This
formulation monetizes the environmental impact of grid
electricity consumption and incorporates it directly into the
energy management objective.

4.6. Benchmark Models

To assess the performance of the proposed hybrid approach,
four different energy management models are implemented for
comparison:

e  Deterministic EMS

e  Stochastic EMS

e  Robust EMS

e  Proposed Hybrid Stochastic—-Robust EMS

Benchmark models is given in Table 6.

Table 6: Benchmark models used in the comparison

Model Uncertainty Main Characteristic
Handling

Deterministic | None Uses forecasted

EMS average values only

Stochastic Scenario-based | Minimizes expected

EMS cost

Robust EMS | Uncertainty sets | Protects against

worst-case deviations
Hybrid Scenario + Balances expected
Stochastic- robust set performance and
Robust EMS resilience
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The deterministic model ignores uncertainty and uses expected
values of uncertain parameters.

The stochastic model minimizes expected operational cost
across scenarios.

The robust model protects against worst-case deviations within
uncertainty sets.

The hybrid model simultaneously accounts for expected
performance and worst-case protection.

4.7. Solution Environment

The optimization model is formulated as a Mixed-Integer
Linear Programming (MILP) problem.

All simulations are performed using:
e  Python/ MATLAB optimization environment
e Gurobi or CPLEX solver

Computational experiments are conducted on a standard
workstation to evaluate solution quality and computational
performance.

5. Results and Discussion

5.1. Cost Performance Comparison
The performance of the proposed hybrid EMS model is
evaluated by comparing its operational cost with those of the

benchmark models. Comparative cost results are given in Table
7.

Table 7: Comparative cost results of EMS models

Model | Energy Battery Carbon Penalty Total
Cost Deg. Cost Cost Cost
(USD/da | Cost (USD/ (USD/ (USD/
y) (USD/ day) day) day)

day)

Det. 1038.4 18.6 79.2 26.7 1162.9

EMS

Stoc. 1056.8 20.4 76.9 14.8 1168.9

EMS

Robust | 1104.7 243 74.5 49 1208.4

EMS

Hybrid | 1068.5 21.7 75.1 8.6 1173.9

EMS

Results show that the deterministic model yields the lowest
nominal cost under expected conditions but reforms poorly
when uncertainty is realized. In contrast, the robust model
ensures system feaasibility under extreme conditions but results
in significantly higher operational costs due to overly
conservative decisions. Cost comparison graph is given in
Figure 2.

Operational Cost Comparison of EMS Models

1200 4

1000 1

800 +

600 +

Total Cost (USD/day)

200+

Stochastic Robust
EMS Model

Deterministic

Hybrid

Figure 2: Cost comparison graph

The stochastic model provides a balance between cost
efficiency and uncertainty management but lacks protection
against extreme scenarios.

The proposed hybrid stochastic—robust model achieves a
superior balance by maintaining relatively low expected costs
while providing protection against adverse deviations.

5.2. Risk-Cost Trade-off Analysis
The hybrid model introduces a tunable risk parameter A, which
allows decision-makers to control the level of conservativeness

in the energy management strategy. Operational performance
comparison is given Table 8.

Table 8. Operational performance comparison

Model Grid PV Battery Carbon
Purchas | Utilizatio | Throughou | Emission
e (kWh/ n Rate t s (kgCO,/
day) (%) (kWh/day) | day)

Det. 1885 81.4 620 791.7

EMS

Stoc.EM 1830 84.9 655 768.6

S

Robust 1775 87.2 710 745.5

EMS

Hybrid 1790 86.4 688 751.8

EMS

Sensitivity analysis indicates that:
e  Low values of A prioritize economic efficiency.
e  High values of A increase system robustness.

As )\ increases, operational cost slightly increases, but system
resilience improves significantly under worst-case scenarios.

This flexibility enables industrial operators to tailor energy
management strategies according to their risk preferences.

43 /92



EMO Bilimsel Dergi 2026 Cilt:16 Say:i: 3 Sayfa: 37-48

5.3. Impact of Renewable Uncertainty
The analysis reveals that renewable generation uncertainty
significantly affects energy scheduling decisions. Hourly

optimal schedule is given in Table 9.

Table 9: Hourly solution schedule of the proposed hybrid

EMS
Hour | Load | PV Grid Battery | Battery
(kW) | (kW) | Purchase | Charge | Discharge
(kW) kW) | (kW)
1 210 0 240 30 0
2 205 0 235 30 0
3 200 0 230 30 0
4 198 0 228 30 0
5 202 0 232 30 0
6 220 15 235 30 0
7 260 40 250 30 0
8 310 85 255 30 0
9 355 130 225 0 0
10 380 175 205 0 0
11 395 210 185 0 0
12 410 225 185 0 0
13 420 220 200 0 0
14 415 205 210 0 0
15 405 170 205 0 30
16 398 120 198 0 80
17 390 70 200 0 120
18 360 25 215 0 120
19 335 0 305 0 30
20 300 0 300 0 0
21 275 0 275 0 0
22 250 0 250 0 0
23 230 0 230 0 0
24 220 0 220 0 0

Under high PV variability conditions:
e  Battery utilization increases
e  Grid reliance becomes more dynamic
e  Robust protection becomes more valuable

The hybrid model effectively mitigates these effects by
adjusting scheduling strategies based on uncertainty levels.
Load-PV-Grid profile is given in Figure 3 and also Battery SOC
is given in Figure 4.
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Load, PV Generation and Grid Purchase Profile
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Figure 3: Load-PV-grid

Battery State of Charge (SOC) Profile
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Figure 4: Battery SOC

5.4. Carbon Cost Implications

The integration of carbon pricing into the EMS model
influences energy procurement strategies.

Higher carbon prices encourage:
e  Qreater utilization of PV generation

e Increased reliance on battery storage
e  Reduced grid electricity consumption

This demonstrates that carbon pricing mechanisms can
significantly influence industrial energy management
decisions.

5.5. Managerial Insights

The results provide several important managerial insights for
industrial energy operators:
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e Hybrid uncertainty modeling provides superior

operational flexibility compared to traditional
methods.
e Battery storage significantly improves system

resilience under renewable uncertainty.

e Carbon pricing policies can effectively promote low-
carbon energy strategies.

e  Risk-adjustable EMS models allow operators to
customize energy management strategies based on
operational priorities.

5.6. Discussion

Overall, the proposed hybrid stochastic—robust optimization
framework provides a practical and effective solution for
industrial energy management under uncertainty.

Compared with existing approaches, the proposed model offers:
e Improved cost stability

e  Enhanced resilience to uncertainty
e  Flexible risk management capability

These advantages highlight the potential of hybrid optimization
approaches in next-generation energy management systems.

6. Sensitivity Analysis

To evaluate the robustness and flexibility of the proposed
hybrid energy management model, a sensitivity analysis is
conducted on key system parameters. The purpose of this
analysis is to investigate how variations in critical parameters
influence operational cost, energy scheduling decisions, and
system performance.

6.1. Impact of Risk Parameter (4)

The parameter A determines the trade-off between expected
operational cost and worst-case protection in the hybrid
objective function. Sensitivity analysis is shown in figure 5.
To analyze its effect, A is varied across different values while
keeping other parameters constant. Sensitivity analysis for risk
parameter is given in Table 10.

Sensitivity Analysis of Risk Parameter

1185.0 1

1182.5

1180.0

1177.5

1175.0

1172.5

Total Cost (USD/day)

1170.0

1167.5

1165.0

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Risk Parameter (A)

Figure 5. Sensitivity Analysis

Table 10: Sensitivity analysis for risk parameter

A Total Cost | Worst- | Grid PV
(USD/day) | Case Purchase | Utilization

(USD/ | (kWh/ (%)
day) day)

0.00 | 1165.2 1298.6 | 1842 84.7

0.10 | 1168.1 12759 | 1828 85.1

0.20 | 1170.4 1259.3 1815 85.8

0.35 | 1173.9 1236.8 | 1790 86.4

0.50 | 1178.6 1220.1 1772 86.9

0.70 | 11854 1208.7 | 1759 87.3

Results indicate that:
e When X is small, the model prioritizes expected cost

minimization.
e As M\ increases, the solution becomes more
conservative.
Higher values of A:

e  increase system robustness
e reduce vulnerability to extreme price spikes
e  slightly increase operational cost.

This behavior confirms that the hybrid model allows decision-
makers to control risk exposure according to operational
preferences.

6.2. Impact of PV Generation Variability

The variability of photovoltaic generation significantly affects
energy scheduling decisions.

To evaluate this impact, PV uncertainty levels are increased by
introducing higher variance in PV generation scenarios. Table
11 presents sensitivity analysis for battery capacity.

Table 11: Sensitivity analysis for battery capacity

Battery | Total Grid Carbon PV

Capacit | Cost Purchas | Emissions | Curtailm

y (kWh) | (USD/ | e (kWh/ | (kgCO2 ent (%)
day) day) /day)

200 1214.7 | 1948 818.2 10.6

400 1190.3 | 1864 782.9 7.2

600 1173.9 | 1790 751.8 4.5

800 1168.1 | 1762 740.0 3.7

1000 1166.8 | 1754 736.7 34

Results show that:
e Battery utilization increases under higher PV
uncertainty.
e Grid electricity procurement becomes more dynamic.
e  The hybrid model outperforms deterministic and
stochastic models in maintaining cost stability.

This demonstrates the advantage of incorporating robust
protection against renewable intermittency.
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6.3. Impact of Carbon Price

Carbon pricing plays an important role in shaping industrial
energy management strategies.

To analyze its influence, carbon price levels are varied across a
predefined range. Table 12 presents sensitivity analysis for

carbon price.

Table 12: Sensitivity analysis for carbon price

Carbon | Total Grid PV Carbon
Price Cost Purchase | Utilization | Emissions
(USD/ (USD/ | (KkWh/ (%) (kgCO2/
tCO») day) day) day)

0 1143.6 | 1858 83.8 780.4

20 1158.2 | 1826 84.9 767.0

40 1173.9 | 1790 86.4 751.8

60 1189.8 | 1761 87.6 739.6

80 1204.5 | 1739 88.2 730.4

The results reveal that:
e  Higher carbon prices encourage increased use of
renewable generation.
e  Battery storage utilization increases to reduce grid
electricity purchases.
e Total carbon emissions decrease as carbon prices rise.

These findings highlight the potential effectiveness of carbon
pricing policies in promoting low-carbon industrial energy
systems.

6.4. Impact of Battery Capacity
Battery capacity significantly affects system flexibility.

Increasing battery storage capacity results in:
e  reduced reliance on grid electricity
e improved renewable energy utilization
e  lower operational cost during peak price periods.

However, beyond a certain threshold, the marginal benefit of
additional battery capacity decreases.

This finding suggests that optimal battery sizing is critical for
efficient energy management.

7. Conclusion and Future Work

7.1. Conclusion

This study proposed a hybrid stochastic—robust optimization
framework for energy management in industrial microgrids
with renewable energy integration. The model simultaneously
addresses expected system performance and worst-case
uncertainty, enabling more reliable and cost-effective
operational strategies.

The proposed approach incorporates photovoltaic generation
uncertainty, electricity price volatility, and carbon emission
costs into a unified optimization framework. A two-stage
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decision structure was developed to represent day-ahead
scheduling and real-time operational adjustments.

Simulation results from the industrial case study demonstrate
that the proposed hybrid model achieves a superior balance
between economic efficiency and operational robustness
compared with deterministic, stochastic, and purely robust
energy management approaches.

Key findings of the study include:

e  Hybrid uncertainty modeling significantly improves
cost stability under uncertain operating conditions.

e  Battery energy storage systems play a critical role in
mitigating renewable generation variability.

e  Adjustable risk parameters provide flexibility for
industrial operators to tailor energy management
strategies according to their risk tolerance.

e  Carbon pricing mechanisms can effectively promote
low-carbon operational decisions.

Overall, the proposed model provides a practical decision-
support tool for industrial energy management under
uncertainty.

7.2. Future Work

Although the proposed framework provides valuable insights,
several extensions can be explored in future research.

First, the model can be extended to incorporate additional
distributed energy resources such as combined heat and power
(CHP) systems and electric vehicle charging infrastructure.

Second, real-time energy management strategies using machine
learning techniques could be integrated with the optimization
framework to enhance predictive capabilities.

Third, the proposed model can be expanded to multi-microgrid
environments where energy sharing and cooperative energy
management are possible.

Finally, future studies may investigate large-scale
implementations of hybrid uncertainty models in national
energy systems and industrial clusters.
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Oz— Bu c¢alisma, radar, kablosuz haberlesme ve sensor
aglarinda kullanilmak iizere uyarlamali esiklemeye dayali bir
sinyal kaynagi belirleme yontemi sunmaktadr. Minimum Tanim
Uzunlugu (MDL), Akaike Bilgi Kriteri (AIC) ve yeni bir dzdeger
tabanlt uyarlamali esikleme yaklasimi olmak iizere ii¢ yontem,
guiriiltiilii, kisa menzilli ve birbirine yakin kaynaklarin bulundugu
kosullar icin tasarlanan ultra genis bant (UWB) sensor dizileri
iizerinde gergeklestirilen simiilasyonlarla karsilastirilmistir. MDL
ve AIC, model karmasikligi ile veri uyumunu dengelemek amaciyla
kovaryans matrisi ozdegerlerini kullanirken, onerilen uyarlamal
esikleme yontemi ozdeger dagilimina gore giiriiltii esigini dinamik
olarak ayarlayarak yiiksek giiriiltii kosullarinda kaynak sayist
tahmin performansin artirmaktadir. Sonuglar, tiim yontemlerin
diigiik giiriiltii kosullarinda iyi performans gosterdigini, ancak
onerilen yontemin yiiksek giiriiltii seviyelerinde veya kaynaklarin
birbirine yakin oldugu durumlarda daha yiiksek basari sagladigini
gostermektedir.  Ayrica  esik  fonksiyonundaki  duyarhilik
parametreleri hafif hesaplama yiikiine sahip bir arama yontemiyle
optimize edilerek  farkly  giiriiltii ~ seviyeleri ve  kaynak
konfigiirasyonlart altinda kararli performans elde edilmektedir.

Anahtar Kelimeler— Uyarlamali Esikleme, Kaynak Tahmini,
Ozdeger Analizi, Optimizasyon

Abstract— This study presents a method for identifying signal
sources using adaptive thresholding, crucial in radar, wireless
communication, and sensor networks. Three approaches, Minimum
Description Length (MDL), Akaike Information Criterion (A1C),
and a novel eigenvalue-based adaptive thresholding are compared
through simulations on ultra-wideband (UWB) sensor arrays
designed for noisy, low-range conditions with closely spaced
sources. MDL and AIC employ covariance matrix eigenvalues to
balance model complexity and data fit, while the proposed adaptive
thresholding dynamically adjusts the noise floor according to the
eigenvalue distribution, improving  source-enumeration
performance under high-noise conditions. Results show that all
methods perform well under low-noise conditions, but the proposed
method excels when noise is high or sources are closely located.
Additionally, sensitivity parameters in the threshold function are

optimized via a lightweight search, providing stable performance
across varying noise and source configurations.

Key Words— Adaptive Thresholding, Source Estimation,
Eigenvalue Analysis, Optimization

I. Introduction

Estimating the number of active signal sources remains a
major challenge in signal processing, which underpins
applications in sensor networks, radar systems, wireless
communication, and medical imaging. Accurate source
estimation improves network efficiency and channel
allocation in wireless systems, enables reliable multi-target
tracking in radar applications, and supports fault detection
and environmental monitoring in sensor arrays. [1], [2], [3],

(4], [5], [6], [7].

Eigenvector-based techniques are widely applied to
separate signal and noise components by analysing the
eigenvalues of the covariance matrix, which represent energy
distribution across dimensions. [8] The present work
employs this property to estimate the number of sources in
real time without explicitly constructing subspaces.
Compared with conventional time-domain approaches,
eigenvalue-based  methods  provide  source-number
information directly from the covariance eigenvalue
spectrum without requiring prior knowledge of the exact
source waveforms or explicit construction of an array
manifold [9], [10].

Several notable studies have contributed to this field.
Hyvédrinen and Oja advanced independent component
analysis algorithms [11] ; Huang et al. introduced an MMSE-
based MDL estimator [12]. Wiesel and Hero explored
decomposable  principal component analysis [13];
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Ouedraogo et al. developed a non-negative blind source
separation approach [14]; and Han and Nehorai enhanced
source estimation using nested and linear arrays [15].

This study compares three representative techniques:
Minimum Description Length (MDL), Akaike Information
Criterion (AIC), and a proposed eigenvalue-driven adaptive
thresholding scheme. MDL [16] and AIC [17], [18] are
established model-selection criteria balancing model
complexity and data fit through eigenvalues. While MDL
favours simplicity to prevent overfitting, AIC emphasises
prediction accuracy. In contrast, adaptive thresholding
dynamically adjusts the noise floor from the eigenvalue
distribution, maintaining effectiveness under varying noise
and source configurations.

The paper makes several contributions. It offers a
systematic comparison of MDL, AIC, and adaptive
thresholding under different noise environments,
demonstrating the latter’s advantage when noise is high or
sources are closely spaced. The study also integrates a
lightweight optimization framework for threshold parameters
(a,B), reducing heuristic dependence and ensuring
consistent performance. A brief computational analysis
confirms that the proposed approach shares the same cost
order as MDL and AIC but avoids extra overheads, making
it suitable for practical ultra-wideband (UWB) sensor
implementations.

The main contribution of this study is an optimized
adaptive source enumeration method that combines spectral
curvature  information, eigenvalue-based noise-floor
estimation, and data-driven threshold parameter selection
within a single procedure. Unlike MDL and AIC, which
determine the source number through penalized model-order
selection, the proposed method directly evaluates the
structure of the ordered covariance eigenvalues. First, the
second discrete difference of the eigenvalue sequence is used
to identify sharp spectral transitions between signal- and
noise-dominated components. This information is
incorporated into a weighted adaptive threshold rather than
treating all eigenvalues equally. Second, an MP-inspired
correction term is included to account for the finite-sample
spread of noise eigenvalues as a function of the sensor-to-
sample ratio. Third, the threshold sensitivity parameters are
selected through a lightweight coarse-search and local-
refinement procedure and are subsequently fixed for the
reported simulations. Thus, the contribution lies in the
combined use of discrete spectral-curvature weighting,
finite-sample noise correction, and optimized threshold
selection for source enumeration, rather than in eigenvalue
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thresholding alone.

The remainder of the paper is organized as follows.
Section II introduces MDL and AIC and presents the
proposed adaptive thresholding method, including the
weighting strategy, threshold formulation, parameter
optimization, and computational complexity. Section III
describes the implementation and simulation setup. Section
IV presents the comparative results under different SNR
levels and source separations and discusses the main
limitations of the method. Finally, Section V summarizes the
main findings and conclusions.

II. Methods

A. Minimum Description Length

The MDL [16], [18] criterion is a model selection
approach based on information theory, aiming to minimize
the total description length of both the model and the
observed data. The number of active sources in sensor array
systems can be estimated using MDL for signal processing.
This is done by analysing the eigenvalues of the sample
covariance matrix. The main principle behind MDL is to
balance model accuracy with complexity, preventing
overfitting by advancing simpler models. Given a covariance
matrix R derived from received signals at an array of N
sensors, its eigenvalues A4, 15, ..., A, represent the variance
of the signal components along different dimensions. The
MDL criterion for estimating the number of sources k is
formulated as:

1

N
MDL(k) = —T Z log (Af’T")

i=k+1

2N —k+1
CALARY

(1)
log(T),

where T is the number of time samples. The first term in this
expression represents the likelihood of the data fitting the
assumed signal model, while the second term penalizes
complex models to prevent overestimation. The optimal
number of sources k is determined by selecting the value that
minimizes MDL(k). This method is effective in
distinguishing between the signal and noise subspaces, as it
identifies the significant eigenvalues corresponding to the
signal sources.

Compared with AIC, MDL applies a stronger penalty to
model complexity, which generally reduces the tendency
toward model-order overestimation. But this stronger penalty
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does not imply better performance under high-noise
conditions. At low SNR levels, weak signal eigenvalues may
approach the noise eigenvalue cluster, increasing the
tendency of MDL to underestimate the number of active
sources. So, its performance depends on the separability of
the signal- and noise-related eigenvalues as well as the
applied complexity penalty [16], [17], [18], [19], [20], [21].

B. Akaike Information Criterion

The AIC [16], [17], [18] is a model selection method that
seeks to strike a balance between model intricacy and data
congruence. Statisticians generally use it in the context of
statistical signal processing to estimate the number of active
sources for sensor arrays. They do this by analysing the
eigenvalues of the sample covariance matrix. AIC is different
from the MDL criterion in that it is designed to minimise the
relative information loss by selecting the model with the
lowest penalised likelihood score. This is in contrast to the
MDL criterion, which imposes a stronger penalty on model
complexity. Given a covariance matrix R derived from the
received signals at an array of N sensors, its eigenvalues
A, A, -+, A represent the variance of the signal components
along different dimensions. The AIC criterion for estimating
the number of sources k is as follows:

N 1

AIC(K) = —2T z log (AF) +2k2N—k+1), ()

i=k+1

where T is the number of time samples. The first term in this
equation corresponds to the likelihood function, measuring
how well the model fits the data, while the second term serves
as a penalty to prevent overfitting by discouraging excessive
model complexity. The optimal number of sources k is
determined by selecting the value that minimizes AIC (k).
AIC uses a weaker penalty than MDL, so it often chooses
more complex models. This makes it useful when
underestimating the number of sources is a bigger problem
than overestimating. However, in high-noise conditions, AIC
may overestimate the number of sources due to its lower
penalization of complexity. [16], [17], [18], [19], [20], [21].

