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EDITORDEN
Degerli Istanbul Ticaret Universitesi Fen Bilimleri Dergisi Okurlari,

Dergimizin 24. yilinda, 2025 Bahar déoneminde yayimlanan 47. say1y1 degerli okurlara
ulastirmaktan onur duymaktayiz.

Dergimizin bu sayisinda insaat Miihendisligi, Fizik, Bilgisayar Miihendisligi, Kimya,
Endiistri Miihendisligi, Matematik ve Elektrik Miihendisligi alanlarindan on alt1
makaleyi siz okurlarimizin istifadesine sunmaktan mutluyuz.

Bu sayida, tniversitemiz iginden ve disindan c¢alismalarini bizim araciligimizla
okuyuculariyla paylasan yazarlarimiza, makalelerin hakemlik siireglerine itinali
calismalar ile katkida bulunan degerli akademisyenlere ve derginin hazirlanmasinda
emegi gecen ¢aligma arkadaglarimiza tesekkiirlerimizi sunariz.

Saymin fen bilimleri alaninda degindigi konulara 6zgiin ve giincel bakis agilart
kazandirmasini temenni eder, bir sonraki sayida okuyucularimizla bulusmayi dileriz.

Prof. Dr. Berk AYVAZ
Fen Bilimleri Dergisi Editorii

EDITORIAL POST
Dear Readers of Istanbul Commerce University Journal of Science,

In the 24th year of our journal, we are honored to share with you our esteemed readers
the 47th issue of the Spring 2025 edition.

In this issue, we are pleased to publish sixteen articles from the fields of Civil
Engineering, Physics, Computer Engineering, Chemistry, Industrial Engineering,
Mathematics and Electrical Engineering to the readers.

We are eternally grateful to our writers who share their original scientific paper with the
readers and our colleagues who have contributed to the preparation of the journal and
the valuable academicians.

We hope that the issue will provide unique and actual scientific view into the subjects

of natural science. Looking forward to meet with the next issue.

Prof. Dr. Berk AYVAZ
Editor
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YAYIN POLITIKASI

Dergimizde yazarlarin g¢aligmalarimi makale olarak yayimlamalari, okuyucularin
makale okumalari1 ve indirmeleri {icretsizdir. Ayn1 sekilde hakem degerlendirmesi ve
yayimlanma siirecinde de iicret talep edilmemektedir. Dergimizin tiim sayilarina
https://dergipark.org.tr/tr/pub/ticaretfbd adresinden ulasilabilir.

Dergimize yayinlanmak tizere gonderilen caligmalar, benzerlik kontrol yazilimi olan
Intihal.Net ile kontrol edilir. Cift-kérleme hakem degerlendirme siirecine sadece
benzerlik oran1 < % 20 c¢alismalar alinir. Bu durumda degilse yazar/lar'dan ¢alismanin

tekrar revize edilerek yiiklenmesi istenir. Benzerlik oran1 % 20’den yiiksekse, basvuru
reddedilir.

Dergimize gonderilen makaleler i¢in degerlendirme asamalar1 asagidaki gibidir;
1. Makale On incelemeye alinir;
e Makalenin yazim formati incelenir ve Intihal.Net programi ile benzerlik
taramasi yapilir.
e  Makalenin 6rnek makale sablonuna uygunlugu kontrol edilir.
e  Sablona uymayan makaleler yazara bildirilir ve makalenin diizeltilmesi istenir.
e  Makale sunum ve telif hakk: devir formu bilgilerinin kontrolii yapulir.
2. Makale Degerlendirme agsamasina geger.
e Dergimiz makale degerlendirme siirecinde hakem ve yazarlar birbirlerinin
bilgilerini géremedigi ¢ift-korleme hakemlik sistemini kullanmaktadir.
e Makaleye en az iki hakem atamasi yapilir. Hakemlere degerlendirme i¢in 21
giin siire taninir. Degerlendirme siireci tamamlanmazsa ek 7 giin siire verilir.
e Makalenin sonucu ret, diizeltme ya da kabul olabilir. Sonuca gore asagidaki
madde/maddeler uygulanir:

o Hakem goriislerinin ¢ogunlugu dogrultusunda makale ret edilmigse
siire¢ sonlandirilir ve makale reddedilir. Esitlik durumu s6z konusu
ise liglincli hakem atamasi yapilir.

o Makale igin diizeltme istenirse hakem goriisleri dogrultusunda
yazarin diizeltmeleri yapmasi istenir.

o Makale kabul alirsa diizenleme agamasina gegilir.

3. Mizanpaj asamasinda, diizeltmeler gerekirse yazardan istenir.
4. Siire¢ tamamlanir ve yazara bilgilendirme mesaj1 gonderilir.
Makale kabul siireci ortalama 3 ay siirmektedir.

Istanbul Ticaret Universitesi Fen Bilimleri Dergisi Budapeste A¢ik Erisim Girisimi'ne
bagli kalir ve Ac¢ik Erisim politikasint orijinal BOAI'da gelistirilen tanima gore
tanimlar:

Acik Erisim, “Hakem denetimli bilimsel literatiiriin, internet araciligiyla; finansal, yasal
ve teknik engeller olmaksizin, erigilebilir, okunabilir, kaydedilebilir, kopyalanabilir,
yazdirilabilir, taranabilir, tam metne baglant1 verilebilir, dizinlenebilir, yazilima veri
olarak aktarilabilir ve her tiirlii yasal amag i¢in kullanilabilir olmasi”dir. [Bknz,
https://www.budapestopenaccessinitiative.org/translations/turkish-translation]


https://dergipark.org.tr/tr/pub/ticaretfbd

istanbul Commerce University Journal of Science, 24(47), Spring 2025.

PUBLICATION POLICY

In our journal, it is free for authors to publish their works as articles, and for readers to
read and download articles. Likewise, no fee is charged during the referee evaluation
and publication process. All issues of our journal can be accessed at
https://dergipark.org.tr/tr/pub/ticaretfbd.

Manuscript sent to our journal for publication are checked with intihal Net, a similarity
checking software. Only manuscript with a similarity rate < 20% are included in the
double-blind peer-review process. If this is not the case, the author/s are requested to
revise and upload the manuscript again. If the similarity rate is higher than 20%, the
application is rejected.

The evaluation stages for the articles sent to our journal are as follows;
1. The article is taken to Preliminary Review;

e The format of manuscript is checked and Intihal.Net programme is used for
the plagarism.

o Compliance of the article with the sample article template is checked.

e  Articles that do not fit the template are reported to the author and the article is
requested to be corrected.

e  Article presentation and copyright transfer form information is checked.

2. The article goes to the evaluation stage.

e The journal has double-blind peer-review system in which the referees and
authors cannot see each other's information in the article review process.

e At least two referees are assigned to the article. Referees are given 21 days for
review. If the evaluation process is not completed, an additional 7 days is
given.

e Conclusion to the article can be rejection, correction or acceptance. According
to the result, the following article/s are applied:

o If the article is rejected in line with the majority of the referee's
opinions, the process is terminated and the article is rejected. In case
of equality, the 3rd referee is appointed.

o If corrections are requested for the article, the author is requested to
make them in line with the referee's comments.

o Ifthe article is accepted, it goes to the editing stage.

3. At the layout stage, if some corrections needed, it is requested from the author.
4. The process is completed and a notification message is sent to the author.
The article review process is almost 3 months.

Istanbul Commerce University Journal of Sciences adheres to the Budapest Open
Access Initiative and defines Open Access policy according to the definition developed
in the original BOAI:

By "open access" to peer-reviewed scientific literature, we mean its free availability on
the public internet, permitting any users to read, download, copy, distribute, print,
search, or link to the full texts of these articles, crawl them for indexing, pass them as
data to software, or use them for any other lawful purpose, without financial, legal, or
technical barriers other than those inseparable from gaining access to the internet itself.
[See, https://www.budapestopenaccessinitiative.org/read]
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Abstract

Son yillarda, ¢imentolu iriinlerin fiziksel ve mekanik
ozelliklerinin iyilestirilmesi amactyla polimer katkilarin
onem kazandig1 goriilebilmektedir. Bu katkilardan dnemli
bir tanesi de stiren akrilik kopolimer katkidir. Bu
¢aligmada, stiren akrilik kopolimer (SAK) kullaniminin
gimento esasli kompozit harglarin performansi iizerindeki
etkisine, ozellikle, SAK kullaniminin hargtaki yayilma,
birim hacim agirlik, su emme, egilme ve basing dayanimi,
biizilme ve sisme karakteristiine olan etkileri
arastirilmistir. Calisma sonuglaria gore, SAK ile ¢imento
yer degistirme orani arttik¢a harglarin yayilma ve kuru ve
yas birim hacim agirlik degerleri azalmisti. SAK
kullaniminin en 6nemli olumlu katkisi ise SAK kullanim
orani arttikga harglarin kiitlece su emme degerlerinin
azalmasi ve egilme dayammlarmin 6nemli 6lgiide
iyilesmesi olarak tespit edilmistir. Bunun yaninda SAK
kullanim orani arttikga harglarm basing dayammlart ve
sisme degerleri azalmig, biiziilme degerlerinin ise arttigi
gozlemlenmistir.

Anahtar Kelimeler: Polimer, stiren akrilik kopolimer,
hafif harg, kompozit harg, performans.

In recent years, it can be seen that polymer admixtures
have gained importance in order to improve the physical
and mechanical properties of cementitious products. One
of these admixtures is the styrene acrylic copolymer
admixture. In this study, the effect of styrene acrylic
copolymer (SAK) use on the performance of cement-
based composite mortars, especially the effects of SAK
use on the dispersion, unit volume weight, water
absorption, bending and compressive strength, shrinkage
and swelling characteristics of the mortar, were
investigated. According to the study results, as the cement
displacement rate with SAK increased, the spread and dry
and wet unit volume weight values of the mortars
decreased. It has been determined that the most important
positive contribution of the use of SAK is that as the rate
of SAK usage in mortars increases, the mass water
absorption values of the mortars decrease, and their
bending strength improves significantly. In addition, it
was observed that as the SAK usage rate increased, the
compressive strength and swelling values of the mortars
decreased, and the shrinkage values increased.

Keywords: Polymer, styrene acrylic copolymer,
lightweight mortar, composite mortar, performance.
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1. GIRIS

Polimer modifiyeli ¢imento malzemelerinin avantajlari birgok arastirmaci tarafindan
incelenmektedir (Aggarwal ve ark, 2007; Kharazian ve ark, 2019; Lee, 2017; Su ve ark,
1996). Polimer modifiyesi ¢imento bazli malzemelerin islenebilirligini, yapisma
giiclinii, su direncini, cekme dayanimini ve birgok baska avantajini gelistirmek bir¢ok
calismada incelenmistir (Kharazian ve ark., 2019). Ozellikle asir1 ortamlara maruz
kalan kopriiler ve pistlerde uygulanan polimer modifiyeli har¢lar hem son kat
har¢larinda hem de onarimlarda kullanilmaktadir (Kharazian ve ark., 2019). Cimentolu
iirtinlerin bu tip 6zelliklerini iyilestirmek ve olumsuz durumlarm {iistesinden gelmek
icin yapilan caligmalar, polimerler icin en iyi kimyasal bilesimi bulma {izerine
odaklanmigtir. Bunun yaninda, daha ¢evreci iriinlerin {iretilebilmesi ve atik
degerlendirilmesi baglaminda yapilan bilimsel ¢alismalarda, atik polimerlerin yap1
malzemeleri ve 6zellikle beton icerisinde kullanimi ve betonun fizikseli mekanik ve
durabilite 6zelliklerine etkisi de son yillarda artan polimer iiretimi ve atik polimer
meydana gelmesi ile artmaktadir (Gesoglu ve ark., 2017; Akgiil ve ark., 2020; Etli,
2023; Akgiil & Etli, 2024; Etli 2024;). Polimer teknolojisindeki gelismeler, 20. yiizyil
boyunca sentezlenen daha ileri seviye lateksler, recineler ve polimerler icin firsat
saglamaktadir. Polimerler ilave edilerek iiretilen ¢imentolu iiriinler, organik polimer
malzemelerin performans dzelliklerini ve inorganik silikat malzemeleri birlestirir ve
polimer igerigine gore iki kategoriye ayrilabilir (Ning ve ark., 2018). Birincisi, diigiik
polimer-¢imento oranina sahip sert bir polimer ¢imento kompozitidir. Bu tiir
malzemeler, har¢ veya beton i¢inde yiiksek molekiiler polimer ile karigtirilarak harcin
islenebilirligini, mekanik 6zelliklerini, dayanikliligini artirir ve gesitli fonksiyonel harg
veya onarim malzemesi olarak kullanilabilir (Al-Zahrani ve ark., 2003; Lho ve ark.,
2012; Ma & Li, 2013; Medeiros ve ark., 2009; Mirza ve ark., 2002; Ohama, 1997, 1998;
Senff ve ark., 2015; Zhong & Chen, 2002). Digeri ise yiiksek polimer-¢imento oranina
sahip esnek bir polimer ¢imento kompozit malzemedir. Yiiksek polimer icerigi
nedeniyle, organik yiiksek molekiiler polimer ile ¢imento arasinda karmasik bir ¢capraz
baglama reaksiyonu meydana gelir, bu da iyi bir bag performansit ve su gegirmezlik
performansi sergiler (Diamanti ve ark., 2013; Ning ve ark., 2018; Xue ve ark., 2015).
Bu tip onemli 6zelliklerinden dolay1 son yillarda seliiloz, dogal kauguk, polivinil
asetatlar (PVA), vinil asetat/etilen kopolimerleri, akrilik polimerler, stiren-biitadien
kauguk ve epoksi regineler, beton ve ¢imento bazli malzemeleri modifiye etmek icin
yaygin olarak kullanilan bir dizi polimerdir (Aggarwal ve ark., 2007; Assaad, 2018;
Assaad & Gerges, 2019; Assaad & Issa, 2017; Muhammad & Ismail, 2012).

1.1. Literatiir Calismasi

Akrilik polimerler, Portland ¢imento kompozitlerini modifiye etmek icin 50 yili agkin
bir siiredir kullanilmaktadir. Akrilik terimi, benzer bir kimyasal yapiya sahip ancak
genis bir ozellik yelpazesine sahip malzemelerin bilyiikk bir polimer ailesini ifade
etmektedir (Lavelle, 1988). Stiren-akrilik kopolimeri (SAK), ¢imento harcinda
kullanilan akrilik polimerler ailesinde énemli bir rol oynamaktadir. Uygun bir SAK
emiilsiyonu ¢imentoya eklendiginde, SAK/¢imento oraninin artmasiyla dinamik elastik
modiil azalabilmektedir. Belirli bir soniimleme kapasitesi, darbe mukavemeti ve
asidiricilik, SAK/¢cimento oraninin artmastyla artabilmektedir (Wang & Wang, 2010;
Wong ve ark., 2003). Schulze ve ark (Schulze & Killermann, 2001), stiren-akrilik (SA)
ile modifiye edilmis harclarin agik hava ve kapali ortam ikliminde 10 yil siiresince
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kararli mekanik degerler ve mikroyap: sergiledigini tespit etmisti. Ohama ve ark.
(1991), monomer oraninin stiren-biitil akrilat lateksli polimer modifiyeli harglarin tipik
ozellikleri iizerindeki etkisini rapor etmistir. Sonug¢ olarak 6zellikler hem monomer
oranindan hem de polimer-¢imento oranindan bilyiik dl¢iide etkilenmistir. Pei ve ark.
(2002), stiren-biitil akrilat kopolimeri modifiye edilmis har¢ ilizerinde emiilgator
tiplerinin etkisini incelemis ve makromolekiill emiilgatorlerin diisiik molekiillii
olanlardan daha iyi performans gdsterdigini sonucuna varmislardir. Cemalgil ve ark.
(2018) deneysel olarak stiren-biitadien kaucuk (SBR) ile kauguklastirilmig harcin (RM)
mekanik ozellikleriyle ilgili arastirma yapmiglardir. Elde edilen sonuglar, SBR
kullantminin artmasi erken kiirleme yasinda harcin egilme dayanimini azalttigini
gostermigtir. Ayrica, harcin mekanik 6zellikleri, SBR yer degistirme seviyesinin artan
orantyla su kiirii siiresinden 6nemli dlgiide etkilenmistir. Feiteira & Ribeiro (2013),
sirastyla modifiye edici olarak stiren-biitadien kauguk lateksi, stiren-akrilik lateksi ve
epoksi polimerini kullanarak ¢imento bazli harcin alkali-silika reaksiyonu {izerinde
polimer tiirlerinin etkilerini incelemis ve polimerin katilmasmin alkali-silika
reaksiyonunu sinirlayabilecegini bulmuslardir. Zhang ve ark. (2019) stiren-akrilik
kopolimer lateksin (SA), Portland ¢imentosu/kalsiyum aliiminat ¢imentosu/algitast
bazli {iglii baglayici sistem harci iizerindeki etkileri, mekanik 6zellikler, ¢cekme bag
mukavemeti ve su emme degerlerini incelenmistir. Sonuglar, SA polimerinin
eklenmesiyle iiclii baglayicti harcinin egilme mukavemetinin ve c¢ekme bag
mukavemetinin gelistirilebilecegini gdstermigtir. Wang ve Wang (Wang & Wang, 2010)
stiren-akrilik ester kopolimer (SAE) lateksinin ¢imento harci performansi {izerindeki
etkisine, SAE lateksinin hargtaki su azaltma ve su tutma etkileri, taze harcin hava
igerigi ve kiitle yogunlugu ile sertlesmis harcin kiitle yogunlugu, basing ve egilme
mukavemetleri, biiziilme orani, kilcal su absorpsiyonu iizerine deneysel calisma
yapmigstir. Caligma sonuglarina gore, SAE lateksinin hargta iyi su azaltma ve su tutma
etkileri tespit edilmistir. SAE lateksinin ayrica hava siiriikleme etkisi de saptanmustir.
SAE lateksi, basing dayaniminin gelisimini etkilemis ancak egilme dayanimini ¢ok az
etkilemis ve harcin toklugunu, biiziilme 6zelligini, su gegirmezlik kalitesini dnemli
Olciide artirmigtir. Cruz ve ark. (2021) stiren akrilik kopolimer ile ¢imento levhalarin
ozelliklerini iyilestirmeyi denemislerdir. Caligma sonuglarina gore, polimer modifiyeli
¢imento levhalarin su emme degeri, eskitme dongiileri sonrasinda modifiye edilmemis
levhalara gore %50 oraninda azalmistir. Elastisite modiilii degerlerinin %40'a kadar
diigiiriilmiis ve levha biiziilmesi %15 oraninda azaltilarak levhanin sertliginde
iyilesmeler tespit edilmis, levhalarin boyutsal stabilitesi artirilmis ve seliiloz lifinin
¢imentolu malzemeye yapistirtlmis halde tutulmasiyla liflerin mineralizasyon
stirecinden ¢ikmasi engellenmistir.

1.2. Cahsmanin Onemi

Literatiirde, ¢cimentolu iirlinlerde polimer kullaniminin ¢imentolu iiriiniin su emme,
mukavemet, gézeneklilik gibi 6nemli 6zelliklerine etkisi uzun zamandir ¢alisila gelen
bir aragtirma konusu olsa da 6zellikle stiren akrilik kopolimer katkisinin hafif harglarda
ve hafif kompozit harglarda kullanimimin harcin fiziksel ve mekanik 6zelliklerine
etkisinin arastirildigi ¢alismalarin yeterli derecede olmadig: tespit edilmistir. Ayrica,
polimer modifiyesi ¢imentolu malzemeler alaninda karma suyu ihtiyaci, kusma,
islenebilirlik ve stabilite gelistirme gibi alanlarda onemli basarilar elde edilmigtir
(Kharazian ve ark., 2019; Meyer, 1974). Ancak, polimer modifiyesinin ¢imento bazli
iirtinler tizerinde esneklik ve yapisma dayanimlarinin artirilmasina ragmen, literatiirde
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halen ¢esitli eksiklikler bulunmaktadir (Assaad, 2018; Assaad & Gerges, 2019; Knapen
& Van Gemert, 2009; Kong ve ark., 2016; Montanaro ve ark., 1990). Ozellikle biiziilme
ve sisme gibi alanlar hala iyilestirilmesi gereken noktalardir. Bununla birlikte, SAK
kullanimi ile ilgili yapilan calismalarda kullanilan polimerin ilave olarak harg
tasarimlarina eklendigi gdzlemlenmekte ve ¢imento ile yer degistirme olarak yapilan
calismalarin sayisinin yetersiz oldugu gozlemlenmektedir. Bu sebeplerle, bu ¢aligmada,
hafif kompozit harclarin yiiksek su emme degerlerinin azaltilmasi ve nispeten diisiik
mekanik 6zelliklerinin iyilestirilebilmesi bakimimdan SAK hafif kompozit harclarda
cimento ile yer degistirilerek kullanilmistir. SAK kullanilarak iiretilen hafif kompozit
har¢larin yayilma, birim hacim agirlik (BHA), dayanim, su emme ve rotre 6zellikleri
deneysel olarak aragtirtlmistir.

2. MATERYAL VE METOT
2.1. Materyal
2.1.1. Cimento

Bu ¢aligmada, 9 farkli ¢imento esasli kompozit har¢ (CEKH) tiretiminde CEM I 42.5R
Portland ¢imentosu ana baglayict malzeme olarak kullanilmistir. Kullanilan
¢imentonun oOzgill agirhig 3,15'tir. Cimentonun kimyasal bilesimi Tablo 1'de
verilmistir.

2.1.2. Volkan ciirufu

Volkanik ciiruf (VC) agregast gozenekli hafif bir agrega olup, c¢esitli volkanik
aktiviteler nedeniyle catlaklar boyunca bazaltik karakterli lavlarin sizmasi sonucu
olugan, bazaltik andezitik bilesimli cams1 volkanik kaya tiiriidiir (Giindiiz & Kalkan,
2023). Volkanik olaylar sonucu olusan, gozenekli bir yapiya sahip olan ciiruf
olugumlarina, volkanik faaliyetlerin mevcut oldugu diinyanin bircok yerinde
rastlanmaktadir. Oldukga kabarcikli ve volkanik cam bakimindan zengindir, bu da ona
yiiksek gozeneklilik ve diisiik yogunluk kazandirir (Ercan ve ark., 1978). Bir patlama
sirasinda gaz yikli lav damlaciklarinin havaya firlatilmasi ve ugarken sogumasiyla
olusur ve sikisip kalmis gaz kabarciklar tarafindan olusturulan bosluklar iceren koyu
renkli volkanik kaya olarak olusur (Ercan ve ark., 1983). Volkanik ciliruf malzemeleri
¢ogunlukla yiiksek demir igeriginden dolay1 genellikle kirmizimsi ila siyah renktedir.
Baz1 volkanik ciiruflarin yiizeyi koyu yesil alacal1 bir renge sahip olabilir; oksidasyon
koyu kirmizimsi1 kahverengi bir renge yol agabilir (Demirdag & Gunduz, 2008).
Volkanik ciiruf agrega Ornekleri Tirkiye'nin Ege bolgesindeki ocaklardan elde
edilmistir. Agrega malzemesi, ¢imento esash hafif har¢ birlesimlerinde kullanilmak
iizere ince hafif dogal agrega olarak kirilmis, elenmis ve 0/2 mm olacak sekilde
boyutlandirilmistir. Ortalama kuru birim agirligi 790 + 35 kg/m?, ortalama &zgiil
agirhigr 1,81°dir. TS EN 13055-1'e gore yapilan volkanik agreganin ezilme direnci
ortalama 6,43 + 0,18 N/mm?dir. VC agrega numunesinin doymus yiizey kuru durumu
icin agirlik¢a ortalama su emme orani %31 + 1'dir. Kullanilan VC agreganin kimyasal
bilesimi Tablo 1'de verilmistir. VC’na ait agrega tane boyut analizi Sekil 1°de
gosterilmigtir.
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Tablo 1. Cimento ve Volkan Ciirufunun XRF Analizi Soncu Kimyasal Igerigi

Kimyasal Bilesen (%) Cimento Volkan Ciirufu
Si0, 19,15 44,50
AL O3 4,78 20,80
Fe,0; 3,55 7,30
MgO 0,94 7,00
Ca0O 64,70 11,60
Na,O+K,0 1,11 7,60
TiO, 0,00 0,03
Kizdirma Kaybi 2,12 2,98
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Sekil 1. VC Agreganin Elek Analizi
2.1.3. Siiperakiskanlastirici

CEKH test 6rneklerinin hazirlanmasinda harg¢ karigiminin islenebilirlik ve dayanimin
artirmak amaciyla ¢imento esasli malzemelerde karistm suyunu azaltan ve yiiksek
akigkanlik 6zelligi kazandiran, toz formunda, melamin siilfonat formaldehit (MSF)
stiper akiskanlastirict (SA) piyasa kosullarindan temin edilerek karigimlarda
kullanilmistir. MSF toz katki, beyaz renkli, suda kolay ¢6ziinebilen, ortalama %30-
35’lik ¢ozeltide pH degeri 8,5-9,5 araliginda olan, klor iyonu icermeyen, 6zgiil agirlig
ortalama 0,6 g/cm® ve ASTM C 494 standardma uygun bir katki malzemesidir.

2.1.4. Mukavemet artirici

Bu c¢aligmada kullanilan mukavemet artirict (MA) toz polimer, polivinil alkol
ortaminda vinil asetat ve versatik asidin vinil esterinden olusan bir kopolimer bazli
yeniden dagilabilir polimer tozudur. Orta sertlikte bir filme sahiptir ve ¢imento, al¢1
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veya polimer baglayict bazli kuru karistgm harglarinin  modifikasyonu igin
tasarlanmugtir. Genellikle beyaz renktedir, pH degeri 7-10 araliginda ve 500 pm’den
biiyiik tane igerigi en fazla %0,5°tir. Ozgiil agirligi ortalama 1,18dir.

2.1.5. Stiren akrilik kopolimer

Bu calismada stiren akrilik kopolimer (SAK) 6zellikle su yalitim membrani ve dayanim
artiric1 6zellikleri sebebiyle bir polimer katki olarak ¢imento ile yer degistirme yontemi
ile kullanilmistir. Karbon zinciri, hidrofilik grup ve hidrofobik grup olmak tizere iki tiir
yan grup iceren SAK’in ana zincirini olusturur. Hidrofilik grup, yiiksek alkali kosullar
altinda kismen hidrolize olabilir ve polimerin suda ¢dziinmesini saglar. Hidrofobik grup
ise SAK parcaciklarinin polimer filmleri olusturmasina yardimet olur (Zhang ve ark.,
2019). Stiren akrilik kopolimerin ortalama 6zgiil agirlig: 1,09°dur.

Caligma kapsaminda kullanilan malzemeler Sekil 2’de gosterilmistir.

(a)

Sekil 2. Calisma Kapsaminda Kullanilan Malzemeler: (a) Cimento, (b) Volkan
Ciirufu, (c¢) Stiperakiskanlastirici, (d) Stiren Akrilik Kopolimer, € Mukavemet Artirici

2.1. Metot
2.2.1. CEKH iiretimi ve test yontemleri

Bu deneysel calismada, SAK'in ¢imento esasli hafif kompozit harglar tizerindeki
etkisini aragtirmak amaciyla sekiz farkli har¢ karigim orani tasarlanmistir. Ayrica SAK
kullanimindan dogabilecek etkilerin dogru bir sekilde incelenmesi amaciyla referans
CEKH karisimi olarak SAK igermeyen ayri bir karigim tasarlanmistir. Kompozit
kombinasyonlarin tasarimi Tablo 2'de verilmistir.
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Tablo 2. Karisim Tasarimi

Grup | Karisim SA MA S/IC | A/IC SAK
Kodu (cimentonun | (¢cimentonun (cimentonun
agirhginca agirhginca agirhginca

%) %) %)

R MO 1,50 1,00 1,00 | 2,30 0,00

Ml 1,45 1,00 1,00 | 2,30 1,00

1 M3 1,45 1,00 1,00 | 2,30 3,00

M5 1,45 1,00 1,00 | 2,30 5,00

M8 1,425 1,00 1,00 | 2,30 8,00

2 MI10 1,425 1,00 1,00 | 2,30 10,00

M13 1,425 1,00 1,00 | 2,30 13,00

3 MI15 1,40 1,00 1,00 | 2,30 15,00

M20 1,40 1,00 1,00 | 2,30 20,00

Tablo 2'den kolaylikla goriilebilecegi gibi SAK'in CEKH'lar iizerindeki etkisini
belirlemek i¢in karigimlarda kullanilan ¢imento agirliginca %0, %1, %3, %5, %8, %10,
%13, %15 ve %20 oranlarinda SAK c¢imento ile yer degistirilerek dokuz farkli
kompozit har¢ karigimi iiretilmistir. Biitlin karigimlarda A/C (agrega/¢cimento) orant
2,30 olacak sekilde sabit tutulmustur. S/C (su/¢imento) orani biitiin karigimlarda 1,00
olarak sabitlenmistir. MA toz polimer biitiin karigimlarda ¢imento agirliginin %1,00’1
olacak sekilde har¢ karigimlarina eklenmistir. Tablo 2’de gosterildigi gibi referans
karisimi (R grubu) ¢imento agirliginda %1,50 SA katki kullanilarak diretilmistir ve
Grup 1, Grup 2 ve Grup 3 karisimlarinda kullanilan SA katki sirasiyla ¢imento
agirhiginda %1,45, %1,425 ve %1,40 olacak sekilde azaltilarak har¢ kombinasyonlarina
eklenmistir. Bunun sebebi, literatiirde polimer modifiyeli har¢larin, yiiksek akiskanlik
ve iglenebilirlik gibi ¢imento ve polimerin avantajlarini birlestirmesidir (Berkak ve
ark., 2020; Mermerdas ve ark., 2021; Shete & Upase, 2014; S. Zhang ve ark., 2011).
Karistirma asamasinda homojen kuru karisim elde etmek icin oncelikle tim
malzemeler miksere konularak 2 dakika karistirilmistir. Daha sonra sivi malzemeler
kendi icerisinde homojen bir karisim elde edilinceye kadar karistirilmistir. Taze
¢imento esasli hafif kompozit karisimlar tiretmek i¢in miksere sivi karigim ilave edilmis
ve karigim 2 dakika daha karistirilmistir. Calismada kullanilan su sebeke suyudur ve 20
+ 2°C sicakhiginda kullamilmistir. Taze CEKH’lar elde edildikten sonra harglarin
islenebilirliginin tespit edilebilmesi i¢in TS EN 1015-3 (Turkish Standards Institution,
2000a) standardina uygun olarak harglarin yayilma degerleri tespit edilmistir.
CEKH’larin taze ve sertlesmis birim hacim agirliklari sirastyla TS EN 1015-6 (Turkish
Standards Institution, 2000b) ve TS EN 1015-10 (Turkish Standards Institution, 2001)
standartlarina uygun olarak tespit edilmistir. Hafif kompozit harglarin egilme ve basing
dayanimlarmin tespiti i¢in her bir seride 3’er numune olacak sekilde 40x40x160 mm
boyutlarinda prizma kaliplar kullanilarak prizma numuneler uretilmistir (Sekil 3).
Uretilen numuneler TS EN 1015-11 standardina uygun olarak oncelikle egilme
dayanima testine tabi tutulmus, bu test sonucu kirilip iki parga haline gelen numunelere
basing dayanimu testi uygulanmistir. Egilme ve basing dayanimu testleri 3, 7, 28 ve 180
giin kiir uygulanan numuneler {izerinde yapilmigtir. Her bir kiir siiresine bagli dayanim
testi i¢in 3 numune kullanilmigtir. Numunelere mekanik test siiresi gelinceye kadar
hava kiirii (23 = 2 °C ve %50 £ 5 bagil nem) uygulanmistir. Numunelere normal hava
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kiiri uygulanmasinin sebebi, SAK katkisinin hava kiirii kosullarinda polimer film
yapabilme karakterinin daha iyi oldugunun daha dnceki ¢alismalarda tespit edilmesidir
(Zhang ve ark., 2019). Harglarm agirlik¢a su emme degerleri ASTM C642-13 (ASTM,
2013) standardinda belirtilen yontemlerle tespit edilmistir. Cimento esaslt kompozit
harglarin biiziilme ve sisme 6zelliklerinin tespiti i¢in TS EN 13872 (7S EN 13872,
Perdah ve/Veya Tesviye Islerinde Kullanilan ve Hidrolik Priz Alabilen Bilesiklere
Uygulanacak Deney Metotlari - Biiziilmenin Tayini, 2010) ’ye uygun olarak analiz
edilen 40x40x160 mm?® boyutlarinda numuneler hazirlanmistir. Biiziilme test
orneklerinin 28 giin sonrasi biiziilme degerleri 3’er numune iizerinden analiz edilmistir.
Sisme test 6rneklerinin 28 giin kiir edildikten sonra 28 giin suda bekletilerek su emmesi
saglanarak 3’er numune {izerinden sigme analizleri elde edilmistir.

Sekil 3. Calisma Kapsaminda Uretilen Numuneler

3. DENEYSEL BULGULAR

3.1. Yayilma

Taze harglarin islenebilirlik 6zelliklerini belirlemek amaciyla her bir taze harg igin
yayilma tablasi testi yapilmustir. Biitin CEKH 6rneklerinin yayilma degerleri Sekil 4’te
verilmistir.
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Sekil 4. CEKH’larin Yayilma Degerleri

Sekil 4 incelendiginde, har¢ orneklerinin yayilma 6zelliginin ¢imento ile SAK yer
degistirme orani arttik¢a azaldigi gézlemlenmistir. Diger bir deyisle, SAK katkisinin
harglarin iglenebilirlik 6zelliginde negatif etki sergiledigi tespit edilmistir. Her ne kadar
benzer sonuclarin literatiirde elde edilmis olmasina ragmen (Chew ve ark., 2004),
literatiirde daha fazla elde edilen islenebilirlik analiz sonuglart polimer katkisinin
harglarda islenebilirligi gelistirebildigi yoniindedir (Berkak ve ark., 2020; Mermerdas
ve ark., 2021; Shete & Upase, 2014; S. Zhang ve ark., 2011). Ancak, literatiir
incelendiginde polimer katkili harglarin genellikle normal yogunluklu agrega/kum
kullanilarak normal yogunluklu harglar i¢in kullanimlart incelenmistir. Bu ¢aligsmada,
hafif agrega olarak gozenekli ve disiik yogunluklu volkan ciirufu kullanilmigtir.
Islenebilirlik kaybinin bir sebebinin SAK katkisinin agrega tarafindan gdzeneklere
emilerek etkisinin azaldig1 degerlendirilebilir. Ayrica, MA toz polimer ile SAK birlikte
kullaniminin da islenebilirlik kaybinda bir etkisi olup olmadig1 ayrica incelenmelidir.
MA toz polimer ile SAK ortak kullanimi ile polimer zincirlerinin toplam 6zgiil yiizey
alan1 artarak harcin akis siirecinde zincirlerin birbirlerine kenetlenerek akis 6zelligini
engellemis olabilecegi diisliniilebilir. Bu sebeplere bagli olarak, %1-%20 ¢imento ile
SAK yer degistirme oraninda, harglarin akicilik ozelliginde %2,75 ile %28,90
araliginda azalma goézlemlenmistir. Bunun yaninda, karigim tasarimlari hazirlanirken
SAK oranindaki artigin harcin akma 6zelligini iyilestirilecegi diisiiniillip har¢larda SAK
orant arttikgca 1., 2., ve 3. Grup Orneklerin siliperakigkanlastirici katki igerigi
azaltilmistir. Taze harglarin yayilma degerindeki azalmaya bu durumunda kati sagladig:
diistintilebilir, gelecek caligmalar igin sabit SA katki kullanim oranlarinda yayilma
degerlerinin degisimi gozlemlenebilir.

3.2. Birim Hacim Agirhk

CEKH orneklerinin taze ve sertlesmis birim hacim agirlik (BHA) degerleri Tablo 3’te
verilmistir.
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Tablo 3. CEKH Orneklerinin BHA Degerleri

Karisim Kodu Taze Har¢ BHA (kg/m®) Sertlesmis Har¢ BHA (kg/m?)
MO 1793 1489
Ml 1790 1487
M3 1787 1485
M5 1787 1484
M8 1784 1481
MI0 1781 1479
M13 1778 1476
MI15 1775 1473
M20 1770 1469

Tablo 3 incelendiginde, CEKH’larin taze ve sertlesmis birim hacim agirliklarinin az
miktarda azaldigi tespit edilmistir. Birgok arastirmaci, polimer ilavesinin bir sonucu
olarak polimer modifiyeli harglarda hapsolmus asiri hava bosluklarinin varligini
bildirmistir (Kharazian ve ark., 2019; Knapen & Van Gemert, 2015; Wang & Wang,
2010). Bu ¢aligmalarin sonuglarina gore, polimerlerin bosluklart olugturmadigi ancak
bosluklarin taze harclarda stabilize edilmesi i¢in bir kosul sagladigini, dolayisiyla
matris sertlesene kadar bosluklarin daha uzun siire kalmasini tetikledigini tespit
etmiglerdir. Bu da daha az yogun harglarn iiretilecegi ve daha diisiik basing dayanimi
seviyelerine ulagilabilecegi anlamina gelmektedir. Bu calisma kapsaminda {iretilen
hafif kompozit harglarin, SAK kullanimi ile birlikte literatiir sonuglarina paralel olarak,
SAK kullanim oraninm artmasi ile BHA degerlerinin azaldig1 gézlemlenmistir. Ancak,
BHA agirliklardaki azalma miktart minimal seviyelerde bulunmustur. Bunun sebebinin
stvi polimerin bir kisminin gozenekli agrega tarafindan emilmesi ve polimerin hava
bosluklarin1 ~ stabilize etmesinin bir miktar engellenmis olmasi olarak
degerlendirilebilir. En yiiksek kullanim orani olan %20 ¢imento ile SAK yer degistirme
oraninda, taze harcin BHA degeri %1,28, sertlesmis harcin BHA degeri %1,34 oraninda
azalmigtir.

3.3. Egilme ve Basin¢ Dayanim

CEKH o6rneklerinin 3, 7, 28 ve 180 giin hava kiirii uygulanmasindan sonra egilme testi
sonucu dayanim degerleri Sekil 5’te gosterilmistir.

10
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Sekil 5. Harclarin Farkli Yer Degistirme Oranlarinda Egilme Dayanimi Gelisimi

Sekil S'ten goriilebilecegi gibi SAK'in ¢imento ile yer degistirme seviyesi arttik¢a
CEKH'larin egilme mukavemeti degerleri 3, 7, 28 ve 180. giinlerde arttigi ve bu
iyilesmenin %20'ye kadar hep ilerledigi gozlemlenmistir. %1 ve %3 SAK yer
degistirmeli M1 ve M3 o6rneklerinin 3, 7, 28 ve 180. giinliik egilme dayanimlarinin
SAK kullanilmayan MO referans 6rneginin egilme dayanimina yakin veya az miktarda
altinda kaldig1 gézlemlenmistir. SAK katkisinin egilme dayanimi {izerindeki etkisinin
hafif harglar igin dzellikle %3 yer degistirme oranindan sonra kendisini gosterdigi
belirlenmigtir. SAK katkisinin  harglarin  egilme dayanimini artirdign  diger
arastirmacilar tarafindan da tespit edilmistir (Berkak ve ark., 2020; Zhang ve ark., 2011;
Zhang ve ark., 2019). Ayrica, kiir siireleri dikkate alindiginda, hava kiirii siiresi arttik¢a
numunelerin egilme mukavemetlerinin énemli dl¢iide arttig1 tespit edilmistir. Ozellikle
uzun donem (180 giin) hava kiirii sonucunda numunelerin egilme dayaniminin oldukga
iyilestigi tespit edilmigtir. MO referans 6rneginin 3, 7, 28 ve 180 giin kiir sonunda
egilme dayanimlan sirasiyla 1,56, 3,46, 4,00 ve 4,50 MPa olarak tespit edilmistir. En
yiksek egilme dayanimini sergileyen M20 (%20 c¢imento ile SAK yer degistirme)
Orneginin 3, 7, 28 ve 180 giin kiir sonunda egilme dayanimlari sirastyla 2,56, 6,30, 7,60
ve 8,80 MPa olarak tespit edilmistir. Sekil 6’da SAK yer degistirmeli test 6rneklerinin
egilme dayanimlarinin 180 giin kiir sonucunda MO kodlu SAK kullanilmayan referans
orneklerinin egilme dayanimlarina orani grafiksel olarak gosterilmistir.

11
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Sekil 6. Harclarin Farkli Yer Degistirme Oranlarinda Egilme Dayanimi Gelisimi

Sekil 6 irdelendiginde, %1 ¢imento ile SAK yer degistirme oraninda harglarin egilme
dayanimlarmin ortalama %5,30 oraninda azaldigir gozlemlenmistir. Bu azalmanin
diisiik kullanim oraninda polimerlerin heniiz istenilen performansi saglamamasi ve
¢imento miktarmin azalmasindan kaynakli hidratasyon {riinlerinin miktarinin
azalmasindan kaynakli olabilecegi sdylenilebilir. %3 ¢imento ile SAK yer degistirme
oraninda egilme dayanimlarinin artik iyilesmeye basladig1 ve referans harcina oranla
ortalama sadece %0,50 oraninda dayanim kaybmin oldugu gézlemlenmistir. Polimer
kullanimindaki artis ile polimer film olusumunun basladigi ve bu film olusumunun
egilme dayanimini iyilestirdigi sdylenebilir. Bu kullanim oranindan sonra %20 ¢imento
ile SAK yer degistirme oranina kadar biitiin SAK kullanim oranlarinda har¢larmn egilme
dayanimlarmin dnemli 6lgiide iyilestigi tespit edilmistir. Literatiirde, yiiksek oranda
stiren akrilik kullaniminin hidratasyon iiriinleri iizerinde, bosluklar1 dolduran ve
hidratasyon iriinlerini birbirine baglayan, elastisite modiilii nispeten diisiik ve
dolayisiyla esnek bir film tabakasi olusturdugu ve bdylelikle harclarin egilme
dayanimini arttirdigr belirtilmektedir (Zhang ve ark., 2019). Literatiir bilgisine benzer
sekilde, bu ¢aligmada da 6zellikle %5 ile %20 oran araliginda SAK ile ¢imento yer
degistirmesinde har¢larin egilme dayanimlari referans (MO) harcina gore 180 giin kiir
sonrasinda %17,3 ile %93,5 araliginda dayanim kazanmuistir.

CEKH orneklerinin 3, 7, 28 ve 180 giin hava kiirii uygulanmasindan sonra basing
dayanimu testi sonucu dayanim degerleri Sekil 7°de gosterilmistir.

12
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Sekil 7. Harglarin Farkli Yer Degistirme Oranlarinda Basing Dayanimi Gelisimi

Sekil 7 irdelendiginde, beklendigi iizere kiir siiresi arttik¢a harglarin basing dayanim
degerlerinin arttigi gozlemlenmistir. Ancak, SAK ile ¢imento yer degistirme orani
arttikga, 6zellikle %10’dan sonra oldugu gibi yiiksek kullanim oranlarinda, harglarin
basimng dayanim o6zelliginin azaldigi tespit edilmistir. Bunun sebebi o6zellikle bu
calismada ¢imento ile yer degistirme metodu kullanildigt icin, azalan g¢imento
miktarina bagli azalan hidratasyon iiriinleridir. Bir diger 6nemli sebep ise, bu ¢alisma
acisindan az da olsa polimer katkinin taze harg¢ icerisinde olusan sikismis hava
kabarciklarini bir miktar sabitlemesidir (Wei & Meyer, 2015; Zhang ve ark., 2019). Bu
¢alismada, sertlesmis harglarin birim hacim agirliklariin referans harcina oranla
%1,34 kadar daha diisiik oldugu tespit edilmistir. Birim agirliktaki bu kayip da har¢larin
basing dayanimin kaybina sebebiyet vermektedir. Bununla birlikte, %1, %3, %5 ve %8
oraninda SAK ile ¢imento yer degistirme oranlarinda test harclarinin referans harcina
oranla 180 giinliik basing dayanim kaybi sirasiyla %6,8, %7,8, %3,27 ve %3,78 olarak
oldukca diisiik oranlarda tespit edilmistir. Daha yiiksek yer degistirme oranlarinda ise
test Orneklerinin basing dayanim degerlerinin en fazla (M20) %29,6 oraninda
azalabildigi tespit edilmistir. Basing dayanim degerlerinin egilme dayanimi degerlerine
kiyasla diisiik olmasinin bir sebebi de harglarda polimer film olusabilmesi i¢in hava
kiirii uygulanmasi ve bu sebeple g¢imento taneciklerinin yeteri derecede hidrate
olamayis1 olarak degerlendirilebilir. Bu etki egilme dayaniminda negatif etki
saglamamaktadir ¢iinkii olusan polimer filmin ¢ekme dayanimi kuvvetli ve egilme
dayanimini artirmaktadir. Ayrica, basing dayaniminin diisiik olmas1 yine polimer filmin
hidratasyon {irlinleri {izerinde gelismesi ve bunun sonucunda hidratasyonu azaltmasi
olarak degerlendirilebilir. Diger yandan, bu polimer film hidrate bosluklar arasini da
doldurarak harclarin ¢ekme dayanimini iyilestirdigi sdylenebilir.

SAK ile ¢imento yer degistirmesi sonucu CEKH 6rneklerinin basing dayanimlari her

ne kadar referans harcinin basing dayanim degerinin altinda kalsa da diisiik yer
degistirme oranlarinda (6zellikle M5 ve M8 harc1) dayanim kaybinin minimal
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seviyelerde oldugu gozlemlenmistir. Harglarin mekanik davranist g6z Oniine
alindiginda (hem egilme hem basing) bu 6rneklerin optimum seviye SAK kullanim
oranina sahip oldugu sdylenilebilir. Bununla birlikte, sadece egilme dayanimlar1 goz
oniine alindiginda SAK kullaniminin biitiin oranlari etkili olarak ¢aligmaktadir. Ayrica,
bu ¢aligmada ¢imentodan azaltilarak polimer kullanildigi i¢in de daha ¢evreci bir iiriin
iiretilebilecegi sdylenilebilir.

3.4. Su Emme

CEKH o6rneklerinin 28 giin hava kiirli uygulanmasindan sonra etiivde kurutulup suya
daldirilmasi sonucu elde edilen su emme degerleri Sekil 8’de gosterilmistir.
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Sekil 8. Harclarin Kiitlece Su Emme Degerleri

Sekil 8 incelendiginde, SAK ile ¢imento yer degistirme orani arttikca CEKH
orneklerinin kiitlece su emme degerlerinin 6nemli dl¢lide azaldig1 gdzlemlenmektedir.
SAK ig¢ermeyen referans harcinin kiitlece su emme degeri %15,93 olarak tespit
edilmisken, %1, %3, %5, %8, %10, %13, %15 ve %20 oraninda SAK kullanilan harg
orneklerinin su emme degerleri sirastyla %15,62, %15,27, %14,69, %14,00, %13,69,
%13,27, %12,96 ve %12,53 olarak azalan bir trend ile saptanmistir. Polimer modifiyeli
har¢larin yapisinda, polimer tarafindan siiriiklenen ve kismen polimer zincirleri
tarafindan doldurulan veya polimer film tarafindan kapatilan ¢ok sayida mikro gézenek
bulunmaktadir (Ramli & Tabassi, 2012). Bu etki her zaman polimer igeriginin
artmasiyla artmaktadir (Zhang ve ark., 2019). SAK kullanim oranimin artmasi ile su
emme Ozelliginin azalmasi, CEKH numunelerinde biiyiik ve kiigiik boyutlu
gozeneklerin mevcut olmasina ragmen gozeneklerin SAK polimeri tarafindan
doldurulup kapatilabildigini gostermektedir. Diger arastirmacilar da harglarda stiren
akrilik modifiyesinin hem kiitlece su emme degerlerini hem de harglarin kapiler su
emme degerlerini azaltabildigini tespit etmislerdir (Wang & Wang, 2010; Zhang ve
ark., 2019).
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3.5. Biiziilme ve Sisme

CEKH o6rneklerinin biiziilme karakteristigi Sekil 9°da grafiksel olarak gosterilmistir.
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Sekil 9. SAK Kullanim Oranina Gére Harglarin Biiziilme Degerleri

Sekil 9 incelendiginde elde edilen bulgulara gore karisimlarda artan SAK miktarina
bagli olarak kompozit har¢larin biiziilme 6zelliklerinde belirgin bir artis egilimi oldugu
gbzlemlenmistir. Literatiir incelendiginde stiren akrilik modifiyesinin ¢imentolu
iiriinlerde biiziilmeyi azaltabilecegi sonucuna ulasan ¢alismalar bulunmaktadir (Cruz
ve ark., 2021; Wang & Wang, 2010). Ancak, bu ¢alismada bu sonucun aksine SAK
kullanim oraninin artmasi ile har¢larmn biiziilme degerlerinin de arttig1 goriilmektedir.
Harcin kuruma etkisinde biiziilme degerine etki eden en onemli faktorlerden birisi,
harcin goézenekli yapisidir (Giindiiz & Kalkan, n.d.). CEKH test Orneklerinde
karisimdaki volkan cilirufu matris yapiyr daha gozenekli bir forma biiriindiirmekle
birlikte, karisimda SAK miktariin da artmasi harcin gézenekliligini bir miktar daha
artirp rotre 6zelligini olumsuz yonde etkileyerek biiziilme degerinin artmasina neden
olmaktadir.

Sekil 10°da CEKH &rneklerinin 28 giin sonunda kurutulup su emdirilmesi sonucu sisme
ozellikleri gosterilmistir.
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Sekil 10. SAK Kullanim Orania Gore Harclarin Sisme Degerleri

Sisme, ¢imento esasli har¢ veya beton numunelerinin siirekli 1slak kosullarda
tutuldugunda meydana gelen bir 6zelligidir. Siirekli 1slak ortamda kalan numuneler,
birim agirliklarindaki artigla birlikte hacimlerinde de artis gosterebilirler. Bu geligim
beton ornekler i¢in yaklasik %1'e kadar degisim gosterebilmektedir. Nem genlesmesi,
suyun cimento jeli tarafindan emilmesiyle ilgilidir, bu nedenle su parcaciklari,
malzemenin ortaya ¢ikan yapisindaki kohezyon kuvvetlerine karsi koyan bir etki
sergiler (Giindiiz & Kalkan, n.d.; Lenart, 2015). Bu ¢aligma sonucu elde edilen
bulgulara gore, harglarin sisme 6zelligi olarak MO — M20 araligindaki 6rneklerin sigme
degerleri 0,144 mm/m’den 0,081 mm/m degerine kadar azalarak degismektedir.
Harglarin sisme degerlerinin azalmasinin en 6nemli sebebi, har¢larda gdzenekliligin bir
miktar artmasina ragmen, bu gézenekleri kullanilan polimerin nispeten kapatabilmesi
ve film olusturarak su emme degerlerini azaltabilmesidir (Sekil 8). Har¢larin su emme
ozelliklerinin azalmasi ile birlikte sigsme karakteristigi de azalmistir.

6. SONUC VE ONERILER

Bu calismada, hafif kompozit harglarin yiiksek su emme degerlerinin azaltilmasi ve
nispeten diisiik mekanik dzelliklerinin iyilestirilebilmesi bakimmdan SAK katkist hafif
kompozit har¢larda ¢imento ile yer degistirilerek kullanilmistir. Calisma sonuglarina
gore,

1. %1-%20 cimento ile SAK yer degistirme oraninda, harglarin akicilik
ozelliginde %2,75 ile %28,90 araliginda azalma g6zlemlenmistir. Buna bir
sebep caligmada kullanilan siiperakigkanlastiricinin azaltilmasi olabilir.
Harglarin  akicilik  6zelliginin  iyilestirilmesi amactyla farkli  tip
stiperakiskanlastirict katkilar denenebilir. Ayrica, bu ¢alismada mukavemet
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artiric1 polimer de bir miktar akicilik 6zelligini azaltmis olabilir bu polimerin
ayrica harglarin akicilik 6zelligine etkisi deneysel olarak arastirilmalidir.

2. SAK kullanim oranmnin artmast ile BHA degerlerinin azaldig
gozlemlenmistir. Ancak, BHA agirliklardaki azalma miktart minimal
seviyelerde bulunmustur. En yiiksek kullanim orant olan %20 ¢imento ile
SAK yer degistirme oraninda, taze harcin BHA degeri %1,28, sertlesmis
harccn BHA degeri %1,34 oraninda azalmistir. Malzemelerin basing
dayanimlarmin bir miktar azalmasinin bir sebebi de BHA degerlerindeki
azalmadan kaynaklanmis olabilir.