C. Adaptive Thresholding

The adaptive thresholding method dynamically
determines the number of active signal sources by analysing
the eigenvalue spectrum. Unlike traditional model selection
criteria such as MDL and AIC, which rely on predefined
penalty functions, adaptive thresholding adjusts itself based

on the statistical distribution of eigenvalues, allowing it to
perform well across different noise levels and signal
conditions. However, conventional adaptive thresholding
methods often consider all eigenvalues equally, potentially
leading to incorrectness when sources have varying power
levels. To address this, a weighted adaptive thresholding
approach is introduced, enhancing sensitivity to dominant
sources while suppressing noise components.

In an array signal model, a linear array that formed by N
sensors receives signals from k active sources. The received
signal matrix X can be expressed as;

X=AS+W, 3)

where A is the mixing matrix including the steering vectors
of the sources, S represents the transmitted source signals
over T time samples, and W is an additive noise matrix,
typically modeled as zero-mean Gaussian noise. From this
signal model, the covariance matrix R is computed as;

1
R ==Xx", 4
T “4)

where X is the Hermitian transpose of X. The eigenvalues
of R, denoted as A, = 1, = -+ = Ay, provide insight into the
energy distribution of the signal and noise components. The
larger eigenvalues correspond to active sources, while the
smaller eigenvalues represent noise. The signal model
considered in this study assumes additive spatially white
Gaussian noise and non-coherent source signals. Under these
conditions, the noise covariance is proportional to the
identity matrix, while statistically independent source
components contribute distinct signal-related eigenvalues to
the covariance spectrum. These assumptions provide the
basis for separating signal- and noise-dominated eigenvalues.
Therefore, the proposed method does not assume an arbitrary
signal environment; rather, it avoids requiring prior
knowledge of the exact source waveforms or an explicitly
constructed array manifold.

A key challenge in adaptive thresholding is the dynamic
determination of a threshold 7 that effectively distinguishes
signal-dominant and noise-dominant eigenvalues. Instead of
relying on a fixed threshold, this method estimates the noise
floor using statistical properties of eigenvalues. A common
approach is to define 7 as a function of the mean or median
of the eigenvalues;

)

T = a-median(};) or T = a-mean(};),
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where o is a scaling factor that adjusts the threshold
sensitivity. While effective in moderate noise environments,
this formulation does not account for variations in eigenvalue
importance. To increase the truthfulness of estimation, a new
weighted thresholding formulation incorporating eigenvalue
characteristics is proposed;

N
T=a- ) wd+p-o2(1++c). (6)
2

Where w; denotes the weight assigned to each eigenvalue
according to the local spectral variation described below,
while a controls the sensitivity of the eigenvalue-based
threshold component. The proposed weighting approach
assigns greater importance to regions where the ordered
eigenvalue spectrum exhibits sharp local variations. Since
the eigenvalue index is discrete, this variation is
characterized by the second discrete difference;

Azﬂi = A{i+1} — ZAL + A{i—l}} (7)
i=2,...M—-1

A larger magnitude of (A%A;) represents a stronger local

change in the spectral slope and therefore indicates a

potential transition between signal- and noise-dominated

eigenvalues.

The weighting strategy is based on the local structure of
the ordered eigenvalue spectrum. A pronounced change in
the second discrete difference indicates a stronger variation
in spectral curvature and therefore provides information
about a possible transition between signal- and noise-
dominated components. This transition information is
incorporated into the adaptive threshold so that eigenvalues
are not treated equally. In this formulation, regions with
stronger local curvature receive greater emphasis, allowing
the threshold to respond to the spectral separation observed
in the covariance eigenvalues. Since the calculation uses only
the ordered eigenvalues already obtained from the covariance
matrix, no additional eigenvector-based processing is
required.

The subspace separation in the proposed adaptive
thresholding method is performed by analysing the ordered
eigenvalue spectrum rather than explicitly using the
corresponding eigenvectors. The second discrete difference
provides local spectral-curvature information, and
eigenvalues around stronger transition regions are assigned
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greater importance in the adaptive threshold. Thus, the
weighting strategy incorporates the local structure of the
eigenvalue spectrum instead of treating all eigenvalues
equally. The procedure operates on the eigenvalues already
obtained from the covariance matrix and does not require
additional eigenvector-based processing.

The threshold formulation includes an MP-inspired
correction term [10], [22], to account for the finite-sample
spread of noise-related eigenvalues. In random matrix theory,
this spread depends on the ratio between the number of
sensors and the number of temporal observations.
Accordingly, the correction term incorporates the ratio
C = N/T ,together with the estimated noise variance ;2. In
the proposed formulation, § controls the contribution of this
noise-dependent correction to the adaptive threshold.

C=N/T , ¥

the ratio of the number of sensors (N) to the number of time
samples (T). The estimated number of sources is then
determined by;

N
n= I >1). )
2

Here, I(-) is an indicator function that assigns 1 if the
condition is met and 0 in other cases. This function forms the
output that only eigenvalues significantly above the noise
floor are classified as signal components.

Adaptive thresholding is an effective solution for source
estimation in array signal processing. This is achieved by
leveraging dynamic noise floor estimation, weighted
eigenvalue distributions and statistical noise modelling.
Incorporating noise-adaptive scaling factors and weighted
thresholding enhances its capacity to function in real-world
applications such as radar, ultra-wideband (UWB)
communication and multi-sensor networks, where signal
characteristics fluctuate dynamically. Furthermore, its utility
is demonstrated in civil defence scenarios, for example in
identifying the number of heartbeats beneath a collapsed
structure.

D. Optimization of Threshold Parameters a and f3

The sensitivity parameters in « and £ in (10) and (11)
directly control the threshold’s position relative to the
eigenvalue spectrum and play a decisive role in
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distinguishing signal and noise components. Instead of
assigning fixed values, these parameters are optimized as an
integral part of the proposed method.

To evaluate each candidate pair (@, §), a success rate metric

is used. For a given scenario d, the success rate n(a, | d)
is defined as

Number of correct source est.

n(a,pld)= (10)

Total number of trials

The success rate n(a, B | d) corresponds to the fraction of
trials in which the estimated number of sources matches the
ground truth. Maximizing its average across the validation
set D defines the objective function of the optimization.

The optimization objective is then expressed as

1
J@p) = ) n(wpld), (11

deD

where D denotes a validation set including representative
conditions such as SNR levels between —10 and +5 dB,
sensor array sizes of 7 and 9 elements, and minimum source
spacings between 0.05 m and 0.20 m. The optimal parameters
are determined by

(a",B") = arg maxqp J(a, B) - (12)

In practice, the optimization follows a two-step procedure:

e Coarse grid search [23]: A discrete grid of candidate
values is generated for a € [0.8,2.0] and 8 € [0,0.3].
Each pair is evaluated by computing J(«a, ) over the
validation set D.

e  Local refinement: The best-performing candidates are
further refined using a Nelder—-Mead [24] simplex
search, which efficiently locates the optimum without
requiring derivative information.

This lightweight procedure converges quickly and
introduces negligible additional cost, since the dominant
computation remains the eigenvalue decomposition of the
covariance matrix. The optimized pair (a*,B*) is
subsequently fixed and applied consistently in all reported
simulations.

Incorporating this parameter optimisation makes the
adaptive thresholding method statistically adaptive through
eigenvalue distribution analysis, as well as parametrically
tuned. This ensures stable performance across different SNR
and geometry scenarios.

E. Computational Complexity

The dominant cost in all methods is the eigenvalue
decomposition of the covariance matrix, which scales as
O(N”3) for an array of N sensors. MDL and AIC
additionally require scoring candidate orders, resulting in
O(N"3 + KN), where K is the maximum number of sources
considered. The proposed adaptive thresholding performs
only a threshold comparison after the decomposition,
maintaining O(N”3) complexity. The lightweight
optimization of o\alphaa and f (Sec. 2.D) involves a coarse
grid and a small number of refinement steps; since each step
reuses the same decomposition, the additional cost remains
negligible compared to the baseline operations.

III. Implementation

A. Pseudo-code

The steps of the proposed method are outlined in the
pseudocode below;

Pseudocode:

i. Input: Sensor data matrix X, number of sensors M,
number of temporal samples T, and noise variance 6,>.
ii. Compute: Sample covariance matrix:
R =(1/T) XX"
iii. Compute: Eigenvalues of R and sort them in
descending order:
M>Aa> >k

iv. Compute: Second discrete differences of the ordered
eigenvalues:

ANNi=hinn — 2N+ A, 1=2, ..., M—1
v. Identify: Dominant local variations in the second
discrete-difference sequence and determine the
corresponding eigenvalue weights wi.
vi. Compute: Adaptive threshold t using the weighted
eigenvalue information, optimized sensitivity parameters
a and B, and the MP-inspired correction term.
vii. Count: Eigenvalues above the adaptive threshold:
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A>T
viii. Qutput: Estimated number of active signal sources:
K= M I(A > 1)

B. Simulation

The present simulation example is concerned with the
estimation of the number of active signal sources in a linear
sensor array configuration by means of a technique known as
eigen-value distribution analysis. The example setup is
shown in Fig. 1. The setup consists of an array that has been
formed by 9 sensors which have been arranged linearly along
the x-axis, with a spacing of 0.12 metres to optimise
resolution.

Each sensor in the linear array receives signals from 7
sources located at varying distances (ranging from 1.7 m to 4
m) and angles (ranging from -15° to 15°). The signals
received at array experience time delays depending on the
distances they travel, so interpolation is used to align the
signals at each sensor. The sensor outputs are then used to
compute the sample covariance matrix, from which
eigenvalue decomposition is performed.

Sensor and Source Positions

4r X
351
X
3 X
~25F
B X
g
E 27 X X
z
= X
~ 15t
1 -
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0.5 ®  Sources
'o—0—0—@ @ *—0——0——©@
-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5

X Position (m)
Fig. 1. Distribution of the linear sensor array and signal sources.

The system works at a centre frequency of 2.4 GHz, with
a sampling rate of 24 GHz to make sure that time is measured
very accurately. The SNR calculation is used to evaluate
performance. This is done by simulating realistic signal
conditions using Gaussian noise with a proper variance.
Broadband characteristics suitable for UWB applications are
ensured by the transmitted signals being high-order Morlet
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pulses.

The simulations are conducted under a temporally
oversampled condition, where the number of temporal
observations (T) is greater than the number of array sensors
(M), i.e., (T > M). Accordingly, the received data matrix
contains sufficient temporal observations for estimating the
(M x M) sample covariance matrix. This condition reduces
the risk of rank deficiency associated with an insufficient
number of observations and provides a more suitable
eigenvalue spectrum for signal-noise separation. It is also
consistent with the ratio (c = M/T < 1) used in the MP-
inspired correction term. Therefore, the reported
performance corresponds to the temporally oversampled
operating condition considered in this study.

Fig. 2 presents the Morlet wavelet signal and its
corresponding Fourier spectrum at a centre frequency of
approximately 2.5 GHz. The top plot illustrates the Morlet
wavelet in the time domain, locally showing a sinusoidal
oscillation. The bottom plot displays its Fourier spectrum,
which exhibits a sharp peak around 2.4 GHz, confirming the
dominant frequency of the wavelet. The frequency spectrum
also shows minor side lobes, which result from the finite time
window of the signal. The presence of low-level noise in both
the time and frequency domains suggests realistic signal
conditions, which may impact signal resolution but remain
within acceptable limits for the UWB applications.

(a) Morlet wavelet
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Fig. 2. Ultra-Wideband signal used in implementation.
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This signal type and system geometry is well-organized
for electromagnetic near-field conditions [25], [26], because
in this region the source distance is comparable to or smaller
than the wavelength, causing the wavefront to take a
spherical form rather than planar propagation. Conventional
methods, which assume planar wavefronts, may introduce
errors in source estimation under such circumstances. In
contrast, the proposed adaptive thresholding method does not
depend on explicit array manifold models or steering vectors;
instead, it relies solely on the statistical separation of signal-
and noise-dominated eigenvalues. This separation continues
to hold in near-field propagation, as the covariance matrix
still reflects the number of independent sources regardless of
the wavefront shape. Moreover, the integration of parameter
optimization and MP-based correction stabilizes the
threshold even when eigenvalue spreads are affected by near-
field curvature or broadband effects. As a result, the method
remains effective in indoor radar and short-range
communication systems, where high-resolution source
detection is required despite the complex wave interactions
inherent to near-field geometries.

For each time step, the sorted eigenvalues of the

covariance matrix are analysed. MDL and AIC compute
likelihood-based penalties, while the adaptive threshold
dynamically identifies significant eigenvalues above the
noise floor. The estimated number of sources is derived by
selecting the minimizing index for MDL and AIC, while
adaptive thresholding counts eigenvalues exceeding the
computed noise threshold [27], [28].
For each scenario in the validation set D, the optimized
parameter pair (a*,8*) obtained in Sec. 2.D was applied,
ensuring consistent parameter settings across different SNR
levels and array geometries.

IV. Results and Discussion

A. Source Enumeration under Noise Variation

The performance of MDL, AIC, and proposed adaptive
thresholding is evaluated under different SNR levels and
source configurations. Each method is tested multiple times
in a loop to determine its ability to accurately estimate the
number of sources in different randomized noise
environments. The results show how noise affects their
performance and highlight the advantages of adaptive
thresholding in challenging conditions. Fig. 3 shows the
results for noise environments by their SNR in the following.

Formulation of the success rate is determined in (10). In

Fig. 3 one can see the performance metrics of all three
algorithms. Measurements are taken by 1000 independent
runs for each SNR level between -15dB and 15dB. The result
differences on each run are caused by the randomness of the
noise figure. Algorithm’s truthfulness is one of the key
expectations of the evaluation.

Number of Sue ston
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Fig. 3. performance evaluation of the algorithms (for 1000 runs)

The performance evaluation of the number of source
estimation methods whose results are given in Fig. 3 which
demonstrates the advantages of adaptive thresholding versus
the traditional approaches. In low-SNR conditions, MDL and
AIC fail to distinguish signal components from noise that
results with low success rates.

The proposed adaptive thresholding method outperforms
both, maintaining relatively higher accuracy by dynamically
adjusting the noise floor. However, this improvement does
not necessarily imply acceptable overall performance. As the
SNR increases, AIC shows improvement, but adaptive
thresholding reaches a better success rate faster. This
indicates that the adaptive method is more effective in
handling varying noise levels and closely spaced sources.

Table 1. presents the summary of the achievements and
comments for categorized SNR levels. At high SNR values,
all methods eventually achieve nearly 100% accuracy, but
the adaptive approach converges more quickly. MDL
remains the slowest, often underestimating the number of
sources in moderate-SNR conditions. AIC performs better
than MDL but still lags behind the adaptive method in
complex scenarios.
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TABLE I
AVERAGE SUCCESS EVALUATION FOR CATEGORIZED SNR LEVELS

SNR ranges
(-15,-10) dB (-10, -5) dB (-5,0)dB 0,5)dB (5,10) dB (10, 15) dB
MDL Avg (%) 7.5 11.9 232 61.7 94.2 98.6
AIC Avg (%) 153 28.4 56.2 87.9 97.8 98.8
Proposed Avg (%) 20.9 38.7 87.8 99.1 99.2 99.5

Success rates are Success rates are
low. MDL is the increasing. MDL
lowest, the
proposed methoc AIC and the
performs better. proposed method
perform better.

Observation

Success rates rise
rapidly. The proposed levels. The
remains low, whili method shows the bes proposed metho success rates.
performance.

All methods All methods show
achieve very hig near-optimal
performance in this
range.

High success

is nearly perfect

One advantage of the proposed method is that it does not
directly depend on the geometric distribution of sources.
Traditional subspace-based methods often require well-
separated sources for accurate estimation, but adaptive
thresholding can detect sources even in complex or irregular
geometries. This makes it useful in environments where
sources are randomly placed or closely spaced. Another
strength is its ability to resolve neighbouring sources more
effectively. Since the method adapts dynamically to the
eigenvalue distribution, it can separate weak and strong
sources without assuming a predefined structure.

B. Close-Source Discrimination Performance

In Fig. 4, an additional simulation experiment is conducted
to comparatively evaluate the ability of the algorithms to
resolve closely spaced active sources. Two separate sources
are added to the same experimental scene, positioned at an
average distance of 2 meters from the array centre. The
distance between these two closely spaced sources varies
between 0.05 and 0.25 meters. Each distance configuration is
simulated 1000 times, and the following results are obtained
regarding the success rates.

56 /92

Sensor and Source Positions

4
35¢F
5L
~25F
g
5
= 2r X
3
~ X
>"15,
L
0.5

0'o— @ ——0—@ @ *———0—¢@
-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5
X Position (m)

Fig. 4. Simulation scenario for detection of close sources.

Table II presents the success rates of the three methods in
detecting closely spaced sources. The adaptive thresholding
method significantly outperforms MDL and AIC, especially
when the distance between sources is small. At 0.05 meters
separation, the adaptive method achieves nearly 60%
success, while MDL and AIC struggle below 30%. As the
source distance increases, all methods improve, but the
adaptive thresholding still provides the highest success rate.
At 0.25 meters, all methods approach good accuracy, but the
adaptive method converges to this level much faster.
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When the distance between sources was very small (0.05—
0.10 m), the optimized parameters (a*, 8*) provided a clearer
separation between signal and noise eigenvalues. These
results include the optimized parameter setting described in
Sec. 2.D, which ensures stable performance even in close-
source scenarios.

The close-source results show that the performance
differences between the methods are most evident at small
source separations. At 0.05 m, the proposed method achieves
a success rate of 58.9%, compared with 28.4% for AIC and
19.5% for MDL. At 0.10 m, the corresponding success rates
increase to 75.3%, 43.2%, and 32.1%, respectively. These
results indicate that the eigenvalue-based adaptive threshold
provides a clearer distinction between signal- and noise-
related components under the tested close-source conditions.
The optimized parameter setting described in Section II-D is
used throughout these experiments and contributes to the

observed performance across the evaluated source spacings.
TABLE Il
SUCCESS RATES FOR CLOSE SOURCE DISCRIMINATION

. Adaptive
Distance MDL AIC Thresholding
Between Success Success Success Rate
Sources (m) Rate (%) Rate (%) (%)

()
0,05 19,5 28,4 58,9
0,10 32,1 432 75,3
0,15 50,8 71,7 84,2
0,20 86,4 88,9 97,6
0,25 96,3 98,2 99,3

As the source spacing increases, the performance
difference between the methods gradually decreases. At 0.20
m, the proposed method reaches 97.6% success, while MDL
and AIC reach 86.4% and 88.9%, respectively; at 0.25 m, all
three methods exceed 96%. The proposed method determines
the threshold from the ordered eigenvalue spectrum and uses
the second discrete difference to characterize local spectral
transitions. Since these operations are performed directly on
the eigenvalues obtained from the covariance matrix, the
procedure does not require additional eigenvector-based
processing. This keeps the source-enumeration procedure
computationally simple while preserving the performance
advantage observed under the more challenging source-
spacing conditions.

C. Statistical Confidence Analysis

To quantify the statistical uncertainty of the reported
success rates, a confidence analysis was performed using the
1000 independent trials conducted for each source-spacing
condition. Since each trial results in either correct or incorrect
source-number estimation, the success rate is treated as a
binomial proportion. For a given method and test condition,
the estimated success probability is,

Ncorrect

p= , (13)

Nruns

where (Ncorrect) denotes the number of correct source-
number estimates and (Np,,s = 1000). The corresponding
standard error is

p(1 —p)

(14)
erll’lS

SE®) =

Based on this formulation, the approximate 95% confidence
interval is calculated as,

Clysy, = P = 1.96SE (p) . (15)

Table III presents the resulting confidence intervals for the
close-source experiment. The statistical analysis supports the
differences observed in Table II. At the most challenging
spacing of 0.05 m, the proposed method achieves a success
rate of 58.9% with a 95% confidence interval of 55.9-61.9%,
whereas AIC and MDL yield intervals of 25.6-31.2% and
17.0-22.0%, respectively. The confidence intervals of the
proposed method and both conventional methods remain
non-overlapping between 0.05 m and 0.20 m. This indicates
that the observed performance differences within this range
are substantially larger than the sampling uncertainty
associated with the 1000 independent trials. At 0.25 m, the
intervals become closer as all methods reach high source-

enumeration success rates.
TABLE III
95% CONFIDENCE INTERVALS FOR CLOSE-SOURCE
ENUMERATION SUCCESS RATES

Source MDL 95% AIC 95% Proposed
Spacing (m) CI (%) CI (%) 95% CI (%)
0.05 17.0-22.0 25.6-31.2 55.9-61.9
0.10 29.2-35.0 40.1-46.3 72.6-78.0
0.15 47.7-53.9 68.9-74.5 81.9-86.5
0.20 84.3-88.5 87.0-90.8 96.7-98.5
0.25 95.1-97.5 97.4-99.0 98.8-99.8
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To quantify the statistical uncertainty of the reported
success rates, 95% confidence intervals were calculated
using the binomial proportion model, with (N=1000)
independent trials for each source-spacing condition. The
resulting intervals are presented in Table III. The separation
between the methods is especially clear at short source
distances. At 0.05 m, the proposed method achieves a 95%
confidence interval of 55.9-61.9%, compared with 25.6—
31.2% for AIC and 17.0-22.0% for MDL. The confidence
intervals remain non-overlapping up to 0.20 m between the
proposed method and both conventional methods, indicating
that the observed advantage is substantially larger than the
Monte Carlo sampling uncertainty. At 0.25 m, the intervals
become closer as all three methods approach their high-
SNR/high-separation performance region.