3. Ogzellikle uzun dénem (180 giin) hava kiirii sonucunda numunelerin egilme
dayaniminin oldukea iyilestigi tespit edilmistir. bu ¢alismada da 6zellikle %5
ile %20 oran araliginda SAK ile ¢imento yer degistirmesinde harglarin
egilme dayanimlar1 referans (MO) harcina gore 180 giin kiir sonrasinda
%17,3 ile %93,5 araliginda dayanim kazanmustir.

4. SAK ile ¢imento yer degistirme orani arttik¢a, Ozellikle %10’dan sonra
oldugu gibi yiiksek kullanim oranlarinda, harglarin basing dayanim
Ozelliginin azaldig1 tespit edilmistir. %10’a kadar bu ¢aligmada
kullanilmayan SAK kullanim oran1 baglamindaki ara degerler ileriki
calismalarda kullanilabilir.

5. SAK kullanim oraninin artmast ile su emme Ozelliginin azaldig:
gozlemlenmistir. En basit durabilite testi olan su emme deneylerinde olumlu
sonug veren bu tip harglarin ileriki ¢alismalar i¢in diger durabilite 6zellikleri
deneysel olarak arastirilabilir.

6. Karigimlarda artan SAK miktarina bagli olarak kompozit harglarin biiziilme
ozelliklerinde belirgin bir artig egilimi oldugu gézlemlenmistir. Biiziilme
Ozelliklerini azaltmak icin farkli katki maddelerinin (6rnegin, kalsiyum
karbonat, fiber takviyeler) etkisi test edilebilir. Biiziilme egilimlerinin uzun
vadeli ¢atlak olusumuna etkisi lizerine bir ¢alisma yapilabilir.

7. Harglarin sigme 6zelligi olarak MO — M20 araligindaki Srneklerin sisme
degerleri 0,144 mm/m’den 0,081 mm/m degerine kadar azalarak
degismektedir.

SAK ile ¢imento yer degistirmesi sonucu CEKH 6rneklerinin basing dayanimlari her
ne kadar referans harcinin basing dayanim degerinin altinda kalsa da diisiikk yer
degistirme oranlarinda (6zellikle M5 ve M8 harci) dayanim kaybinin minimal
seviyelerde oldugu gozlemlenmistir. Harglarin mekanik davranist g6z Oniine
alimdiginda (hem egilme hem basing) bu orneklerin optimum seviye SAK kullanim
oranina sahip oldugu soylenilebilir. Ozellikle harglarin egilme dayanimlar1 goz 6niine
alimdiginda, SAK ile ¢imento yer degistirmesine bagh harclarin egilme dayanimlari
%90’1in tiizerinde artabilmektedir. Egilme dayanimmin yiiksek arzu edilebilecegi
uygulamalarda bu tip iriinlerin kullanilabilecegi diisiiniilmektedir. Cekme
kuvvetlerinden dolay1 ¢atlama riski daha yiiksek olan yapisal elemanlar (désemeler,
zemin betonlari, genis ylizeye uygulanacak son kat uygulamalar, prekast cephe
panelleri, genis yiizeyli prefabrike elemanlar vb. gibi genis yiizeyli ¢cimentolu tiriinler)
i¢cin SAK kullaniminin uygun olabilecegi diisiiniilmektedir. Bununla birlikte, ¢imento
ile yer degistirme yapildig1 icin SAK kullanilarak {iretilen CEKH &rneklerinin
konvansiyonel har¢ 6rneklerine kiyasla ¢ok daha ¢evreci iirlinler oldugu séylenebilir.
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Yazarlarin Katkisi
1. yazar %60 oraninda, 2. yazar %40 oraninda katki saglamistir.

Cikar Catismasi Beyam
Yazarlar arasinda herhangi bir ¢ikar ¢atigsmasi bulunmamaktadir.

Arastirma ve Yayin Etigi Beyam
Yapilan ¢alismada arastirma ve yayin etigine uyulmustur.
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Abstract Oz
Transportation  problems,  irregular  urbanisation, Ulkemizde yasanan ulagim sorunlari, diizensiz

inadequate transportation infrastructure, and unplanned
urbanisation in our country are growing daily. The fact that
the Karabiik city centre is an old settlement unsuitable for
creating alternative roads is a problem. This study aims to
identify and prioritise Intelligent Transportation Systems
(ITS) strategies for the city of Karabiik using the Best
Worst Method (BWM), a multi-criteria decision-making
technique. Ten experts from Karabiik Municipality and
related departments participated in pairwise comparisons
of ITS-related action items outlined in the 2020 National
ITS Strategy Document by the Ministry of Transport and
Infrastructure. The consistency ratios of their responses
confirmed data reliability. Results indicate that traffic
safety, environmental impacts, and real-time traffic
information are the most important criteria. These findings
underline the importance of promoting public
transportation and effective passenger information
systems. Furthermore, the results provide insights into
improving municipalities' range and quality of services.

Keywords: Urban transportation, transportation analysis,
public transport, intelligent transportation systems, best-
worst method.

sehirlesme, ulagim alt yapisinin yetersiz olusu ve plansiz
sehirlesme her gegen giin biiylimektedir. Karabiik sehir
merkezinin eski bir yerlesim olmasi ve alternatif yollar
olusturmada elverissiz olmasi basli basina bir sorundur.
Bu galisma, Karabiik ili i¢in Akilli Ulagim Sistemleri
(AUS) stratejilerini  belirlemek ve onceliklendirmek
amactyla ¢ok kriterli karar verme tekniklerinden biri olan
En lyi-En Koéti  Yéntemi (BWM) kullanilarak
gergeklestirilmistir.  Karabiik Belediyesi ve ilgili
kurumlardan on uzman, Ulastirma ve Altyap: Bakanhg:
tarafindan 2020 yilinda yayimlanan Ulusal AUS Strateji
Belgesi’nde yer alan eylem maddelerine yonelik ikili
karsilagtirmalar yapmugtir. Uzman goriislerinden elde
edilen tutarhilik oranlari verilerin giivenilir oldugunu
gostermistir. Calisma sonuglarina gore; trafik giivenligi,
cevresel etkiler ve gergek zamanli trafik bilgisi en 6nemli
kriterler olarak belirlenmistir. Bu bulgular, toplu tasima
sistemlerinin tesvik edilmesinin ve yolcu bilgilendirme
sistemlerinin etkinliginin artirilmasinin 6nemine dikkat
¢ekmektedir. Ayrica, belediyeler tarafindan sunulan
hizmetlerin g¢esitliligini gelistirme konusunda da yol
gosterici bilgiler sunmaktadir.

Anahtar Kelimeler: Kent i¢i ulagim, ulagim analizi, toplu
tagima, akilli ulagim sistemleri, best worst method.
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O. Battal San, A. Elmaadawy Suggestions for Solutions to Urban
Transportation Problems with Intelligent Transportation Systems

1. INTRODUCTION

With the rise in population, socio-economic development, and the rapid expansion of
the automotive industry, the number of privately owned vehicles in Turkey has been
steadily increasing (Senbil & Yetiskul Senbil, 2020). However, this surge has not been
matched by a corresponding improvement in the urban transportation infrastructure of
Karabiik. One of the primary reasons for this mismatch lies in the city’s topographical
limitations; Karabiik is an old and rugged settlement where urban growth is largely
restricted to a confined mountainous area. Historically, transportation and traffic issues
in the city have been either overlooked or addressed with superficial and short-term
measures, which have exacerbated congestion within the transportation network.
Although awareness of these issues has increased in recent years, the response has been
delayed and fragmented, complicating efforts to resolve the underlying problems.

Moreover, the existing infrastructure, including roads, intersections, and parking areas,
remains insufficient to meet current demand. In addition to the general problem of
irregular parking, public vehicles like buses and minibuses lack defined roadside
loading and unloading zones, further impedes traffic flow. The increase in traffic
accidents is largely caused by behavioural issues, such as drivers' and pedestrians'
disregard for traffic laws, and physical infrastructure flaws (Selimoglu, 2014).

A thorough urban transportation strategy needs to be created and implemented to
address these issues. This plan should maintain the historic urban fabric, encourage the
efficient use of local resources, and put people before cars. Furthermore, it should
incorporate Intelligent transit Systems (ITS), promote environmentally friendly
mobility solutions, promote the use of public transit, and offer affordable, secure, and
sustainable transportation options. ITS is a collection of tools, applications, and systems
that use contemporary information systems and technology to improve transportation
infrastructure's sustainability, safety, and efficiency. Road safety, efficiency,
ecologically friendly transportation, and traffic management are all greatly enhanced
with ITS. These systems' primary goals are to streamline transportation procedures and
lessen urban traffic congestion.

This study uses the Best Worst Method (BWM), a multi-criteria decision-making
technique, to determine and rank the ITS options for Karabiik. Ten experts from
Karabiik Municipality and related departments participated in pairwise comparisons of
ITS-related action items outlined in the 2020 National ITS Strategy Document by the
Ministry of Transport and Infrastructure. The results obtained were interpreted by
comparing them with the current transportation situation of Karabiik province.

2. INTELLIGENT TRANSPORTATION SYSTEMS

ITS is a comprehensive transportation management and service system that aims to
provide innovative services for different transportation management modes (Lin et al.,
2017). Tektas et al. (2016) define ITS as “systems that include monitoring, measuring,
analysing and controlling with multi-way data exchange between user-vehicle-
infrastructure-center developed for purposes such as reducing travel times, increasing
traffic safety, optimum use of existing road capacities, increasing mobility, contributing
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to the country's economy by providing energy efficiency and reducing environmental
damage.” The most basic feature of ITS is that it combines high technology and
developments in information systems, communication, sensors, controllers, and
advanced mathematical methods with the traditional transportation infrastructure world
(Sussman, 2005a). When these technologies are integrated into the infrastructure of the
transportation system and the vehicles themselves, they eliminate traffic congestion and
increase safety and productivity (Yan et al., 2012).

ITS can be defined as using information and communication technologies, including
monitoring, measurement, analysis, and control mechanisms, to ensure interoperability
in transportation-related applications and solutions. Therefore, ITS includes various
interdisciplinary intersections, including computer science and informatics,
telecommunications, communications, transportation engineering, sensors and control,
finance, e-commerce, and automobile manufacturing. ITS can be considered a tool to
provide innovative mobility solutions in all modes of transportation. Various
technologies such as sensors, wireless, infrared communication, data analytics,
artificial intelligence, and machine learning are among the tools used in ITS
applications.

Intelligent transportation uses modern technologies to enable quicker visibility and
notifications of problems, making travel safer and more comfortable, and giving
communities and people inexpensive options (Mazur, 2020; Peak, 2020). Furthermore,
the primary advantages of intelligent transportation are its efficiency, safety, and
environmental aspects (Mazur, 2020). Additionally, cutting-edge driver assistance
technologies are being created to stop collisions and guarantee passenger safety.
Furthermore, connected, collaborative, and autonomous mobility (CCAM) will be
made possible by vehicle-to-passenger (V2P), vehicle-to-infrastructure (V2I), vehicle-
to-home (V2H), vehicle-to-vehicle (V2V), and in-vehicle mobility (In-V) (Gajewska,
2017).

The Republic of Turkey's Ministry of Transport and Infrastructure (2020) defines ITS
as information communication-based systems that include monitoring, measurement,
analysis, control mechanisms, and multidirectional data exchange between users,
infrastructure, vehicles, and centres. These systems were created to accomplish
objectives like making the best use of the road's current capacity, reducing travel times,
improving traffic safety and mobility, using energy efficiently, and reducing
environmental degradation. Three key ITS application areas, mobility, safety, and the
environment, are currently receiving attention (Khan et al., 2017). Human errors in all
forms of transportation can be reduced with the help of solutions that use ITS
technologies, which are still being developed and used today. At the same time, traffic-
related delays, fatal and serious injury accidents, material losses, air pollution, and
many other undesirable circumstances can be avoided.

Population expansion, demographic shifts, urbanisation, and climate change are all
significant issues for medium-, large, and mega-sized cities worldwide, particularly
regarding sustainability. The following five trends are defined by Deloitte (2022) as
addressing the issues facing the transportation industry: 1) Creating sustainable
financing methods for transportation, 2) Addressing the issue of electric vehicles and
infrastructure for charging them, 3) Modernizing transportation systems fairly and
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inclusively, 4) Increasing the sustainability of transportation networks, and 5)
Quickening the pace of technological and digital advancement (Deloitte, 2022). In
addition to these difficulties, 193 member nations, including ours, have proposed the
Sustainable Development Goals, which focus on resolving current crises and boosting
prosperity for 2015-2030. With the help of the Paris Agreement, these objectives aim
to turn the battle against climate change into a socially and economically inclusive
model.

2.1 Advantages of Intelligent Transportation Systems

The benefits of ITS applications, which have become widespread with technology
development, are detailed below.

1. Improved traffic efficiency

The capacity of ITS to enhance traffic flow and lessen traffic congestion is among its
most significant advantages. Traffic signals can be controlled by identifying areas of
congestion and rerouting traffic to less congested routes using real-time data from
cameras, GPS, and traffic sensors. Adaptive signal management systems, for instance,
adjust signal timing based on the situation to reduce waiting times at junctions. This
results in better traffic flow, shorter travel times, and more seamless traffic movement,
particularly during rush hour.

2. Improved road safety

ITS increases road safety for bicycles, pedestrians, drivers, and passengers. ITS helps
reduce accidents by utilising technology like speed monitoring systems, real-time
hazard warnings, and object identification. Additionally, ITS facilitates quicker arrival
at the site and early intervention through applications created in response to traffic
accidents. For instance, collision avoidance systems and Electronic Stability Control
(ESC) assist drivers by informing them of potentially hazardous circumstances.
Automatic speed control systems and red-light cameras are examples of traffic
enforcement techniques that can identify reckless driving and promote safer driving
practices.

3. Environmental benefits

Because ITS optimises traffic flow, it also lessens stop-and-go situations. As a result,
vehicles use less fuel and emit fewer emissions. Carbon dioxide and other air pollutants
can be considerably reduced by reducing waiting periods at junctions and in traffic. By
offering real-time monitoring, intelligent routing, and convenient access to trip
information, ITS also facilitates the integration of eco-friendly transportation solutions
like electric cars and public transportation networks. Additionally, it encourages
commuters to choose more environmentally friendly modes of transportation.

4. Encouraging public transport use and user experience

ITS improves public transport systems by providing real-time information on bus or
train arrivals, delays, and route changes, increasing the convenience and reliability of
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public transport services. Passengers can plan their journeys more efficiently using
mobile applications and digital screens at stops. ITS can also help public transport
agencies optimise applications and improve service delivery by supporting smart cards,
electronic fare collection, and passenger counting features. For passengers, this means
a smoother, more predictable, more accessible, and more enjoyable travel experience.

2.2. Disadvantages of Intelligent Transportation Systems

Despite the numerous advantages, Intelligent Transportation Systems have some
disadvantages. They are explained in detail below.

1. High implementation and maintenance costs:

One of the main disadvantages of ITS is the significant financial investment required
for implementation. The development of an ITS application involves the integration of
advanced technologies such as sensors, communication networks, GPS, traffic
cameras, integration software, data analysis systems, and communication network
installation. The installation costs cover infrastructure applications such as electricity
lines, data centres, and communication network setup. These parts are expensive up
front and must be updated and maintained frequently to be safe and functional while
the application runs. A yearly budget is also necessary after the system is deployed. The
size and technological sophistication of the system determine the costs of things like
staff training, technical support, cybersecurity precautions, data backup, software
upgrades, license fees, routine maintenance and troubleshooting. This may significantly
hamper adoption in poorer nations with tight funds. Additionally, installing, running,
and debugging these systems calls for qualified staff, which raises continuing operating
costs.

2. Data security and privacy issues:

ITS gathers and sends traffic, driver behaviour, and vehicle location data. Concerns
regarding safeguarding personal privacy may surface throughout the storage, tracking,
and analysis of this data. Unauthorised people can access or misuse sensitive
information if it is improperly maintained. Data theft, control problems, or misuse of
personal information may result from this. Additionally, cyberattacks using internet-
based technologies are becoming more and more likely to target ITS.

3. Technological and infrastructure challenges

Technology compatibility and the current infrastructure are major factors in the
effectiveness of ITS. The performance of ITS is greatly impacted by poor road
conditions, systems that are incompatible with modern technology, and systems that
are not accessible from all regions. Interoperability issues, such as ineffective
communication between systems from different manufacturers or geographical
locations, can also arise when integrating ITS with legacy systems or multiple
applications. ITS programs must be updated frequently to keep up with technological
advancements, which disrupt services and may raise long-term expenses.
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4. Social and behavioural aspects

Notwithstanding its advantages, ITS may encounter prejudice from system engineers
and users due to shifting customs or a lack of faith in technology. For fear of losing
control or being secretly monitored, drivers may hesitate to trust traffic management or
control-based application systems. Additionally, employing ITS capabilities may come
with a learning curve, particularly for users not accustomed to digital technology or
older populations. If ITS implementation is not adequately explained and supported, it
may result in misunderstandings, annoyance, or even decreased adherence to traffic
laws.

Although there are many prospects in the transportation sector with Intelligent
Transportation Systems, their implementation calls for careful planning, funding, and
social adjustment. The early identification and suitable resolution of issues, including
excessive costs, insufficient infrastructure, data security threats, and user approach,
strongly impact the success of ITS projects. Furthermore, ITS applications can become
expensive and time-consuming undertakings if not properly designed. As a result, every
project should start with well-defined objectives, thorough budget projections, and a
workable, realistic timeframe. Planning adaptable time and cost management
frameworks also lessens the impact of potential project delays or cost increases.

2.3. Environmental and Sustainable Impacts of Intelligent Transportation
Systems

Intelligent transportation systems are strategic tools that safeguard the environment and
promote sustainable urban living, as well as technical solutions that control traffic.
They have a beneficial impact on several things, including lowering carbon emissions,
conserving energy, lowering air pollution, and encouraging a sustainable mobility
culture.

1. Reducing carbon emissions

Smart transportation systems minimise stop-and-go driving and needless waiting by
maximising traffic flow. As a result, automobiles use less gasoline, and carbon
emissions are greatly decreased. Smart signalling systems, for instance, guarantee that
cars wait less at red lights. Vehicles spend less time in traffic when guided to the best
path by real-time traffic control applications. Both individual automobile use and
overall carbon emissions are decreased by incorporating public transit options.
Therefore, ITS applications are crucial for regulating greenhouse gas emissions and
lowering the carbon footprint of cities.

2. Energy efficiency and resource savings

ITS applications enable more efficient use of energy in transportation systems. For
example, the infrastructure of smart charging stations for electric vehicles contributes
to the balanced use of the electricity grid. Integrated with public transportation systems,
ITS makes public transportation more attractive. Thus, more passengers can be
transported with less energy. As traffic density decreases, resource consumption, such
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as fuel and tire wear. This provides both economic savings and enables more
sustainable use of natural resources.

3. Reducing air and noise pollution

Traffic density and irregular vehicle movements in traffic are the main factors that
increase air and noise pollution in cities. ITS can provide direct solutions to these
problems: With ITS applications, heavy traffic can be reduced, and fewer exhaust gases
can be released. Less stop-and-go of vehicles reduces engine noise and brake sounds.
Encouraging public transportation and reducing the number of individual vehicles can
also reduce noise pollution caused by urban traffic. In this way, a more livable and
healthy environment can be created in cities.

4. Increasing the culture of sustainable transportation

ITS not only improves existing transportation but also encourages the adoption of more
sustainable transportation habits. Systems integrated with bicycle paths and pedestrian
crossings support existing transportation. Mobile access to public transportation
information and ease of use make it easier for individuals to choose public
transportation instead of private vehicles. E-scooters and micro-mobility systems
provide transportation for those with fewer resources. In the long term, these systems
will contribute to sustainable city life by spreading environmentally friendly
transportation models.

3. KARABUK PROVINCE TRANSPORTATION CURRENT STATUS
3.1. Highway Transportation

Karabiik is connected to the Black Sea highway, the TEM highway and the E-5
Highway from the south. It neighbours Bartin in the northeast and Kastamonu in the
southeast. In addition, connection work to Zonguldak continues with the road that
follows the Yenice Stream valley from the west and is under construction.

There is a total of 385 km of road network in Karabiik. 48% (185 km) of this road
network consists of state roads, and 52% (200 km) of provincial roads (Table 1). When
we look at the type of road surface, there are 2 km of parquet, stabilised, and dirt roads
and 115 km of bituminous hot-coated roads. In addition, there are 268 km of surface
paved roads, 30% of which are bituminous hot pavement (Figure 1).

Table 1. Current State and Provincial Road Length in Karabiik Province as of July
2024 (km) (General Directorate of Highways [KGM], 2024)

City State highway City Highway Total
Karabuk 185 200 385
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Figure 1. Road Network Surface Types in Karabiik Province

The public transportation options available in Karabiik are private and municipal public
buses, minibuses, and taxis. While there is a high demand for public buses to transport
people to the city centre, there are inadequacies in the number and frequency of trips.
Long waiting times at the stops, buses waiting for short periods due to the absence or
insufficient pockets in the road superstructure design, and bus stops when it approaches
the stop while continuing in the current traffic, especially in the city centre, stop the
traffic. There is frequent congestion due to the number of vehicles parked on the
roadside, insufficient parking, and irregularity. This density negatively affects
pedestrians and people who want to park their vehicles. Pedestrian traffic cannot cross
the street safely due to the long queues created by vehicles and the incorrect positions
of pedestrian crossings. This problem occurs frequently on weekdays and weekends,
especially on the main street where Kares Shopping Centre is in the city centre.

3.2. Railway Transportation

Railway transportation is also available in Karabiik. Karabiik has a railway connection
to Zonguldak and Ankara via Cankiri. Passenger transportation is carried out between
Ankara and Zonguldak with Karaelmas Express. In addition, passenger transportation,
mainly for workers, is carried out between Karabuk and Zonguldak. The raw material
needs of Kardemir Iron and Steel Enterprises are met via the existing railway line and
are used for product transportation.

Trains travel from Karabiik to sea level at an altitude of 258 m. Due to uphill travel, the
Turkish National Railway System (TCDD) has defined the average cruising speeds on
the line as 70 km/h towards Zonguldak and 60 km/h towards Karabiik. However, due
to the line renewal works completed in 2018, it takes time for the line to be put into
place, and trains have been instructed to travel slowly and carefully. For this reason,
trains remain far from planned speeds. When the train travel times on the railway track
between Karabiik and Zonguldak are compared, an average travel time of 168.5
minutes emerges in the current situation. During this period, trains travel at an average
speed of 43,03 km/h. This speed is 59% lower than the mediocre 60 km/h (Akay &
Aygun, 2022).
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3.3. Airway Transportation

Among the closest airports providing transportation to Karabiik, Ankara Esenboga
Airport is 240 km away. Additionally, Zonguldak Airport is 97,6 km away, and
Kastamonu Airport is 136,4 km away. Ankara Esenboga Airport hosts national and
international flights due to its distance from Karabiik and the capital's central location,
Ankara. This airport is generally a preferred option for transportation to Karabiik.

Although Zonguldak Airport is closer to Karabiik, flight options are more limited since
it is a smaller airport. Kastamonu Airport can also be an alternative option for
transportation to Karabiik. However, it is less preferred since it is farther away than
other airports. Zonguldak Airport serves the province of Zonguldak, which is located
close to Karabiik, but it is a smaller airport. The airport is generally used for domestic
flights, which are generally directed to Istanbul. Flights from Zonguldak Airport to
Istanbul are generally organised on certain days of the week.

3.4. Karabiik Province Traffic Accident Statistics

Every year in our country, thousands of people are injured, disabled, or lose their lives
due to traffic accidents. As a result of traffic accidents, serious damage may occur to
both your physical integrity and your property. While injuries can cause short or long-
term health problems, in severe cases, permanent disabilities may also occur.
Additionally, accidents can cause property damage, causing damage to your vehicles
and other belongings that need to be repaired or replaced. This situation causes great
costs and losses individually and socially, and creates an economic burden. To prevent
traffic accidents and mitigate their consequences, it is vital to comply with traffic rules,
adopt safe driving techniques, and take necessary emergency precautions.

Statistics on traffic accidents in Karabiik in 2023 show serious traffic safety problems
in the city. Three thousand one hundred ninety-three traffic accidents occurred, and 761
were recorded as fatal and injured (Table 2). As a result of these accidents, 48 people
lost their lives, and 1203 people were injured. The total number of motor vehicles in
Karabiik is 73,886, and the number of accidents is quite high compared to this vehicle
density (TUIK, n.d.).

Table 2. Karabiik Province 2023 Traffic Accident Statistics

Total Total Number Number of Number Number
City number of of Motor Accidents with of Deaths of
accidents Vehicles Fatal Injury Injured
Karabuk 3193 73 886 761 48 1203

Especially considering the number of fatal and injured accidents, it is understood that
traffic inspections and driver training are insufficient. The high rate of accidents shows
that various measures must be taken to increase compliance with traffic rules and make
drivers more conscious. Reviewing and improving the city's road infrastructure and
traffic signs can also reduce accidents. Loss of life and injuries caused by traffic
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accidents negatively affect not only individuals and families but also the general well-
being of society.

3.5. Karabiik Province 2050 Population and Vehicle Situation Analysis

3.5.1. 2050 Population Projection

Population projection is making predictions about the population based on future trends
of birth, death, and migration data, as well as some assumptions. Population projections
are used in many areas. The institution from which we can obtain this data in our

country is the Turkish Statistical Institute (TUIK)

Table 3. Population Values of Karabiik Province Between 1955 and 2023

(TUIK, n.d.).

Year Karabiik Population
1955 49.654
1960 66.246
1965 84.457
1970 103.767
1975 116.088
1980 131.349
1985 142.569
1990 123.381
2000 116.804
2005 200.084
2010 227.61
2015 236.978
2020 243.458
2023 255.242

The arithmetic Increase Method was used in the 2035 population projection calculation.
Ny = Ng + kq(ty —t) (1)
k, = (Ny - Ne)/(ty —t) 2

Ny : Estimated future population

Ns: Latest census (most current population data)

kg : Arithmetic coefficient of increase rate

tg : Year corresponding to the next year (the future in which the population estimate
will be made)

ts : Year corresponding to the last census
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N, :New census

Ne : Old census

ty : New year corresponding to the new census
te: Old year corresponding to the old census

ky= (255242-49654) / (2023-1955) = 3023,35
Nayoas = 49654 + 3023,35%(2025-1955) = 261.289 person

The results of the above data are shown in Table 4. Considering the 2050 provincial
population in the table, it is seen that the provincial population will increase by
approximately 32% compared to 2023 in an average period of 25 years. In other words,
the provincial population is expected to increase by an average of 32% in 2050.
Inevitably, this significant increase will also bring transportation problems. Therefore,
it is important to make effective plans to solve transportation problems that may arise
in the future.