D. Practical Considerations and Limitations

The ability to resolve closely spaced sources is influenced
not only by the estimation method but also by various
physical and signal processing parameters. Line-of-Sight
(LOS) conditions play a crucial role, as multipath
interference and non-line-of-sight (NLOS) effects can alter
the eigenvalue structure, affecting source separation.
Operating frequency and bandwidth also impact resolution,
where higher frequencies and wider bandwidths generally
improve spatial resolution but may introduce additional noise
sensitivity.

The present evaluation assumes spatially white Gaussian
noise and non-coherent sources. Under this assumption, the
noise covariance satisfies R,, = 021, which supports the
formation of a compact noise-eigenvalue region used by the
proposed threshold. For colored noise, where R,, # 0,21, the
noise eigenvalues may exhibit a wider and non-uniform
distribution, and the present MP-inspired correction may
therefore require modification. Similarly, strong source
correlation or coherence can reduce the effective rank of the
signal covariance and decrease the separation between
signal- and noise-related eigenvalues. These cases are
outside the present simulation scope and constitute important
directions for further evaluation, including covariance
prewhitening or spatial-smoothing strategies.

Despite the many advantages of adaptive thresholding,
there are challenges when implementing it in real-world
scenarios. The approach depends on assumptions about the
behaviour of the eigenvalues, which may require
modifications for different contexts. While adaptive
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thresholding is generally effective, sudden changes in noise
can affect its accuracy. Subsequent studies could improve
upon this methodology by refining the threshold calculation
to accommodate a broader range of scenarios.

The proposed method's ability to function in both near-
field and wideband scenarios is another of its key strengths.
The eigenvalue-based thresholding strategy is different from
traditional space-based approaches, which rely on planar
wavefront assumptions. It does not require explicit manifold
modelling. Even in situations involving spherical
wavefronts, such as in short-range UWB conditions, the
method maintains its capacity to effectively differentiate
between signal and noise eigenvalues. The broadening of the
applicability of the approach to indoor radar and short-range
communication systems, where near-field effects are
dominant, is a feature of this.

V. Conclusion

This study presents an optimized adaptive thresholding
method for estimating the number of active signal sources
and compares its performance with MDL and AIC. The
results show that the proposed method achieves higher
source-enumeration success rates under low-SNR conditions
by dynamically adjusting the noise threshold. It also reaches
high success rates at lower SNR levels and performs
consistently across the tested noise conditions. The method
requires only eigenvalue-based operations after covariance
estimation, which keeps the computational structure simple.
In addition, the threshold parameters are optimized before
testing and then fixed for the reported simulations, allowing
the method to adapt to different SNR and source-spacing
conditions without adding substantial computational cost.
Overall, the proposed method provides an effective
alternative to MDL and AIC for source enumeration in radar,
wireless communication, and sensor-array applications.
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Ozet

Trafik kazalari, kiiresel ¢apta biiyiik kayiplara yol agan ciddi
bir sorundur ve temelinde yorgunluk, dikkat kaybi ile uyku hali
gibi insani faktorler yatar. Erken donem ADAS sistemleri dig
tehditleri ve arag¢ dinamiklerini izleyerek daha ¢ok reaktif
(tepkisel) ~ dnlemlere odaklamirken, — giiniimiizde — proaktif
(6nleyici) Siiriicii Izleme Sistemlerine (SIS) dogru temel bir
paradigma degisimi yasanmaktadir. Bu modern sistemler,
kritik bir durum heniiz ortaya ¢ikmadan riskleri tahmin edip
onleyebilmek adina dogrudan siiriiciiniin viicudundan alinan
fizyolojik verileri kullanir. Bu ¢alisma, makine 6grenmesi (MO)
modellerinin siiriicii fizyolojik verilerini analiz etmede nasil
kullamldigim  incelemekte;  simiflandirma  ve regresyon
yaklasimlarini karsilagtirmali olarak ele alan kapsamli bir
literatiir derlemesi sunmaktadir. Calismada temel fizyolojik ve
davramissal metrikler incelenmis, cesitli MO modellerinin
uygulama alanlari ve etkinlikleri analiz edilmis; ayrica veri
degiskenligi, gercek zamanli igleme zorluklari ve sensor
kasitlamalart  gibi  kritik sorunlar tartisilmistir. Derleme
sonucunda, derin dgrenme ydntemlerinin artan giicii ve bu
sistemlerin gercek diinya kosullarinda saglam, genellenebilir
bir sekilde ¢alisabilmesi icin ¢ok modlu sensér fiizyonunun
tasidig stratejik onem agik¢a vurgulanmaktadir.

Anahtar kelimeler: Makine Ogrenmesi (MO), Derin Ogrenme
(DO), Siiriicii Izleme Sistemi (SIS), Fizyolojik Sinyaller, ADAS

Abstract

Traffic collisions remain a devastating global issue. Human
error — specifically fatigue, loss of focus, and drowsiness —
plays a massive role in these tragic events. Early Advanced
Driver Assistance Systems (ADAS) mainly took a reactive
approach, keeping an eye on external threats and vehicle
movements. However, the automotive industry is currently
undergoing a massive philosophical shift toward proactive
Driver Monitoring Systems (DMS). Instead of waiting for a car
to swerve, these modern setups look directly at the driver's own
physiological data. By doing so, they can predict and neutralize

risks long before an actual emergency happens. This paper
takes a deep dive into how researchers are applying machine
learning (ML) models to analyze this physiological data,
specifically  comparing  classification —and  regression
techniques. The core behavioral and physical metrics are
broken down, to evaluate how well different ML algorithms
actually perform, and tackle the messy, real-world challenges
like sensor limits and unpredictable data. Ultimately, this
review points out that deep learning is rapidly taking over the
field, and combining different types of sensors (multimodal
fusion) is the smartest strategy for building reliable systems that
work in chaotic, everyday driving conditions.

Keywords: Machine Learning (ML), Deep Learning (DL),
Driver Monitoring System (DMS), Physiological Signals,
ADAS

1. Introduction

Driving is a complex, dynamic task that requires drivers to
continuously integrate visual input, cognitive judgment, and
physical control [6]. This continuous demand on attention
causes mental workload to fluctuate, at times pushing drivers
toward inattention or fatigue — factors that are responsible for
a substantial share of traffic accidents worldwide [7]. Existing
driver-assistance technologies, such as lane-departure and
forward-collision warnings, address this problem reactively:
they intervene only after a hazardous situation has already
begun to develop, rather than addressing its root cause, namely
the compromised physiological or cognitive state of the driver
[1].

Consequently, the automotive safety field is undergoing a
shift from reactive interventions toward proactive Driver
Monitoring Systems (DMS). Continuous assessment of
physiological data provides a direct and objective measure of a
driver's internal state [2], enabling predictive rather than
reactive interventions. This need is amplified by the growing
automation of driving tasks, which paradoxically increases the
risk of driver disengagement and reduced vigilance.

Driver-state monitoring has been studied by human-factors
researchers for decades, drawing on foundational concepts such
as the Yerkes—Dodson law of arousal [6]. Recent advances in
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low-cost, high-fidelity sensing have accelerated interest from
both academia and industry in monitoring driver state alongside
vehicle state [6]. This interest has translated into regulatory
action: the European Union mandated DMS in all new vehicle
models beginning in 2024, and Euro NCAP now awards safety-
rating credit to vehicles equipped with such systems [2]. Recent
systematic reviews confirm that the field has grown rapidly
across vision-based, physiological, and multimodal approaches,
with an increasing share of studies now employing deep
learning rather than classical pipelines [33], and highlight that
distraction- and drowsiness-detection research remains
dominated by visual modalities even as physiological and
multimodal methods gain traction [34]. Complementary
surveys of cognitive-state recognition report that deep learning
became the dominant methodology in this space by 2023,
alongside a broader movement toward multimodal
physiological sensing [3], while a systematic review of driver-
state detection technologies further catalogues the growing
diversity of physiological and vehicular sensing approaches
[35], and device-level reviews continue to track new wearable
and health-monitoring hardware entering this application space
[36].

Modern sensing technologies allow continuous, largely
unobtrusive acquisition of physiological signals — including
heart rate, respiration, and eye movement — while a person
drives [6]. However, raw physiological data has limited value
without interpretation, which is where machine learning
becomes essential: ML algorithms are able to extract subtle,
non-obvious patterns from complex biological signals that
correspond to states such as drowsiness or distraction [10].

This paper reviews current machine learning strategies for
interpreting driver physiological data, focusing on two
complementary paradigms: classification, which assigns
discrete driver states (e.g., "awake" versus "drowsy"), and
regression, which predicts driver state on a continuous scale.
Section 2 outlines the physiological and behavioral indicators
used in this literature; Section 3 reviews the ML models applied
to these indicators; Section 4 discusses evaluation metrics, data-
quality challenges, and multimodal sensor fusion; Section 5
presents an original experimental case study applying several
of these models to a physiological dataset; and Section 6
concludes with implications for future work.

2. Methods: physiological and behavioral
indicators

2.1. Physiological measures from the human body

2.1.1. Cardiovascular markers

Heart rate (HR) and heart rate variability (HRV) are frequently
examined because they provide a direct window into autonomic
nervous system activity [6]. Under stress, fatigue, or cognitive
overload, heart rate typically increases while HRV decreases,
and these physiological shifts are often associated with
degraded driving performance [12]. Electrocardiography
(ECG) remains the gold-standard acquisition method, although
its reliance on skin-contact electrodes limits comfort and
practicality in everyday driving. Photoplethysmography (PPG)
offers a less intrusive alternative with comparable diagnostic
value [13].

2.1.2. Neurophysiological signals

Electroencephalography (EEG) captures the brain's electrical
activity and is highly informative regarding alertness state. The
slow & (0.5-4 Hz) and 0 (4-8 Hz) bands become dominant
during the onset of sleep, whereas o (8-14 Hz) and B (14-25
Hz) bands are associated with relaxed or actively attentive
states [14]. A shift in spectral power from f toward o and 0
activity is a reliable indicator of increasing drowsiness [14].
Electrooculography (EOQG) is similarly effective for drowsiness
detection, as it measures blink duration and Slow Eye
Movements (SEM) [15]. Electrodermal activity (EDA, also
referred to as GSR) quantifies sweat-gland activity via skin
electrical resistance and serves as a proxy for mental workload

[6].
2.2. Behavioral and vehicular cues

Camera-based facial monitoring provides an effective, non-
invasive alternative to physiological sensing [16]. In-cabin
cameras can detect heavy eyelids, yawning, and head-drooping
behavior. A widely used metric is PERCLOS, defined as the
percentage of time a driver's eyelids are at least 80% closed [8].
Vehicle-based indicators, such as irregular steering or lane-
position drift, can likewise suggest a compromised driver state,
although such measures must be interpreted cautiously, since
poor road conditions or individual driving habits can confound
the signal [19].

Table 1: Summary of physiological and vehicular signal types for driver state monitoring.

Signal Type Derived Metric(s) Indicator(s) Source Deployment
Cardiovascular HR, HRV Workload, Stress ECG, PPG Contact / Non-contact
Neurophysiological EEG Bands (8,0,a,p) Alertness, Drowsiness EEG Invasive
Ocular Blink Duration, SEM Drowsiness EOG, Camera Contact / Non-intrusive
Autonomic (EDA) SCL, SCR Arousal, Workload GSR Sensor Contact
Behavioural PERCLOS, EAR, MAR Drowsiness, Fatigue Camera Non-intrusive
Vehicular SteerlnglsAe I:/gle’ Lane Fatigue, Aggression In-vehicle Sensors Non-intrusive
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3. Machine learning paradigms for driver
state analysis

3.1. Driver state classification: categorical detection

3.1.1. Traditional machine learning

Traditional ML algorithms dominated the field prior to the
widespread adoption of deep learning. Support Vector
Machines (SVMs), for example, have proven effective at
detecting impaired driving; combining physiological and
vehicle-movement features, researchers achieved
approximately 70% classification accuracy [21]. Random
Forest classifiers also perform well when provided with hand-
crafted features such as eye aspect ratio (EAR), effectively
separating alert from drowsy drivers [23].

3.1.2. The rise of deep learning

Convolutional Neural Networks (CNNs) have substantially
advanced the field, particularly for the analysis of video streams
and raw physiological signals [3]. Numerous well-established
architectures have been applied to the drowsiness-detection
problem, including VGG16, MobileNet, ResNetS0V2, and
AlexNet [16]. Reported results are often striking: one study

achieved 99.71% accuracy with ResNet50V2 on the
NITYMED database [26], while another employed an ensemble
of CNNs operating solely on in-vehicle sensor data and
achieved a 94.2% detection rate [20].

3.2. Driver state regression: continuous prediction

3.2.1. Continuous physiological metrics

Rather than assigning discrete labels such as "awake" or
"asleep," regression models predict driver state on a continuous
scale, which is well suited to variables such as PERCLOS or
seat-pressure distribution [9]. XGBoost has demonstrated
particularly strong performance in this context: one study
predicting PERCLOS achieved an RMSE of 3.847 and an
adjusted R? of 0.996 [18].

3.2.2. Predicting subjective states

The Karolinska Sleepiness Scale (KSS), a 9-point self-report
instrument, is commonly used and correlates strongly with
objective EEG measures [28]. Regression-based estimation of
KSS enables multi-stage warning architectures, for example
issuing a mild alert at KSS level 5, an intensified alert at level
7, and an autonomous braking or pull-over response at level 9.

Table 2: Comparative Overview of Machine Learning Models for Driver State Detection.

Model Type Typical Input Performance Key Strength
SVM Classification HRYV, blink duration 70% accuracy Effective with small datasets
Random Forest Classification EAR, MAR High accuracy Robust; diverse data types
CNNM((I}Q?SEL%O V2, Classification Image/video streams Up t0 99.71% Automates feature extraction
Ensemble CNN Classification In-vehicle sensors Up to 94.2% Handles multiple states
XGBoost Regression Physiological/behav. RMSE=3.847, R*=0.996 Efficient, explainable
Functional Lin. Reg. Regression Physiological vars. ~90% accuracy Interpretable models

4. Performance metrics, datasets, and
multimodal fusion

4.1. Evaluation metrics for robustness

Accuracy alone can be misleading, particularly when the
underlying dataset is imbalanced [20]. For classification tasks,
Precision, Recall, and Fl-score provide a more complete
picture of model behavior [9]. For regression tasks, RMSE and
MAE remain the standard metrics for quantifying prediction
error [18].

4.2. Challenges in data collection and generalization

Achieving reliable performance in a controlled simulator does
not guarantee equivalent performance under real-world driving
conditions, and generalization remains a significant challenge
[20]. Inter-individual physiological variability — arising from
genetic, cultural, and situational factors — means that a stress-
induced heart-rate response can differ substantially between

individuals [30]. Consequently, it is not unusual for model
accuracy to fluctuate by several percentage points across
different test sessions or conditions [30]. Sensor-comfort trade-
offs compound this challenge: high-fidelity sensors such as
EEG caps are often impractical for continuous everyday use,
while low-cost, non-intrusive cameras are highly sensitive to
lighting conditions and frequently degrade in performance after
dark [19].

4.3. Overcoming limitations with multimodal sensor fusion

Multimodal sensor fusion addresses the limitations of any
single sensing modality. By combining physiological signals,
facial-camera feeds, and steering-wheel inputs, researchers
obtain a substantially more complete representation of driver
state [4]. No individual sensor is fully reliable on its own; fused
approaches have been reported to push Fl-scores as high as
96.10% [9]. Industry implementations, such as those from
Rheinmetall and BlackBerry, similarly demonstrate that
combining camera and radar data is central to building systems
that are robust in real-world deployment.
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6. Deployment &
Real-Time Application

In-Vehicle Systems,
Real-Time Prediction,

Driver Alerts
Continuous Feedback Loop

Figure 1: Driver State Analysis Flowchart in This Study.

5. Experimental study: ML models on SLR . |
physiological dataset 1. Regression results

Three regression algorithms were evaluated for their ability to

predict the driver's continuous state: Linear Regression, a

Decision Tree, and a Random Forest.

To evaluate these concepts empirically, the publicly available
Kaggle Driver Physiological Dataset [37] was used, which
provides continuous recordings of three physiological channels
— body temperature, heart rate, and peripheral oxygen

saturation (SpO2) — collected from [authors: please confirm Table 3: Regression Model Results.

exact sample size, sensor hardware, and sampling protocol]

under simulated driving conditions. Records containing Model MSE | RMSE | MAE R’
missing values or physiologically implausible readings (e.g., Linear Regression 1.59 1.26 0.90 0.70
SpO2 outside the 70-100% range) were removed prior to Decision Tree 0.31 0.56 0.15 0.94
analysis, and raw body-temperature readings were converted Random Forest 0.23 0.48 0.20 0.96

from Fahrenheit to Celsius. The resulting features were
standardized (zero mean, unit variance) and expanded into a
five-dimensional feature space [authors: please confirm the
specific derived variables used to expand from three raw signals

The Random Forest Regressor substantially outperformed
the alternative models (R*> = 0.96, RMSE = 0.48),
demonstrating strong generalization without evidence of

to five features] before Principal Component Analysis (PCA)
was applied, reducing the feature space to two principal
components that jointly explained over 90% of the total
variance. The dataset was then partitioned into training and test
subsets using an 80/20 split, with class balance verified between
the stressed (Driver State > 7) and non-stressed (Driver State <
7) groups.

overfitting to noise in the training data. Linear Regression
performed considerably worse (R? = 0.70), consistent with the
expectation that physiological relationships are rarely well
approximated by a linear model.

5.2. Classification results

The models were then evaluated on a binary classification task:
whether the driver was stressed (Driver State > 7, class 1) or
relatively calm (Driver State < 7, class 0).

Table 4: Classification performance comparison of models for driver state detection.

Model Accuracy Prec. 0 Rec. 0 F10 Prec. 1 Rec. 1 F11
Logistic Reg. 0.88 0.81 0.81 0.81 0.91 0.91 0.91
Decision Tree 0.99 0.97 0.99 0.98 0.99 0.99 0.99

Random Forest 0.98 0.95 1.00 0.98 1.00 0.98 0.99
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Figure 2: Regression Plots: Actual vs. Predicted Values.
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Figure 3: Confusion Matrices for Classification Models.

Both the Decision Tree and Random Forest classifiers
achieved high accuracy, exceeding 98%. Random Forest in
particular achieved perfect recall for the calm state (class 0) and
an AUC approaching 1.00. Logistic Regression, despite its
simplicity, still achieved a respectable 87.8% accuracy. These
results indicate that tree-based ensemble methods are highly
effective for classifying driver state from physiological data.

5.3. Feature importance and permutation analysis

Model interpretability analysis revealed that SpO2 consistently
emerged as the dominant predictive variable across all models.
Body temperature ranked second in importance, while heart rate
contributed comparatively less to model decisions. A
permutation importance test confirmed that this ranking was
robust rather than incidental (Table 5). Partial Dependence

Plots (PDPs) further revealed a clear trend: higher SpO2 values
were strongly associated with classification as the stressed state.
This finding is biologically plausible, as variation in blood
oxygen saturation is closely linked to overall physiological and

cognitive state.

Table 5: Permutation Importance of Features.

Feature Importance Mean | Importance Std
SpO2 0.38 0.02
Body
Temperature 0.09 0.02
Heart Rate 0.05 0.01
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6. Conclusions

This experimental case study demonstrates that machine
learning models can accurately track and predict physiological
driver state. Among the features examined, SpO2 emerged as
the most influential predictor. For continuous-state prediction,
the Random Forest Regressor performed best, achieving an R?
of 0.96; for discrete-state classification, the Random Forest
Classifier again performed best, achieving approximately
98.4% accuracy. These results are consistent with known
physiological relationships, as blood-oxygen saturation is
closely linked to human stress response and cognitive
performance.