Table 4. Karabiik Province’s Population Projection for 2050

Year Population
2025 261.289
2030 276.405
2035 291.522
2040 306.639
2045 321.756
2050 336.872

3.5.2. 2050 Vehicle Projection

The number of motor vehicles in Karabiik province between 2019 and 2023 is shown
in Table 5.

Table 5. Number of Traffic Vehicles in Karabiik According to Years (TUIK, N.D.).

Year Total Number of Vehicles
2019 66.719
2020 67.165
2021 68.427
2022 69.711
2023 73.886

The arithmetic Increase Method was used in the 2050 traffic vehicle projection
calculation.
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T, =Ts + ko(ty, — t5) (3)
k, = (Ty - Te)/(ty —t) 4)
k.= (73.886-66.719) / (2023-2019) = 1792,75
Th025 = 66.719+ 1792,75. (2025-2019) = 77472 vehicle

Table 6. 2050 Traffic Vehicle Projection for Karabiik Province

Year Total Number of Vehicles
2025 77 472
2030 86 433
2035 95 395
2040 104 356
2045 113 318
2050 122279

According to the data in Table 6, the number of vehicles in the Karabiik District is
expected to increase steadily between 2025 and 2050. The total number of vehicles,
which will be 77,472 in 2025, is expected to reach 122,279 in 2050, with an increase
of approximately 9,000 to 10,000 units every five years (TUIK, n.d.). This forecast
shows that traffic in Karabiik province will intensify in the coming years, and therefore,
significant planning needs to be made for infrastructure, road expansion, and traffic
management. In addition, sustainable transportation solutions need to be developed by
considering the environmental impacts of this increase. It is thought that these data will
play an important role in determining the future transportation strategies of Karabiik
province.

Table 7. Number of Motor Vehicles in Karabiik Between 2019 and 2023

Picku Special
Year | Total |Automobile Minibus | Bus P | Truck Motorcycle| Purpose | Tractor
truck .
Vehicles
2019 | 66719 41451 1734 | 627 | 9718 | 3024 4085 240 5840
2020 | 67165 41255 1684 | 581 | 9730 | 3053 4635 261 5966
2021 | 68427 41901 1636 | 561 | 9836 | 3106 4986 271 6130
2022 | 69711 42134 1586 | 539 | 9939 | 3195 5780 290 6248
2023 | 73886 43376 1597 | 584 | 10086 | 3254 8240 308 6459

It is possible to find the average percentages of vehicles by considering the values in
Table 7. Average Automobile Percentage (K,) can be calculated as follows:

K, = (41451+41255+41901+42134+4376)100 / (66719+67165+68427+69711+73886): 61%
In Karabiik, the highest share of road vehicles was taken by automobiles, with a rate of

61%. The 2050 Karabiik province traffic vehicle distribution projection, created
because of the above calculations, is shown in Table 8.
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Table 8. Traffic Vehicle Distribution Projection for Karabiik Province for 2025-2050

Picku Special
Year | Total | Automobile | Minibus | Bus P | Truck Motorcycle | Purpose | Tractor
truck .
Vehicles
% 100 61 2 1 14 4 8 1 9
2025 | 77472 47258 1549 | 775 | 10846 | 3099 6198 775 6972
2030 | 86433 52724 1729 | 864 | 12101 | 3457 6915 864 7779
2035 | 95395 58191 1908 | 954 | 13355 | 3816 7632 954 8585
2040 | 104356 63657 2087 | 1044 | 14610 | 4174 8348 1044 9392
2045 | 113318 69124 2266 | 1133 | 15865 | 4533 9065 1133 10199
2050 | 122279 74590 2446 | 1223 | 17119 | 4891 9782 1223 11005
4. METHODOLOGY

The National Intelligent Transportation Systems Strategy Document, prepared by UAB
in 2020, determined the action plan and national strategies between 2020 and 2023 by
determining responsible and collaborative organisations through 5 strategic objectives
and 31 action items.

This study evaluated urban transportation in Karabiik through action items that directly
or indirectly concern municipalities within the scope of UAB's National Intelligent
Transportation Systems Strategy Document (Table 9). Pedestrians, cyclists, and private
vehicle users living in Karabiik were asked to determine the importance of 8 criteria
consisting of action items. These articles are considered especially useful in evaluating
the diversity of services municipalities offer (Republic of Turkey Ministry of Transport
and Infrastructure, 2020).

Table 9. Action Items Regarding Municipalities in the Strategy Document

Action 1.4. | Establishing provincial traffic control centres
Action 1.7. Instal!atlon o.f smart car park applications and electric vehicle
charging stations
Action 2.2. | Passenger information systems
. Establishment of a unit responsible for intelligent transportation
Action 4.4. .
systems in local governments
. Using electric vehicles in public transportation fleets and service
Action 4.5. . . . .
vehicles, and encouraging public transportation
Action 4.7. | Expanding the use of bicycles

The best-worst method, one of the multi-criteria decision-making methods, was used
in the analysis of the study. Multi-criteria decision-making has proven to be an effective
approach for ranking or selecting one or more alternatives from a limited number of
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alternatives based on multiple, often conflicting, criteria. One of the alternative
methods to these methods is the Best-Worst Method (BWM). This method attracts
attention due to its effectiveness in reducing pairwise comparison times and its good
performance in maintaining consistency between judgments. BWM is a multi-criteria
decision-making method that can select the best and worst criteria and compare these
criteria with other criteria.

Table 10. Criteria and Practice Codes

Establishing provincial traffic control centres Criteria 1
Installation of the smart car park application Criteria 2
Installation of electric vehicle charging stations Criteria 3
Passenger information systems Criteria 4
Establishment of a unit responsible for intelligent transportation Criteria 5
systems in local governments

Use of electric vehicles in public transport fleets and service vehicles Criteria 6
Encouraging public transportation Criteria 7
Expanding the use of bicycles Criteria 8

According to BWM, the most important and least important criteria are determined by
decision-makers (Rezaei, 2015). Then, each of these most important and least important
criteria is evaluated in a pairwise comparison with other criteria. The most effective
feature of BWM, compared to existing MCDM methods, is that it has fewer pairwise
comparison matrices and provides more consistent evaluations (Rezaei, 2015).

BWM obtains the importance levels of the criteria through an application consisting of
Six stages.

Step 1: Criteria ¢4, ¢, ... ¢, are determined.

Step 2: Among n criteria, the most and least significant criteria are identified.

Step 3: The importance level of the most important criterion compared to other criteria
is obtained by using a scale between 1 and 9 (1: equally important; 9: extremely
important). It should be evaluated as 1 when it is equally important and 9 when it is

very important. The vector evaluates the most important criterion according to other
criteria.

Az = (agy, agy, ..., Ay ) Q)

Step 4: Comparison of other criteria concerning the least important criterion using a
scale ranging from 1 to 9. The vector evaluates other criteria according to the least
important criterion.

Ay = (aqw , Gow , - Anw )T (6)
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Step 5: Optimum weights of the criteria (W; , W, , ... W) are calculated. If the

consistency indicator is close to “0”, it indicates high consistency.

The model that minimizes the maximum of % — ag;|and |W—’ - ajw|d1fferences is
j w

the model that minimizes the maximum for all j.

s { - o)
minmax; y 05— — Q;p
[ ] WW w

st )
2.W=1
j

W; =0 forallj

Wp
W,

The equation (7) can be translated into linear form as follows:

ming
We .
Wj — agj| < § forallj
W ,
|W_w - ajw| < & forallj (8)

Q. m=1
Jj

W; = 0 forall j

Step 6: With the solution of the model, criterion weights and consistency index (§) are
calculated. In the last stage of the method, the consistency of the evaluations is tested.
The consistency ratio is calculated using Eq. 9.

§

Consist Ratio = 9
onsstency Hatio Consistency Index ©)
Table 11. Consistency Index (CI)
agw 1] 2 3 4 5 6 7 8 9

Consistency index 0044 1| 1,00]| 1,63 |230]| 3,003,773 |4,47 | 5,23

As the consistency ratio approaches zero, it is concluded that the evaluations are more
consistent.

After the criteria in Table 10 were determined, decision-makers made separate
evaluations to make calculations with BWM. First, the most important and least
important criteria were determined. The evaluations were completed by evaluating the
preference levels of the most important criterion compared to other criteria and the
preference levels of other criteria compared to the least important criteria, using the
evaluation scale between 1 and 9.
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After receiving the evaluations of the decision makers, separate linear programming
models were established using Equations (5)-(8). These models were solved using the
MS Excel solver add-in, and the criterion weights were calculated, as shown in Table
12. The final weights were obtained by averaging the criterion weights calculated
separately for 10 decision-makers. In addition, the consistency of all evaluations was
tested using Equation (9), and the consistency rates were transferred to the last line of
Table 12.

Table 12. Calculated Criterion Weights and Consistency Rates

Decision | 1y 1| pvo | DM3 | DM4 | DMS | DM6 | DM7 | DMS | DM9 | DM10 | Final
Makers Weights

Criterial |0,1032(0,1258{0,1940{0,09370,0725(0,1027{0,1293]0,1139|0,0848 {0,0873 | 0,1107

Criteria2 |0,0248(0,1887(0,1293|0,05860,0286 | 0,0280 {0,1293 {0,2807 | 0,0565 0,0748 | 0,0999

Criteria3 |0,05900,0252{0,0970|0,11710,0453 [0,0587 | 0,0554 | 0,0854 | 0,0848 [ 0,0655 | 0,0693

Criteria4 |0,2064 (0,3019(0,0970{0,0586 10,0906 | 0,2054 {0,3104 |{0,1709|0,3948 (0,1310 | 0,1967

Criteria5 |0,1376(0,0629 {0,0647|0,0669|0,1812(0,1370{0,1940|0,1709|0,1271 {0,3286| 0,1471

Criteria6 |0,0688(0,0943 [0,0554|0,0273 10,0906 | 0,0822 {0,0554 | 0,0683 | 0,0401 [0,0333 | 0,0616

Criteria7 |0,31780,1258{0,3319{0,34360,3100 |0,3175|0,0970|0,0854|0,0848 {0,1048 | 0,2118

Criteria8 |0,0825(0,07550,0306(0,2342 10,1812 (0,0685|0,0291|0,0244|0,1271|0,1746 | 0,1028

g 0,0949 (0,0755(0,0562 {0,1249 | 0,0525|0,0934|0,0776 10,0610 0,1138|0,1953

Consistency

Rates 0,3194(0,29170,1528 (0,1667 | 0,1528 |0,3571|0,28570,2083]0,2500 | 0,3036

4. CONCLUSION AND RECOMMENDATIONS

According to the analysis results conducted within the scope of the study, the most
important criterion is "Criteria 7-Encouragement of public transportation," with a
weight value of 21,18%. This criterion was followed by "Criteria 4-Passenger
information systems" and "Criteria 5-Establishment of a unit responsible for smart
transportation systems in local governments". On the other hand, the least important
criterion was determined as "Criteria 6-Use of electric vehicles in public transportation
fleets and service vehicles," with a weight value of 6.16%. In addition to the results,
the consistency rates of the evaluations for all decision-makers were calculated. It was
seen that all these coefficients were very close to zero, and therefore, quite consistent
evaluations were made by the decision-makers.

The results indicate the first three criteria for public and smart transportation systems.
It is concluded that the deficiencies in the current public transportation system should
be eliminated, passenger information systems should be integrated with smart
transportation systems, and a relevant unit should be established within local
governments to establish and manage smart transportation systems. Intelligent
transportation systems in urban transportation will positively affect many areas. These
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systems play an important role in reducing the cognitive load on drivers, passengers,
and pedestrians using urban transportation and improving transportation's economic,
environmental, and social impacts. Moreover, smart transportation systems greatly
increase the demand for public transportation. It is also important to remember that
systems that improve and encourage bicycle and pedestrian safety should be developed
within sustainable mobility and transportation.

Based on all these evaluations, the following suggestions are proposed for improving
urban transportation in Karabiik province:

1. Encouraging public transportation plays an important role in solving transportation
problems. Expanding public transportation lines and increasing their hours can ease
traffic by reducing the use of private vehicles. Another important issue in public
transportation services is accessibility. Whether the vehicles and stops are disability-
friendly should be examined, and necessary improvements should be made. Public
vehicles should be integrated with smart transportation systems. Single card usage in
public vehicles, displaying card information and balance via the internet or mobile
systems, and balance loading systems should also be developed.

2. Existing public transport stops should be transformed into smart stops. Smart stops
allow passengers to instantly track their journeys, stop information, make electronic
payments, and benefit from wireless internet networks and charging units. These
improvements are thought to make the city's transportation system more efficient and
user-friendly.

3. Using intelligent transportation systems is one of the most effective methods for
managing traffic and directing vehicles. Especially in signalled intersections,
intersection management, fixed phase, multi-phase, dynamic intersection, green wave,
etc., intersection and corridor management systems should be applied. In this way,
traffic flow can be regulated, and density can be reduced. In addition, a more efficient
transportation network can be created by adjusting the timing of traffic lights and using
real-time traffic data.

4. Due to the inadequacy of safety measures on the superstructure of the roads in and
around the city centre, unwanted accidents occur every year for vehicles and
pedestrians, causing various injuries and deaths. A comprehensive improvement and
renovation work is required to increase road safety and prevent accidents. Measures
such as arranging pedestrian crossings, paying attention to traffic signs and signals,
implementing speed limits more effectively, and increasing lighting should be included
in these studies.

5. Improving urban transportation infrastructure will facilitate daily life and contribute
to creating a sustainable transportation system in the long term. In this context, it is
recommended that local governments work with relevant stakeholders to develop and
implement a comprehensive transportation plan.
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Abstract

Deprem gergegiyle siirekli olarak karsi karsiya kalan
ilkemizde, binalardaki hasarlarin  maalesef deprem
yonetmeliginde belirtilen yapisal diizensizlikler nedeniyle
olustugu goriilmektedir. Ayrica uygulama ve projelerdeki
hatalar da binalarin hasar gérmesine neden olmaktadir. Bu
caliymada betonarme binalarda bulunan aymi ddseme
bosluklarinin konumunun dogrusal ve dogrusal olamayan
yapisal  davramisa  etkileri  karsilagtirmali  olarak
incelenmistir. Bu amagla 6rnek olarak se¢ilmis betonarme
bir bina modelinde farkli konumlarda ayni orandaki
doseme bosluklarinin, Tiirkiye Bina Deprem Y 6netmeligi
kosullar1 da dikkate alarak, deprem performansina etkileri
Sta4-CAD programi yardimiyla irdelenmistir. Dogrusal ve
dogrusal olmayan yapisal ¢oziimlemelerden elde edilen
sonuglar perde duvarlarin etrafinda dogeme boslugu
olmasi1 durumda yatay yiik aktariminda biiyiik problemler
olustugunu ve s6z konusu doseme boslugunun planda kose
noktalarinda yapilmast durumunda yapisal davranigin
olumsuz etkilendigini ortaya koymaktadir.

Anahtar Kelimeler: Depreme dayanikl tasarim, dogrusal
ve dogrusal olmayan analiz, doseme boslugu konumu.

In our country, which is constantly faced with the reality
of earthquakes, unfortunately, it is seen that the damages
in buildings occur due to the structural irregularities
specified in the earthquake regulations. In addition, errors
in implementation and projects also cause damage of
buildings. In this study, the effects of the location of the
same slab openings in reinforced concrete buildings on
linear and nonlinear structural behaviour were
comparatively investigated. For this purpose, the effects
on the earthquake performance, considered the conditions
of the Turkish Building Earthquake Code, of the same
ratio of slab openings at different locations in a reinforced
concrete building model selected as an example were
examined with the help of the Sta4-CAD program. The
results obtained from linear and nonlinear structural
analyses reveal that major problems occur in horizontal
load transfer in cases where there is a slab opening around
the shear walls, and that structural behaviour is negatively
affected when the slab opening is made at the corner
points in the plan.

Keywords: Earthquake resistant design, linear and
nonlinear analysis, slab opening location.

! Karabiik Universitesi, Lisansiistii Enstitiisii, Ingaat Mithendisligi Anabilim Dali, Karabiik, Tiirkiye.

oguzhan_dogan_1@windowslive.com.

2 Karabiik Universitesi, Miihendislik Fakiiltesi, Insaat Mithendisligi Béliimii, Karabiik, Tiirkiye.

ismailtozlu@karabuk.edu.tr

3 Karabiik Universitesi, Miihendislik Fakiiltesi, Insaat Mithendisligi Boliimii, Karabiik, Tiirkiye.

sgursoy@karabuk.edu.tr


https://doi.org/10.55071/ticaretfbd.1528656
http://orcid.org/0000-0002-1550-7221
http://orcid.org/0000-0003-0512-3803
http://orcid.org/0000-0001-8133-0906

S. 0. Dogan, I. Tozlu, S. Giirsoy ~ Aym Déseme Bosluk Oranina Sahip Betonarme Binalarda Bosluk Konumunun Yapisal
Davranisa Etkisinin Dogrusal ve Dogrusal Olmayan Y 6ntemlerle Incelenmesi

1. GIRIS

Tiirkiye’de diinya mimarisinden esinlenerek ve tilke kosullart goz ardi edilerek farkli
mimari tasarimlar ortaya konulmaktadir. Bundan dolay: da Tirkiye’deki deprem
gercegine ragmen insaat uygulamalarinda hala estetik kaygilar ve ¢ok fonksiyonlu
kullanimlar 6ncelik tasimaktadir. Diger bir ifadeyle s6z konusu tasarimlar tilkemizin
kosullarina bakilmaksizin estetik kaygilar 6n plana cikarilarak yapilmaktadir. Ayrica
estetik kaygilar 6n plana ¢ikarilarak asimetrik ve/veya simetrik déseme bosluklari olan
yapilar olusturulmaktadir. Ozetle, gelisen ve de@isen insaat uygulamalarina
bakildiginda oncelikli olarak mimari tasarimlar 6n plana ¢ikmaktadir. Diger taraftan
depremlerde hasar goren binalar incelendiginde meydana gelen hasarlarin bazen
dogrudan dogruya mimari tasarimlarla iliskili oldugu goriilmektedir (TMMOB-a,
1993; TMMOB-b, 1993; Durmus vd., 1999; Sezen vd., 2003; Dogangiin, 2004;
Korkmaz vd., 2011; Isik vd., 2022). Mimari tasarimda 6zgiir davranmak adina iilke
kosullar1 gézard: edilerek tasiyici sistem diizenlemesi normal kosullarda dahi giivenli
bir ¢dziimii zorlastirirken, bu duruma deprem etkileri de eklendiginde tasiyici sistem
davraniginda maalesef ¢ok daha 6nemli sorunlar ortaya ¢ikmaktadir (Giirsoy, 2014;
Giirsoy vd., 2015; Giirsoy ve Oz, 2016; Giirsoy ve Dogan, 2020; Akbas ve Caliskan,
2023; Tozlu ve Giirsoy, 2024a). Bu hususlar diisiiniildiigiinde tastyici sistemin tasarim
ve diizenlenmesinin teknigine uygun yapilmasi biiyiik onem arz etmektedir. Tiirkiye’de
¢ogu deprem iilkesinde oldugu gibi farkli zamanlarda yiiriirlikte olan deprem
yonetmeliklerinde gergeklestirilecek tasarimlar i¢in bazi hiikiim ve Oneriler
bulunmaktadir (ABYYHY, 1998; TDY, 2007; TBDY, 2019).

Tiirkiye Bina Deprem Yonetmeligi’'nde (TBDY) Deprem Etkisi Altinda Binalarin
Tasarimi I¢in Esaslar kapsaminda, herhangi bir kattaki dosemede merdiven ve asansor
bosluklari dahil, bosluk alanlar1 toplaminin kat briit alaninin 1/3’tinden biiyiik doseme
bosluklarindan kagmilmasi gerektigi Dbelirtilmektedir. Aksi durumda déseme
stireksizliginden dolay1 planda A2-1 tiirii doseme siireksizligi olusacagi ve dosemelerin
yatay diizlemde rijit diyafram olarak ¢aligmadigi ifade edilmektedir (TBDY, 2019). S6z
konusu ddseme siireksizligi bulunan betonarme binalarda, ddsemelerin kendi
diizlemlerinde etkiyen deprem kuvvetlerini diisey tasiyici yapisal elemanlara giivenle
aktarabildiginin gosterilmesi i¢in iki boyutlu levha (membran) veya kabuk sonlu
elemanlar ile modellenmesi gerekmektedir. Literatiirdeki calismalarda déseme boslugu
iceren betonarme yapilarda bosluk oraniyla birlikte doseme boslugunun kat planindaki
yerinin, tasiyici sistem se¢iminin ve kat planina yerlestirilme seklinin énemli oldugu
dile getirilirken (Terzi ve El¢i, 2006; Yon vd. 2009) s6z konusu diizensizliklerin mevcut
oldugu betonarme binalarda, burulma etkilerini azalttig1 i¢in, tasiyict sistem olarak
perdeli veya perde + ¢erceveli olan betonarme yapilarin incelenmesi buna ek olarak da
uygulayicilar tarafindan tercih edilmesi gerektigi belirtilmistir (Aktan ve Kirag, 2009;
Terzi ve Elci, 2009; Oztiirk, 2013; Kasap vd., 2015; Boru, 2022; Oztemel vd., 2022).

Bu ¢alismada Tiirkiye Bina Deprem Yonetmeligi kosullar1 dikkate alinarak betonarme
binalarda planda farkli konumlarda ayni orandaki doseme bosluklarinin s6z konusu
binanin deprem performansina etkileri Sta4-CAD programi yardimiyla incelenmistir.
Bu amagla gerceklestirilen dogrusal ve dogrusal olmayan yapisal ¢éziimlemelerinden
elde edilen bulgularin karsilastirilmasiyla daha emniyetli ve ekonomik tasarimlar i¢in
bazi sonug ve 6neriler sunulmustur.
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2. MATERYAL METOT

Bu calismada ayni oranda ve farkli konumlarda déseme siireksizligine sahip 7 adet
betonarme bina modeli incelenmistir. Bunlardan 1. model (M1) referans model olarak
dikkate alinarak diger bina modelleri bosluk alanmnin plan alanina orani esit olacak
sekilde secilmistir. Bu calismada dikkate alinan ¢ekirdek perdeli ve gerceve sistemli
tastyici sistemlere sahip konut tiirii 7 adet binanin kat planlar1 ve 3 boyutlu goériiniimleri
Sekil 1°de verilmistir. Bu sekilde 5 kattan olusan s6z konusu binalarin kat yiikseklikleri
esit ve 3m’dir. En distaki donatinin dis yliziinden beton yliziine olan mesafeyi ifade
eden net beton ortii kalinlig1 genel geger bir deger olarak 25 mm alinmistir. Bu durumda
¢cekme donatisi agirlik merkezinden beton yiiziine olan mesafe olarak tanimlanan beton
ortli kalmligi (d’) ¢ekme donatis1 ve etriye kalinligi géz oniinde bulundurularak
yaklagik 40 mm olarak dikkate alinmistir. Ayrica kolonlar ve kirisler ¢ubuk eleman,
kalinliklart 150 mm olan désemeler ise alan eleman olarak modellenmistir. Yapisal
¢oziimlemelerde TBDY etkin kesit rijitlikleri dikkate alinmis, diiglim noktalari tam rijit
birlesim ve zemin kat kolonlarmin temele tam ankastre baglantili oldugu kabul
edilmistir. Ayrica her bir agikligt 5 m’den olusan kat planlarinin toplam yatay
uzunluklart her iki dogrultuda 25 m’dir. Yapisal ¢oziimlemelerde dikkate alinan diger
tasarim parametreleri Tablo 1°de verilmistir. TBDY md. 6.1.3 geregince yapisal
olmayan elemanlarin agirliginin, bulundugu katin agirligina orani %10°dan biiyiik
olmasi halinde tasiyict sistemin bir pargasi olarak analizlerde dikkate alinmasi gerekse
degerlendirme yapilmistir. Bu durumda tugla duvarlar 6li yik olarak kirislere
etkitilmigtir.

Tablo 1. Yapisal Coziimlemelerde Kullanilan Tasarim Parametreleri

Bina 6nem katsayisi (I) 1

Tastyici sistem davranis katsayisi (R) 5,6

Dayanim fazlalig1 katsayisi (D) 2,5

Hareketli yiik katilim katsayisi (n) 0,3

Kolonlarin enkesit boyutlar: (mm) 450 x 450

Kirislerin enkesit boyutlar1 (mm) 300 x 600

Perde duvarlarin kalinliklari (mm) 300

Doésemelerin kalinligi (mm) 150

Deprem diizeyi DD2

Kisa periyot tasarim spektral ivme katsayisi (Sqs) 0,8812

1s’lik periyot icin tasarim spektral ivme katsayisi (Sai1) 0,354

Eksantirisite (%) 5

Soniim orani (%) 5

Yerel zemin siifi 7C

Betonarme birim hacim agirligi (kN/m?) 2,5

Malzeme siniflari gi?;l BS; (5) C

Elastisite modiilii (MPa) gi?;l 23000000000
2

Tim dosemeler i¢in kaplama yiikii 8 Etgizzi 2’21 2
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Kalinlik (mm) 130
Yiikii (kN/m) 3,25

| ﬂ ﬂ
M5 16 M7

Sekil 1. Bina Modellerinin Kat Planlar1 ve 3 Boyutlu Goriiniimleri

Tugla duvar

M3 M4

3. YAPISAL COZUMLEMELER

Bina modellerinin dogrusal ve dogrusal olmayan yapisal ¢oziimlemeleri TBDY
kosullar1 gozetilerek gergeklestirilmistir. Dogrusal (lineer) hesap i¢in tastyici sistem
davranis katsayisi siineklik diizeyi yiiksek bosluksuz perdeli ve ¢erceveli sistemler i¢in
7 alinsa da TBDY’e gore perde duvar taban momentinin toplam yapi devrilme
momentine orani tiim modeller i¢in 1/3’ten biiyiik ¢iktig1 i¢in 4/5 oraninda azaltilarak
5,6 almmustir. Ayrica yapisal ¢oziimlemelerde dikkate alinan tasarim spektrum egrisi
Sekil 2°de verilmektedir.