The broader field has evolved considerably beyond
classical machine learning toward deep learning and complex
multimodal sensor fusion, and the present experimental results
— obtained from a comparatively simple, single-modality
tabular dataset using classical models — should be interpreted
within that context. As reviewed in Section 3.1.2 and Section
4.3, CNN-based architectures and multimodal fusion pipelines
have achieved substantially higher and more robust
performance than the classical models evaluated here when
applied to richer, higher-dimensional sensor streams such as
video or  multi-channel  physiological  recordings

[3,4,9,16,20,26,33,34]. A natural extension of this work is
therefore to apply deep learning architectures (e.g., 1D-CNNs
or LSTM networks) to time-resolved physiological signals, and
to augment the present single-modality dataset with
complementary sensing channels — such as facial video or
EEG — to evaluate whether multimodal fusion yields the
accuracy and robustness gains reported elsewhere in the
literature; this extension was beyond the scope of the tabular,
session-level dataset used in the present case study and is
identified here as a priority for future work. Beyond this, the
industry must focus on several additional priorities. First, more
comfortable sensing modalities (e.g., remote
photoplethysmography, rPPG) are needed. Second, models
must be developed that adapt to inter-individual physiological
variability. Third, Explainable Al (XAI) techniques should be
prioritized so that regulators and end users can trust these
systems. Finally, validated algorithms must be shown to operate
reliably in real time within an actual vehicle.
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raw body temperature data was converted into Celsius before
running the analyses.
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Ozet

Bu ¢alismada, denetim girisi bilinen ve sabit bir gecikmeye
ugrayan n-baglantili robot manipiilatorler igin, dogrudan
gorev uzayinda c¢alisan kendi kendini uyarlayan bulanik
mantik tabanli bir denetleyici gelistirilmektedir. Manipiilator
dinamiklerinin bilinmedigi varsayilmaktadr. Tiim belirsizlik,
ctkis  agirliklart ile iiyelik fonksiyonlarmin merkez ve
geniglikleri  projeksiyon operatorlii e-modifikasyon
yasalariyla ¢evrimigi giincellenen bir bulanik ag tarafindan
yaklastirilmaktadir. Gecikme bilindiginden, telafi terimi
gercek gegmis denetim degerlerinin tistel agirlikli integraliyle
kurulmaktadir. Béylece gecikmeli giris, hata dinamiklerinden
gecikme wyumsuzlugu terimi dogurmadan ¢ikarilmaktadr.
Izleme hatasin yari-global diizgiin nihai sirli (SGUUB)
oldugu, Lyapunov—Krasovskii  terimleriyle — genisletilmis
bilesik bir fonksiyonel ile kanitlanmaktadir. Ayrica kazang
secimi i¢in agik bir rehber, yapici bir dogrusal olmayan
soniimleme alternatifi ve 10-175 ms gecikme araligin
kapsayan sayisal bir ¢alisma sunulmaktadir. Sifir agirlikla ve
hi¢chir dinamik model bilgisi kullaniimadan baslayan bulanik
sistem, ideal ileri beslemeyi ¢evrimici kurmakta ve 10 mmlik
baslangi¢ hatasi 0.31-2.43 mm bandina inmektedir. Gecikme
telafi teriminin 50 ms, bulanik mantik tabanli ileri beslemenin
ise 100 ms ve tizerindeki gecikmelerde kararlilik icin gerekli
oldugu gosterilmektedir.

Anahtar Kelimeler: Dogrusal olmayan denetim, uyarlamali
bulanik denetim, robot manipiilatorler, gorev uzayr denetimi,
girig gecikmesi.

1. Giris

Bir robot manipiilatoriin u¢ noktasinin istenen yoriingede
tutmak, dinamiklerin dogrusal olmayan ve genellikle tam
bilinmeyen yapisi yiiziinden halen agik bir problemdir [1, 2].
Robot manipiilatdrler i¢in denetleyici tasariminin bahsi gegen
bu zorluklarma ek olarak uygulamadan kaynaklanan bir
giiclik daha mevcuttur. Hareket denklemleri eklem uzayinda
yazilir, oysa gorev ¢ogu zaman Kartezyen uzayda tarif edilir
[3]. Denetleyici eklem uzayinda tasarlanirsa, istenen
Kartezyen yoriingeyi her ornekleme aninda eklem agilarina
cevirmek, yani ters kinematik ¢ozmek gerekir [4, 5]. Bu hem

Abstract

A self-tuning (self-organized) fuzzy-logic controller is
developed for an n-link robot manipulator that operates
directly in the task space and whose control channel is
affected by a known constant input delay. The Ilumped
dynamic uncertainty is reconstructed on-line by a fuzzy-logic
network whose output weights and whose membership-
function centers and widths are adapted through e-
modification update laws equipped with a projection
operator. Because the delay is known, a delay-free auxiliary
signal is injected into the open-loop error system through an
exponentially weighted integral of the true past control
values. The delayed input is therefore removed from the error
dynamics without a delay-mismatch term. A composite
Lyapunov functional augmented with Lyapunov—Krasovskii
(LK) terms is used to establish that the task-space tracking
error is semi-globally uniformly ultimately bounded
(SGUUB). A design procedure and a constructive nonlinear-
damping alternative are also provided. Analytical
development is emphasized and supported by a numerical
study on a two-link revolute manipulator in task space under
known input delays of 10—-175 ms. Starting from zero weights
and without any dynamic model knowledge, the fuzzy system
reconstructs the lumped uncertainty online with a few percent
relative error and drives a 10 mm initial error to a 0.31-2.43
mm steady state error. The delay-compensation term and the
fuzzy feedforward are each shown to be necessary for
stability beyond 50 ms and 100 ms, respectively.

Key Words: Nonlinear control, adaptive fuzzy control, robot
manipulators, task-space control, input delay.

hesap yiikii getirir hem de tekillik yakinlarinda giivenilirligini
yitirir. Denetleyiciyi dogrudan gorev uzayinda tasarlamak bu
adimi ortadan kaldirir. Karsiliginda belirsiz  dinamikler
manipiilator Jacobian’1 ile i¢ ige geger ve hem tasarimin hem
de kararlilik kanitinin bu eslesmeyi agik¢a tagimasi gerekir [6—
8].

Robot manipiilatorler icin denetleyici tasarimi esnasinda
karsilagilan ikinci giiglik giris gecikmelerinin  bozucu
etkilerinden  kaynaklanmaktadir. Gergek bir sistemde
komutlanan tork motora aninda ulasmaz. Eyleyici dinamikleri,
sinyal isleme ve 6zellikle ag {izerinden haberlesme araya bir
gecikme koyar [9]. Bu gecikme kiiciik olsa bile denetleyici
basarimini énemli dlglide diisiiriir. Denetleyici tasariminda hig



EMO Bilimsel Dergi 2026 Cilt:16 Say:: 3 Sayfa: 71-80

hesaba katilmazsa iyi ayarlanmis bir kontrol ¢evrimini
kararsizlastirabilir. Dogrusal olmayan sistemlerde gecikmeyle
bas etmenin genel olarak iki temel yolu vardir. Birincisi
Ongoriicii  yontemlerdir. Sistemin gecikme kadar sonraki
durumu kestirilir ve problem gecikmesiz bir probleme
doniistiriiliir. Euler—Lagrange sistemleri igin temsili bir drnek
literatiirde verilmistir [10]. Ikincisi Lyapunov—Krasovskii
(LK) yaklasimidir. Bu yolda durum 6ngoriisii yapilmaz, bunun
yerine ge¢mis denetim degerlerinin bir integrali yardimer bir
sinyal olarak tanimlanir ve agik ¢evrim hata sistemi
gecikmesiz bigimde yazilabilir [11-14]. Bu ikinci yol giincel
yazin taramasinda, gecikme zamanla degisse bile belirsiz
Euler-Lagrange sistemlerini ele alabilecek olgunluktadir [11,
13]. Gecikme bilinmiyorsa, bu tarz yaklagimin sonucu olarak
boyutu gecikme-kestirim hatasiyla biiyiiyen bir kalinti nihai
smirdir [12, 14].

Gecikmenin bilinen ve sabit olmasi, bu iki yolun
kesisimindeki en elverisli durumdur. Bu durumda telafi terimi
gercek geemis denetim degerleriyle kurulabilir. Sonugta nihai
hata smirinda gecikme kestirimine bagli higbir bilesen kalmaz
ve sinir denetim kazanciyla monoton bigimde kiigiiliir.
Gecikme bilinmediginde ise kazang kosullari, tolere edilebilen
gecikme uyumsuzluguyla ters yonde calisir [12, 14]. Bu
calisma tam da bu iki durum arasindaki farki ele almaktadir.
Ayni bulanik mantik altyapisinin  gecikmenin kendisini
kestirmek i¢in kullanilmasi, dogal bir sonraki adimdir. Bu
konuda 6ncii olabilecek bu ¢alilmada, gecikmenin bilindigini
varsaymak, ag tabanli ve Orneklenmis-veri sistemlerinde
gercekei olabilir, ¢iinkii paketlere zaman damgasi konabildigi
veya tasima gecikmesi Olgiilebildigi igin gecikme bazi
uygulamalarda bilinebilir.

Belirsizlik tarafinda ise ¢evrimici fonksiyon
yaklastiricilar standart arag olmustur. Dinamikler bilinmeyen
parametrelere gore dogrusal yazilabiliyorsa uyarlamali
yontemler [15, 16], son yillarda ise bilesik ve eszamanli
ogrenme semalart [8, 17-23] kullanilir. Béyle bir parametrik
model yoksa, bulanik mantik ya da sinir ag1 yaklastiricilart
belirsizligi dogrudan bir fonksiyon olarak Ogrenir [24].
Bulanik sistemlerin ayirt edici yani, uzman bilgisinin kural
tabanina dogrudan yazilabilmesidir. Yalnizca ¢ikis agirliklart
uyarlanirsa, yaklagimin kalitesi bastan secilen ve sonradan
degismeyen iiyelik fonksiyonlartyla smirh kalir. Uyelik
fonksiyonlarmin merkezleri ve genislikleri de ¢evrimigi
giincellenirse bu smir kalkar. Bu tiir yapilara kendi kendini
uyarlayan bulanik mantik tabanli sistemler denir [24, 25].
Lyapunov analizinde bu ek serbestligin gerektirdigi kalan
terim sinirlar literatiirde verilmis [24], yaklagim daha sonra
gorev-uzay1 denetimine taginmstir [25]. Bu ¢alismanin baslica
0zgiin yanlar1 asagida sunulmustur.

1. Bu c¢alismada, bilinen sabit bir giris gecikmesi altinda,
dogrudan goérev uzayinda calisan kendi kendini uyarlayan
bulanik bir denetleyici icin Lyapunov tabanli bir kararlilik
analizi verilmektedir. Bilinmeyen dinamikler, agirliklart
ile tiyelik merkez ve genislikleri projeksiyon operatorlii e-
modifikasyon yasalartyla uyarlanan bir bulanik ag
tarafindan yaklastirilmaktadir. Bu yoniiyle, giincel yazin
dizisindeki [24-26] birgok yaklasimdan farklidir.

2. Ustel agirhikli bir gecikme telafi terimi ve LK
fonksiyonelleri kullanilarak izleme hatasinin yari-global
diizgiin nihai siirli (SGUUB) oldugu kanitlanmaktadir.
Elde edilen sinirda gecikme uyumsuzluguna bagl hicbir
bilesen bulunmamakta ve sinir denetim kazanciyla
monoton  azalmaktadir. Bu  davramig,  gecikme
bilinmediginde kazancin bu iki etkiyi kars: karsiya getiren

72192

ddiinlesiminin tersidir [12, 14]. Ayrica kazang sec¢imi igin

actk bir rehber ile 10-175 ms gecikme araligin1 kapsayan

sayisal bir ¢alisma sunulmaktadir.
Gosterim. ||-|| vektorler i¢in Oklid normunu, matrisler icin
indiiklenmis 2-normunu gosterir. Simge I,, nXn birim
matristir. Gosterimler Ay, () ve Ay (+) en kiiglik ve en biiyiik
ozdegerlerdir. Ayrica tr{-} matris izidir. Kime %, sinirl
fonksiyonlar uzayidir. Bir s niceligi i¢in s ve § bilinen alt ve
ust smurlari, § kestirimi, § 2 s — 3§ ise Kkestirim hatasini
gosterir. Baglamdan anlagildiginda fonksiyon arglimanlari
yazilmayacaktir.

2. Dinamik ve Kinematik Model

Denetim girisi gecikmeye ugrayan n € N-baglantili bir
manipiilatoriin hareket denklemi sudur [27, 28]

M(@)g+C(q. g +G(@+Fqg=ult-1, (1)
burada q,q,§ € R™ eklem konumu, hiz1 ve ivmesi, M(q) €
R™™ atalet matrisi, C(q,q) € R™™ merkezcil-Coriolis
matrisi, G(q) € R™ yercekimi vektorii, F € R™" viskoz
siirtinme matrisi ve u € R™ komutlanan denetim girisidir.
Denklemin sag tarafindaki u(t —t) yazimi sisteme etkiyen
tork, o an komutlanan degil, T € R, kadar 6nce komutlanan
degerdir.

Varsayim 1. M(q), C(q,q), G(q) ve F terimleri, birinci
dereceden kismi tiirevleriyle birlikte, q,q € %, oldugu her
durumda diizgiin sinirlidir [28].

Ozellik 1. Atalet matrisi simetrik ve pozitif tanimlidir ve tiim
£ e R™ icin my ||E|12 < ETM(q)E < my|€||? esitsizligini saglar,
burada 0 < m; < m, < o bilinen sabitlerdir [27].
Ozellik 2. Atalet ve merkezcil-Coriolis matrisleri, tim & € R™
icin &T (%M(q) —-C(q, q))é =0 ters simetri bagntisini
saglar [27].

Manipiilatoriin gérev-uzay1 kinematigi ise [29]

x=fl@, x=]@)4q @
bigimindedir. Burada x € R™ ug islevcinin konumu, f:R"™ -
R™ ileri kinematik déniisimii ve J 2 df/dq€R™"
manipiilatér Jacobian’idir. Denetleyici dogrudan x iizerinden
tasarlanacagindan, dinamikler ile kinematik bu iki denklem
araciligiyla birbirine baglanacaktir.

Varsayim 2. Manipiilatér kinematik tekilliklerden uzakta
calisr. Bu nedenle J~! meveuttur ve ||JI| <[ ile |J7!|| < J:
saglanir. Ayrica, (2) igindeki kinematik terimler ve bunlarin
birinci dereceden kismi tlirevleri, sinirli argiimanlar igin
diizgiin sinirlidir [25].

Varsayim 3. Referans yoriinge x4 (t) € R", x4, X4, ¥4 mevecut
ve smurh olacak, yani xg4, %4, X5 € %, olacak sekilde
tasarlanir.

2.1. Bulamik Yaklastirici

Manipiilatér dinamiklerinin igerdigi belirsizliklerden dolay1,
denetleyici dogrudan bu terimleri icermeyecektir. Bilinmeyen
tim etkiler, Bolim 3’te tiiretilecek olan tek bir f; € R™
fonksiyonunda toplanacaktir. Bu fonksiyonun énemli 6zelligi,
yalnizca Olciilebilen ve bilinen sinyallere, yani (&
[x7, %7, x7, x5, ¥117 € R°™ vektoriine bagh olmasidir. Bulanik
sistemlerin evrensel yaklagim ozelligi [24, 25] sayesinde fy,
herhangi bir siirli ¢aligma bolgesi tizerinde
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fa=Who@AD+e el <g ©)
bigiminde yazilabilir. Burada W € R®"™ sabit ideal agirlik
matrisi, ¢ € R? iiyelik fonksiyonlar: vektérii, p € R>" ve A €
R® bu iiyelik fonksiyonlarmm merkezleri ve genislikleri, € €
R™ ise sonlu sayida kuralla kagmilmaz olan yaklagim
hatasidir. Her kuralin merkezi, girdi vektorii { € R™™ ile aym
uzayda bir nokta olup p, bu a merkezin yigilmis halidir.

Geniglik ise kural basina tek bir sayidir. Buna gore g—ge

RaxSan

ve Z—%ERM“ olur. Denetleyici ger¢ek W,p, A

degerlerine erisemez. Onlarin yerine W,p,A kestirimlerini
kullanir ve kendi tyelik vektoriini § £ ¢(p,A, L) olarak
hesaplar. Merkez ve genislikler de uyarlandigindan, ¢ bu
parametrelere dogrusal olmayan bigimde baglidir. Analizde bu
bagimhihig: ele almak icin (p,A) cevresinde birinci dereceden
Taylor agilim1 kullanilir:

S, a9 9%
§20-0=22 P+ A+E 4)
burada & yiiksek dereceden kalan terim, Z—; ve Z—g ise ¢’nin

merkezlere ve genisliklere gore Jacobian’laridir. Bu iki
Jacobian matrisi, ilerideki uyarlama yasalarinda merkez ve
genislik giincellemelerini yonlendiren niceliklerdir.

Varsayim 4. Uyelik degerleri ve bunlarin parametre

gradyanlart yapilart geregi smirlidir: ||(T)|| <9, ”2—2” < d_>p,

| 2| = 3, ve ideal sabitler Wl < W, IIpll <5, lAll <&

esitsizliklerini saglar. Ayrica, [24]’daki yaklasimi izleyerek,
sinirlt ¢aligma bdlgesi lizerinde ay, ..., a4 € R bilinen sabitler
secilebilir ve kalan terimler asagidaki gibi sinirlanir:

IFTWTEl < (a0 + ail|A]| + alp)lirl, (5)
A" G| < a3l (©)
" GO Wr| < a7, ™)

burada r € R", Bolim3’te tamtilan yardimci hatadr.
Projeksiyon operatérii W, A, p’yi bilinen siurh bolgeler iginde
tutar. Bu durum, sabit ideallerle birlikte (5)—(7)’yi iyi taniml
kilar.

3. Hata Sistemi ve Denetleyici Tasarimi

Bu boliimde hata sinyalleri ve denetleyici tasarlanmaktadir.
Tasarimin iki pratik Ozelligi bastan belirtilmelidir: her
ornekleme aninda ters kinematik ¢Oziilmemekte ve
manipiilatér  dinamiklerinin  bilinmesi  gerekmemektedir.
Denetleyicinin  kullandig1 bilgiler yalnizca o&lgiilen eklem
konumu ve hizi, bilinen kinematik ve bilinen gecikmedir.
Tasarimin ti¢ hedefi vardir.

1. Izleme hedefi: ug islevcinin konumu x, gecikmeye ragmen
gorev-uzay1 referansi x4 ’yi izlemelidir.

2. Gecikme telafisi hedefi: gecikmeli denetim girisi,
gecikmenin bilinmesinden yararlanilarak agik ¢evrim hata
sisteminden ¢ikarilmali. Boylece analiz gecikmesiz bir
hata sistemi lizerinde ytritiilebilmelidir.

3. Yaklasim hedefi: bilinmeyen dinamikleri toplayan f;
fonksiyonu, kalict uyarim kosulu aranmadan, kendi
kendini uyarlayan bulanik sistem tarafindan c¢evrimigi
ogrenilmelidir.

Serhat Obuz
3.1. Hata Sinyallerinin Tasarimi
Izleme hedefini niceleyen gérev-uzayi hatasi e € R™
et xg—x. )

bigiminde tanimlanir. Tasarimin ¢ekirdegi
(filtrelenmis) hata sinyalidir:

T2 (&, tae) —g—e, —u, )
Bu tanim su sekilde yorumlanabilir: J~'(k4 + ae) terimi,
hatay1 o oraninda soniimleyecek istenen eklem hizidir. Ondan
gercek hiz ¢ cikarilir. Kalan iki terim, e, ve u, gecikme
telafisi i¢in eklenmistir. Burada e, (11)’de tanimlanacak, u ise
(17) ile iretilen denetim girisidir. Bu tanimlarda e,r, e,, u €
R™ olup a = diag(ay, ...,0,) kdsegen elemanlari pozitif bir
kazang matrisidir. Yardimci hata tanimina (9)’da soldan J ile
carpilip (2) ve (8) kullanilirsa, izleme hatasinin kapali ¢evrim
dinamigi

ise yardimct

é=—oe+Jr+je, +ju (10)
olarak elde edilir. Buradaki ilk terim istenen iistel soniimii
saglar. Kalan ti¢ terim ise r, e, ve u kiigiik tutuldugu dlgiide
kiigiik kalir. Analizin geri kalani, tam olarak bu ii¢ niceligi
sinirlamaya ayrilmistir.

Gecikmenin bilinmesi, telafi teriminin ger¢ek gecmis
denetim degerleriyle kurulmasina izin verir:
¢
ey = f e (&0 4 (&) dg, (11
t—t
burada a, € R, telafi kazancidir. Durum e, son t saniyede
uygulanan girislerin iistel agirhkli bir ortalamasidir. Ustel
agirlik, uzak gegmisin etkisini azaltir. Leibniz kuraliyla tiirevi
alinirsa
€y = —oye, +u—e “u(t—r1). (12)
elde edilir. Bu ifadenin islevi sudur: sag taraftaki —e =" u(t —
T) terimi, sistemin (1)’deki gecikmeli girisiyle birlesecek ve
gecikmeli girigin hata sistemindeki etkisini bilinen, sinirli tek
bir terime indirgeyecektir. Baska bir deyisle e,, gecikmeli
girisi hata denklemlerinden temizlemek icin 06zel olarak
tasarlanmis bir durumdur.

3.2. Acik Cevrim Hata Dinamigi

Yardimer hata tanimi (9)’un zamana gore tiirevi M ile garpilir
ve (1)’deki dinamikler ve (12)’deki telafi tiirevi yerine konur.
Ozellik 2°deki ters simetri kullanilirsa 7’nin ac¢ik ¢evrim
dinamigi

M7 = fg— Cr + 11— Mu — Mu — g u(t — 1), (13)
olur. Burada ii¢ yeni nicelik tanimlanmistir. Birincisi,
denetleyicinin bilmedigi her seyi tek bir fonksiyonda toplayan

fa 2 ME{7 (g + 0e)}
+CJ 7' (%4 +ae) + G+ Fq, (14)
terimidir. Bu, (3)’te bulanik ag tarafindan yaklastirilacak olan
fonksiyondur ve yalnizca oOlgiilebilir { sinyaline baglhdir.
Tkincisi, telafi terimi ile Coriolis matrisinin etkilesiminden
dogan

I14£ Moye, —Cey — Cu, (15)
yardimer terimidir. Uciinciisii ise gecikmeli girisin 6niindeki
g 2, —e WM. (16)

agirlik matrisidir. Varsayim 1 ve Ozellik 1 geregince bu
terimler sinirh galisma bolgesinde smirhidir: |[TI]] < (myo, +
Cp)lleyll + Cpllull, burada C, Coriolis matrisi iizerindeki
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norm siniridir. Matris &; simetrik oldugundan ||g|| <&, £
max{|l — e %"my|, |1 — e™"'m,|} yazilabilir. Bu 6zdeger, &
nihai sinira karesel girdiginden, daha kaba olan 1 + e™*"m,
smirina tercih edilir.

Aciklama 1. Agik ¢evrim hata dinamigi (13)’tin kilit 6zelligi,
icinde gecikme uyumsuzluguna bagli hicbir terim
bulunmamasidir. Telafi terimi (11) gercek gecikmeyi
kullanarak kuruldugundan, gecikmeli girisin hata sistemine
katkisi tek bir bilinen agirlikla temsil edilir ve €; katsayisi
tamamen bilinmektedir. Bu durumda (13)’te kalan tek
gecikmeli nicelik, Boliim 4’te LK fonksiyoneliyle ele alinacak
olan g, u(t — 1) terimidir.

3.3. Denetim Yasasi ve Uyarlama Yasalarinin
Tasarim

Bolim 4’teki analize dayanarak, denetim girisi dogrudan bir
cebirsel ifadeyle degil, filtrelenmis bir yasayla iiretilir:
U=—(ky+L)u+kr+e W', (17)
burada k = diag(ky,...,k,) ve ky = diag(ky, ..., Kyn)
kosegen elemanlari pozitif kazang matrisleridir. Kdsegen yap1
her gorev-uzayi eksenine ayr1 bir kazang atanmasina izin verir.
Eksenler ne atalet ne de gecikme payr bakimindan esdeger
oldugundan bu serbestlik tasarimda anlamhidir. Girdiler yine
de birbirinden bagimsiz segilemez: izin verilen ayrismayi
Bolim 4’teki k > 0 kosulu sinirlamaktadir. Sag taraftaki ii¢
terimin islevi ayndir: —(k, +I,)u girisi kendi basina
soniimler, kr geri besleme diizeltmesidir ve e™**WT§ ise
bulanik agin iirettigi ileri besleme, yani 6grenilen dinamiklerin
karsilanmasidir. Ondeki e~ agirlig: rastgele segilmemistir.
Bu agirlik, (16)’daki gecikme agirliklandirma matrisiyle
uyumlu olacak bigimde belirlenmistir ve kapali ¢evrimde tam
da bu uyum sayesinde bulanik terim ile f; birbirini
gotiirecektir. Bulantk  sistemin  {ic  parametre  grubu,
sontimlemesi ||r|| ile olgeklenen e-modifikasyon yasalariyla
giincellenir. Diizgiin projeksiyon operatorii  Proj{-} [30]
kestirimleri 6nceden bilinen sinirl bolgelerde tutar:

W = Proj{Tyé 7 —FW% ArT

—rwg—f; prT —kylrITwW),  (18)
A= Proj {FA(Z—;)TWr - kAIIrIIFAZ}, (19)
p = Proj {rp(g—i)TWr ~ kylIrliT,p}, (20)

burada Iy, T, € R¥® ve I, € R2™ simetrik pozitif
tamimli uyarlama kazang matrisleri, Ky, ka, kp >0 ise
soniimleme kazanglaridir. Agirlik uyarlama yasast (18)’deki
ilk terim standart gradyan giincellemesidir. Onu izleyen iki
terim, merkez ve genisliklerin de uyarlanmasindan
kaynaklanan (4)’teki capraz etkileri dengelemek igin
eklenmistir. Sonlimleme terimleri ise parametrelerin zamanla
stiriiklenmesini engeller.

3.4. Kapah Cevrim Hata Dinamigi

Denetim yasast (17) ve bulanik gosterim (3), agik g¢evrim
(13)’te yerine konur. Burada Me™%" = [, — g, 6zdesligi ile
WTo—WTo=WTo+WTy aynstirmast  kullanildiginda
kapali ¢evrim
M7 =—Cr — Mkr + WT$+ WT¢ + € + Mkyu
+&,WTH + I — g u(t — 7). (1)
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olarak bulunur. Bu denklem, nihai hatanin {i¢ kaynagin1 agik¢a
gostermektedir: bulanik yaklasgimin kendi hatass W7T¢ +
WT + ¢, telafiden artakalan & W7 terimi ve gecikmeli giris
g u(t — 7). Son iki terim, bir sonraki bolimde kurulacak LK
yapistyla smirlandirilacaktir.

4. Kararhhk Analizi

Kararlilik analizinde ii¢ hata sinyali tek bir vektorde toplanir:
z 2 [e,rT,uT]T e R*™, (22)
Burada o, k ve k, swasiyla a, k ve k,’nun en kiiglik

ozdegerleridir. Denetim kazanci hata dinamigine Mk carpimi
iizerinden girdiginden, asagidaki skaler nicelik tanimlanir:

K 2 hin (5 (MK + kM) ) > 0. 23)

Bu tanimin nedeni sudur: analizde " Mkr biciminde bir terim
ortaya c¢ikar ve bir karesel form yalnizca kendi bakisimli
pargasini gortr,

rTMkr =77 2 (Mk + kM)r = «|r|?. (24)

Burada M ve k ayri ayn simetrik olsa da carpimlart genel
olarak simetrik degildir. Bu nedenle gecikmesiz tasarimlarda
stkca kullanilan k > mk esitsizligi burada her zaman
gegerli degildir.

Kazang matrisi dlcekli birim secildiginde, yani k = koI,
i¢in ¢arpim simetrik olur ve

K = kom, (25)

bulunur. Kazangla dogrusal dlgekleme korunur. Kosegen ama
esit olmayan girdilerde pozitiflik kendiliginden gelmez.
Kazang

k= Eln + Ak, [|Ak]l = Mnax (k) — K (26)
biciminde ayristirilirsa
K = mik —m,||Ak]| 27
yazilir ve buradan x > 0 i¢in yeterli kosul
M ()= my
< ™ (28)

elde edilir: kdsegen girdiler arasindaki bagil yayilim, atalet
matrisinin kosul sayisinin tersiyle smirlidir. Bu kosul yalnizca
yeterlidir.

Analizde su bilesik Lyapunov—Krasovskii fonksiyoneli
kullanilir:

Valv+h+01+0, 29
burada hata sinyalleri, bulanik parametre hatalar1 ve gecikme
penceresine iligkin terimler sirastyla

v, & %eTe + y?zuTu + %rTMr, (30)

v, & %tr{WTFﬁ}VT/} + %ZTrglz + %ﬁTl";,lﬁ, 31)
t

012 ¢, J (o) ao, (32)
t:T t

2cf [lu@Pads (33)

olarak tanimlanir ve v,,¢j, ¢, € R, sabitlerdir. Fonksiyonelin
i¢ islevi vardir. Denklem (30) hata vektdrii z’nin karesel
biiyiikliigini  6lger. Denklem (31) bulanik parametre
hatalarinin biyiikliigiini 6lger. Tiirevi alindiginda uyarlama
yasalar1 ortaya cikar. Denklem (32) ile (33) Lyapunov—
Krasovskii terimleridir. Bu iki terim, [t—1t,t] aralifinda
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uygulanan girigin karesinin integralini tutar. Amaglari, (21)’de
kalan g,u(t — t) gecikmeli terimini kargilamaktir. Lyapunov—
Krasovskii terimleri Qy,Q, = 0 oldugundan ve parametre
hatalar1 projeksiyon nedeniyle siirl kaldigindan

MllzlF <V < hyllzell® + o, (34)
llzell = sup [1z(0)Il, (35)
feft-1,t]
yazilabilir. Skaler sinir sabitleri
AL & %min{l,yz,ml}, (36)
Ay 2 %max{l,yz, my}+cit+ %cztz (37)

bigimindedir. Ust sinirda anlik norm yerine gecikme penceresi
iizerindeki Ustiinliikk normunun kullanilmast zorunludur: Q; ve
Q», anlik z(t)’nin degil, u’nun ge¢misinin fonksiyonelleridir
ve

Qi< ct sup [lu®l?
0g[t—1t]
1
G <laf s lu@l (38)
0e[t—-r,t]

saglanir. Son olarak © € R, U {0}, projeksiyon kiimesinde
parametre hatalarini sinirlayan sabittir.

Kendi kendini uyarlayan bulanik mantik tabanli sistemde
uyarlanan ii¢ parametre grubu V’de ¢ok sayida terim iiretir.
Asagidaki lemma bu terimleri toparlar ve hepsinin,
kazanglarla ayarlanabilen tek bir y sabiti ile y||r|| bigiminde
sinirlanabilecegini  gosterir. Bu, standart kendi kendini
uyarlayan bulanik mantik tabanl sisteminin kararlilik analizini
kolaylastirmak igin gerekli bir dzettir.

Lemma 1. Varsayim 4 altinda, uyarlama yasalar: (18)—(20)
kullamldiginda, V icinde (31) ile tammlanan parametre
hatalarmn  tirevi ile bulanik yaklagim hatasimn 7 ile
carpilan katkis1 birlikte

Vo +rT(WTO+WTh+€) <vlirll (39)
esitsizligini saglar; burada
(az+ay+kyW)?
4y
(a+kah)? + (ar+kpp)?
dky 4kp

yéa0+E+

+

(40)

Skaler sabit y € R, soniimleme kazanglar iizerinden ky, =
(a; +ay)/W, ky=a/A, ky,=ay/P seciminde en kiiciik
degerini alir. Bu se¢im vy, = ag+ €+ (az + a)W + aA +
a,p yi verir.
Ispat. 1deal agirlik ve iiyelik parametreleri sabit oldugundan
parametre hatalarinin tiirevleri
W=-Ww, A=-X j=—p @
bi¢imindedir. Denklem (31) ile tanimlanan V;,’nin tiirevi alinip
(41) kullanildiginda

V= —tr{WTTy W} —A T3 A= 5% (42)
elde edilir. Kapali ¢evrim dinamigi (21), r"M7 iizerinden

V,’ye bulanik yaklasim hatasini tasir; bulanik gosterim (3) ile
bu katki

rT(WTe+WTh+¢) (43)
bigimindedir. Denklem (42) ile (43) toplandiginda, V igindeki
bulanik yaklasim ve uyarlamadan dogan biitiin terimler

Vo +rT(WTo+WTh+e) = rT(WTo+WT +¢)
— a(WTTy W} — A T3'A - 5715, 'p (44)

toplaminda birikir. Bu toplam, (39) ile verilen esitsizligin sol
tarafidir. Birinci dereceden agilim (4), W7 yerine konur:
TE _ T (9% 4 99 T
Wi =w (SRR +225) +W'e, (45)
burada & € R™ birinci dereceden agilimdan artan yiiksek
dereceli terimlerdir. Ardindan uyarlama yasalar1 (18)—(20),
(44)’e yerlestirilir; projeksiyon operatorii kendi katkisini
negatif tuttugundan yalnizca yasalarin soniimlemesiz kismi
hesaba katilir. Gradyan giincellemesinden gelen terim (44)’iin
ilk terimiyle birebir sadelesir:

—te{W Ty Ty orT} + rTWT§ = 0. (46)
Ayni bigimde agirlik yasasindaki diizeltme terimleri, (45)’in A
ve P igeren kisimlarmi yok eder:

TR Ty T 0 s T

te{ W P Ar'} —te{lW P’ }

Ll
SA+ p)=0. (47)
Sadelestirmelerden sonra bu toplam, yalnizca ideal degerleri
ve soniimlemeleri tagtyan

FTWTE+rTe+ AT GYTWr + pT GO Wr
PO ~T ~ ~T A
+hy lIrllte{WT W} + kallr A A + kplIrll™p - (48)

ifadesine indirgenir. Kalan terimler tek tek sinirlanir. Yiiksek
dereceli terimlerin sinir1 (5) ve ||e]| < €ile

[rTWTE + rTe
< (ao + &+ a|[Al| + allBINIrI, (49)
tiirev sinirlart (6) ve (7) ile
ATy + pT(“;’—;';)T~ wr|
< (a3 + ap)|[W]]lIrI (50)

elde edilir. Soniimleme terimleri igin =e — 3 konuldugunda
agirlik soniimlemesi

kil e WY = ki lirll (w7 w3 — W)
< kel (W = W])  s51)

+rTwT (

bigimini alir. Ayni séniimleme yapist A ve p soniimlemeleri
icin de gecerlidir. Esitsizlikler (49)— (51) bir araya getirilip
ortak ||r]| carpami disari alindiginda, <€ {W,A,p} i¢in her
parametre grubu

—kI3I1P + (e + k. DRI,

w=a3tay, cp=a, = (52)

ifadesine indirgenir. ifade (52), ||3]| degiskeninde asag1 dogru

acilan bir parabol oldugundan parametre hatasindan bagimsiz
bir iist sinira sahiptir:

sI2 AN = CtkD?

e~k 317 + (c. + k. DI = CHe

Ug grubun (53) degerleri a, + € ile toplandiginda (39) ve (40)

elde edilir. Son olarak (40) i¢indeki her parantez k, iizerinden

(53)

en kiiciiklenir. ~ Tarevin  sifirlanmasi,  yani 6[((:, +
k.®)?/(4k.)]/ dk. = 0 kosulundan

bulunur ve bu segim v, . degerini verir. O

Teorem 1. Bilinen sabit girig gecikmesi altinda (1) ile verilen
dinamikler ve Varsaymmlar 1-4 géz dniine alinsin. Bu
durumda (17) denetleyicisi, (11) telafi terimi ve (18)—(20)
uyarlama yasalar, tim kapali ¢evrim sinyallerinin sl
kalmasini ve gérev-uzayi izleme hatasinin
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~ 1 (s
llrtrfotlplle(t)|| < )LL( . +w) (53)
anlaminda yari-global diizgiin nihai simrli olmasini saglar;
bunun i¢in Lyapunov—Krasovskii kazan¢larinin

38 32 30may+Cp)*]

c = s C22[22+—K Oy (56)
kosullarmi, denetim kazanglarimin ise baslangi¢ kosullarmma
gore yeterince biiyiik segilerek

3
K>—, (57)
[
3 3J2
Z'\{z(Eu + 1) > i + ¢+ ot
n 3[(Y2E)2+(7:2Eu)2+55] (58)
veterli kosullarini saglamast gerekir. Burada k2 kI, Eu ES
[k |l, stmur sabiti
ﬁ Y2W2$2
K + ky+1

¢ T, 2y+8Wé 59

ve yakmsama orani
A& min{, A Ay, Ae & %

A3 372
M2y + 1) =S —a —or

3[Ry mak) + 3] (60)
K

olarak tamimlidir; (57) ile (58) kosullari, siwrasiyla A, > 0 ve
Ay > 0 kosullarina denktir.

32

a K _ 20
e

20"

Ispatta kullanilan Young agirhklar1 serbest sabit degildir.
Her biri negatif tanimli terimlerdeki karesel paylarin sabit bir
kesri olarak secilmistir: capraz terimler [le]|> ve |r||?
paylarinin yarisini, ileri besleme terimi Z,, ise kendi payinimn
dortte birini tiiketir. Bu nedenle (56)—(58) yalnizca kazanglar,
gecikme ve model sinirlari (J,m,, Cp, &) cinsindendir.

Nihai smirdaki @ terimi (31)’deki parametre hatalarindan
gelir. Projeksiyon operatdrii bu hatalar1 smirli tutar ancak
sifirlamaz. Bu nedenle (55) kazanglar biiyiitilerek keyfi
bigimde kiigiiltiilemez. Buna karsilik kazan¢ Olgeklemesi
ortalama-kare anlaminda korunur. Bunu gormek igin (74)
ifadesi [0, T'] araliginda integrali alinir:

T
V(T)-V(0) < —xf||z||2dt + ¢T. (61)
0

Fonksiyonelin negatif olmamasi, yani V(T) > 0 kullanilarak
integral terimi yalniz birakilir:

T
wf llzlPde < v (o) + 7. 62)
0
Her iki taraf AT ile boliindiigiinde ortalama-kare degeri igin
T
1 2 $ L YO
T{”Z” dt < ~tor (63)

elde edilir. Sagdaki ikinci terim T — oo i¢in sifira gittiginden

T
limsup%fllzllzdt <$=0(1/x) (64)
T—oo 0

bulunur. Ortalama-kare sinir @ icermez. Dolayistyla kazanglar
buyiitildiikge ¢ ile birlikte kii¢iiliir.

Ispat. (29) ile tanimlanan fonksiyonelin tiirevi almir. Denklem
(30)’un tiirevinde agik ¢evrim dinamigi (21), hata dinamigi
(10) ve Ozellik 2 yerine konur; ters simetri sayesinde
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%rTMr —rTCr=0 (65)
saglandigindan Coriolis terimi diiser. Bulanik yaklasim ve
uyarlamadan dogan terimler Lemma 1 ile y||r| iginde
toplandigindan, tiirevin Lyapunov—Krasovskii dig1 kism1

V, < —eToe — Y u” (ky + L)u — r"Mkr + T |7 ||
+Ey+ B, +E4+Ey (66)
biciminde sinirlanir. Ilk ii¢ terim negatif tanimli terimlerdir.
Kalan ¢apraz terimler

Ex2eljr+eTJu+y,u"kr + r"Mkyu,

B, 2eTJe, + 7, Zq 2 —rTgu(t — 1),

By 2 y,e U W (67)
olarak tanimlanir; bunlar skaler ¢apraz terimlerdir, yani
By, Be ) Eq, By € R. Skaler T, bulanik sabit vy ile rTe,WTo
teriminden gelen §W¢ smirmi birlestirir. Gegmise bagh
terimler ele alinir. Leibniz kurali ile (32) ve (33)’iin tiirevleri

01 = (Il = Il = DI),
t

0= o [ ellull? = [ T2 (68)
t—1

bi¢cimindedir. Durum ¢apraz terimlerine ve gecikmeli terime
Young esitsizligi, agirliklar serbest sabitler yerine negatif
tanimli terimlerdeki karesel paylarin sabit kesirleri olacak
bigimde uygulanir: ||e||? payindan ayrilan her parga a/6, ||r||?
paymdan ayrilan her parca /12 secilir ve rTII, |||
iizerindeki iist sinir ile iki pargaya ayrilir. Boylece

eTJr < Elell? + L,

eTu < el + Ll
¢"Jey < Ellell? + L lley I,

yuThr < [+ 252 e,
P M < 5 (|2 + 272 2,
P 52 4 220 g 2
+2B [y,
20 < Sl + 2 e~ I (69)

elde edilir. Dogrusal terim ile E, i¢in ayni kural ve e ™™ < 1
kullanildiginda

K 2 31"3«

< — X

Llirll < il + 22,
1, W2
ky+1

—_ 1
By < 37, (ky + Dllull® + (70)

elde edilir. Sagdaki iki sabit toplanarak (59)’daki ¢ olusur.
Gegmise baglh terimler i¢in (11) ile verilen ifadeye Cauchy—
Schwarz esitsizligi uygulanir:

t
lell? < oz J lu(o)I2do. 1)
t—t

Bu bagmti ve (56) secimi ile, (69)daki |lu(t — 1)||? ve |leyll?

katsayilar1 (68)’deki negatif karsiliklar: tarafindan sogurulur:
38

—llutt =Dl = erllult = DI <0,

[3]7 3(my0y + Cp)?