Incelenen modeller konut olarak ele alindigindan Bina Kullanim Sinifi (BKS) degerinin
3 olmasi ve kisa periyot spektral ivme degerinin (Sps) 0,75ten biiyiik olmasi sebebiyle
Deprem Tasarim Sinifi (DTS) 1 olarak tespit edilmistir. Toplam bina ytiksekligi (15 m)
ve DTS’na gore Bina Yiikseklik Sinifi (BYS) degeri 6’dir.

Calisma kapsaminda gerceklestirilen dogrusal analizler modellerin Dayanima Gore
Tasarim (DGT) felsefesiyle ontasarimi i¢in kullanilmistir. Buradaki amag ele alinan
modeller i¢in uygun kesit boyutlarini ve donati oranlarini belirlemektir. Bunun yani sira
cekirdek perdeli olarak diizenlenen tasiyici sistemlerde burulma etkilerinin daha etkin
olabilmesi sebebiyle burulma diizensizlikleri karsilagtirilmistir. Buna ek olarak DGT
yaklagimindaki kontrollerden goreli kat 6telenmeleri sonuglart degerlendirilmistir.
Modeller i¢in ikincil mertebe etkileri ihmal edilebilir diizeyde oldugu i¢in bu durum
hakkinda degerlendirme gerceklestirilmemistir.
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Sekil 2. Yapisal Coziimlemelerde Dikkate Alinan Tasarim Spektrumu

DGT ile ontasarimi yapilmig modellerin mevcut yapilar oldugu varsayilmistir. Bu
nedenle performans hedefi i¢in degerlendirme yaklagimi TBDY geregi dogrusal
olmayan yontemlerle analiz edilmistir. Dogrusal olmayan ¢oziimlemeler TBDY ne
gore gergeklestirilmistir. Buna gore analiz modellerinde kolon ve kirigler ¢ubuk
eleman, perde duvarlar ise diizlem dis1 sekil degistirmelerin de dikkate alinabildigi 3
boyutlu kabuk sonlu eleman olarak modellenmistir. Cekirdek perdeli tasiyici
sistemlerde burulma etkilerinin daha fazla olabilmesi nedeniyle dogrusal olmayan
analiz i¢in tek modlu itme metodu yerine ¢ok modlu itme metodu tercih edilmistir.
Dikdortgen kesitli ya da plandaki en biiyiik kol uzunlugunun toplam perde yiiksekligine
oraninin 0,5 degerini asmamasi durumunda perde elemanlar i¢cin TBDY sartlarinca
yigili plastik mafsal davranis modeli kullanilabilmektedir. Ancak mevcut yapilarin
¢ekirdek perdeli sistem olmasi nedeniyle dogrusal olmayan yapisal ¢oziimlemelerde
tastyici sistem elemanlarinda yayili plastik mafsal davranis modeli dikkate alinmigtir.
Modellemede tercih edilen malzeme davraniglar1 Sekil 3°te ve TBDY’de kesit hasar
siirlar1 ise Sekil 4’te verilmektedir.
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Sekildegistirme

Sekil 4. TBDY ne Gore Hasar Bolgeleri ve Sinirlar1 (TBDY, 2019)
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3.1. Modal Analiz Sonuglari

Modal analizler sonucu elde edilen ilk 3 mod degerleri tiim modeller igin Tablo 2’de,
burulma modu periyot degerleri Sekil 5’te verilmektedir. Tiim bina modelleri igin
hakim mod burulma etkisinde ¢ikmistir. Bu durumun kat kiitle merkezlerinde bulunan
perde duvarlardan kaynaklandig1 agikca ortadadir. Ayrica en biiylik burulma etkilerinin
M2 ve M5 modellerinde oldugu goriilmiistiir. Bu husus diger bina modelleriyle
diisiiniildiigiinde, bina merkezindeki perde elemanlara doseme bosluklar1 nedeniyle
yik aktarilamamasi durumunda, perde elemanlarin yeterli yiik alamamasi sebebiyle
cevre akslardaki cergeve elemanlarin daha ¢ok zorlanmasiyla artan yatay deplasman
degerlerinden oldugu sdylenebilir.

Tablo 2. Modellerin {1k 3 Mod Degerleri (s)

Modeller Burulma Modu X-X Dogrultusu Y-Y Dogrultusu
Periyodu Periyodu Periyodu
Ml 0,50 0,394 0,394
M2 0,65 0,388 0,644
M3 0,52 0,353 0.351
M4 0,49 0,351 0,353
M5 0,54 0,355 0,356
M6 0,51 0,354 0353
M7 0,52 0,363 0.361

<+
lr).\
S

M5

Z . os
S I o5
< EE o
S . 049
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Sekil 5. Bina Modellerinin Burulma Modu Periyot Degerleri

Dikkate alinan yapi1 planlar1 her iki yatay eksene gore yiikleme ve tastyici sistem
boyutlar1 olarak simetrik oldugu i¢in kat kiitle merkezi ve rijitlik merkezi tiim modeller
icin kat merkezinde ¢akigmaktadir. Burada burulma modlarinin baskin olmasinin

biiyiik olan perde duvarlarin kat merkezinde toplanmasindan kaynaklanmaktadir.

3.2. Dogrusal Hesap Sonug¢lari

Dogrusal analiz sonucu elde edilen burulma diizensizligi katsayilar1 Sekil 6’da
verilmektedir. Bu sekilden de beklendigi gibi en diisiik burulma diizensizligi katsayisi

M1 modelinde elde edilmistir. Ancak bu model dahil tiim bina modellerinde perde
duvarlar kiitle merkezinde toplandig1 icin TBDY’de verilen sinir deger agilmistir.
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Sekil 6. Bina Modellerinin Burulma Diizensizligi Katsayilari

Dogrusal yapisal ¢oziimlemeler sonucu her bir model i¢in x-x dogrultusundaki goreli
kat 6telenmeleri, esdeger taban kesme kuvveti biiyiitme katsayis1 hesabinda kullanilan
ampirik katsayinin (yg) burulma diizensizligi geregi dikkate alinmasi ve alinmamast
durumlart igin karsilastirmali olarak Sekil 7°de verilmektedir. Kiitlenin azalmasina
bagli olarak yatay yiikiin azalmasiyla M2 modeli disindaki tiim bina modellerinde M1
modeline gore goreli kat telenmeleri mertebelerinde azalmalar oldugu goériilmektedir.
M2 modelinde ise kiitle ve yatay yiik azalsa da doseme siireksizliginden kaynakli yiik
aktarimi problemlerinden dolay1 goreli 6telenme degerleri M1 modelinden bilyiik
¢ikmigtir. M2 modelindeki goreli 6telenmelerinin M1 modelindeki goreli 6telenmelere
oraninin maksimum degeri yg-0,8 ve yg=0,9 i¢in sirasiyla 1,12 ve 1,13 olarak elde
edilmistir. Ayrica goreli kat Gtelenmeleri M3-M4-M5-M6 igin yaklasik degerler
gostermigtir. Diger taraftan M1 modelindeki goreli 6telenmelere orani, M3-M4-M5-
M6 igin ortalama 0,92 olarak elde edilmistir. M7 modelinde iist katlarinda M3-M4-M5-
M6 modellerine goére M1 modeli goreli kat otelenmeleri degerlerine yaklagimlar
gbzlemlenmistir.

Yapisal ¢oziimlemelerden her bir model i¢in burulma diizensizliginden dolay: esdeger
taban kesme kuvveti biiyiitme katsayis1 hesabinda kullanilan ampirik katsaymin (yg)
burulma diizensizligi geregi dikkate alinmasi ve alimmamasi durumlarinda x-x
dogrultusu igin elde edilen taban kesme kuvveti degerleri Sekil 8’de verilmektedir.
Modal hesap sonucu elde edilen taban kesme kuvvetlerinin esdeger deprem yiikiinden
elde edilen taban kesme kuvvetlerine orani yg katsaymin 0,8 ve 0,9 alinmasi
alinmasi durumunda 0,8 alinmasi durumuna gore hem esdeger deprem yiikiinden hem
de modal hesaptan elde edilen taban kesme kuvveti degerleri %10 artmistir. Benzer
karsilagtirmalar y-y dogrultusu i¢in Sekil 9’da verilmektedir. Bu sekilden de x-x
dogrultusu i¢in elde edilen sonuglarin y-y dogrultusu i¢in de yaklasik olarak gegerli
oldugu goriilmektedir. Burada dikkat c¢eken husus y-y dogrultusunda ddoseme
stireksizliginden dolayr M2 modelinde perde duvarlara yiik aktariminda yasanan
problem nedeniyle s6z konusu dogrultudaki perde duvarlarin yiik alamamasindan
kaynaklanan toplam taban kesme kuvvetindeki disiistiir. Bu degerlendirmelerin genel
sonucunda dégeme bosluk oraninin ayni olmasi durumunda plandaki yerlesimi esdeger
deprem yiikiinden ve modal analizden, yg degerinin 0,8 ya da 0,9 alinmasi durumlari
icin elde edilen sonuglarin degismeyecegi sdylenebilmektedir.
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Sekil 7. Bina Modellerinin Goreli Kat Otelenmeleri
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Sekil 8. Bina Modellerinin x-x Dogrultusundaki Toplam Deprem Yiikii (kN)
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Sekil 9. Bina Modellerinin y-y Dogrultusundaki Toplam Deprem Yiikii (kN)

Calismada ele alman yap1 planlarinda bosluk alani/briit kat alan1 degeri M1 referans
modeli disindaki tiim modeller i¢in 0,28 degerinde olup 1/3 (0,33) degerinden kiigiiktiir.
Modellerdeki A2 diizensizlik durumu bosluk oraninin fazlaligindan degil, tasiyici
sistem elemanlar1 arasindaki yiik aktarimini giivenle saglayamayacak yerel déseme
bosluklariin olmasi nedeniyle olusmaktadir. Bilindigi gibi yapiya gelen yatay yiikiin
bliylik bir kismi perde duvarlar tarafindan tasinmaktadir. Yerel déseme bosluklarinin
perde elemanlar etrafinda olmasi durumunda perde elemanlara oldukca diisiik yatay
yiik iletilebildigi i¢in perde elemanlarin tagtyici sistemin tiimii g6z niine alindiginda
yatay yiik tasima kapasitesinde etkisiz kalmaktadir. Perde elemanlarin yatay yiik
tasimasinda etkisizligi ile olusan bu durum ¢ergeve elemanlarin daha ¢ok zorlanmasina
neden olmaktadir. Gergeklestirilen dogrusal yapisal ¢oziimlemelerden perde duvar
taban devrilme momentlerinin bina devrilme momentlerine orani Sekil 10°da
verilmektedir. Bu sekilden diizenli olan M1 modelindeki oran diisey tasiyici
elemanlarin azalmasina bagli olarak, M2 modeli harig, diger modellerde x-x dogrultusu
icin yaklasik %15 ve y-y dogrultusu i¢inse yaklasik olarak %20 degerinde artmistir.
Ayrica M2 modelinde ise bazi perde duvarlarin, doseme siireksizliginden dolay1 yiik
aktarimindaki problemden kaynakli perde duvar olarak ¢alisgamamasindan dolay: diger
bina modellerine kiyasla olduk¢a az yatay yiik aldiklar1 dolayisiyla da perde duvar
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taban devrilme momentlerinin bina devrilme momentlerine oraninda, M1 modeline
kiyasla x-x dogrultusu i¢in yaklagik 1,33 kat ve y-y dogrultusu i¢in yaklasik 2,86 kat
azalma oldugu gorilmistiir.

B X yonii Y Yoni

o o
g w SN L v AN L n
0 ;o S - ;o = o R
S o SR < S S e S
SERC
o —_—
m.\
=
a
N.\
Io
M1 M2 M3 M4 M5 M6 M7

Sekil 10. Bina Modellerinin Perde Duvar Taban Momenti Oranlari
3.3. Dogrusal Olmayan Hesap Sonuglar:

Dogrusal olmayan yapisal ¢oziimlemelerden x ve y dogrultusunda elde edilen itme
egrileri sirastyla Sekil 11 ve Sekil 12°de verilmektedir. Déseme siireksizligi en az olan
M1 modelinde kapasitenin en biiyiik oldugu her iki sekilden de goriilmektedir. Ayrica
M2 modeli hari¢ diger bina modelleri i¢in planda her iki dogrultuda benzer 6zellikler
oldugu i¢in x-x ve y-y dogrultularinda sonuglar olduk¢a benzer olarak elde edilmistir.
Ancak M2 modelinde y-y dogrultusunda yatay dogrultudaki déseme siireksizliginden
dolay1 perde duvarlara yiik aktarimi problemi oldugu i¢in M2 modeli y-y dogrultusunda
perde-gerceve sistemli bina gibi degil c¢ergeve sistemli bir bina gibi davranmis
ifadeyle maksimum yerdegistirmenin plastik sekildegistirmelerin basladigi andaki
sekildegistirmeye orani temsil eden sitinekliginin diger modellerden oldukca biiyiik
oldugu gorilmektedir. Ayrica yapisal ¢oziimlemelerden siinekligin artmasi deprem
etkisinde yapisal sistemlerin hasar alarak enerji tiiketiminin artmasini saglasa da tek
basina deprem giivenliginin saglanmasi kosulunu yerine getirmek i¢in yeterli olmadigi
goriilmiistiir. Diger taraftan siinekligin yaninda yapisal davranista yiiklerin giivenle
tagiyici elemanlar arasinda aktariminin da son derece 6nemli olduguna séz konusu
caligmayla dikkat ¢ekilmistir. Diger taraftan diger bina modellerinin itme egrileri her
iki dogrultu i¢in benzer ¢ikmustir.

TBDY ’nde Simnirli Hasar (SH), Kontrollii Hasar (KH), Gé¢menin Onlenmesi (GO) ve
gdcme durumu olarak 4 farkli performans diizeyi verilmektedir. Hesaplamalar sonucu
herhangi bir kat i¢in diisey tasiyici elemanlarda plastik hasarin mevcut olmamasi ve
kiriglerin en ¢ok %20’si hasar almis ise SH performans diizeyi saglanmis kabul
edilmektedir. Eger kirislerin en ¢ok %35°1 ileri hasar bolgesinde ve diisey tastyict
elemanlarin timiiniin Smurlt hasar bolgesinde ya da belirgin hasar bolgesinde olmast
durumunda ya da ileri hasar bolgesindeki diisey tasiyici elemanlarin her bir katta
toplam kesme kuvvetinden aldigin payin %20’nin (en iist katta %40) altinda olmak
sartiyla ileri hasar bolgesinde olmasi durumunda KH performans diizeyinin saglandigi
varsayilir. Buna ek olarak kat kirislerinin en fazla %20°si gogme bolgesinde ve diger
tim elemanlarin gégme bolgesine ulasmamis olmast ve belirgin hasar sinir1 agilmig
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olan diisey elemanlar tarafindan taginan kesme kuvvetlerinin, o kattaki tiim diisey
elemanlar tarafindan taginan kesme kuvvetine oraninin %30’u asmamasi durumunda
GO performans diizeyinin saglandig1 belirtilmektedir. GO durumunun saglanamamasi
durumunda ise yapinin goctiigii kabul edilmektedir.

Dogrusal olmayan ¢ok modlu itme analizi sonucu elde edilen yapisal elemanlardaki
hasar dagilimlar1 x ve y dogrultular1 igin elverissiz durum dikkate alinarak Tablo 3’te
verilmektedir. Bu tablodan M2 modeli disindaki diger bina modellerinde kiris hasar1
goriilmemistir. Diisey tastyict elemanlardaki hasar dagilimlart incelendiginde perde
duvarlarin ylik almamasina bagli olarak M2 modelinin 1. katindaki kolonlarin yaklasik
%701 belirgin hasar mertebesine gegmistir. Diger bina modellerinin diisey tastyici
hasarlart 1. ve 2. katlarinda gbzlemlenmistir. Bu durum dikkate alindiginda en iyi
yapisal performansin M1 modelinden elde edildigi goriilmektedir. Daha sonra M5 ve
M7 modelleri gelirken en olumsuz yapisal performans M4 ve M6 modellerinde oldugu
goriilmiistiir. Sonug olarak doseme siireksizliginin bulunmadigr M1 modelinde en iyi
yapisal performans, déseme siireksizliginin konumuna bagli olarak M2 modelinde en
olumsuz performansin elde edildigi goriilmektedir. Ayrica diger bina modelleri i¢in
degerlendirme yapildiginda, bina modeli planin kdse noktalarinda kolon-kiris-doseme
olan modeller (M5&M?7) kdse noktasinda siireksizlik olan modellerden (M4&M6) daha
iyi performans gostermektedir. Bu durumun kdse noktalarinda mevcut olan yapisal
elemanlarin burulma rijitligini arttirmasindan kaynaklandig: diisiiniilmektedir. Ayrica
bu husus teknik literatiirdeki perde-gergeveli sistemler i¢in yapilan ¢alismalarda da
burulma rijitliginin artmasi i¢in perde duvarlarin kése noktalara her iki dogrultuda
calisacak sekilde yerlestirilmesi mantigiyla da uyusmaktadir (Aktan ve Kirag, 2010;
Saym vd., 2010; Boru, 2022; Tozlu ve Giirsoy, 2024b). Diger taraftan Sekil 6’da verilen
burulma diizensizligi katsayilar1 da incelendiginde kdse noktalarda tasiyict elemanlar
bulunan M3-M5-M7 modellerinin burulma diizensizligi katsayilarinin M4-M6
modellerinden diisiik oldugu da goriilmektedir.

Tablo 3 incelendiginde, sonug olarak her bir model i¢in 6zellikle zemin katlardaki
diisey tastyict elemanlarda hasar mevcut olmasi higbir modelin SH performans
diizeyini saglayamadigini gostermektedir. M2 modelinde perde elemanlarin yatay yiik
tasinmasina yeterli katki saglayamadigindan artan deplasmanlarla birlikte cerceve
elemanlarda oldukga biiyiik mertebelerde plastik hasarlar oldugu goériilmektedir. Diger
modeller kirislerde plastik hasar goriilmemektedir. Diisey tasiyici elemanlarin ise
%35~10 mertebelerinde belirgin hasar mertebesinde oldugu gorilmiistiir. Biitiin bu
durumlar birlikte degerlendirildiginde incelenen modeller i¢in Sekil Degistirmeye Gore
Tasarim (SDGT) ilkesiyle hedeflenen KH performans diizeyinin saglandig:
goriilmiistiir. Ancak hasarli diisey tasiyici eleman yiizdesi M1 referans modeline gore
M2 modeli haricindeki diger modellerde 1,2~1,8 kat artis oldugu goriilmiistiir.
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Sekil 11. Bina Modellerinin x-x Dogrultusundaki itme Egrileri
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Sekil 12. Bina Modellerinin y-y Dogrultusundaki Itme Egrileri

4. SONUC VE ONERILER
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Bu makalede, TBDY kosullar1 dikkate alinarak planda farkli konumlarda ayn1 orandaki
doseme bosluklarinin s6z konusu binanmn deprem performansina etkileri Sta4-CAD
programi yardimiyla karsilastirmali olarak incelenmistir. Bu ¢alismadan elde edilen

baslica sonuclar ve 6nerileri agagidaki gibi 6zetlemek miimkiindiir.
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Tablo 3. Tastyict Sistem Elemanlar1 Hasar Dagilimlari (%)

.. Diisey tasiyici .. Diisey tasiyici
E) Kll‘lslel‘ elser)r,lansl:r § Kll‘lﬁlel‘ elsel)rllanslgr
S| = S| =
1k E| 3
3 2 | SH | BH| SH BH | g % | SH | BH | SH BH
A 2
51100 0 100 0 51100 0O 100 0
41100 | 0 100 0 4 1100 0 100 0
M1 3 ]100| 0 100 0 |M5|3]100] 0 100 0
2 1100 | 0O 998 0,2 21100 0 99,8 0,2
1]100] 0 94,6 5.4 1 100 | 0 93,4 6,6
51100 0 100 0 51100 0O 100 0
41100 | 0 100 0 4 1100 0 100 0
M2| 3 | 143 [857]| 100 0 |M6| 3] 100| 0 100 0
21 0 | 100 | 100 0 21100 0 99,8 0,2
1 0 |100]| 283 | 71,7 1 1100| 0 90,4 9,6
51100 0 100 0 51100 0O 100 0
41100 | 0 100 0 41100 0 100 0
M3 3 ]100| 0 100 0 |[M7|3]100]| 0 100 0
2 1100 | 0O 99,8 0,2 2 1100 0 99,8 0,2
11100 | 0O 93,3 6,7 1 1100| 0 93,2 6,8
51100 0 100 0
41100 | 0 100 0
M4| 3 {100 | 0 100 0
2 1100 | 0O 99,8 0,2
11100 | 0O 90,3 9,7

SH: Smurli Hasar  BH: Belirgin Hasar]

Gergeklestirilen modal analizlerden doéseme bosluklarinin kat kiitle
merkezine yakin oldugu bina modellerinde burulma periyodunun arttigi
goriilmektedir.

Dogrusal yapisal c¢oziimlemelerden, M2 modeli harig, tiim bina
modellerinde M1 modeline gore goreli kat 6telenmelerinde azalmalar ve M2
modelinde ise doseme siireksizliginden kaynakli yiikk aktarimi
problemlerinden dolay1 goreli 6telenme degerlerinde M1 modeline gore
artma oldugu goriilmektedir.

Gergeklestirilen dogrusal yapisal ¢oziimlemelerden perde duvar taban
devrilme momentlerinin bina devrilme momentlerine oraninin, M2 modeli
hari¢, M1 modelinde diger bina modellerine gére hem x-x dogrultusunda
hem de y-y dogrultusunda arttig1 goriilmektedir. Buna karsin M2 modelinde
doseme siireksizliginden dolay1 bazi perde duvarlarin yiik aktarimindaki
problemden kaynakli perde duvar taban devrilme momentlerinin bina
devrilme momentlerine oraninda, hem x-x dogrultusunda hem de y-y
dogrultusunda M1 modeline kiyasla azalma oldugu goriilmiistiir.
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e Yapisal ¢oziimlemelerden elde edilen bulgular, perde duvarlarin etrafinda
doseme boslugu olmasi yatay yiik aktariminda biiylik problemler
olusturdugunu ve bu durumun s6z konusu binanin yapisal davranisi 6nemli
Olciide degistirebilecegini gostermektedir. Elde edilen bu sonug perde duvar
etrafinda doseme boslugu yapilmasindan kesinlikle kaginilmasi gerektigini
acikca ortaya koymaktadir.

¢ Dogrusal olmayan ¢ok modlu itme analizi sonucu M2 modeli disindaki diger
bina modellerinde kirig hasar1 goriilmedigi ve perde duvarlarmn yik
almamasina bagl olarak M2 modelinin 1. katindaki kolonlarin yaklasik
%70’ belirgin hasar bdlgesine gectigi goriilmiistii. Ozetle doseme
stireksizliginin bulunmadigi M1 modelinde en iyi yapisal performansin ve
en kotii yapisal performansin M2 modelinden elde edildigi goriilmektedir.

e Yapisal ¢oziimlemelerden planda kdse noktalarinda kolon-kiris-ddseme olan
modellerin kdse noktalari siireksiz olan modellere gore daha iyi performans
gosterdigi goriilmiistiir. Ayrica kose noktalarinda kolon-kirig-déseme olan
modellerin burulma diizensizligi katsayilarinin kdse noktalari siireksiz olan
modellere gore diisiik oldugu goriilmektedir.

e Dogrusal olmayan yapisal ¢oziimlemelerden planda kdse noktalar: siireksiz
olan modellerin hasar mertebelerinin arttig1 goriilmiistiir.

e Yazarlar ¢ekirdek perde duvarli-cerceve elemanlardan olugan binalar igin
déseme boslugu yapilmasi gerekliligi durumda, yapisal davranisin olumsuz
etkilenmemesi i¢in doseme boslugunun perde duvarlarin ¢evresinde ve kat
plani kdse noktalarinda yapilmamasini 6nermektedirler.

o Sonuglar degerlendirildiginde perde duvar etrafinda déseme boslugu olmasi
durumu kolonlara gore daha bariz olumsuzluklara yol agmistir. Bu nedenle
TBDY’nde A2 tiirii diizensizlik kapsaminda bulunan “Deprem yiiklerinin
disey tastyici sistem elemanlarna giivenle aktarilabilmesini giiglestiren
yerel doseme bosluklarinin bulunmasi durumu” kolon ve perdeler i¢in ayri
ayr1 degerlendirilmeli ve perde duvarlar i¢in daha kisitlayici kurallar agik bir
sekilde ifade edilmelidir.

Kat sayisinin arttirilmasi ve buna bagl olarak artan i¢ kuvvet degerlerini karsilamak
adna arttirilmasi gereken beton basing dayanimi degeri, doseme kalinlig1 ve hatta kat
icinde doseme kalmlhigmin farklilik gostermesi gibi durumlar bunun yam sira farkl
zemin ve deprem tasarim siniflarinda sonuglarin tartisilmasi gerektigi agiktir. Bu
caligmada uygulamada siklikla karsilagilan durumun ortaya konmasi hedeflendiginden
bu durumlar c¢alisma kapsamina alinmasa da gelecek caligmalarda yukardaki
durumlarin géz oniine alindig1 aragtirmalarin yapilmasi tavsiye edilmektedir.

Yazarlarin Katkisi
Yazarlarin makaleye katkilar1 esit orandadir.

Cikar Catismasi Beyam
Yazarlar arasinda herhangi bir ¢ikar ¢atigmasi bulunmamaktadir.

Arastirma ve Yayin Etigi Beyam
Yapilan ¢alismada arastirma ve yayin etigine uyulmustur.
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Abstract Oz

This study can be accepted pure research. Most part of this
research luminescence physics and the other minor parts
of the research are applied mathematics and computer
science, earthquake science, embedded systems. Main idea
is to use smoky quartz solids to detect luminescence light
which is crucial to apply on the vibration of earthquake.
Furthermore, new  algorithm  (Pascal’s  Triangle
Multiplication Algorithm) which has been thought as it
could be useful on multiply smaller or medium data sets.
Thermoluminescence properties of amethyst materials
have been obtained. The Pascal triangle multiplication
algorithm is considered to be efficient in signal processing
within embedded systems. Based on this premise, it has
been proposed that smoky quartz, which exhibits
triboluminescent properties, could also be utilized in fields
such as earthquake detection and dosimetric detectors. Due
to the deterministic nature of this multiplication algorithm,
it is anticipated that it can be employed in larger data sets
through optimizations like data compression by guiding of
Huffman coding. That will give the scientists much more
time to evaluate data which comes from sensors that detect
the triboluminescence from smoky quartz solids according
to author who is in charge of writing this paper.