— 4 e 2
2 . ]u ull
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t
— & J Iu@)lRds < o. 72)
t—t

Béylece gegmise bagl biitiin terimler V’den giderilir ve geriye
yalnizea ¢; + ¢,7 ile lgeklenen ||u||? katsayilart kalir. Negatif
tanimli terimler ise

—eTae —yu” (ky + I)u — " Mkr
< —allell® =y, (ky + Dllull* = «llrll> (73)

bigiminde alt sinirlanir. Katsayilar terim terim toplanr: ||e]|?
payindan ayrilan ii¢ parca toplam a/2’yi, [|r||> paymdan
ayrilan alti parca toplam «/2’yi tiiketir; kalan soniimleme
katsayilart (60)’taki A, A, A, bilesenleridir. Kosullar (57) ile
(58) birlikte son iki bilesenin pozitifligini sagladigindan

V< -Alzll? +¢ (74)
yazilabilir. Karsilastirma lemmasi (74) ile (34)’teki alt sinira
birlikte uygulandiginda

V() < V(O)e_%t +2¢ (75)

elde edilir. Alt simr A |le]|> <V kullamilip (75) iist limiti
alindiginda (55) elde edilir. Sinyallerin smirliligi (75)’ten
baslayarak izlenir. Once V € %, ve (34) geregince z € Z,,
dolayisiyla e, r,u € %, olur. Referans yoriinge ve tlirevleri
Varsayim 3 geregince sinirli oldugundan e € %, ile x € %,
ve tekillikten uzak calisma bolgesinde g € Z,, elde edilir.
Buradan J ile J~' smirhdir. Telafi durumu (11), u € £, ile
stirilen kararli bir birinci mertebe filtre oldugundan e, € %,
saglanir. Filtrelenmis hata tanimi (9) c¢ozilerek ¢ € %,
dolayisiyla x =Jq € %, bulunur. Projeksiyon operatorii
W, A, p kestirimlerini siirli bdlgelerde tuttugundan ¢ ve W7 ¢
smirhidir. Boylece (17)’den u € %, ve (11)’den é, € %,
¢ikar. Uyarlama yasalar1 (18)- (20)’nin sag taraflart sinirlt

bilesenlerden olustugundan W,Z,ﬁ € %, olur. Son olarak
M~ Ozellik 1 geregince smirhi oldugundan kapali ¢evrim
dinamigi (21)’den 7 € %, ve G € %, elde edilir. Boylece
kapali gevrimdeki tiim sinyaller sinirlidir. o

5. Benzetim Calismasi

Onerilen denetleyici, diizlemde calisan iki baglantili doner bir
manipiilator tizerinde sayisal olarak sinanmistir. Bu 6rnek, ele
alinan sistem smifim somutlastirmakta ve Ozellik 1 ile 2’nin
hangi parametrelerle saglandigin1 gostermektedir. Analiz bu
6zel secime bagl degildir. Kisaltmalar s, £ sing, ve ¢, £
cosq, ile model terimleri s6yledir [27]

p1+p2+2pcs pot P3C2]
H@-] ,
(@) P2+ p3cy e (2 )
N _ [TP3s292 —p3s2(q1 + G2 ]
c@a= [fp352(§11 0 ’
r=[5 ¢ (76)

burada atalet parametreleri p; = m]E%I + mzﬁ% +1;, pp=
mzli%z + 12 Ve p3 = mzflfcz olup, m; € R_H EL' € R+, Eci €
R, ve [; € R, swasiyla baglanti kiitlesi, uzunlugu, kiitle-
merkezi mesafesi ve atalet momentidir. Benzetimde bu
parametreler p; = 3.31, p, = 0.116, p; = 0.16 kgm? ve f; =
f» =02Nms olarak alinmistir. Bu degerlerle M(q) her
konfigiirasyonda pozitif tanimli kalir ve Ozellik 1 saglanir.
Ozellik 2 ise modelin yapist geregi zaten gegerlidir. Kol yatay
diizlemde ¢alistig1 i¢in yer¢ekimi vektorii sifirdir.
Gorev-uzayi referansi

xg = [0.65 + 0.15(cos0.1t — 1), 0.25 + 0.05sin0.2t ™ m
olarak secilmistir. Kapali cevrim, gecikmeli giris icin dogrusal
aradegerlemeli sabit adimli dordiincii mertebe Runge—Kutta
yontemiyle 1 ms adimla sayisal olarak ¢o6ziilmis; giris
gecikmesi i¢in t € {10,25,50,75,100,125,150,175} ms degerleri
ele alinmigtir. Baglangigta ug islevci referanstan 10 mm uzaga
yerlestirilmis, tiim denetleyici durumlart sifir alinmistir:
u(0) =0 ve e,(0) = 0. Bulanik sistem 20 kuraldan olusur.
Merkezler p(0) yalnizca bilinen referansin ideal izleme
yoriingesi iizerinde yay uzunluguna gore esit araliklarla
yerlestirilmis, geniglikler komsu merkezler arasi ortalama
uzakhigmn iki kati olan A(0) = 2.18 segilmis ve ¢ikis agirhiklar:
W(0) =0 ile baslatilmistir. Boylece denetleyiciye higbir
dinamik model bilgisi verilmemekte, kural merkezlerinin
baslangi¢  kosulu tasarimda zaten bilinen referans
yoriingesinden alinmaigtir.

Ortak kazanglar k,, = diag(0.02,0.02), a,, = 0.4; uyarlama

kazanglart [y, =3001, T, =T,=3x10; sonimleme
kazanglar1 ky, = 1074, kyp =ka = 1075 projeksiyon kiimeleri
IW <2, 1P ll,< 3, A€J[0.15,12]dir. Gecikmeye bagh
(k,0) segimleri Tablo 1°de verilmistir; her tasarim |e(0)]| <
10 mm baglangi¢ hatasi i¢in hesaplanmustir.
Tablo 1. Kalici rejim izleme hatast (RMS, mm; son referans
periyodu, |e(0)| = 10 mm). Siitun A = 0: ayni kazanclarla
bulanik mantik tabanli ileri besleme kaldirtlmis; e, = 0: ayni
kazanglarla gecikme telafi filtresi kaldirilmas.

T (ms) k o Onerilen A =0 e, =0

10 (30,40) (24,24) 0.31 0.32 0.31

25 (30,40) (16,16) 0.47 0.49 0.46

50  (30,30) (12,12) 0.64 0.67 rakstyor
75 (20,30) (8,8) 1.00 1.05 rakstyor
100 (50,23) (6,6) 1.37  waksiyor  1raksiyor
125  (40,20) (5,6.65) 1.38 1raksiyor 1raksiyor
150 (30,20) (4,5.32) 1.77 1raksiyor 1raksiyor
175  (60,10) (3,3.99) 2.43  1raksiyor iraksiyor

Tablo 1 iki bilesenin roliinii aym1 kazanglar altinda

ayristirmaktadir. Kisa gecikmelerde (10 ve 25 ms) her iki
bilesen de kararlilik ig¢in gerekli degildir; katkilar1 gecikme
biiyiidiikce ortaya ¢ikar. Gecikme telafi filtresi e,, 50 ms ve
izerindeki  gecikmelerde  kararliligm  6n  kosuludur:
kaldirildiginda  c¢evrim  yaklasik on  saniye iginde
raksamaktadir. Bulanik ileri besleme ise 100 ms ve iizerinde
on kosul haline gelmekte, 50-75ms’de ise izlemeyi
iyilestirmenin yaninda ideal ileri beslemenin ¢evrimigi
kurulmasmi saglamaktadir. Kalici rejim giris enerjisi tiim
durumlarda aymidir (RMS =~ 0.016 N m): bulanik bilesen
ilave bir tork maliyeti getirmemektedir.

Sekil 1-5, T = 100 ms i¢in 50 s’lik kosuyu gostermektedir
(Sekil 2 bir tam referans periyodunu kapsar). 10 mm’lik
baslangic¢ hatasi asim yapmadan (tepe 10.1 mm) yaklasik otuz
saniyede 1.37 mm etkin degerli kalict banda inmekte (Sekil 3),
denetim girisi 0.080 N m tepe degerinden diizgiin bigimde
sonmektedir (Sekil 4). Sifir agurlikla baslatilan bulanik ag,
ideal ileri beslemeyi ilk birkag¢ saniyede yakalamakta ve kalici
rejimde yaklasik %2 bagil hatayla yeniden iiretmektedir
(Sekil 5).
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Sekil 1. Istenen ve gerceklesen ug-islevci konumu (t =
100 ms).
bir tam referans periyodu
T T T 60
300 4 B 50
£ 10 ®
E 250F B §
& 20 8
200 .
10
1 1 1 0
400 500 600
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ilk 10 s
T T T T T 10
300 .
8
E 280} {1fs €
E g
o a -
260 - ol AHz2
1 1 1 1 “ 1
580 600 620 640 660
x; (mm)
-=--: istenen y;, = gerceklesen x ® baslangig

Sekil 2. Gorev-uzay:r diizleminde yoriinge (bir tam
referans periyodu); renk zamani, kirmizi nokta baglangig¢
konumunu gosterir. Sag panel, 10 mm’lik baslangi¢
sapmasinin kapandigi ilk 10 s’yi yakinlagtirmaktadir.

5 T T T T -

e — ey

izleme hatasi (mm)

0 10 20 30 40 50
zaman (s)
Sekil 3. Gorev-uzay1 izleme hatasi bilesenleri.
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E
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&
—
g 0.00
°
2 -0.05
=]
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'M 1 1 1 1
0 10 20 30 40 50
zaman (s)
ilk 10 s
~ 0.05
g
Z 0.00
S —-0.05
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Sekil 4. Denetim girisleri; alt panel ilk 105s’yi
yakinlastirmaktadir. Bu penceredeki yiiksek frekansh
bilesen uyarlama gecici rejimidir ve kalict rejime
tagsmamaktadir.

T T T T
A --= ideal Ig*I

El P‘ll —— kestirim W/ gl
E 04hH -
©
g
K
&
8 0.2F .
=)
5}
=

0.0 L 1 1 L 7

0 10 20 30 40 50

zaman (s)
Sekil 5. Ideal ileri besleme |l g* || ile bulanik agin
cevrimici kestirimi I| WT¢ Il (1 s’lik kayan ortalama).

Son olarak, uyarlamanmn degeri bir yik degisimi
denemesiyle  smanmustir:  benzetim  sirasinda  atalet
parametreleri (py,p,, p3) swrasiyla 1.15, 1.6 ve 1.6 katina
cikarildiginda, uyarlama etkinken kestirim hatast %2.3
diizeyinde kalmakta, parametreler donduruldugunda ise
%82’ye yiikselmektedir. Uyarlama yasalariin islevi tam
olarak bu model bozulmasinin ¢evrimigi giderilmesidir.

Agiklama 2. Nihai smirin (59)’daki yapisi, kazanglarin se¢imi
icin dogrudan bir rehber verir. Gecikme bilindiginden simir
sabiti ¢, denetim kazanci k bilyiidilkge monoton azalan bir
terim ile kazangtan bagimsiz bir tabandan olusur; dolayisiyla
k’i biyiitmek smirt her zaman sikilastirir ve i¢ optimum
ortaya ¢ikmaz. Telafi kazanci a, sinir sabitini belirleyen
baglica ayar parametresidir: biiylidilkge e™" = 0 olur ve
telafi kaynakli terim kiigiiliir, ancak ayni agirhk ileri
beslemeyi de zayiflattigindan 6lgiilii segilmelidir. S6ntimleme
kazanglart  ky = (a3 + ay)/W, kp=a,/A, kp =ay/p
secimiyle en kiigiik degerini alir ve ayni terimler parametre
siiriiklenmesini engeller. Kazanglarin dlgiilen basarima etkisi
Boliim 5’te sayisal olarak incelenmektedir.

Denetim kazancindan & biylkligiinde bir pay ayirmak
yerine acik bir kazang formiilii tercih ediliyorsa, bulanik ve
capraz terimler, denetim yasasmna (17) dogrusal olmayan

soniimleme eklenerek, yani Dy = ||(T)||2 + ”%”2 + ”2—2”2 ile

kyDyr eklenip bir kazang K, = o, + k,(1 + W2(aj + af +
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a?))1,, kullanilarak smirlandirtlabilir. Bu da bulanik kaynakli
sinir  sabitini agik bir O(1/k,) sabitine donistiiriir [28].
Gecikme bilindiginden, bu yapict varyant, gecikme belirsiz
oldugunda ortaya ¢ikan gecikme kaynakli bozulmadan
etkilenmez. Boylece iki tasarim yalnizca dogrusal olmayan
soniimlemenin e-modifikasyona gore bilinen tutuculugu
bakimindan farklilasir.

6. Sonuc¢

Bu ¢alismada, denetim kanali bilinen sabit bir giris gecikmesi
igeren n-baglantili robot manipiilatdrler i¢in gérev uzayinda
calisan, kendi kendini uyarlayan bulanik mantik tabanli bir
denetleyici  gelistirilmigtir.  Yontemin 6zii sudur: gecikme
bilindiginden, ger¢ek geemis denetim degerlerinin iistel
agirlikli integrali bir durum olarak tanimlanmigs ve hata
sistemine gecikmesiz bir bilesen eklenmistir. Bu sayede
gecikmeli girig, hata dinamiklerinden gecikme uyumsuzlugu
terimi dogurmadan ¢ikarilmistir. Bilinmeyen dinamikler ise
agrirliklary, iyelik merkezleri ve genislikleri projeksiyonlu e-
modifikasyon yasalariyla uyarlanan bir bulanik ag tarafindan
¢evrimigi yaklagtirilmigtir. Lyapunov—Krasovskii terimleriyle
genisletilmis bilesik bir fonksiyonel kullanilarak izleme
hatasinin ~ yari-global  diizgiin ~ nihai  sinirlt  oldugu
kanitlanmigtir. Elde edilen sinir, gecikme belirsizligine bagl
hicbir bilesen tagimamakta ve denetim kazanciyla monoton
azalmaktadir. Telafi kazanct o, ise sinir sabitini belirleyen
basglica ayar parametresi olarak One c¢ikmaktadir. Sayisal
calisma bu ¢oziimlemeyi desteklemektedir: 10-175 ms
gecikme araliginda denetleyici, 10 mm’lik baglangi¢ hatasini
0.3-2.4 mm diizeyine indirmekte, bulanik ag ise sifir agirlikla
baslatilmasina karsin ideal ileri beslemeyi birkac yiizde bagil
hatayla yeniden iiretmektedir. Gecikme telafi teriminin 50 ms,
bulanik mantik tabanli ileri beslemenin ise 100 ms ve iizerinde
kararlilik i¢in gerekli oldugu, uyarlamanin ise model
degistiginde kestirimi gegerli tuttugu ayrica gosterilmistir.
Deneysel  dogrulama  ve  yari-global  smirli-bolge
gereksiniminin gevsetilmesi, gelecekteki caligmalarm dogal
yonlerini olusturmaktadir.
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Ozet

Bu ¢calisma, biiyiik dil modellerinin Ingilizce ve Tiirk¢e soru-
cevap degerlendirmesinde otomatik degerlendirici olarak
kullamlabilirligini karsilastirmali olarak incelemektedir. Bu
kapsamda, bes farkl biiyiik dil modelinin kismi insan
anotasyonu ve kural tabanl vekil skorlardan olusan karma
referans puanlama yapisiyla uyumu, smiflandirma basarimi,
diller arasi tutarliligi ve prompt duyarliigi analiz edilmistir.
Paralel Ingilizce-Tiirkce SQuAD veri kiimesinden secilen 100
ornek icin dogru, kismen dogru ve yanlis olmak iizere ii¢ farkl
aday yanit olusturulmus, bu yanitlar basit ve rubrik tabanl iki
prompt  stratejisiyle degerlendirilmistir. Model ¢iktilar
Spearman swra korelasyonu, dogruluk, makro-F1, Cohen’in
kappa katsayisi ve Wilcoxon isaretli siralar testi kullanilarak
incelenmigstir. Bulgular, tim modellerin karma referans
puanlaryla yiiksek diizeyde swra korelasyonu gosterdigini
ortaya koymustur. GPT-4o-mini Ingilizcede en yiiksek
korelasyonu firetirken, Tiirk¢e degerlendirmede Claude
Sonnet 4.6 ve GPT-5.4-mini en yiiksek korelasyonu paylasmus,
birlesik Ingilizce—Tiirk¢e sonuclarda ise Claude Sonnet 4.6 en
yiiksek  korelasyonu  géstermistiv.  Claude Sonnet 4.6,
smiflandirma basarimi ve prompt kararlihigi acisindan en
dengeli model olarak éne ¢ikmistir. Sonuglar, LLM-as-a-
Judge yaklasimimin Tiirkce soru-cevap degerlendirmesi igin
umut verici oldugunu ancak model secimi, dil etkisi, prompt
tasarimi ve puan kalibrasyonunun birlikte ele alinmasi
gerektigini géstermektedir.

Anahtar kelimeler: Biiyiik dil modeli, degerlendirici olarak
biiyiik dil modelleri, soru-cevap degerlendirmesi, ¢ok dilli
degerlendirme, dogal dil isleme

Abstract

This study conducts a comparative analysis of the feasibility
of using large language models as automatic evaluators in
English and Turkish question-answering assessments. In this
context, the study analyzes the alignment of five different
large language models with a hybrid reference scoring system
consisting of partial human annotation and rule-based proxy
scores, as well as their classification performance, cross-
lingual consistency, and prompt sensitivity. For 100 examples
selected from the parallel English—Turkish SQuAD dataset,
three different candidate responses, namely correct, partially
correct, and incorrect responses, were generated, and these
responses were evaluated using two prompt strategies: a
simple prompt and a rubric-based prompt. The model outputs

were analyzed using Spearman’s rank correlation, accuracy,
macro-F1, Cohen’s kappa coefficient, and the Wilcoxon
signed-rank test. The findings revealed that all models
exhibited a high level of rank correlation with the hybrid
reference scores. While GPT-40-mini produced the highest
correlation in English, Claude Sonnet 4.6 and GPT-5.4-mini
shared the highest correlation in Turkish, in the combined
English—Turkish results, Claude Sonnet 4.6 achieved the
highest correlation. Claude Sonnet 4.6 emerged as the most
balanced model in terms of classification performance and
prompt stability. The results indicate that the LLM-as-a-
Judge approach shows promise for evaluating Turkish
question-answering systems, but that model selection,
language effects, prompt design, and score calibration must
be addressed collectively.

Keywords: Large language model, LLM-as-a-Judge, question-
answering  evaluation, multilingual  evaluation, natural
language processing

1. Introduction

The widespread adoption of large language models in
question-answering systems has made the question of how to
reliably evaluate the responses generated by these systems
even more critical. The generated responses often appear not
merely as correct or incorrect, but in context-dependent,
incomplete, partially correct, or semantically plausible yet
erroneous forms. Therefore, the evaluation of question-
answering systems requires more flexible evaluation
approaches that go beyond simple superficial similarity
metrics and take into account the response’s contextual
alignment, semantic accuracy, and scope.

Traditional evaluation metrics are primarily based on the
similarity of words or phrases between the candidate response
and the reference response. While metrics such as BLEU and
ROUGE are useful for certain tasks, they do not always
adequately capture aspects of question-answering evaluation
such as the response’s contextual appropriateness, semantic
accuracy, and completeness. This issue becomes particularly
evident when evaluating responses that are partially correct,
incomplete, or contextually limited.

Due to these limitations, the “LLM-as-a-Judge” approach
which utilizes large language models as automatic evaluators
has gained prominence in recent years. In this approach, large
language models can score, rank, or classify candidate
responses by evaluating them in conjunction with the
question, context, and reference answer. The LLM-as-a-Judge
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method is more scalable than human evaluation; it also has
the potential to perform more contextual and semantic
evaluations compared to traditional metrics [1]. However,
previous studies have shown that LLM judges are not equally
reliable across all tasks and contexts, and that their alignment
with human judgments can vary, particularly in tasks
requiring expertise or involving more complex evaluation
dimensions such as user satisfaction [2], [3].

However, there is a significant research gap in the context
of multilingual evaluation. The majority of LLM-as-a-Judge
studies have been conducted primarily in English; the
reliability of this approach has been less thoroughly examined
in languages such as Turkish, which are morphologically rich
and have more limited evaluation resources. Due to its
agglutinative structure and distinct syntactic features, Turkish
may present different challenges for automatic evaluation
compared to English. Therefore, language-specific and
systematic analyses are needed to evaluate the outputs of large
language models in Turkish. While studies such as TurkBench
highlight the importance of specialized benchmarks for
Turkish LLM evaluation [4], the alignment of the LLM-as-a-
Judge approach with hybrid reference scores, its classification
performance, cross-lingual consistency, and prompt sensitivity
in Turkish question-answering evaluation have not yet been
sufficiently and comprehensively investigated.

This study examines the feasibility and consistency of the
LLM-as-a-Judge approach in evaluating English—Turkish
question-answering tasks. To this end, 100 examples were
selected from the parallel English—Turkish SQuAD dataset;
for each example, three different types of candidate answers
were generated: correct, partially correct, and incorrect. Five
large language models scored these candidate responses on a
scale of 1-5 under two different prompt strategies: a simple
prompt and a rubric-based prompt. The model outputs were
analyzed in terms of agreement with hybrid reference scores,
classification accuracy, macro-F1, Cohen’s kappa, cross-
language scoring differences, and prompt sensitivity.

The main contributions of the study can be summarized as
follows:

e  This study provides preliminary empirical evidence
on the use of large language models as automatic
evaluators in a language like Turkish, which is
morphologically complex and underrepresented in
the LLM-as-a-Judge literature.

e By evaluating the English and Turkish equivalents
of the same question, context, and response levels,
this approach directly compares not only the
models’ overall performance but also the
consistency of their evaluations across languages.

e By considering the “correct,” “partially correct,” and
“incorrect” response categories together, it
highlights the models’ ability to distinguish
“partially correct” responses, which constitute a
particularly critical and challenging category for
evaluation.

e The study demonstrates that high agreement with
reference scores does not always translate to reliable
classification performance, highlighting the need to
measure score calibration and class discrimination
performance  separately in  LLM-as-a-Judge
evaluations.

e By comparing simple and rubric-based prompt
strategies, it demonstrates that evaluation outcomes
can vary depending on prompt design and language;
thus, it positions prompt robustness as a
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fundamental evaluation dimension for multilingual
LLM-as-a-Judge systems.

e The findings provide a practical evaluation
framework for model selection, prompt design, and
score calibration in Turkish and multilingual
question-answering systems.

The remaining sections of the paper are structured as
follows. Section 2 summarizes the literature on the LLM-as-a-
Judge approach and multilingual evaluation studies. Section 3
describes the dataset, candidate response generation, judge
models, the prompting process, and evaluation metrics.
Section 4 presents the experimental setup and reproducibility
settings. Section 5 presents results on model performance,
agreement with hybrid reference scores, language differences,
and prompt sensitivity. Section 6 discusses the findings, while
Section 7 presents conclusions and recommendations for
future work.

2. Related Work

The LLM-as-a-Judge approach has emerged in recent
years as a scalable alternative to human evaluation in
automated assessment processes. Li et al. have presented a
comprehensive literature review examining this approach
across various scenarios, such as evaluation, scoring, ranking,
and selection. The study highlights that traditional matching-
based or small-model-based evaluation methods have
limitations when applied to open-ended and dynamic tasks;
the LLM-as-a-Judge approach has been classified based on the
dimensions of “what is evaluated,” “how it is evaluated,” and
“which benchmarks are used for measurement” [1]. This
framework demonstrates that LLM-based evaluators are not
merely automated scoring tools, but systems that must be
carefully examined in terms of reliability, bias, and assessment
design.