Keywords: Luminescence physics, embedded systems,
earthquake, algorithms, huffman coding.

Bu ¢aligma, saf bir arastirma olarak kabul edilebilir.
Aragtirmanin biiyiik bir kismi luminesans fizigi ile
ilgilidir; diger daha kiigiik kisimlar ise uygulamali
matematik, bilgisayar bilimi, deprem bilimi ve gomiilii
sistemlerle ilgilidir. Ana fikir, deprem titresimlerine
uygulanmasi kritik olan luminesans 151811 algilamak igin
dumanli kuvars katilarin kullanilmasidir. Ayrica, kiigiik
veya orta Olgekli veri setlerini garpmada yararh
olabilecegi diisiiniilen yeni bir algoritma (Pascal Uggeni
Carpim Algoritmast) gelistirilmistir. Ametist
malzemelerinin  termoliiminesans  ozellikleri  elde
edilmistir. Pascal tiggeni ¢arpim algoritmasinimn, gomiilii
sistemlerde sinyal isleme agisindan verimli oldugu
disiiniilmektedir. Bu temele dayanarak, triboliiminesans
ozellikler sergileyen dumanli kuvarsin, deprem tespiti ve
dozimetri dedektorleri gibi alanlarda da kullanilabilecegi
Onerilmisti. Bu ¢arpim algoritmasinin  deterministik
dogas1 nedeniyle, Huffman kodlama gibi veri sikistirma
optimizasyonlariyla daha biiyiik veri setlerinde de
kullanilabilecegi ongoriilmektedir. Bu durum, dumanh
kuvars katilarindan gelen triboliiminesans sinyallerini
algilayan sensor verilerinin degerlendirilmesi igin bilim
insanlarina ¢ok daha fazla zaman kazandiracaktir. Bu
diisince, makaleyi yazmaktan sorumlu yazarin
Ongorisidiir.

Anahtar Kelimeler: Liiminesans fizigi, gomiili
sistemler, deprem, algoritmalar, huffman kodlama.
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1. INTRODUCTION

The main hypothesis of this research paper is to investigate photon intensity in quartz
materials through luminescence in relation to quantum efficiency. Additionally, it aims
to establish a correlation between quartz cementation in fault lines and the data derived
after seismic vibrations. To facilitate the management of photon sensor datasets, a
multiplication algorithm based on Pascal’s Triangle is employed. Furthermore,
Huffman coding is utilized for data compression, streamlining the signal processing in
microcontroller systems. Similarly, Huffman coding has been considered for data
compression by assigning fewer bits to larger signals generated by quartz. In essence,
the hypothesis of this study seeks to determine whether the luminescence properties of
quartz materials vary with photon intensity due to seismic vibrations and if these
variations correlate with cementation along fault lines. This hypothesis is rooted in the
principles of physics, encompassing photon emission, energy transfer mechanisms, and
the physical interactions of quartz under mechanical stress.

Quartz is the solid mineral which contains SiO, chemical compound which can be
found in many countries all around the world (Kurum,2022). Emission of light with
respect to physical structure of solid is unique. To understand this mechanism,
properties of luminescence and luminescence of bands (valance and conducting band)
should have been considered. There are various ways to possess luminescence light
such as triboluminescence, chemiluminescence, sonoluminescence,
thermoluminescence, bioluminescence, electroluminescence, cathodoluminescence,
optical-stimulated luminescence and radioluminescence (Mckeever,1983). Researches
upon luminescence are utterly extensive and on the other hand, existence of quartz has
been confirmed in studies of meteor and moon (Wang et al,1998); (Kibar et al,2007).
Some studies have been carried out on quartz and also diaspore. Scientists observed
natural and synthetic opal quartz (Meakins et al,1987). Li has studied luminescence
of quartz which correspond to sensibility of electrical signal (Li,2002). In another study,
hydrothermal milk Quartz and metamorphic quartz have been collected. Emission of
cathodoluminescence and thermoluminescence have been determined (Topaksu,2012).
Diaspore crystals have been irradiated by U.V. with 254 nm and 366 nm wavelengths.
Scientists have not detected fluorescence color because of Fe impurity
(Hatipoglu,2010). Other scientists have studied in diaspore crystals by using 3 source
and then observed the efficiency of luminosity with CL and TL emissions. As a different
type of quartz such as amethyst has been taken a crucial spot in a research (Topaksu et
al,2018). CGCD method has been applied and samples have been induced by  sources
such as Sr-90, Y-90 and y source Co-60 (Nur,2010). Gotze and his colleagues have
done research on natural and synthetic quartz and 380-700 nm wavelengths have been
confirmed as visible region of light emission which come from the quartz samples
(Gotze et al,2001).

In this study, an idea has been proposed to make a correlation among physics, applied
mathematics- computer science, earthquake science and engineering. A few natural
crystal solids such as diaspore, amethyst and smoky quartz are main samples to
observe luminescence signals. Light intensity of all samples has been analyzed by
using thermoluminescence dosimetry. Smoky quartz demonstrated sensitivity to
physical stress, as observed by the corresponding author. This suggests that the
triboluminescence effect will be a crucial parameter in producing visible light with very
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high intensity. He has made an observation when smoky quartz has been applied
mechanical pressure, Intensity of the luminosity of smoky quartz has been appeared in
not dark room condition. This observation may make the scientists think to study for
earthquake prediction connected with sensors and microcontroller- embedded systems.
Furthermore, author thinks that his first study which is multiplication algorithm
(Pascal’s Triangle) can be helpful for data flow between sensors- microcontroller —
WIFI/GSM triad. Light sensors sense the light emission of smoky quartz after become
fracture or crack in which region of fault line. The data from the light sensor must be
processed to generate signals within the framework of the microcontroller system.
Consequently, speed performance in handling large datasets plays a crucial role in
analyzing the triboluminescence of smoky quartz light emission across small, medium,
and large datasets. Huffman coding which can provide data compression in
optimization can help out Pascal’s triangle multiplication algorithm can be faster and
speed performance of it may ease to get signals which come from the quartz
cementation after seismic vibration. This algorithm has been thought that it could be
useful for software of embedded system which responsible for electronic signals.

2. MULTIPLICATION ALGORITHMS

In this section a few multiplication algorithms have been introduced briefly and these
algorithms also evaluated by the speed performance according to different types of bits
which are directly connected with data sets. Integer multiplications algorithms are quite
diverse which can be used in different technologies and fields such as computer
sciences, discrete mathematics, embedded systems, artificial intelligence, operating
systems, signal processing and cryptography. Firstly new multiplication algorithm
(Pascal’s Triangle Multiplication) will be explained shortly and then, the Karatsuba and
Schonhage—Strassen multiplication algorithms will come into play and demonstrate
their efficiency.

2.1. Pascal’s Triangle Multiplication Algorithm:

A = small number, Ay and A, A= (A, Ay) €))
B = big number, By and B,, B = (By, B,) 2)
Ax=(A*Azi)—A 3)
B, = (B * %) ()
4y = (422 (5)
B, = (B+21)—p (©)
cx=(6*%)—c 7)

62



O. Dervisagaoglu, B. Camgoz Mathematical Modeling of Quartz Luminescence Signals for Earthquake Detection

C, = (c « %) (8)

A+1

A*Bz((A*T)—A))+(B*%)—(C*%)andc=3—,4 9)

Am:(m(’%))ﬂ(m(%))—g)) —((c*(%))—C)) andC=4-B  (10)

This algorithm has been devised in 2003 by author of this paper (Dervisagaoglu,2020).
Complexity of the pascal’s triangle algorithm in small data set is O (1), medium data
set refers to O(n), in large data set converges to O(n?). Pascal’s multiplication algorithm
is more deterministic than the other multiplication algorithms. When it has been
optimized by using the computer science method which is data compression,
performance of speed in large numbers will be more effective.

2.2. Karatsuba Multiplication Algorithm:

X+*Y =X, B"+ X)) (Y, * B"+Y,)

Zy = X1

Z1 = X1Y0 +XOY1

Zy = XoYo

Zy =X+ X)) (M +Yo) —Z, — Z, [12].

2.3. Schonhage — Strassen Multiplication Algorithm (SSA):

Integer multiplication is a fundamental operation in arbitrary precision arithmetic
related to discrete mathematics. Beyond its direct applications, the development of fast
multiplication algorithms are capable of running in nearly linear time along with their
ability to reduce other common operations, such as division, square roots, and
logarithms, to integer multiplication, drives the need for more efficient techniques in
large-scale computation (Berstein 2008). Asymptotically algorithms originated from
(FFT) Fast Fourier Transform. Algorithms which are useful for multiplying large
integers require huge amount of memory to store input operands and output product.
Main purpose in SSA is to compute P = a * b. Without lose of generality, we can
presume a>0, b>0 also, a and b are N-bit integers. By using the ring, it will be as

followings:

R, =T7Z/(2" + 1)Z with 1 = 2k | n

2n/1 = _1 (mod2™ + 1); 27 € R,, will be 21 -th root of unity.
a=A02M"),b =B(22M), C(x) = A(x) * B(x)(mod x' + 1)

c=C(2M) =axb(mod2M" +1) [14]
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Table 1. Comparison of All Algorithms According to Data Set

Algorithm Operatlo‘n Operatlo.n ‘ -
T number in number in | Complexity Discuss
ype small data large data
Constant in
small data but in
. large data is
Pascal’s Lincar or slow. Even so, it
. 13 quadratic 0(1), O(n), O(n?) : ’
Triangle rowth can be
& optimized by
data
compression.
; High
. Increase as 2 Slower than the
Classical . amount of | O(n?)
quadratic Pascal method.
operator
Karatsuba nghet ngh O(n!555) Efficient in
operation efficiency large data
Sfr}eli(snsl:f S D B O( n log nlog log n) Itis applied in
. EMOL 0L 1 different field.
Algorithm

3. LUMINESCENCE MECHANISM

Luminescent materials radiate at various wavelengths. The characteristics of light are
closely related to the spectral properties of the material. Depending on the duration of
induced radiation, fluorescence or phosphorescence may occur. Time interval of
transition between two energy levels for fluorescence is lower than 10-® second. The
main difference between them is that the transition from the ground state to the excited
state occurs in a shorter time in fluorescence compared to phosphorescence. There is m
point which is called trapped region between ground and excited states in
phosphorescence. This trapped region refers to metastable. So, transition from trapped
state to ground state takes a while. When extra energy is sent to the material, electron
escapes from trapped state to reach ground state. When incident energy (radiation) is
cut after that fluorescence effect will disappear but in phosphorescence after even the
energy is cut, its effect will be continued in a certain time (Mckeever,1983). Basic point
is phosphorescence needs extra energy, because electron is trapped in point m.
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Figure 1a-1b. Fluorescence(1a) and Phosphorescence (1b)

Figure above shows that ground state, excited state and metastable region related
trapped state. Time of trapped region for electron in “T” temperature is demonstrated
as following:

T = e/ (11)
S is constant, k Boltzmann constant, E is energy difference between excited state and
trapped region. Luminescence physics is precisely complicated and contains many type
of luminosity processes as it mentioned previous section. When thermoluminescence
is explained, what we say is to possess light emission of heated material. Natural solid
such as quartz firstly is irradiated by radiation source such as o,y and B. Electrons in
solid try to go excited state from ground state and they are trapped in metastable region.
When the material is heated electrons are released and photons in visible region are
emerged. In this way, balance of thermodynamics is conserved (Mckeever,1983).

Before Irradiation Irradiation Readout

cB

Electron Trap

_u_ Hole Trap
FB NN

Figure 2. Thermoluminescence Mechanism (Rivera, 2012).
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lonized radiation which is incident radiation induced electrons in material and they are
released. This process allows them to go from valance bad to conducting band. That
shows to come out electron-hole pairs is created. Holes are really close to valance band.
Electrons can combine anti-charge carriers. They can be trapped by some impurities or
defect such as Frenkel defect. Electrons can stay in trapped region with respect to
activation energy (trap depth) and temperature. After the radiation is terminated, as long
as natural solid is heated, electrons leave from trapped region and they reach conducting
band. Electron goes in solid as free and then meet free charge carrier. Finally, photon is
originated (Uzun,2010). According to Fermi-Dirac statistics, system in
thermodynamics balance and 0 Kelvin, all energy level upper than Fermi energy level
is empty. All energies are lower than Fermi level which is full. In luminescence model
the most important parameters are activation energy and recombination center. Trap is
higher than Fermi level and they are called as potential electron traps. Recombination
center is lower than Fermi level which means center is filled by electrons. This center
is called as potential hole trap. Absorption energy of radiation is higher than band gap,
this results as production of free electrons in conducting band and holes in valance
band. Thermoluminescence model is directly responsible of isolated electron trap and
recombination center. The model which is mentioned here is to provide one trap- one
recombination center (Mckeever,1983). Defects in solids have an impact on to create
structure for trapping of both holes and electrons during irradiation. These charge
carriers will stick to defects region until heated to release process. Trap regions are
defined as TL centers. Therefore, traps represent the isolated entity in crystal solids and
also, they are not the part of crystal lattice. Even if incident radiation causes ionize on
solids but also affect the defects in crystal (Uzun,2010). Crystal defects can decrease
the domination of thermal vibration of phonons which means, phonon can be trapped
by defects in material (Estreicher et al,2015; Sunta,2015). Kinetics parameters which
manage the thermoluminescence process have been written as followings
(Pagonis,2006):

I(t)=—2—?=n*s*e‘5/” (12)
1(t)=—(;—r:=r;v—zs*e‘E/kT (13)
I(t) = —Z—? =nb x 5" x e E/KT (14)
T=Ty+pB*t (15)

T, = temperature of time t,0 kelvin

s = constant of electron traps

N = total trap concentration m™3

n = electron trap concentration in time t, m™3
Triboluminescence is the different type of luminescence process and is activated as
mechanical pressure and physical stress which is acted on the material. This stress can
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be categorized such as breaking, rubbing, stretching and bending. Triboluminescence
has been detected in quartz, alkaline halide, sugar and crystals. 50% of inorganic
materials possesses triboluminescence effect (Wang and Wang, 2018) and quartz (In
this study smoky quartz has been observed) has the efficiency of triboluminescence
which proposed a high Iluminosity intensity with luminescence physics.
Triboluminescence is also defined as Mechano-luminescence. Materials which
demonstrate the properties of piezoelectric is effective in the triboluminescence.
Spectrum of triboluminescence light is similar with the spectrum of
photoluminescence and depends on crack, fraction or division of material. Notion of
Triboluminescence has been proposed by Wiedemann in 1895. This word originally
comes from the latin version “Tribein”. Thus, Tribo means “rub”. Plastic and elastic
deformations are utterly crucial for the development of triboluminescence process. In
this way new surfaces in crystal can be originated and distribution of fraction tries to
stand for high temperature and pressure. Among movement of fraction in the material
and crystal, charged fractions creates electrical potential. Impurities in crystal change
symmetry and charge distribution. Furthermore, the gas which surrounds the material
should be considered (Xie and Li, 2018).
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Figure 3. Experiment Model of Triboluminescence (Wang et al, 2016)

Quartz veins are extensive in fault zones unearthed from nucleation temperatures of
earthquake such as 150°C-350°C. Furthermore, quartz can play a crucial role to be a
mechanism of strength development among earthquakes. Exposition of quartz
cementation supposes into a single inter seismic. Cracks and fractures caused by
earthquakes create channels for the circulation of fluids. This prepares the environment
for the deposition of quartz. Quartz cementation strengthens the rock by filling fractures
along the fault. This is the healing process of the fault until the next earthquake.
Hydrothermal liquids moving along fault zones dissolve silica from the rocks and
precipitate as quartz when they cool. Quartz can impact the shear resistance in certain
fault zones, which can influence when and how an earthquake begins (Williams and
Fagereng,2022). Triboluminescence of quartz solid in fault line can be a different
method with respect to luminescence physics to collect light signals.
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4. MATERIAL AND METHOD

In this study, diaspore has been provided by a mine company in Milas and smoky quartz
has been taken from Dokuz Eyliil University Geology Engineering Department.
Diaspore samples have been broken in Ege University Nuclear Sciences Department.
They have been put into test tubes and have been irradiated by industrial electron
accelerator as first group of diaspore with 15kG second group diaspore with 25 kGy.
Samples are approximately 0,3x0,3 cm?. Smoky quartz (1D,2D,No=5), has been also
broken and its origin is Dalama/Aydin, smoky quartz(3D,No= 6) is from Nazilli/Aydin,
smoky quartz (4D,No=4) and smoky quartz (SD,No=8) are brought by the region from
Cine /Aydin, smoky quartz(6D,No=7) is from Kocarli/Aydin. Amethyst samples are
taken from the region, Dursunbey/Balikesir.

Figure 4. First Group Diaspore Figure 5. Second Group Diaspore
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Bl e

Figure 6. Smoky Quartz(1D,2D,No=5), Amethyst (1A,2A,3A,4A,5A,No=10), Smoky
Quartz(3D,No= 6), Smoky Quartz (4D,No=4), Smoky Quartz (5D,No=8), Smoky
Quartz(6D,No=7)

Luminosity intensity of Diaspore crystals has been detected in TL Reader Dosimeter
3500 in Luminescence Lab, Ege University, Nuclear Sciences Institute. Smoky quartz
has been applied physical stress in non- dark room condition. Thermoluminescence
properties of both Amethyst and smoky quartz have been also determined. They have
been irradiated by Sr-90 beta source 30 minutes. After that, tl-temperature graphs have
been emerged with TL dosimeter. Quartz solids have been heated until 400°C with
heating rate 2 °C /s.
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Figure 7. Thermoluminescence Dosimeter

The technical equipment will be sensor which is photomultiplier and Arduino basics
embedded system which is utterly functional and useful by containing low-cost
components such as small size computers and Arduino (Ovalles et al,2018) or that
type of microcontrollers as embedded system has been used in the subject of water
tank filling processes in a study (Prima et al,2017).

5. RESULTS

In consequence of high dose, electronic signal of diaspore has not been detected in
thermoluminescence dosimeter. When the samples (diaspore) are heated in 250°C,
they begin to break into tiny pieces. So, luminescence has not been observed. One
diaspore has been put into dosimeter and then it has been heated, Result of diaspore has
been demonstrated as following. In addition to, TL- Temperature result of quartz
samples has been estimated.
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Figure 11. A-3 TL- Temperature Graph.
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Figure 18. D-5 TL- Temperature Graph.

According to figures above, amethyst samples luminescence intensity are tend to reach
higher than the smoky quartz samples. Which means, quantum efficiency of amethyst
samples linked to charge carriers_ can release more photons with respect to higher
temperature. A-2, A-3, A-5 do not make a progress as glow peak because of Sr-
90(beta source) has low irradiation. Smoky quartz samples have lower charge carrier
to produce photons than the amethyst samples even if glow peaks of smoky quartz
samples have been detected. If each sample is irradiated at least 1 and 2 hours, glow
peak level possibly emerges distinctly.

Intensity of diaspore sample seems not that high. Reasons can be impurities such as
high temperature sensibility. After that one of diaspore minerals has been put into
oven to anneal in 200°C. In this way early radiation in diaspore has been eradicated.
This sample has been irradiated by X-ray source lower than first radiation doses. But
electronic noise has been confirmed and sample shattered in dosimeter. Smoky quartz
under mechanical press (triboluminescence) has released light in visible region in
non- dark room. Intensity of light has been observed as higher luminescence property.

5.1. Connection Between Luminescence of Quartz and Pascal’s Triangle
Multiplication for Easing Signal Processing

Cementation of quartz can play a role of buffer zone by filling fractures along the
fault. When an earthquake occurs, quartz that has been cemented may begin to break,
exhibiting its triboluminescent properties. In addition to, properties of
thermoluminescence should have taken into consideration in fault as temperature
between 150°C-350°C which is enough for earthquake nucleation temperatures. So, this
information can provide that samples above (Amethyst) are tend to go higher
luminescence because of that amethyst samples should be considered in
thermoluminescence instead of triboluminescence. Smoky quartz can be connected
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with fiber cable and this cable can be integrated with sensor-microcontroller and WIFI.
Data flow should be faster between receiver computer(scientist) and transmitter WIFI
such as ESP8266 module. This module called as transceiver which can be connected
with microcontroller such as Arduino. Sensors are induced by triboluminescence when
fault line is activated to create an earthquake. Microcontroller scans the signals which
comes from the sensors. If these signals exceed a certain threshold, data can be sent to
the Wi-Fi module. Finally, this module transmits data to the receiver (the scientist’s
computer) about triboluminescence in relation to earthquakes, following TCP/IP
protocols. Data flow can be programmed using a new algorithm called the Pascal
Triangle multiplication algorithm, as it is practical and useful for small to medium-
sized data sets.

Table 2. Comparison of Algorithms and Discussion

Usage Field Algorithms Discuss

The most effective in small data sets but

Small- Partially speed performance can be optimized by

Medium Data Pascal’s Triangle data compression and also it can be
Sets .

used for data encapsulation.
Medium Data It shows powerful performance but in

Karatsuba signal processing is not effective as

Sets much as Pascal’s Triangle.

Large Data Sets | Schonhage-Strassen | More useful for scaling

Signal Prossesing | Pascal’s Triangle Low energy consumption

5.2. Data Compression with Huffman Coding

Huffman coding gives much advantage that symbols with high possibilities get shorter
codes. In this method, codes are built by using bottom- up way, beginning with leaves
of a tree and reaching to the root of this tree. Symbols area string of leaf nodes and each
node is simply frequency or probability of appearance for symbols. Huffman coding is
a kind of data compression algorithm. Basically, symbol which cannot be used often
assigns value /variable for long codes. Ones which can be used often assigns value
/variable for short codes (Javed and Nadeem,2000). Therefore, total code size is
decreased and data is compressed. When write a text which is related with signal
processing and data compression, it can be seen as followings:

"ABBCCCDDDDEEEEE"

5.2.1. Frequency analysis: A = 1

B=2
C=3
D=4
E=5

Huffman Tree: Huffman Algorithm originates a tree. According to frequency of
symbols, smaller two symbols are connected and sum of these two symbols create a
new node and this process continues to reach one root.
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5.2.2. List of Frequency Which Goes to One Root

A(1),B(2),€(3),D(4),E(5) and the two smallest numbers of them are selected and
connected as followings:

A(1),B(2) = AB(3)
AB(3),C(3),D(4),E(5)

AB(3) + C(3) = ABC(6)
ABC(6),D(4),E(5)

D(4) + E(5) = DE(9)
ABC(6) + DE(9) = ROOT (15)

Codes are assigned to symbols to create a tree. In this tree, symbols on the left are
represented by 0, and symbols on the right by 1. For example, A=000, B=001, C=01,
D=10, E=11.

Original  text is “ABBCCCDDDDEEEEE” and coding text is
A(000),B(001),B(001),C(01),C(01),C(01),D(10),D(10),D(10),D(10),E(11),E(11),
E(11),E(11),E(11).

Coding text: 000001001010101101010111111111
Original text: 15* 8 bit=120 bit and compression text: 33
Compression rate: 120-33/120= % 72,5

In table 3, short codes assigned to higher frequencies. If implemented as in Table 4,
signals with high frequency can be assigned shorter codes. This allows the
microcontroller to use its memory more efficiently. For example, data compressed
using Huffman codes for triangular numbers can be processed more quickly, resulting
in significant energy savings in the system. Quartz light signals can be efficiently
compressed and processed on the microcontroller with this approach. The Huffman
algorithm excels at data compression, while the Pascal multiplication algorithm
enhances processing speed. Together, they reduce the microcontroller's workload and
provide a significant advantage in real-time applications.

Table 3. Triangle Numbers and Frequencies (Simulation /Scenario)

Triangle numbers Frequency Bit

1 5 3 bits (001)
3 9 3 bits (011)
6 12 3 bits (110)
10 15 4 bits (1010)
15 20 4 bits (1111)
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Total bit = (5 * 3) + (9 * 3) + (12 * 3) + (15 * 4) + (20 = 4) = 218 bits

Table 4. Huffman Approach (Simulation/Scenario)

Triangle numbers | Frequency Huffman code Code size
1 5 110 3 bits
3 9 111 3 bits
6 12 10 2 bits
10 15 01 2 bits
15 20 00 2 bits

Total bit = (5 *3) + (9 % 3) + (12 % 2) + (15  2) + (20 = 2) = 136 bits

) Orginal bit number — Huf fman bit number
Compression Rate = — - * 100
Original bit number
_ 218-136

— 0
18 * 100 = 37,6%

Using Huffman coding, approximately 37,6% compression was achieved in
optimization. This rate can significantly contribute to make the Pascal’s triangle-based
algorithm more efficient.

To Data Center
4 4 4 4 4 (via Internet)

jsor sor or sor jsor

Fault Ie I I I I

Buried Buried Buried Buried Buried
Quartz Quartz Quartz Quartz Quartz

Figure 19. Smoky Quartz(Grey), Faultline (Black Line), Fiber cable (Blue),
Sensor(Green)/Scenario

Figure 19 is responsible of basic demonstration about early earthquake detection.
Smoky Quartz which is grey should settle in fault lines which is shown black lines.
Blue lines are fiber cable system. When Quartz has been crushed by the movement or
the seismic vibration which is possible earthquake, they release luminescence in
visible region in gamma- ray  spectrum. Light can be detected by sensor or
photomultiplier. When light converts to electronic signals that can be processed in
microcontroller which is connected WIFI such as ESP8266 module. In this way data
can be sent receiver computer to evaluate earthquake as quickly as possible.
Multiplication algorithm which is mentioned above will be useful and necessary to
make easier medium or small data flow microcontroller and WIFI module. Because this
algorithm can ease signal processing with fast multiplication in partially medium and
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small size data sets. Light emission with highest intensity is ZnS and Xu et al., has
collected data about different type of materials (Table 5). Quartz (SiO,) is not on the
list, SiC has been placed on the list but intensity of light has not seen with naked eye.
When corresponding author fractured the smoky quartz sample (triboluminescence)
then what he observed was that high intensity luminescence. It is possible that the high
light intensity emitted partially ionizes the gases in the air, indicating the emergence of
a low-energy plasma. Unfortunately, limited experimental conditions did not make this
observation with visible robust data for readers. For the next paper about this subject,
corresponding author will find necessary experimental sources which confirm that
smoky quartz should be on list as following. To investigate this, triboluminescence
measurements will be conducted on cooled quartz in different gas environments. This
approach will help determine whether triboluminescence acts as a factor triggering
plasma in various gas conditions.

Table 5. Triboluminescence Intensity for Different Materials. (Xu et al,1999).

Group Sample TL intensity (cps)”
Hexagonal ZnS 6l
ZnS—-Mny s 2800
ZnS—Cug g 1100
Zn,510,:Mny, 57
Zn0 3
SiC 4
X0 (X =AlorY) a-Ala0y 10
a -AlLO;:Mny 60
Y203 9
¥a03:Eu 20
MgaAl, 0, 31
CaAla0y 14
SrAl0y 36
Fluorite 210, 8
HIO, 3
CeOs 3
Perovskite YBa,Cu, 0y 1
PbZry 52 Tigas Os 3
Phg.osLag o7Zrp.e0Tip.400: 3

Scientific Claim: Properties of triboluminescence of smoky quartz depend on the
structure of geology which definitely affects amount of intensity of photon after
mechanical impact related to seismic vibration. According to observation of
corresponding author, cooled triboluminescent materials such as smoky quartz possess
the piezoelectric effect can demonstrate high intensity of luminescence with respect to
pressure which is acted on material. Cooling process is crucial to decrease quantum
vibration which is phonon and in this way energy loss in material is conserved. After
material is broken with conserved energy and charge corresponds to electric field
distribution (piezoelectric) indirectly —affected on  triboluminescence, efficient
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emission of photon can be seen in visible spectrum for human. If piezoelectric effect
is lower, that changes intensity of luminescence negatively. Because change of
piezoelectric with respect to pressure is tend to decrease, electron traps depth don’t
decrease but in consequence of positions of all atoms can a bit change, electron
traps depth can change positively or negatively. Directly impact in triboluminescence
seem phonon which makes possible of minimum energy loss.
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Abstract

Bu makale, Linux platformunda MITRE ATT&CK
matrisine dayal saldirlarin planlanmasi ve uygulanmasi
siireci ele alinmaktadir. MITRE ATT&CK matrisi, siber
tehditlere kars1 savunma mekanizmalarinin
gii¢lendirilmesi amactyla gelistirilmis bir ¢erceve olarak
tanimlanmakta olup, saldirganlarin teknikleri, taktikleri ve
prosediirleri sistematik bir sekilde siniflandirilmaktadir.
Calismada, Linux tabanli sistemlerde bu matris
kullanilarak ¢esitli saldir1 senaryolari olusturulmakta ve bu
senaryolarin uygulanabilirligi test edilmektedir. Ayrica, bu
saldirilarin tespiti ve Onlenmesi i¢in kullanilabilecek
yontemler ve araglar tartigilmaktadir. Calismada, Balkiipii
iizerinden gelen saldirilara ait loglar toplanmakta, analiz
edilmekte ve degerlendirilmektedir. Elde edilen sonuglar,
siber giivenlik uzmanlarmin Linux platformlarinda
karsilagabilecekleri tehditleri daha iyi anlamalarina ve bu
tehditlere kars1 etkili savunma stratejileri gelistirmelerine
katki saglamak amaciyla sunulmaktadir.

Anahtar Kelimeler: Mitre Att&ck, siber giivenlik, saldirt
planlama, saldir1 tespiti, savunma stratejileri.

This paper discusses the process of planning and
executing attacks based on the MITRE ATT&CK matrix
on the Linux platform. The MITRE ATT&CK matrix is
defined as a framework developed to strengthen defense
mechanisms against cyber threats and systematically
classifies attackers' techniques, tactics and procedures. In
this study, various attack scenarios are created using this
matrix on Linux-based systems and the applicability of
these scenarios is tested. Furthermore, methods and tools
that can be used to detect and prevent these attacks are
discussed. The study collects, analyzes and evaluates the
logs of the attacks received through Balkiipii. The results
are presented in order to help cybersecurity experts better
understand the threats they may face on Linux platforms
and develop effective defense strategies against these
threats.

Keywords: Mitre Att&ck, cybersecurity, attack planning,
attack detection, defense strategies.
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1. GiRiS

Giintimiizde dijital doniisiim ve internetin yaygin kullanimiyla birlikte, siber giivenlik
kritik bir oneme sahip hale getirilmistir. Bilgi teknolojileri altyapilarinin korunmasi ve
hassas verilerin giivenligi saglanarak toplumlarin giivenligi temin edilmeye
calisiimaktadir. Ozellikle Linux tabanl sistemler, sunucular ve diger cihazlar, yaygin
bir tercih haline gelmis oldugundan, siber saldirganlar tarafindan hedef alinmaktadir.

Linux platformunda MITRE ATT&CK (Adversarial Tactics, Techniques, and
Common Knowledge) matrisine yonelik saldir1 planlama ve uygulama konusuyla ilgili
temel sorun, Linux platformlarinin karmasikligi ve cesitliligi nedeniyle ortaya
¢ikmaktadir. Bu platformda kullanilan farkli dagitimlar, ¢ekirdek versiyonlari ve
uygulama yelpazesi, saldirganlarin hedef sistemlerdeki zafiyet ¢esidini ve sayisini
arttirmaktadir (Liao vd. 2023). Ayrica, linux’un agik kaynak dogasi ve topluluk
tarafindan siirekli giincellenen yapisi, savunma ve saldirt stratejilerinin stirekli degisen
bir ortamda tutulmasina neden olmaktadir.

Bu baglamda, Linux platformunda MITRE matrisine yonelik saldiri planlama ve
uygulama siireglerindeki sorunlar, giivenlik uzmanlarinin karsilastiklar1 zorluklari
anlamalarin1 ve etkili savunma tedbirlerinin gelistirilmesini gerektirmektedir. Siber
suclular, yanlis yapilandirilmis veya kotii yonetilen sistemlerden yararlanilarak fidye
yazilimi ve kripto para madenciligi saldirilar1 (cryptojacking) i¢in Linux platformlari
giderek daha fazla hedef alinmaktadir. VMware’in siber giivenlik aragtirmacilari, hibrit
¢alisma ortamlarinda bulut hizmetlerinin benimsenmesiyle daha da koétiilesen Linux
tabanli sistemleri hedef alan sofistike kotii amacli yazilimlarda bir artis olduguna vurgu
yapilmaktadir. Linux sunuculara yonelik saldirilar, yaygin ag tehlikesine, fidye
taleplerine ve veri hirsizligina yol agabileceginden ve olay miidahale c¢abalarinin
zorlastirilmasindan dolayi1 bu egilim 6nemli riskler olusturmaktadir (Palmer, 2024).

Siber suc¢lularin Linux platformlara yonelik artan tehdidi ve bu saldirilarin isletmeler
iizerindeki potansiyel etkileri glinlimiizde 6nemli bir problem olarak Oniimiize
¢tkmaktadir. Firmalarin ¢ogunlugunun fidye yazilimi saldirilarina kargt savunmasiz
olduklar1 ve bu tiir saldirilar sonrasinda 6nemli miktarda fidye 6dedikleri tahmin
edilmektedir.

Bilgi giivenliginden sorumlu yoneticilerin (Chief Information Security Officer) %90°1,
kurumlarmin 2023 yilinda en az bir yikic1 saldirtya maruz kaldigini ve %831, bir fidye
yazilimi saldirisinin ardindan saldirganlara 6deme yapildigini belirtmistir. Yaridan
fazlasi ise fidye olarak en az $100.000 6dendigini ifade etmistir (Kovar ve Paine, 2024).

Siber saldirilara yonelik erken tespit ve erken 6nlem alinmasi, saldirilarin etkisinin ve
maliyetinin diisliriilmesini saglamaktadir. Tek bir kullanicinin tehdidi tantyabilmesi
durumunda, siber giivenlik olaylariin %80’inin dniine gegilebilecegi ve ikinci olarak,
tim sistemlerin zamaninda giincellenmesi ve uygun sekilde yapilandirilmasi da son
derece 6nemli goriilmektedir (Yousaf ve Zhou 2024).

T-Pot balkiipii (honeypot), farkli etkilesim seviyelerine sahip genis bir balkiipii

koleksiyonu sunarak, giivenlik uzmanlarinin aglara yonelik gesitli saldir1 tiirlerini
izlemeleri ve saldirgan davranislarini analiz etmeleri saglanmaktadir. Diigiik etkilesimli

85



Istanbul Ticaret Universitesi Fen Bilimleri Dergisi 24(47), Bahar 2025, 84-134

balkiipleri (MedPot, Honeyd, Dionaea gibi) temel saldir1 bilgilerini toplarken, orta
etkilesimli balkiipleri (HoneyTrap, Snare, Glutton gibi) daha derinlemesine analiz
yapilmasinit saglamakta ve yiliksek etkilesimli balkiipleri (Cowrie, Hellpot,
Redishoneypot gibi) gercekei saldirt ortamlari sunarak ayrintili veriler saglanmaktadir.
Bu g¢esitlilik, T-Pot'in ag giivenligini giiclendirmek ve siber tehditleri etkin bir sekilde
tespit etmek icin giiclii bir ara¢ olarak kullanilmaktadir (Rawat 2024).

T-Pot balkiipii teknolojisi ve Wazuh gibi giivenlik ¢oziimleri, Linux platformunda
MITRE ATT&CK matrisinde bulunan teknik, taktik ve prosediirlerine (Tactics,
Techniques and Procedures/TTP) yonelik saldirilarin simiile edilmesiyle etkili bir
¢Oziim saglanmaktadir. T-Pot, gercek saldirilar taklit edilerek savunma
mekanizmalarinin test edilmesine olanak taninmakta ve saldirganlarin dikkatleri
¢ekilerek izlenmeleri ve tespit edilmeleri miimkiin kilinmaktadir. Balkiipleri, erken
tehdit tespiti yapilmasini saglamakta, saldirganlarin taktiklerinin anlagilmasina olanak
tanimakta, dikkatlerinin kritik sistemlerden uzaklastirilmasi saglanmakta ve ag adli
bilisimi i¢in faydali veriler saglanmaktadir (Koutsikos 2024). Wazuh, log yonetimi,
tehdit algilama ve log analiz 6zellikleriyle Linux platformlarinda saldirilar i¢in 6nleyici
ve tespit edici bir rol iistlenmektedir. Bu ¢dzlimler, Linux platformunda MITRE
ATT&CK matrisi cergevesinde saldirilarin nasil etkin bir sekilde planlanip
uygulanabilecegini gostermek, saldir1 planlama ve uygulama siireglerinin daha iyi
anlagilmasini saglamakta ve giivenlik ekiplerine gercek diinya senaryolarinda pratik
deneyim kazandirmakta katki saglamaktadir. Ayrica, savunma stratejilerinin
gelistirilmesine de katki saglanmaktadir.

Bu calismanin amaci, Linux platformunda MITRE ATT&CK matrisine ydnelik
saldirilarin planlanmasi ve uygulanmasi siireci detayli bir sekilde incelenmektedir.
Arastirmada, Oncelikle siber giivenligin énemi ve giliniimiizdeki tehdit manzarasi
tizerine ¢alismalar yapilmig ve MITRE ATT&CK matrisinin yapist ve islevi hakkinda
bilgi verilmigtir. Daha sonra, Linux tabanlt sistemlere yonelik kullanilabilecek ¢esitli
saldirtlar belirlenmis ve bu saldirilarin log analizleri yapilarak MITRE ATT&CK
matrisine  adreslenmesi saglanmistir. Calismanin  sonuglari, siber giivenlik
uzmanlarmin Linux platformlarinda karsilasabilecekleri tehditleri daha iyi
anlamalaria ve bu tehditlere kars: etkili savunma stratejileri gelistirmelerine katki
saglamay1 hedeflemektedir.

Bu arastirmanin literatiire ana katkisi, siber saldirilara karsi bir savunma araci olarak
kabul goren T-Pot balkiipii kullaniminin, diger araglarla entegre edildiginde verimli bir
sekilde nasil kullanilacagina iliskin bir ¢erceve sunmasi ve bunun deneysel olarak
uygulanmis sonuglarini paylasarak potansiyelini ortaya koymasidir. Bu arastirma ile,
MITRE ATT&CK matrisine uygun sekilde siniflandirilma ve Wazuh ile entegrasyonu
sayesinde giivenlik olaylarinin etkin bir sekilde yonetilmesi siireclerine iliskin dnemli
bulgular elde edilmistir. T-Pot’tan elde edilen veriler, MITRE ATT&CK matrisine
entegre edilerek, saldirilarin teknik asamalar1 ve saldirganlarin kullandig1 yontemler
dogru bir sekilde siniflandirilmistir. Bu sayede, saldirilarin gelisim asamalar1 daha net
bir sekilde tanimlanmis ve siber giivenlik uzmanlarina savunma stratejilerini
gliclendirme firsat1 saglanmistir. Wazuh’un, bu siirece dahil edilmesiyle birlikte,
gercek zamanli glivenlik olaylarinin izlenmesi ve analiz edilmesi saglanmis, potansiyel
tehditler hizli bir sekilde tespit edilmistir. Wazuh’un sagladig: tehdit istihbarati ve
alarm mekanizmalari, saldirilara kars1 hizli yanit verilmesini miimkiin kilmistir. Bu
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gergeve ile, sadece saldirilarin tespit edilmesi degil, ayni zamanda siber savunma
stratejilerinin gelistirilmesi de miimkiin olmustur. Elde edilen sonuglar, siber giivenlik
alaninda savunma stratejilerinin iyilestirilmesi ve saldir1 tespit sistemlerinin
gelistirilmesi i¢in 6nemli bir referans olusturmaktadir.

2. LITERATUR ARASTIRMASI

“An Adversarial Approach: Comparing Windows and Linux Security Hardness Using
Mitre ATT&CK Framework for Offensive Security” isimli makale, MITRE ATT&CK
cercevesi kullanilarak gercek diinya saldirilart simiile edilmektedir. Bu testler, gelismis
kalici tehditlere (APT'ler) ve diger saldir1 vektorlerine karst giivenlik degerlendirmesi
yapilmak amaciyla Windows (7, 8, 10 ve Windows Server 2012) ve Linux (16.04,
18.04 ve 20.04) siiriimlerinde gergeklestirilmektedir (Sikandar vd. 2022).

Hobert ve arkadaslari, makalelerinde, Linux sistemlere yonelik saldirilarin MITRE
ATT&CK matrisi ¢ergevesinde etkin bir sekilde planlanmasinin birka¢ 6nemli strateji
ile gerceklestirildigini belirtmislerdir. Ayrica, otomatik benzerlik hesaplamasi ile 793
on islenmis komut seti analiz edilerek sekiz farkli saldirgan grubunun belirlendigi ifade
edilmistir. Son olarak, saldirilar MITRE ATT&CK cergevesine gore kategorize
edilerek, her bir saldirinin asamalar1 ve kullanilan tekniklerin belirlendigi aktarilmistir.
Bu yontemler, saldirganlarin davranislarinin anlagilmasi ve daha etkili savunma
mekanizmalarimin gelistirilmesi agisindan kritik 6neme sahiptir (Hobert, Lim, ve
Budiarto 2023).

Shrivastava ve arkadaslari, makalelerinde, Linux sistemlere yonelik saldirilarin etkin
bir sekilde planlanabilmesi i¢in MITRE ATT&CK matrisi ¢ergevesinde ¢esitli adimlar
ve stratejilerin uygulandigmi belirtmislerdir. Ozellikle Cowrie balkiipii kullanilarak
saldirilarin tespiti ve analizi yapilmakta, bu sayede saldirganlarin davraniglart hakkinda
derinlemesine bilgiler elde edilmektedir. Saldirilar alt1 farkli kategoriye ayrilmaktadir:
kot niyetli yiik, SSH saldirisi, XOR DDoS, casusluk, siipheli ve temiz. Cowrie
balkiipili, saldirganlarin etkilesimlerini kaydederek veri toplamakta ve bu veriler,
giivenlik duvari ve saldirt tespit sistemleri (IDS) gibi savunma mekanizmalarinin
giiclendirilmesine katki saglanmaktadir. (Shrivastava, Bashir ve Hota 2019).

Weapon, MITRE ATT&CK matrisinden yararlanilarak fidye yazilimlarinin erken
asamalarinda tespit edilmesi i¢in tasarlanmais bir aracgtir. Weapon, kritik fidye yazilimi
ozelliklerini ¢gikarmak i¢in dinamik analiz kullanilmakta ve ayrica, anlamsal 6zellikleri
bu temel niteliklerle eslestirmek i¢in Android gelistirici belgelerinden tiiretilen bir
anlamsal veri tabani kullanilmaktadir. Bu bilgiler, MITRE saldir1 verileriyle
iligkilendirilerek  fidye yazilimlart ilk asamalarinda verimli bir sekilde
tanimlanmaktadir. Yaklasim, gercek diinya senaryolarinda gdzlemlenen diisman
taktiklerini ve tekniklerini detaylandiran MITRE ATT&CK matrisinden elde edilen
saldirt verileri kullanilarak bir model olusturulmaktadir. Yapilan testlerde, Weapon,
sirastyla 2.794 fidye yazilimi 6rneginden 2.568’ini ve 5.875 fidye yazilimi 6rneginden
5.286’sm1 operasyonel asamaya ulasmadan Once basariyla tespit etmistir. Bu arac,
fidye yazilimi tespitinde %99,21 gibi etkileyici bir dogruluk oranina ulagmaktadir.
Genel olarak, Weapon, gelismis 6zellik ¢ikarma teknikleri kullanilarak ve MITRE
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ATT&CK matrisindeki kapsamli saldir1 verilerinden yararlanarak erken asama fidye
yazilimi tespiti igin etkili bir yontemi temsil etmektedir (Singh ve Tripathy 2024).

Arastirmacilar, balkiipii modeli kullanilarak, saldirganlarm sistemle daha
derinlemesine etkilesimde bulunmasi saglanmis ve siber giivenlik arastirmalar ile
tehdit tespiti acisindan daha zengin veriler elde edilmistir. Yiiksek etkilesimli bir
balkiipli kullanilarak, saldirganlarin gercek sistemlerde gerceklestirdigi hareketler ve
komutlar daha ayrintili bir sekilde izlenebilmistir. MITRE ATT&CK matrisi
kullanilarak, balkiipleri tasarlanmis ve denetlenmistir. Bu taksonomi, siber saldirilar
belirli teknikler ve taktikler ¢ercevesinde siniflandirilarak, tehdit analizinin daha
sistematik hale getirilmesine yardimei olmustur. Arastirmacilar, balkiipii uygulanmasi
sirasinda, on yedi giinlik siire boyunca g¢esitli saldirgan profilleri ve saldirt
yontemlerini gozlemlemislerdir. Toplanan veriler, daha 6nce belgelenmemis Tehdit
Gostergeleri igermekte olup, bu da siber giivenlik topluluguna yeni bilgiler
saglanmasini olanakli kilmistir. Yeni bir balkiipii modelinin ve tasarimimin etkinligi
gosterilmis, saldirganlarin davranislarini daha iyi anlamak ve yeni tehdit gostergeleri
kesfetmek igin yiiksek etkilesimli balkiiplerinin potansiyeli ortaya konmustur. Bu
calisma, siber giivenlik uzmanlarina saldirilari tespit etme ve dnleme konusunda daha
etkili stratejiler gelistirmeleri i¢in degerli bilgiler sunmaktadir (Abbas-Escribano ve
Debar 2023).

Saldirganlar balkiipii ile etkilesime girdikge, balkiipii yazilimi tarafindan komutlar ve
aktiviteler dikkatlice kaydedilmekte, bu da saldirganlarin davranislar1 ve taktikleri
hakkinda degerli bilgiler saglanmaktadir. Bir sonraki adimda, bu kaydedilen komutlar
toplanarak analiz edilmekte ve saldirganlar tarafindan kullanilan desenler, egilimler ve
yaygin teknikler belirlenmektedir. Bu veriler, Linux komutlarinin MITRE ATT&CK
taktik ve teknikleri ile eslestirilmesi i¢in temel olusturmaktadir. Eslestirilen sonug¢larin
dogrulugu ve etkinligi, bazi metrikler kullanilarak degerlendirilmekte ve modelin
performanst bu sekilde dl¢lilmektedir. Bu degerlendirme, siirecin Linux komutlarini
MITRE ATT&CK taktik ve teknikleri ile ne kadar iyi iliskilendirdigini belirlemeye
yardimce1 olmaktadir. Elde edilen ig¢gdriiler, siber giivenlik uzmanlarina saldirganlarin
Linux platformlar ile etkilesime gecerken kullandiklari taktik ve teknikler hakkinda
daha derin bir anlayis saglamaktadir. Balkiipii kullanilarak saldirgan davranislari
yakalanmakta ve analiz edilmekte, NLP teknikleri uygulanarak Linux komutlar
MITRE ATT&CK ile eslestirilmektedir. Bu sayede, siber giivenlik uzmanlar1 tehdit
tespiti, olay miidahalesi ve genel siber giivenlik savunmalarini 6nemli Olclide
iyilestirebilmektedirler (Andrew, Lim, ve Budiarto 2022).

Yang ve arkadaslarinin yaptig1 ¢aligmada, ag tehditlerinin yonetilmesi i¢in son derece
etkilesimli bir balkiipli tabanli yaklagimin nasil kullanilabilecegi incelenmektedir.
Balkiipii, saldirganlar1 ¢ekmek amaciyla tasarlanmis simiile edilmis sistemler olup,
giivenlik ekiplerinin saldirilarin faaliyetlerini izlemesine ve analiz etmesine olanak
tanimaktadir. Bu yeni yaklasim, geleneksel bal petegi islevselligi gelistirilerek
sistemlerin daha tepkisel ve etkilesimli hale getirilmesi saglanmaktadir. Bu sayede,
potansiyel tehditler hakkinda daha detayli bilgi toplanabilmektedir. Yazarlar, bu
yaklagimin ag giivenligini iyilestirme konusundaki faydalarimi tartigmakta ve siber
tehditlerin tanimlanmasi ve azaltilmasinda etkin bir rol oynandig1 vurgulanmaktadir
(Yang vd. 2023).
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Bu kapsamda, siber saldirilara kars: etkili bir savunma stratejisi gelistirmek i¢in dogru
araglara ve yontemlere sahip olunmasi hayati dnem tagimaktadir. Bu noktada, MITRE
ATT&CK matrisi, siber tehditlerin daha iyi anlagilmasi ve savunma mekanizmalariin
giiclendirilmesi i¢in 6nemli bir arag¢ olarak 6ne ¢ikmaktadir. MITRE ATT&CK matrisi,
saldirganlarin  kullandigi TTP’ler kapsamli bir sekilde belgelenerek, savunma
mekanizmalarini giiclendirmek isteyen kuruluglara rehberlik edilmektedir.

Xiong ve arkadaslari, kurumsal sistemler icin Meta Saldir1 Dili (MAL) ¢ercevesine
dayanan ve MITRE Enterprise ATT&CK Matrisi ile entegre olan enterpriseLang adli
bir tehdit modelleme dili kapsaminda bir ¢alisma yapmislardir. Bu dil, kurumsal
sistemlerin siber saldirilara karsi dayanikliligmi degerlendirmek igin sistem
varliklarinin, saldir1 adimlarinin, savunmalarin ve varlik iliskilerinin tanimlanmasina
olanak tanimaktadir. Paydaslar, enterpriseLang kullanarak bilinen saldir1 teknikleriyle
ilgili zayifliklar1 analiz edebilir, sistem modelleri iizerinde siber saldirilar simiile
edebilir ve giivenligi artirmak i¢in hafifletme 6nerileri alabilmektedir. Bu dil, kurumsal
sistemlerde tehdit modellemesi igin yapilandirilmig bir yaklagim sunarak paydaslarin
giivenlik sorunlarini proaktif bir sekilde ele almalarini ve sistemlerinin giivenlik
durugunu giiglendirmek icin bilingli kararlar vermelerini saglamaktadir. Makale, genel
olarak kapsamli tehdit analizi ve azaltma stratejileri icin MITRE ATT&CK matrisi
tarafindan saglanan bilgi tabanindan yararlanarak siber tehditlerin etkili bir sekilde
modellenmesi ve simiile edilmesi i¢in enterpriseLang gibi alana 6zgl bir dil
kullanmanin énemini vurgulamaktadir (Xiong vd. 2022).

Wazuh, IIoT (Industrial Internet of Things) ortamlarinin giivenligini saglamak igin
saglam bir mimari sunulmaktadir. Bu mimarinin merkezinde, izlenen cihazlara
yerlestirilen, giivenlik verilerini toplayan ve bunlart merkezi bir Wazuh sunucusuna
ileten aracilar bulunmaktadir. Bu sunucu, verileri 6nceden tanimlanmig kurallara gore
analiz etmekte, siipheli faaliyetler icin uyarilan tetiklemekte ve uzak aracilar agi
yonetilmektedir. Glivenlik duvarlar1 ve yonlendiriciler gibi aracisiz cihazlar, syslog,
SSH veya uygulama programlama arayiizleri (API’ler) araciligiyla veri gondererek
katilabilmektedir. Bu esneklik, Wazuh’un ¢esitli veri formatlarini isleme becerisiyle
birlestiginde, onu kapsamli IIoT giivenlik izleme ve analizi i¢in degerli bir ara¢ olarak
konumlandirmaktadir (Afenu, Asiri, ve Saxena 2024).

Andrew ve arkadaslarinin ¢aligmalarinda, Linux komutlarmin MITRE ATT&CK
teknikleri ve alt tekniklerine, ayrica ATT&CK taktiklerine eslestirilmesi icin Dogal Dil
Isleme (NLP) teknikleri kullanilmistir. Kullanilan yéntemler arasinda Bag of Words
(BoW), Term Frekansi-Ters Dokiiman Frekansi (TF-IDF) ve 6nceden egitilmis Kelime
Gommeleri (Word Embeddings) bulunmaktadir. Benzerlik skoru hesaplamak igin
kosiniis benzerligi kullanilmistir. Elde edilen sonuglar, MITRE ATT&CK teknikleri ve
alt teknikleri i¢in en yiiksek recall-10 skoru: Unigram ve Bigram ile TF-IDF ve
Snowball Stemmer kullanilarak 0,45575 olarak elde edilmistir. MITRE ATT&CK
taktikleri i¢in en yiiksek recall-10 skoru: Unigram ve Bigram ile TF-IDF ve Snowball
Stemmer kullanilarak 0,75397 olarak elde edilmistir. Ayrica, dnceden egitilmis Kelime
Gomme modellerinin performansi, TF-IDF ve BoW modellerine kiyasla daha diigiik
bulunmus ve bunun metinlerin baglamlarmin farkli olmasindan kaynaklandigi
belirtilmistir. Calisma, gelecekte siber giivenlik baglamina 6zgii bir kelime gomme
modeli olusturulmasi ve farkli vektorizasyon ve tokenizasyon tekniklerinin denenmesi
planlanmaktadir (Andrew, Lim, ve Budiarto 2022).
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“Performance Analysis of Network Intrusion Detection Using T-Pot Honeypots™ isimli
makalede, T-Pot'un gercek sistemleri taklit ederek saldirganlari cezbettigi,
etkilesimlerin kaydedildigi ve bu verilerin analiz edildigi belirtilmistir. Ag saldirilari,
brute force denemeleri ve DDoS saldirilart gibi tehditler tespit edilmistir. Ayrica,
Elasticsearch, Kibana ve Debian Linux gibi araglarin, saldiri desenlerini anlamak,
erken tespit yapmak ve tehdit istihbarati saglamak amaciyla kullanildigt
vurgulanmistir. Yapilan arastirmalar, T-Pot’un bu saldirilar: basarili bir sekilde tespit
ettigi, ancak daha karmasik saldirilar1 igsleyebilme kapasitesinin gelistirilmesi gerektigi
ve veri igleme giiciine dayali sinirlamalarin bulundugu ortaya konmustur (Mohd Fuzi
vd. 2024).