Current studies show that LLM judges can produce
promising results on various tasks, but that this performance
varies depending on the task type and evaluation context. Yu
et al. treated the “LLM-as-a-Judge” capability as a general
skill of large language models and proposed a two-stage
training approach consisting of supervised fine-tuning and
direct preference optimization. The study demonstrates that
judgment performance can be improved not only through
prompt design but also through specialized training and
preference optimization processes [5]. In contrast, Huang et al.
noted that while judge models fine-tuned based on open-
source models may demonstrate high performance on their
own test datasets, they still lag behind GPT-4 in terms of
generalizability, fairness, and adaptability [6]. These findings
indicate that high performance alone is not sufficient in LLM-
as-a-Judge systems; reliability analysis is necessary across
different data domains, tasks, and usage conditions.

The reliability of the LLM-as-a-Judge approach is closely
related to its alignment with human judgments and the
transparency of its evaluation criteria. Yamasaki et al.
proposed the Function-Based Labels approach to more clearly
define the ambiguous relationships between product pairs in
complementary product recommendations. In this study, a
dataset containing 2,759 human-annotated product pairs was
created based on the functional features of the products,
independent of wuser behavior history. ModernBERT
demonstrated the best machine learning performance with a
Macro-F1 score of 0.911; GPT-40-mini, on the other hand,
achieved a consistency score of 0.989 and a classification
accuracy of 0.849 when a detailed FBL definition was used
[7]. These results are significant in that they demonstrate that
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clear and detailed evaluation definitions can improve
alignment with human judgments in LLM-based annotations.

Domain-specific studies highlight both the potential and
limitations of LLM judges in different usage contexts.
Tirkmen and Keles examined the “LLM-as-a-Judge”
approach to evaluating RAG systems using 150,000 real e-
commerce interactions on the Trendyol QA Assistant. In the
study, retrieval and generation-related errors  were
distinguished by combining user satisfaction labels, LLM
evaluator scores, and factor-based discriminant analyses. The
findings have shown that LLM-based judge models can
generally reflect trends in user satisfaction, but may overlook
certain details of dissatisfaction [2]. Szymanski et al., on the
other hand, found that LLM judges demonstrated only limited
agreement with human experts in specialized fields such as
dietetics and mental health. In the study, LLM judges agreed
with experts 68% of the time in the field of dietetics and 64%
of the time in the field of mental health [3]. These studies
show that LLM evaluators should be viewed as
complementary assessment tools used in conjunction with
human feedback, rather than as a complete replacement for
human evaluation.

Research in various fields—such as healthcare, creative
writing, and software engineering—also demonstrates that the
"LLM-as-a-Judge" approach must be evaluated in a task-
sensitive manner. Khan et al. proposed a framework called
“Al on Trial” that uses the “LLM-as-a-Judge” approach in
clinical decision-making processes and ensures that responses
are evaluated based on criteria of quality, completeness,
safety, and clarity [8]. Bellard et al. integrated an LLM-as-a-
Judge component into an agent-based RAG system for the
management of heart failure and demonstrated that this
architecture can improve the robustness of responses [9].
Mahadik et al. used multidimensional evaluation criteria such
as factual consistency, emotional tone, emotional expression,
readability, and overall response quality in medical dialogue
systems [10]. Abir et al. focused on evaluating creative and
semantically complex texts by wusing the ROUGE,
BERTScore, and LLM-as-a-Judge metrics together in a poetry
summarization task [11]. Crupi et al.,, on the other hand,
examined the “LLM-as-a-Judge” approach in code generation
and code summarization tasks; they demonstrated that,
although GPT-4-turbo was the most successful judge model, it
could occasionally misjudge code accuracy and summary
quality [12]. These findings indicate that a single, general
performance metric is insufficient in LLM-based evaluation
systems; instead, a multidimensional evaluation tailored to the
specific task, domain, and output type is necessary.

Another key trend emerging in LLM-as-a-Judge research
is the expansion of evaluation processes to include multimodal
scenarios and those sensitive to different linguistic contexts.
The MLLM-as-a-Judge benchmark, developed in this vein,
examines the evaluation capabilities of vision-language
models by adapting the LLM-as-a-Judge approach to
multimodal large language models. Within the scope of this
benchmark, the models were evaluated using rating, pairwise
comparison, and aggregate ranking tasks. The findings show
that the models are capable of making human-like decisions in
pairwise comparisons, but may exhibit significant differences
from human preferences in rating and aggregate ranking tasks
[13].

In general, the literature indicates that the LLM-as-a-Judge
approach holds strong potential for scalable and context-aware
evaluation; however, for reliable use, factors such as human
collaboration, task type, language effects, prompt design, and
evaluation metrics must be considered together. In this

context, the present study contributes to addressing the
multilingual reliability gap in the literature by jointly
examining the agreement of LLM evaluators with hybrid
reference scores, their classification performance, cross-
lingual consistency, and prompt sensitivity in English—Turkish
question-answering evaluations.

3. Methodology

The methodological design of this study was structured to
examine the extent to which large language models can
reliably score English and Turkish question-answer pairs using
an automatic evaluator. In the experimental process, parallel
English-Turkish SQuAD examples with the same content
structure were used, and candidate answers representing
different levels of accuracy were generated for each example.
These candidate responses were categorized into three groups:
correct, partially correct, and incorrect. This allowed for an
analysis not only of the models’ ability to distinguish clearly
correct or incorrect answers but also of their capacity to
correctly classify partially correct answers, which are more
challenging to evaluate. The study design was structured to
evaluate model performance across complementary
dimensions such as agreement with hybrid reference scores,
classification performance, cross-lingual consistency, and
prompt sensitivity rather than reducing it to a single metric.

In the experimental workflow, 100 parallel English—
Turkish question-answer pairs were first selected, and then
three different candidate responses were generated for each
pair using the GPT-40-mini model. Subsequently, five
different large language models were used as evaluators, and
each was asked to rate each candidate response on a scale of 1
to 5. The evaluation process was conducted under two
different prompt strategies: simple prompt and rubric-based
prompt. This structure allowed for an examination of both the
models’ overall evaluation performance and whether there
were changes in scoring behavior depending on the prompt
type. The obtained scores were analyzed using metrics such as
Spearman correlation, accuracy, Macro-F1, and Cohen’s
kappa; additionally, language differences and prompt
sensitivity were evaluated using statistical methods such as the
Wilcoxon signed-rank test and the Friedman test. The general
experimental process followed in this context is summarized

in Figure 1.
@ &£ I
Parallel English-  Candidate Answer LLM Judge Prompting + Evaluation
Turkish SQuAD Generation Models Scoring Analysis
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Figure 1. Experimental pipeline for multilingual LLM-as-a-
Judge evaluation
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3.1. Dataset and Candidate Answer Generation

In this study, English-Turkish parallel examples from the
validation split of the Stanford Question Answering Dataset
(SQuAD) were used. The experimental dataset consists of 100
question-answer pairs with successfully established English—
Turkish alignment. The 100 examples were selected
deterministically from the SQuAD v1.1 validation split and its
Turkish counterpart, SQuUAD-TR. English and Turkish records

Reference alignment
Spearman correlation

m Accuracy, Macro-F1,
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were matched using their common SQuAD identifiers, and
only examples with non-empty reference answers in both
languages were considered eligible. Among the 2,346 aligned
English-Turkish examples satisfying these criteria, the first
100 pairs encountered in the original dataset order were
included in the study. No random sampling, stratification, or
filtering based on question type, answer type, answer length,
or context length was applied. When multiple reference
answers were available, the first reference answer provided for
each example was used consistently in both the candidate-
response generation and evaluation procedures. Each example
consists of three basic components: a question, a context
paragraph, and a reference answer. Using the English and
Turkish versions of these components enabled the models to
be compared under the same evaluation framework in both
languages. Thus, model performance was assessed using
parallel English and Turkish versions of the same underlying
question-answer content.

Candidate responses were generated separately for each
example and each language. At this stage, the GPT-40-mini
model was used as the generative model, and the temperature
value was set to 0.7. The model was asked to generate
candidate responses at three different levels of accuracy,
taking into account the given context and the reference
answer. These accuracy levels were defined as “correct,”
“partially correct,” and “incorrect.” “Correct” responses
represent context-based answers that are fully consistent with
the reference answer; “partially correct” responses contain
accurate information but are incomplete or limited; and
“incorrect” responses are clearly erroneous but may appear
superficially plausible.

To construct the reference scoring scheme used in the
evaluation process, a hybrid scoring approach was adopted.
For 25 of the 100 parallel examples, corresponding to 150
candidate responses in total, the generated answers were
manually scored by the author on a 1-5 scale. These manually
assigned scores were used as human reference scores for this
subset. For the remaining 75 examples, rule-based proxy
scores were assigned according to the predefined accuracy
levels. Accordingly, correct responses were represented by 5
points, partially correct responses by 3 points, and incorrect
responses by 1 point. This proxy scoring scheme was selected
to maintain consistency with the score-to-label conversion rule
used in the classification analysis, where scores < 2 indicate
incorrect responses, a score of 3 indicates partially correct
responses, and scores > 4 indicate correct responses. This
framework made it possible to examine not only the ability of
large language models to distinguish between clearly correct
and incorrect responses but also their capacity to identify
partially correct responses, which are more ambiguous in
terms of evaluation. However, because the human-scored
subset was annotated by a single human evaluator and covered
only part of the dataset, the resulting reference structure
should be interpreted as a partially human-annotated and
partially proxy-based scoring framework rather than as a fully
human-annotated gold standard. The prompt template used to
generate candidate responses was designed to include explicit
constraints to ensure that each type of response was
formulated in accordance with the specified quality level.

3.2. Judge Models and Prompting Procedure

In this study, five large language models from two
different providers were used as evaluator models for the
automatic evaluation of candidate responses, as shown in
Table 1. The GPT-40-mini, GPT-4.1-mini, and GPT-5.4-mini
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models offered by OpenAl, as well as the Claude Haiku 4.5
and Claude Sonnet 4.6 models offered by Anthropic, were
included in the evaluation process. All judge models were run
with a temperature value of 0.0 to minimize sampling
variability and improve reproducibility. Each model was
presented with the question in the relevant language, the
reference answer, and the candidate answer; the models were
asked to rate the candidate answer on a scale of 1 to 5. The
original SQUAD context paragraph was not included in the
judge prompt.

Table 1. Judge models used in the evaluation

Model Provider Model Family
GPT-40-mini OpenAl GPT-40
GPT-4.1-mini OpenAl GPT-4.1
GPT-5.4-mini OpenAl GPT-5

Claude Haiku 4.5 | Anthropic Claude Haiku
Claude  Sonnet | Anthropic Claude Sonnet
4.6

Two different guidance strategies, simple prompting and
rubric-based prompting, were used in the prompting process.
While the simple prompt required the candidate’s response to
be scored based on the criteria of correctness and clarity, the
rubric-based prompt explicitly listed correctness, clarity, and
completeness as evaluation criteria, providing a more
structured evaluation instruction than the simple prompt. The
same evaluation workflow was applied to both English and
Turkish examples, thereby enabling a comparison of the
models’ cross-lingual consistency and sensitivity to different
prompt types. To improve reproducibility, representative
examples of the prompt templates are provided here. In the
simple-prompt condition, the evaluator was instructed: “Score
the candidate answer from 1 to 5 based on correctness and
clarity.” In the rubric-based condition, the evaluator was
instructed: “Evaluate the candidate answer based on
correctness, clarity, and completeness.” Both prompt types
then presented the question, reference answer, and candidate
answer, and required the model to return a JSON-formatted
score and short justification. Equivalent Turkish-language
templates were used for the Turkish evaluation condition. As
part of the experimental design, a total of 6,000 evaluations
were conducted using a combination of 5 models, 100
examples, 2 languages, 3 response labels, and 2 prompt
strategies.

3.3. Scoring Protocol and Evaluation Metrics

In this study, the judge models were asked to score each
candidate response on a scale of 1 to 5. During the scoring
process, the candidate response was evaluated alongside the
relevant question and reference answer. The original SQuUAD
context paragraph was not provided to the judge models. A
hybrid reference scoring scheme was used. For 25 of the 100
parallel examples, corresponding to 150 candidate responses,
scores were manually assigned by the author on a 1-5 scale.
For the remaining 75 examples, rule-based proxy scores were
used: correct answers were assigned 5 points, partially correct
answers 3 points, and incorrect answers 1 point. In this way,
the scores generated by the model for each candidate response
were made comparable to partially human-annotated and
partially proxy-based reference scores. This framework was
used to examine whether the models ranked the responses in a
manner consistent with the reference scoring scheme.

A predefined threshold rule was applied when converting
the model scores into a three-class evaluation framework.
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Accordingly, responses with a score < 2 were classified as
“incorrect,” those with a score = 3 as “partially correct,” and
those with a score > 4 as “correct.” Thanks to this
transformation, the models were evaluated not only on their
ability to assign scores between 1 and 5, but also on their
ability to distinguish between correct, partially correct, and
incorrect answers. In particular, maintaining the “partially
correct” class as a separate category made it possible to
examine the extent to which the models could distinguish
answers that were incomplete or only partially correct.

Multiple complementary metrics were used in the
evaluation. The agreement between model scores and
reference scores was measured using Spearman’s rank
correlation. Pearson correlation was additionally reported as a
complementary measure to assess the linear association
between model scores and reference scores and to compare it
with the rank-based agreement captured by Spearman’s
correlation. Classification performance was calculated using
accuracy and macro-F1 scores following score-to-label
conversion. While accuracy provides the ratio of examples
correctly classified by the model to the total number of
examples, macro-F1 was used to evaluate performance across
the three classes in a balanced manner. The agreement
between the labels generated by the model and the reference
labels was measured using Cohen’s kappa coefficient.

Prompt sensitivity was defined as the absolute difference
between the mean scores obtained for the same example
under the simple and rubric-based prompt conditions,
calculated as jmean_score simple — mean_score rubric|. The
absolute difference was used to quantify the magnitude of
prompt-induced score variation irrespective of direction;
therefore, this metric does not indicate whether the rubric-
based prompt produced systematically higher or lower scores.
Language difference, on the other hand, was assessed based
on the difference between the scores for the same example in
English and Turkish. The 95% confidence intervals for the
metrics were obtained using the percentile bootstrap method.
In the bootstrap process, the number of resamples was set to
1,000, and the random seed was fixed at 42
(BOOTSTRAP_RANDOM _SEED) to ensure reproducibility.
In each bootstrap iteration, sampling was performed with
replacement to preserve the original sample size. The
sampling unit was defined at the response-pair level,
depending on the metric in question; for classification
metrics, the reference—prediction pairs were used, while for
correlation metrics, the model-score—reference-score pairs
were used. Grouped bootstrap was not applied; correct,
partially correct, and incorrect candidate responses to the
same question were treated as independent response pairs.
The original sample size of n = 600 was maintained for each
cell; confidence intervals were reported using the 2.5th and
97.5th percentiles of the bootstrap distribution. The statistical
significance of language and prompt effects was assessed
using the Wilcoxon signed-rank test; for the prompt-
sensitivity analyses, p-values were additionally adjusted using
the Benjamini—Hochberg procedure to account for multiple
comparisons. Differences between models were analyzed
using the Friedman test. Because the human-scored subset
was annotated by a single evaluator, the findings should be
interpreted as agreement with a hybrid reference structure
rather than validation against a fully human-annotated gold
standard. Although the experimental design yielded 6,000
model judgments, these judgments were derived from 100
underlying parallel question—answer pairs. Therefore, the
6,000 judgments should be interpreted as repeated evaluation

observations generated from 100 fundamental examples
rather than as 6,000 statistically independent samples.

4. Experimental Setup

4.1. Model Configuration

In the experimental evaluation, five large language models
from two different API providers were used as evaluation
models. The GPT-40-mini, GPT-4.1-mini, and GPT-5.4-mini
models from OpenAl, and the Claude Haiku 4.5 and Claude
Sonnet 4.6 models from Anthropic were included in the
evaluation process. The evaluator models were used to
evaluate candidate responses generated from English and
Turkish question-answering examples. All evaluator models
were run with a temperature parameter of 0.0 to minimize
sampling variability and improve reproducibility. Candidate
response generation was carried out as a separate step; in this
step, GPT-40-mini was used as the generative model, and the
temperature value was set to 0.7.

The experimental setup is based on 100 parallel
English/Turkish examples selected from the SQuAD
validation set. For each example, fields for the English and
Turkish questions, the context paragraph, and the reference
answer were used. For each example and language, three
different candidate response labels—correct, partially correct,
and incorrect—were evaluated. Additionally, each evaluator
model scored the candidate responses using two different
prompt strategies: simple and rubric-based. The experiment
was designed with 5 models, 100 examples, 2 languages, 3
response labels, 2 prompt strategies, and 1 repetition. As a
result of this structure, a total of 6,000 model judgments were
obtained. These judgments were generated from 100
underlying parallel question—answer pairs and therefore do not
represent 6,000 independent experimental units.

4.2. Evaluation Procedure

The evaluation process was conducted on 100 parallel
English/Turkish examples selected from the SQuAD
validation set. For each example, the question, reference
answer, and candidate answer were provided to the relevant
evaluator model. The original context paragraph was not
included in the judge-model input. The candidate responses
were created at three different levels of accuracy: correct,
partially correct, and incorrect; each candidate response was
evaluated in both the English and Turkish versions. The
evaluator models were instructed to generate a score between
1 and 5 by comparing the given candidate response with the
reference response.

Each model was run through the same evaluation
workflow. Each of the five evaluators scored candidate
responses for 100 examples across two languages, three
candidate response labels, and two prompt strategies. Two
different types of prompts were used in the prompting
process: simple prompts and rubric-based prompts. In the
simple prompt, evaluation was based on the criteria of
correctness and clarity; in the rubric-based prompt, however,
evaluation was structured around the dimensions of
correctness, clarity, and completeness. The experimental
design was implemented as 5 models x 100 examples X 2
languages x 3 labels x 2 prompts x 1 repetition, resulting in a
total of 6,000 judgments.

The model scores obtained were converted to class labels
using a predefined score-to-label conversion rule.
Accordingly, responses with a score < 2 were considered
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incorrect, responses with a score = 3 were considered partially
correct, and responses with a score > 4 were considered
correct. Following this process, the model scores were
compared with the hybrid reference scores, and the
transformed model labels were compared with the reference
labels. The evaluation results were analyzed using Spearman’s
rank correlation, accuracy, macro-F1, and Cohen’s kappa
coefficient. Additionally, prompt sensitivity and English—
Turkish score differences were calculated in a paired manner
using the same examples.

4.3. Reproducibility Settings

To ensure the reproducibility of the experiments, a fixed
and predefined experimental framework was followed during
the evaluation process. The dataset was limited to 100 parallel
English/Turkish examples selected from the SQuAD
validation set; for each example, the question, context
paragraph, and reference answer fields were used during
dataset preparation and candidate-response generation. The
candidate responses were generated under three categories
correct, partially correct, and incorrect and all judge models
evaluated them using the same candidate response structure.
Thus, model comparisons were conducted based on the same
data, the same language conditions, and the same response
categories.

The model settings were also kept constant to ensure
comparability. While the GPT-40-mini model was used with a
temperature of 0.7 to generate candidate responses, all
evaluator models were run with a temperature of 0.0 during
the evaluation phase. Each model was evaluated on the same
100 examples in two languages—English and Turkish—using
three candidate response labels and two prompt strategies. The
experimental design was implemented as 5 models x 100
examples x 2 languages x 3 labels % 2 prompts x 1 repetition,
resulting in a total of 6,000 judgments.

During the analysis phase, predefined rules were used for
scoring and labeling. A hybrid reference scoring scheme was
adopted: 25 examples, corresponding to 150 candidate
responses, were manually scored by the author on a 1-5 scale,
while the remaining 75 examples were scored using rule-based
proxy scores. For the proxy-scored examples, correct, partially
correct, and incorrect answers were assigned scores of 5, 3,
and 1, respectively. When converting model scores to labels,
the following rule was applied: a score of < 2 was considered
incorrect, a score of 3 was considered partially correct, and a
score of > 4 was considered correct. Confidence intervals were
calculated at the 95% level using 1,000 bootstrap resamples;
the significance of language and prompt effects was assessed
using the Wilcoxon signed-rank test, with Benjamini—
Hochberg adjustment applied to the prompt-sensitivity
analyses, while differences between models were evaluated
using the Friedman test. The human-scored subset was
included to support the reference scoring framework, but
because it was annotated by a single evaluator, it was not used
to estimate inter-annotator agreement.

5. Results

5.1. Model Performance Results

The performance of the evaluator models was analyzed
from two complementary perspectives: their agreement with
the hybrid reference scores and their ability to classify
candidate responses into the correct, partially correct, and
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incorrect categories. This distinction is important because a
model may preserve the overall ranking of response quality
while still showing limited performance in discrete class
assignment. Accordingly, Table 2 reports both rank-based
agreement and classification-based performance metrics for
each model under the English and Turkish evaluation settings.

Table 2. Agreement and classification performance metrics by
model and language.

Model Language | Spearman | Accuracy | Macro- | Cohen’s
p F1 K
GPT-4o0- English 0.925 0.747 0.695 0.620
mini
GPT-4o0- Turkish 0.867 0.728 0.687 0.593
mini
Claude English 0.908 0.772 0.735 0.658
Sonnet 4.6
Claude Turkish 0.901 0.753 0.717 0.630
Sonnet 4.6
GPT-5.4- English 0.903 0.670 0.552 0.505
mini
GPT-5.4- Turkish 0.901 0.692 0.611 0.538
mini
Claude English 0.890 0.678 0.577 0.518
Haiku 4.5
Claude Turkish 0.870 0.705 0.642 0.558
Haiku 4.5
GPT-4.1- English 0.882 0.702 0.639 0.553
mini
GPT-4.1- Turkish 0.849 0.705 0.656 0.558
mini

As shown in Table 2, all models produced high Spearman
correlation coefficients in both English and Turkish
evaluations, indicating that their score rankings were generally
consistent with the expected ordering of response quality. In
the English evaluation, the highest Spearman correlation was
obtained by GPT-40-mini (p = 0.925), followed by Claude
Sonnet 4.6 (p = 0.908) and GPT-5.4-mini (p = 0.903). In the
Turkish evaluation, the highest Spearman correlation was
observed for Claude Sonnet 4.6 and GPT-5.4-mini, both with
p = 0.901, followed by Claude Haiku 4.5 (p = 0.870) and
GPT-40-mini (p = 0.867). However, the classification metrics
reveal a different pattern. Claude Sonnet 4.6 achieved the
highest accuracy, macro-F1, and Cohen’s k values in both
languages, with an accuracy of 0.772, a macro-F1 score of
0.735, and k = 0.658 in English, and an accuracy of 0.753, a
macro-F1 score of 0.717, and « = 0.630 in Turkish. Although
GPT-5.4-mini produced one of the highest Spearman
correlation values in both languages, its classification
performance was lower, particularly in English, where it
achieved an accuracy of 0.670, a macro-F1 score of 0.552, and
k = 0.505. This finding indicates that high rank correlation
does not necessarily imply equally strong classification
performance across the three response categories, namely
correct, partially correct, and incorrect.

These results show that evaluating differences between
models based solely on correlation coefficients is not
sufficient. In particular, differences in classification
performance indicate that, although the models exhibit similar
ranking behavior, they may apply decision boundaries
differently. Therefore, a visual comparison of model accuracy
helps to highlight these performance differences more clearly.
This distinction is particularly important when assessing the
practical reliability of judge models, since similar correlation
levels may conceal meaningful differences in categorical
decision performance. To provide a more direct comparison of
classification performance across models and languages,
Figure 2 visualizes the accuracy scores reported in Table 2.
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Figure 2. Classification accuracy of LLM-as-a-Judge models
in English and Turkish.

According to Figure 2, the highest classification accuracy
was achieved by the Claude Sonnet 4.6 model. This model
achieved an accuracy of approximately 77% for English and
approximately 75% for Turkish. Although GPT-40-mini
demonstrated strong performance in English, it produced
lower accuracy in Turkish. In contrast, the GPT-5.4-mini and
Claude Haiku 4.5 models showed relatively lower accuracy in
English. Overall, the results indicate that the models’
classification performance is at a medium-to-high level, but
not all models demonstrate the same level of balanced
performance.

Figure 3 presents the confusion matrix of Claude Sonnet
4.6 under the Turkish evaluation setting. This model was
examined in greater detail because it achieved the most
balanced overall classification performance among the
evaluated judge models. The confusion matrix provides a
more fine-grained view of model behavior by showing how
often each true response category was assigned to the correct
or incorrect predicted label.
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Figure 3. Confusion matrix of Claude Sonnet 4.6 for Turkish
evaluation.

As shown in Figure 3, Claude Sonnet 4.6 classified the
clearly defined categories with high reliability, correctly
identifying 98% of incorrect responses and 95% of correct
responses. In contrast, performance on the partially correct
category was substantially weaker, with only 33% of partial
responses correctly assigned to the partial class. Most errors in
this category involved confusion with the incorrect label,

accounting for 38% of partial responses, whereas 28% were
misclassified as correct. This pattern indicates that the model
was highly effective in separating clearly correct and clearly
incorrect answers, but less reliable in identifying responses
with intermediate or borderline quality.

Figure 4 presents the confusion matrix of Claude Sonnet 4.6
under the English evaluation setting, allowing a class level
comparison of prediction behavior across correct, incorrect,
and partially correct responses.
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Figure 4. Confusion matrix of Claude Sonnet 4.6 for English
evaluation.

As shown in Figure 4, Claude Sonnet 4.6 demonstrated
very high classification accuracy for the clearly defined
categories in the English evaluation setting, correctly
identifying 99% of correct responses and 99% of incorrect
responses. In contrast, performance on partially correct
responses remained limited, with only 34% assigned to the
partial class. Most errors in this category were due to
confusion with the incorrect label, which accounted for 44%
of partial responses, whereas 22% were misclassified as
correct. This pattern confirms that, even under the English
evaluation condition, the model was highly reliable for clearly
correct and clearly incorrect answers but substantially less
effective in identifying responses with intermediate quality.

To examine overall agreement across languages, the
English and Turkish evaluation results were combined and
analyzed jointly. Table 3 reports the combined correlation
results between judge scores and the hybrid reference scores
for each model.

Table 3. Combined English—Turkish correlation between
judge scores and hybrid reference scores (n = 1,200 per

model).
Model Spearman | Lower | Upper | Pearson p
p CI CI r value
GPT- 0.902 0.885 0.916 0.886 <
5.4-mini 0.001
Claude 0.905 0.888 0.920 0.900 <
Sonnet 0.001
4.6
GPT-4o- 0.896 0.881 0.910 0.891 <
mini 0.001
Claude 0.880 0.864 0.896 0.873 <
Haiku 0.001
4.5
GPT- 0.865 0.843 0.885 0.857 <
4.1-mini 0.001
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As shown in Table 3, all models produced high combined
Spearman correlation values, indicating strong overall
agreement with the hybrid reference scores across the
bilingual evaluation setting. Claude Sonnet 4.6 achieved the
highest combined Spearman correlation with a value of 0.905,
followed closely by GPT-5.4-mini with 0.902 and GPT-4o-
mini with 0.896. In terms of linear association, the highest
Pearson correlation coefficient was obtained by Claude Sonnet
4.6 with a value of 0.900. Moreover, the p values were below
0.001 for all models, indicating that the observed relationships
between model scores and the hybrid reference scores were
statistically significant.

To examine scoring behavior beyond classification-based
performance, Table 4 reports the mean judge scores assigned
to correct, partially correct, and incorrect responses in English
and Turkish, averaged across the two prompt strategies. These
mean scores provide a more direct view of how each model
used the 1 to 5 scale and how distinctly it separated the three
response quality categories.

Table 4. Mean judge scores for each candidate answer label
and language.

the English and Turkish evaluation settings were analyzed to
determine whether the models exhibited systematic language
dependent scoring patterns. The results of the Wilcoxon
signed-rank test for paired English and Turkish scores are
presented in Table 5.

Table 5. Wilcoxon signed-rank test results for the difference
between English and Turkish scores.

Model Statistic p value Effect Significant?
Size (r)
GPT-5.4- 5219.5 0.000117 —0.330 Yes
mini
GPT-4o- 12362.5 0.084 +0.123 No
mini
Claude 13633.5 0.496 —0.049 No
Haiku
4.5
GPT-4.1- 14312.0 0.557 —0.042 No
mini
Claude 9673.5 0.727 —-0.028 No
Sonnet
4.6

Model Language Correct Partially Incorrect
Correct
GPT-40- English 493 2.94 1.28
mini
GPT-40- Turkish 4.65 2.82 1.46
mini
Claude English 4.96 2.65 1.12
Sonnet 4.6
Claude Turkish 4.82 2.78 1.15
Sonnet 4.6
Claude English 4.89 2.67 1.19
Haiku 4.5
Claude Turkish 4.80 2.71 1.32
Haiku 4.5
GPT-4.1- English 4.80 2.82 1.21
mini
GPT-4.1- Turkish 4.69 2.96 1.24
mini
GPT-5.4- English 4.92 2.60 1.04
mini
GPT-5.4- Turkish 4.84 3.18 1.10
mini

As shown in Table 5, a statistically significant difference
between the English and Turkish scores was observed only for
GPT-5.4-mini, with p = 0.000117 and an effect size of r = -
0.330. For all other models, the p values remained above the
significance threshold, indicating no statistically significant
language related score difference. These results suggest that
the effect of language on scoring behavior was model
dependent and was most pronounced in GPT-5.4-mini.

To examine the effect of prompt type on model scores,
paired simple-prompt and rubric-based-prompt scores were
compared using the Wilcoxon signed-rank test. Prompt
sensitivity was summarized separately as the mean absolute
difference between the corresponding mean scores. Table 6
presents the mean sensitivity values, 95% confidence
intervals, p values, effect sizes, and significance outcomes for
each model and language.

Table 6. Wilcoxon signed-rank test results for prompt-type
differences, with mean sensitivity, 95% Cls, and BH-adjusted
p-values.

As shown in Table 4, correct responses are assigned high
scores, incorrect responses are assigned low scores, and
partially correct responses are assigned intermediate scores
across all models. This pattern indicates that the models are
able to distinguish between the three response categories in
terms of their scoring behavior. While the average scores for
correct answers range from 4.65 to 4.96, the average scores for
incorrect answers range from 1.04 to 1.46. Partially correct
answers, however, show greater variability across models and
languages. This suggests that the models are able to
distinguish between correct and incorrect answers more
consistently, whereas model and language-based differences
are more pronounced in the scoring of partially correct
answers.

5.2. Statistical Analysis

To further examine the consistency of model scoring
behavior, additional statistical analyses were conducted with a
particular focus on cross linguistic differences and prompt-
related variation. As an initial step, score differences between
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Model Langu Mean | 95% CI p p Effec | Signif
age Sensi value (BH) t Size icant
tivity ?
GPT- English | 0.230 [0.177, < < 0.884 Yes
4.1- 0.287] 0.001 0.001
mini
GPT- Turkis 0.230 [0.177, < < 0.793 Yes
4o- h 0.290] 0.001 0.001
mini
GPT- Turkis 0.163 [0.113, < < 0.754 Yes
5.4- h 0.210] 0.001 0.001
mini
Claude Turkis 0.100 [0.070, 0.028 0.056 | —0.40 No
Haiku h 0.133] 9 0
4.5
Claude | English | 0.033 [0.013, 0.002 0.003 1.000 Yes
Sonnet 0.057] 9
4.6
GPT- Turkis 0.173 [0.127, 0.050 0.083 0.310 No
4.1- h 0.227]
mini
GPT- English | 0.117 [0.080, 0.139 0.173 0.257 No
4o- 0.157] 7
mini
GPT- English | 0.133 [0.087, 0.137 0.173 | —0.28 No
5.4- 0.183] 7 6
mini
Claude Turkis 0.087 [0.053, 0.705 0.783 0.077 No
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Sonnet h 0.120] 8

4.6
Claude | English | 0.057 [0.033, 0.819 | 0.818 | 0.059 No
Haiku 0.083] 5

4.5

As shown in Table 6, prompt sensitivity varied across both
models and languages. The highest mean sensitivity was
observed for GPT-4.1-mini in English and GPT-40-mini in
Turkish, both with a value of 0.230, followed by GPT-4.1-
mini in Turkish with 0.173 and GPT-5.4-mini in Turkish with
0.163. After applying the Benjamini—Hochberg correction,
statistically significant prompt effects were observed for GPT-
4.1-mini in English, GPT-40-mini in Turkish, GPT-5.4-mini in
Turkish, and Claude Sonnet 4.6 in English. Among the Claude
models, Claude Sonnet 4.6 exhibited a statistically significant
but very small sensitivity in English, whereas Claude Haiku
4.5 in Turkish was not significant after correction. Overall,
these results indicate that prompt formulation affected the
scoring behavior of some models more strongly than others,
and that this effect varied depending on both the model and
the evaluation language.

To examine how scoring behavior changed across prompt
types, prompt sensitivity was quantified as the mean absolute
difference between the corresponding mean scores obtained
under the simple and rubric-based prompt conditions for each
model in the English and Turkish evaluation settings. Figure 5
presents these prompt sensitivity values and provides a visual
comparison of how strongly each model’s scoring behavior
varied across the two prompt conditions.
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Figure 5. Prompt sensitivity across English and Turkish,
measured as the mean absolute score difference between the
simple and rubric prompts (1-5 scale). Error bars: 95%
bootstrap Cls. Asterisks (*) denote Benjamini—Hochberg-
adjusted significance across ten comparisons (Wilcoxon
signed-rank test, p < 0.05).

As shown in Figure 5, prompt sensitivity differed
substantially across models and languages. Among the
OpenAl models, GPT-40-mini exhibited the highest sensitivity
in Turkish, whereas GPT-4.1-mini showed the highest
sensitivity in English; both effects were statistically significant
after Benjamini—-Hochberg correction. GPT-5.4-mini also
displayed noticeable prompt-related variation, with a
statistically significant effect in Turkish but not in English. In
contrast, the Claude models were generally less sensitive to
prompt type. Claude Haiku 4.5 showed moderate sensitivity in
Turkish in terms of mean score difference, but this effect was
not statistically significant after correction. Claude Sonnet 4.6

exhibited the lowest sensitivity overall, although its small
English prompt effect was statistically significant. These
results indicate that prompt formulation influenced the scoring
behavior of some models more strongly than others,
particularly for GPT-40-mini in Turkish, GPT-4.1-mini in
English, and GPT-5.4-mini in Turkish, while Claude Sonnet
4.6 produced comparatively more stable evaluations across
prompt conditions.

Finally, to determine whether the five judge models
differed significantly in their scoring behavior, a Friedman test
was conducted separately for each language, using the paired
scores assigned to the same candidate responses across
models. This analysis complements the preceding Wilcoxon
tests by shifting the focus from language and prompt effects to
differences among the judge models themselves. The results
are presented in Table 7.

Table 7. Friedman test results for differences among the five
judge models, reported separately for each language

Language Friedman y* df p value
English 74.63 4 <0.001
Turkish 23.68 4 <0.001

As shown in Table 7, the Friedman test revealed
statistically significant differences among the judge models in
both English (y*(4) = 74.63, p < 0.001) and Turkish (y*(4) =
23.68, p < 0.001). These results confirm that the choice of
judge model has a significant effect on the assigned scores in
both languages. The larger test statistic obtained for English
indicates that inter-model differences were more pronounced
in the English evaluation setting, whereas the models
produced comparatively more homogeneous scores in Turkish.
Taken together with the classification and correlation results,
this finding reinforces that judge-model selection is a decisive
factor in multilingual LLM-as-a-Judge evaluation.

6. Discussion

The findings from this study provide promising evidence
that large language models can be used as automatic
evaluators in question-answering assessment tasks. The fact
that Spearman’s correlation coefficients were high for all five
models examined indicates that the models generally exhibited
a ranking behavior consistent with the hybrid reference
scoring framework. This result suggests that the LLM-as-a-
Judge approach may serve as a viable evaluation method not
only in high-resource languages such as English but also in
morphologically rich languages such as Turkish, under
controlled experimental conditions.

However, the performance of the models should not be
evaluated solely based on correlation values. The findings
reveal that, despite high rank correlation, there are significant
differences among the models in terms of classification
performance and macro-F1 scores. This indicates that,
although the models can rank responses relatively accurately,
they are not equally successful when converting them into
discrete categories such as “correct,” “partially correct,” and
“incorrect.”  Therefore, in LLM-as-a-Judge systems,
correlation metrics must be evaluated alongside classification-
based metrics such as accuracy, macro-F1, and Cohen’s kappa
coefficient. This finding also shows that the thresholding and
calibration strategies used to convert model scores into class
labels can have a decisive impact on the results. In this study,
the proxy score for partially correct responses was set to 3 to
ensure consistency with the score-to-label conversion rule.
Nevertheless, because the “partially correct” category is more
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ambiguous than the clearly correct and incorrect categories,
future analyses should examine alternative score-to-label
thresholding schemes to test the robustness of classification
results.

In terms of model comparisons, Claude Sonnet 4.6
demonstrated the most balanced performance. This model
showed high classification accuracy in both English and
Turkish results, exhibited only limited differences between the
languages, and demonstrated a relatively stable structure in the
face of prompt changes. GPT-40-mini, on the other hand,
achieved the highest Spearman correlation on the English
dataset but showed a more pronounced decline in Turkish.
This result should be interpreted with caution because GPT-
40-mini was used both to generate candidate responses and as
one of the judge models, which may introduce same-model or
self-preference bias. This finding indicates that, in
multilingual evaluation scenarios, model selection should not
be based solely on the highest performance in a single
language, but should also take into account cross-lingual
consistency and robustness. However, it should be noted that
these comparisons are limited by the dataset used, the
candidate response generation method, the prompt design, and
the scoring protocol.

Another notable finding of the study is the weaker class-
level discrimination observed for GPT-5.4-mini. Despite its
competitive Spearman correlation values, this model showed
lower classification performance, particularly for the “partially
correct” class. The lower macro-F1 score suggests that a
substantial portion of the classification errors was associated
with this intermediate category. This suggests that while the
model preserves the relative ranking of responses, it may not
use the scoring scale with sufficient calibration for fine-
grained classification. Therefore, although GPT-5.4-mini
appears suitable for ranking-based evaluations, it should be
used with caution in three-class classification tasks. In
particular, when evaluating the “partially correct” class, it may
be necessary to calibrate the score ranges and class thresholds
on a per-model basis.

The results regarding language differences and prompt
sensitivity also highlight the importance of calibration when
using LLM-as-a-Judge. The fact that a significant difference
was found only between the English and Turkish scores for
GPT-5.4-mini suggests that some models may exhibit
different scoring tendencies when evaluating Turkish
responses. Furthermore, the fact that prompt sensitivity is
more pronounced in OpenAl models suggests that evaluation
outputs may be influenced by the way prompts are phrased.
For this reason, particularly in Turkish evaluation scenarios,
prompt language, rubric details, and scoring criteria should be
treated as fundamental components of the experimental
design. It should also be noted that the simple and rubric-
based prompts differed slightly in the verbal descriptions of
the scoring scale, which may have contributed to the observed
prompt-sensitivity effects. These results suggest that, in
multilingual LLM-as-a-Judge systems, a single general prompt
or fixed scoring scale may not be equally suitable for every
model and language.

Overall, the findings indicate that the LLM-as-a-Judge
approach shows promise for evaluating Turkish question-
answering systems; however, for reliable use, model selection,
language effects, prompt design, and score calibration must be
evaluated together. Since the reference scoring framework was
only partially based on manual human scoring, the findings
should not be interpreted as direct evidence of full alignment
with human judgment, but rather as preliminary evidence of
agreement with a partially human-annotated and partially
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proxy-based reference structure. Furthermore, although a total
of 6,000 model judgments were obtained, the number of
fundamental independent examples was 100 question—answer
pairs. The remaining observations were repeated evaluations
derived from these same underlying examples across models,
languages, response categories, and prompt conditions.
Consequently, observations originating from the same
question may exhibit structural dependence because they share
the same question, context, and reference answer. Therefore,
the Wilcoxon, Friedman, and observation-level bootstrap
results should be interpreted with this dependence structure in
mind. Another limitation is the possible same-model bias
caused by using GPT-40-mini both as the candidate-response
generator and as one of the judge models. Future studies
should separate the response-generation and evaluation roles
more strictly by using a generator model that is not included
among the judge models or by generating candidate responses
from multiple independent models. In future work, the number
of examples and the coverage of human annotations will be
increased, and multiple independent annotators will be
included to provide stronger evidence of reliability. Future
studies should also examine model behavior across different
task types and develop language-specific calibration strategies
aimed specifically at more reliably distinguishing “partially
correct” responses. Mixed-effects models or question-level
grouped bootstrap approaches could also be used to draw more
precise conclusions. The 100 examples were selected through
deterministic sequential truncation rather than random or
stratified sampling. Consequently, the sample may not fully
represent the broader distribution of question types, topics,
and difficulty levels in the complete aligned SQUAD-SQuAD-
TR pool. Future studies should therefore evaluate the
robustness of the findings using larger randomly selected or
stratified samples.

7. Conclusion

This study systematically investigated the feasibility of
using large language models as automatic evaluators in
English and Turkish question-answering assessments. The
findings reveal that all models examined exhibited a high
degree of rank correlation with the hybrid reference scores and
that the LLM-as-a-Judge approach offers a promising
evaluation method even in a morphologically complex
language such as Turkish, under certain experimental
conditions.

The results show that model selection is a determining
factor in multilingual evaluation performance. Claude Sonnet
4.6 emerged as the most balanced model in terms of
classification performance, cross-language consistency, and
relative stability against prompt changes. While GPT-40-mini
produced the highest rank correlation in the English
evaluation, Claude Sonnet 4.6 and GPT-5.4-mini shared the
highest Spearman correlation in the Turkish evaluation, and
Claude Sonnet 4.6 achieved the highest correlation in the
combined English-Turkish results. However, the fact that
GPT-5.4-mini struggled to distinguish the “partially correct”
category clearly demonstrates that high correlation values
alone are not a sufficient indicator of reliability.

These findings demonstrate that, for LLM-as-a-Judge
systems to be used reliably, correlation-based metrics must be
evaluated in conjunction with classification performance,
language effects, prompt sensitivity, and score calibration. The
study provides an empirical foundation based on preliminary
findings regarding the use of multilingual LLM evaluators for
Turkish question-answering evaluation and offers guiding
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insights for future research with larger datasets and broader
human annotation coverage. Since the reference scoring
framework was only partially based on manual human scoring,
the findings should not be interpreted as direct evidence of full
alignment with human judgment, but rather as preliminary
evidence of agreement with a partially human-annotated and
partially proxy-based reference structure. Future work may
extend this analysis by increasing the number of examples,
expanding the coverage of human annotations, and including
multiple independent annotators to provide stronger evidence
of reliability.
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