“Honeypot in a box: A distributed cluster network for honeypot deployment” isimli
makalede, Kubernetes (K3s dagitimi) ve WireGuard VPN kullanilarak dagitik bir
balkiipli sistemi gelistirilmesi ve uygulanmasia odaklanilmaktadir. Artan internet
baglantis1 ve sofistike siber saldirilarla birlikte siber giivenligin &neminin giderek
arttig1 vurgulanmistir. Geleneksel balkiiplerinin sinirli olmasina ragmen, farkli cografi
konumlarda saldir1 desenlerini tespit etme yeteneklerinin yetersiz oldugu belirtilmis ve
bu sinirlamanin asilmasi amaciyla farkli bolgelerde balkiiplerinin dagitilarak daha
kapsamli  bir saldir1 analizi yapilabilecegi savunulmustur. Kubernetes’in
Olceklenebilirligi ve bulut saglayicilariyla entegrasyon kolayligi nedeniyle Docker
Compose ve Docker Swarm yerine tercih edilmistir; K3s’in ise diisiik kaynak
gereksinimleri ve kolay dagitim 6zelligi nedeniyle secildigi ifade edilmistir. Giivenli
iletisim i¢in WireGuard VPN kullanilmig ve ag gecikmesi ile bant genisligi
performansmin {stiin oldugu belirtilmistir. Yapilan performans testleri, sistemin
balkiipleri’nin dagitirken kabul edilebilir performans seviyelerinin korundugunu
gostermistir. Sonug olarak, tezdeki hedeflerin basariyla elde edildigi ve gelecekte daha
fazla balkiipli goriintiisiiniin eklenmesi, kiimeler arasindaki giivenli baglantilarin
saglanmasi ve veri smiflandirma gibi ek ¢alismalara yer verilecegi ifade edilmistir
(Candidate ve Ayala 2024).

“Enhancing Cybersecurity Resilience: Integrating IDS with Advanced Honeypot
Environments for Proactive Threat Detection” isimli arastirma makalesinde, T-Pot'un
bir ag izinsiz giris tespit sistemi olarak, aglara yonelik gesitli saldir1 stratejilerini
tanimlama etkinligine odaklanilmaktadir. T-Pot'un kaba kuvvet (brute force), hizmet
reddi (DoS) ve ag haritalama saldirilar1 gibi ¢esitli saldir1 tiirlerine kars1 performansi
degerlendirilmigtir. Makalede, T-Pot’un siber saldirilar1 tespit etme ve engelleme
konusundaki avantajlar1 incelenmis ve bu balkiipiiniin potansiyel giivenlik tehditlerini
nasil etkili bir sekilde hafifletebilecegi tartisilmistir. Arastirma, T-Pot {izerinde
gerceklestirilen cesitli deneylerden toplanan verileri analiz ederek, ag izinsiz giris
tehditlerini tanimlama ve hafifletme konusundaki yetenekleri kesfetmistir. Bu
¢alismanin sonuglari, T-Pot’un ag giivenligini artirmada ve siber saldirilara karsi
koruma saglamada saglam ve giivenilir bir ¢6ziim sundugunu gostermektedir (Raghul
vd. 2024).

“Enhancing False Positive Detection in IDS/IPS Using Honeypots: A Case Study with
CSE-CIC-2018 Dataset” arastirma makalesinde, T-Pot’un bir ag izinsiz giris tespit
sistemi olarak, aglara yonelik cesitli saldir1 stratejilerini tanimlamadaki etkinligine
odaklanilmaktadir. Bu balkiipiiniin kaba kuvvet (brute force), hizmet reddi (DoS) ve ag
haritalama gibi ¢esitli saldir1 tiirlerine kars1 performansi degerlendirilmistir. Makale
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ayrica, T-Pot’un siber saldirilar tespit etme ve engelleme konusundaki avantajlar
incelenmis ve bu balkiipiiniin potansiyel giivenlik tehditlerini etkili bir sekilde nasil
hafifletebilecegi tartigilmistir. Arastirma, T-Pot iizerinde gerceklestirilen cesitli
deneylerden toplanan verileri analiz ederek, ag izinsiz giris tehditlerini tanimlama ve
hafifletme yetenekleri kesfedilmistir. Caligmanin sonuglari, T-Pot’un ag giivenligini
artirma ve siber saldirilara karsi koruma saglama konusunda giiglii ve giivenilir bir
¢6ziim sundugunu gostermektedir (Rawat 2024).

“Faking smart industry: exploring cyber-threat landscape deploying cloud-based
honeypot” makalesinde, akilli sanayilerdeki siber tehdit manzarasini anlamak amacryla
balkiiplerinin, 6zellikle de T-Pot balkiipiiniin kullanimina odaklanilmaktadir. T-Pot,
Amazon Elastic Compute Cloud (AWS EC2) iizerinde alt1 farkli bolgede, endiistriyel
kontrol sistemlerini (ICS) simiile eden gesitli cihaz ve protokollerle dagitilarak
kullanilmistir. Bu yaklasim, T-Pot’un genis hizmet yelpazesi, kolay kurulum ve
kullanim 6zellikleri ile kullanici dostu analiz panosundan dolay: tercih edilmistir.
Calisma, sanayilerdeki siber saldirilarin hizla arttig1 ve Endiistri 4.0'n sanayi ile bilgi
ve iletisim teknolojilerinin entegrasyonunu hizlandirarak kritik sistemlerin saldirt
ylizeyini genislettigi bir donemde yapilmistir. Balkiiplerinden toplanan veriler, saldir
kaynaklari, kullanilan teknikler ve hedeflenen cihazlar hakkinda degerli bilgiler
sunmus, saldirilarin ¢ogunlukla bulut hizmetlerinden geldigi ve IPMI cihazlari,
Siemens PLC’leri ve akilli sayaclar gibi cihazlari hedef aldig1 gdzlemlenmistir. Yaygin
saldirt yontemleri arasinda kaba kuvvet (brute force) kimlik dogrulama, bilinen
giivenlik aciklarinin istismari ve veri sizdirma gibi sonrasindaki eylemler yer almakta,
zararl yazilim 6rneklerinde ise fidye yazilimlar1 ve Truva at1 (Trojan) yaygin olarak
gbzlemlenmistir. Bulgular, ICS giivenligi igin yamanmamis giivenlik agiklarinin ve
eski hizmetlerin ciddi riskler olusturdugunu, internet iizerinden erisilebilen ICS
cihazlarmin aktif bir sekilde hedef alindigini ve bu verilerin, saldir1 tespit sistemlerini
gelistirmek, tehdit istihbaratin1 gii¢lendirmek ve akilli sanayiler igin siber giivenlik
savunmalarmi giliglendirmek amaciyla kullanilabilecegini vurgulamaktadir. Makale,
akilli sanayilerde uygun giivenlik Onlemlerinin uygulanmasinin dnemine dikkat
¢ekmekte ve balkiipii dagitimlarindan elde edilen bilgilerin, gelisen tehdit manzarasini
anlamak ve saglam bir siber savunma sistemi kurmak igin kritik bir rol
oynayabilecegini belirtmektedir (Rashid vd. 2024).

“Learning Models to Detect Personality Traits of Cyber Attackers: A Combined
Approach Using Honeypot and Surveys” isimli arastirmada, gercek diinyadaki siber
saldirilar1 ¢cekmek ve analiz etmek amaciyla kurulan bir balkiipli sisteminin nasil
kullanildig1 detayli bir sekilde agiklanmaktadir. Arastirma, toplanan verilerle saldir
tespiti ve Onlenmesi i¢in makine 6grenmesi modellerinin egitilmesi hedeflenmis, ayni
zamanda saldirganlarin kisilik ozelliklerinin incelenmesi, motivasyonlarinin ve
davranislarinin anlagilmaya ¢alisildig1 belirtilmistir. T-Pot balkiipii, ESPOCH (Escuela
Superior Politécnica del Chimborazo) altyapisinda, cesitli hizmetleri ve isletim
sistemlerini taklit eden ¢ok yonlii bir sistem olarak kurulmustur. Saldirganlar1 gekmek
icin balkiipii'niin IP adresi hacker forumlarinda yayimlanmis ve sunucu, yaygin
giivenlik agiklariyla yapilandirilarak saldirganlar1 cezbetmek amaciyla standart
portlarda hizmet vermeye baslamistir (José ve Santander 2024).

Bu yaklasim, saldirganlarin davraniglarin1 anlamak i¢in ¢ok yonlii bir veri toplama
siirecini baglatmakta, ayni zamanda bu veriler kullanilarak makine o6grenmesi
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algoritmalar1 araciligiyla saldirganlarin kisilik 6zellikleri ve motivasyonlarina dair
¢ikarimlar yapilmaktadir. Arastirmada, saldirilarin  detaylari ve saldirganlarin
kullandig1 teknikler, MITRE ATT&CK matrisine yerlestirilerek daha sistematik bir
analiz yapilmaktadir. Bu yaklagim, saldirganlarin kullandig taktik ve tekniklerin etkili
bir sekilde izlenmesini ve anlasilmasint saglamaktadir. Bu tiir ¢alismalar, yalnizca
saldirt tespiti ve savunma stratejileri gelistirme acisindan 6énemli katkilar saglamakla
kalmaz, ayni zamanda saldirganlarin davraniglarini daha derinlemesine anlamaya
yardimer olarak, onlar etkili bir sekilde tahmin etme ve Onleme kapasitesini de
artirmaktadir. Alt1 ay siiresince toplanan veriler, DoS (Denial of Service) saldirilarinin
en yaygin saldir1 tiirii oldugunu, bunlar1 SQL enjeksiyonu ve siteler arast komut dosyast
calistirma (XSS) saldirilarinin izledigini ortaya koymustur. Bu tiir veriler, saldirt
desenlerinin analizine yardimci olarak savunma sistemlerini gii¢lendirebilmektedir.
Ayrica, bu veriler, makine 6grenmesi algoritmalariyla birlestirilerek, saldir1 tiirlerini
smiflandirmak ve evrilen saldir1 desenlerine karsi daha akilli giivenlik sistemleri
gelistirmek amaciyla kullanilmaktadir. Makine 6grenmesi, saldirilart otomatik olarak
tespit etme ve siniflandirma konusunda biiyiik bir avantaj saglamaktadir (José ve
Santander 2024).

“Investigating Threats to ICS and SCADA Systems Via Honeypot Data Analysis and
SIEM” baslikli makale, SCADA (Denetim ve Veri Toplama) ve ICS (Endiistriyel
Kontrol Sistemleri) sistemlerine yonelik tehditlerin incelenmesi amaciyla balkiipii
verisi analizi ve SIEM (Giivenlik Bilgisi ve Olay Yonetimi) sistemlerinin kullanimi ele
alinmaktadir. Arastirma, Conpot adli agik kaynakli bir balkiipii aract kullanilarak
SCADA sistemlerinin simiile edilmesi saglanmis ve bu sistem, bulut ortaminda bir
konteyner i¢inde internete agilarak gergek diinya tehdit verisi toplanmistir. Bu veriler,
ICS ve SCADA sistemlerinin savunmasint giiclendirebilecek o6nemli bilgileri
icermektedir. Toplanan balkiipii giinliikleri, Wazuh adli agik kaynakli bir SIEM
¢Oziimiine entegre edilmistir. Wazuh, tehditlerin zamaninda analiz edilmesini
saglayarak saldir1 tespiti ve yanit siireclerini optimize etmistir. Wazuh tarafindan
iiretilen uyarilar, TheHive adl1 bir giivenlik orkestrasyonu, otomasyon ve yanit (SOAR)
platformuna yonlendirilmis ve otomatik yanit eylemleri icin caligma kitaplart
olusturulmustur. Ornegin, bu yanit eylemleri arasinda kotii amacli IP adreslerinin
engellenmesi yer almaktadir. Bu tiir otomatik yanit siirecleri, siber tehditlere karsi daha
hizli ve etkili bir savunma saglamaktadir. Arastirma, kaba kuvvet giris denemeleri,
kesif ve zafiyet taramalari, kimlik dogrulama limitlerini asmaya yonelik saldirilar gibi
cesitli saldirt tiirlerinin tespit edilmesini saglamistir. Ayrica, bu saldirilarin ¢ogunun
ABD, ardindan Cin, Birlesik Krallik ve diger iilkelerden geldigi tespit edilmistir.
Saldirilarin ¢ogunun HTTP protokoliinii hedef aldig1 ve 6zellikle web tabanli zafiyetler
nedeniyle bu protokoliin saldirganlar i¢in daha cazip oldugu belirtilmistir. Bu bulgular,
SCADA ve ICS sistemlerinin internet iizerinden erisilebilirliginin, saldirganlar icin
genis bir saldir yiizeyi sundugunu gostermektedir (Muhammad ve Hafee y.y.).

“Developing Proactive Cyber Threat Defense Systems on Server Computers Using
Honeypot Techniques” isimli makale, sunucu bilgisayarlarinda siber tehditlere karsi
proaktif bir savunma stratejisinin gelistirilmesine odaklanilmaktadir. Arastirmacilar,
Brute Force saldirilarint engellemek icin, sahte bir sunucu ortami kullanarak kotii
niyetli erisim girisimlerinin tespit edilmesi amactyla bir balkiipii sistemi kurulmustur.
AWS Cloud Services iizerinde kurulan balkiipii, kamuya acik aglardan erisilebilir hale
getirilmis ve sistem giinliik verilerini toplamak i¢in bir ajan yerlestirilmistir. 16 Mart
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2024 ile 15 Nisan 2024 tarihleri arasinda toplanan 35.968 giinliik veri analiz edilmistir
ve bu verilerin ¢ogu, “Root” kullanici adiyla yapilan SSH erisim girisimlerinden olusan
kaba kuvvet (Brute Force) saldirilarini gostermektedir. Veriler, Wazuh adli agik
kaynakli bir SIEM (Giivenlik Bilgisi ve Olay Y 6netimi) sistemi ile analiz edilmistir ve
MITRE ATT&CK gergevesine dayali yeni bir kural olusturulmustur. Bu yeni kural,
belirli olaylarin 10 dakika i¢inde dort kez gerceklesmesi durumunda tetiklenmistir.
Arastirma, sistemin gercek diinyada nasil calistiginin test edilmesi icin Nmap araci
kullanilarak yapilan simiilasyonlarla basariyla dogrulanmistir. Yeni kural, kaba kuvvet
saldirisi tespit edildiginde, saldirganin IP adresini 30 dakika siireyle engellemis ve bu
stire¢ SIEM tarafindan kaydedilmistir. Arastirma, balkiiplerinin potansiyel saldirganlar
ve teknikleri hakkinda bilgi toplamada ne kadar etkili oldugu, ayrica SIEM
sistemlerinin bu verileri analiz etme ve otomatik 6nlemler alma konusundaki énemi
vurgulanmistir. Bu ¢alisma, siber saldirilara karsi proaktif bir savunma stratejisinin
gelistirilmesinde balkiipleri ve SIEM sistemlerinin entegrasyonunun bilyiikk bir
potansiyele sahip oldugunu gostermektedir (Mungsing ve Sringendee y.y.).

3. MITRE ATT&CK MATRISININ YAPISI VE iSLEVi

MITRE ATT&CK matrisi, siber tehditlerin anlagilmasini ve savunma stratejilerinin
gelistirilmesini desteklemek amaciyla tasarlanmis bir ¢ergeve olarak kullanilmaktadir.
Bu matris, saldirganlarin kullanabilecegi cesitli taktikleri, teknikleri ve prosediirleri
kapsamaktadir.

Siber giivenlik alaninda tehditlerin modellenmesi ve tehditlere yonelik savunma
stratejilerinin belirlenmesi kapsaminda MITRE ATT&CK matrisi énemli bir rol
oynamaktadir. Ger¢ek diinya goézlemlerine dayanan kapsamli bir TTP (Taktikler,
Teknikler ve Prosediirler) deposu sunulmaktadir. MITRE ATT&CK matrisi, diisman
davranis kaliplarinin ve saldir1 metodolojilerinin ayrintili bir sekilde anlasilmasini
saglamaktadir. Bu bilgi, potansiyel siber tehditleri dngorebilen ve bunlara karsi
koyabilen etkili tehdit modellerinin olusturulmasi i¢in gereklidir (Al-Sada, Sadighian,
ve Oligeri 2024).

MITRE ATT&CK matrisi, platform gelistirme ve giivenlik operasyonlarimi
bilgilendirebilecek degerli bilgiler sunmaktadir. Platform gelistiricileri, diismanlar
tarafindan kullanilan taktik ve teknikler anlasilmakta, 6zellikle bu saldir1 yontemlerini
hedef alan araglar gelistirilebilmektedir. Ayrica, giivenlik platformlari, tehditleri
onceliklendirmek icin MITRE ATT&CK ¢ergevesinden yararlanilabilmektedir.
Platform uyarilari, ATT&CK teknikleriyle uyumlu hale getirilerek, giivenlik
ekiplerinin kuruluslarinin risk profiline dayali olarak en kritik tehditlere odaklanmasina
olanak taninmaktadir. Bunun yani sira, MITRE ATT&CK matrisi verileri,
platformlardaki giivenlik farkindaligi egitim modiillerine entegre edilebilmektedir.
Kullanicilar, gergek diinya saldir1 tekniklerine maruz birakilmakta, siipheli faaliyetleri
belirleme ve bildirme yetenekleri gelistirilmekte ve bdylece kuruluslarin siber giivenlik
durusu gii¢lendirilmektedir (Georgiadou, Mouzakitis, ve Askounis 2021).

Bilinen saldir1 modelleri analiz edilerek ve bunlar toplanan verilerle iliskilendirilerek,

kuruluslarin savunma stratejileri gliglendirilebilmektedir. MITRE ATT&CK, giivenlik
aciklarinin ve potansiyel saldir1 vektorlerinin belirlenmesine yardimei olarak, proaktif
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savunma Onlemlerinin alinmasini saglamaktadir. Bu bilgi tabani, saldir olasiliklart ve
basar1 oranlari hesaplanarak risk degerlendirme metodolojilerinde
kullanilabilmektedir. MITRE ATT&CK ile saldirt grafiklerinin birlestirilerek,
kuruluslarin siber giivenlik duruslart degerlendirilebilmekte ve saldirilart azaltma
¢abalarina oOncelik verilebilmektedir. Ayrica, MITRE ATT&CK matrisi, siber
saldirilarin tespit edilmesine, tahmin edilmesine, Onlenmesine ve azaltilmasina
yardimecr olmaktadir. Mobil kotii amach yazilimlar smiflandirilarak ve MITRE
ATT&CK matrislerine dayali benzerlikler hesaplanarak, kuruluslarin yanlis pozitifleri
(false positive) azaltilmakta ve giivenlik uyarilarinin dogrulugu artirilabilmektedir (Al-
Sada, Sadighian, ve Oligeri 2024).

3.1. Mitre Att&Ck Matrisinin Genel Yapisi

MITRE ATT&CK matrisi, birgok farkl: siber saldir1 teknigini kapsayan bir dizi taktik
ve teknikten olugsmaktadir. Matris, taktikleri genis bir kategori altinda gruplandirmakta
ve her taktik altinda gesitli saldir1 teknikleri listelenmektedir. Her teknik, belirli bir
saldir1 yontemini veya asamayi temsil etmekte olup, bu teknikler, saldirganlarin aglar
ele gecirme, gizlenme, hareket etme ve hasar verme gibi amaglarina ulasmak igin
kullandiklar1 araglar olarak belirlenmektedir.

Calisma kapsaminda, balkiipleri {izerinden gelen saldirilar MITRE ATT&CK Linux
platformunda tespit edilenler ile iliskilendirilmis ve asagidaki Tablo 1’de gosterilmistir.

Tablo 1. Tespit Edilen MITRE ATT&CK Saldirilar

Saldir: Tiirii (Attack Type)

Kalicilik (Persistence)

Savunma Kagirma (Defense Evasion)

Ayricalik Yiikseltme (Privilege Escalation)
ik Erisim (Initial Access)

Kesif (Discovery)

Sizma (Exfiltration)

Komuta ve Kontrol (Command and Control)

Koleksiyon (Collection)
Etki (Impact)
Yiiriitme (Execution)

Kimlik Bilgileri Erisimi (Credential Access)

Yanal Hareket (Lateral Movement)

Kalicilik (Persistence), saldirganlarin sisteme uzun siireli erisim elde etmelerini
saglamak i¢in kullanilan teknikleri kapsar. Bu teknikler, bir defa giris saglandiktan
sonra, saldirganlarin sistemden ¢ikarilmadan veya fark edilmeden bir slire boyunca
erigimlerini siirdiirebilmelerini miimkiin kilar. Cogunlukla, kétii amagli yazilimlar veya
sistemde yapilan degisiklikler araciligryla saglanir.
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Savunma Kagirma (Defense Evasion), saldirganlarin savunma mekanizmalarindan
(antiviriis yazilimlari, glivenlik duvarlar1 vb.) kagmak i¢in kullandiklar1 yontemleri
ifade eder. Bu teknikler, tespit edilmeden sistemi manipiile etmek veya kontrol altina
almak amaciyla tercih edilir.

Ayricalik Yiikseltme (Privilege Escalation), saldirganlarin sahip olduklari erisim
seviyesini artirmalarma olanak tanir. Kullanic1 seviyesindeki izinlerle sinirli kalmak
yerine, daha yiiksek yonetici (admin) seviyelerine ¢ikarak sistem iizerinde tam kontrol
elde edilir. Bu genellikle sistemin zayifliklarindan yararlanilarak yapilir.

Ik Erisim (Initial Access), saldirganlarin hedef sisteme ilk defa girmelerini saglayan
yontemleri kapsar. Genellikle kimlik avi, zararli yazilim yiikleme veya ag
zafiyetlerinden yararlanilarak gergeklestirilir. Saldirgan, sistemin giivenlik 6nlemlerini
agarak ilk adimda erigim saglar.

Kesif (Discovery), saldirganlarin sistemde bilgi toplamak amaciyla kullandig:
teknikleri ifade eder. Bu siiregte, saldirganlar agdaki cihazlari, kullanicilart ve diger
sistem bilesenlerini belirlemek i¢in ¢esitli araglar kullanir. Kesif, sonraki adimlar i¢in
yol gosterici olur.

Sizma (Exfiltration), hassas verilerin sistemden disariya ¢ikarilmasi siirecidir. Bu,
saldirganin hedefe dair 6nemli verileri ele gegirmesinin ardindan yapilir. Veriler
¢ogunlukla sifrelenir ve giivenli yollarla disariya aktarilir.

Komuta ve Kontrol (Command and Control), saldirganlarin hedef sistem {izerinde
kontrol saglamak ve eylemlerini yonlendirmek i¢in kullandiklari tekniklerdir.
Genellikle disaridan baglanan bir sunucu aracilifiyla, saldirganlar sisteme emirler
gonderir ve veri alirlar. Bu iletisim, ¢cogu zaman sifrelenmis olur.

Koleksiyon (Collection), saldirganlarin hedef sistemdeki 6nemli bilgileri toplama
stirecidir. Bu bilgiler, kullanict verileri, sistem yapilandirmalart veya ag trafigi gibi
unsurlari igerebilir. Bu teknik, genellikle kesif ve sizma asamalarindan sonra yapilir.

Etki (Impact), saldirganlarin hedef sisteme zarar vermek amaciyla uyguladiklar
teknikleri ifade eder. Bu, verilerin silinmesi, sistemin ¢alisamaz hale getirilmesi veya
kritik hizmetlerin engellenmesi gibi durumlari kapsar. Amag, hedefin isleyisini bozmak
veya kullanilmaz hale getirmektir.

Yiirtitme (Execution), saldirganlarin kotii amagh kodlarmi veya komutlarmi hedef
sistemde c¢alistirdiklar1 asamadir. Bu teknik, zararli yazilimlarin, komut dosyalarinin
veya araglarin hedefte ¢alistirilmasini igerir. Yiriitme, genellikle saldirganin sistemi
kontrol etmek igin gergeklestirdigi ilk eylem olabilir.

Kimlik Bilgileri Erisimi (Credential Access), saldirganlarin sistemdeki kullanici ad1 ve
sifre gibi kimlik bilgilerine ulasmalarini saglayan teknikleri kapsar. Bu teknik,
genellikle kimlik avi saldirilar1 veya zayif parola kullanimindan yararlanarak
gerceklestirilir.
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Yanal Hareket (Lateral Movement), saldirganlarin agdaki diger sistemlere gegis
yaparak erisim sagladiklart siirectir. Bu, genellikle bir agda daha fazla yetki elde etmek
veya daha fazla hedefe ulagsmak i¢in yapilir. Saldirgan, bir bilgisayarin kontroliinii ele
gegirdikten sonra, agdaki diger makinelerde de erisim saglamay1 hedefler.

3.2. Taktikler, Teknikler ve Prosediirler (TTP’ler)

MITRE ATT&CK matris veri tabani, siber giivenlik alaninda tehdit tanimlama, risk
degerlendirmesi, savunma stratejileri geligtirme, tespit ve dnleme yeteneklerini artirma
ve bilgi paylasimi gibi konularda énemli bir kaynak sunulmaktadir. Gergek diinya
saldirilarina dayali olarak diigman taktiklerini, tekniklerini ve prosediirlerini kapsayan
kapsamli bir bilgi tabani saglanarak, siber saldirganlarm kullandigi yontemleri
tanimlamaya ve anlamaya yardimci olunmaktadir. Arastirmacilar ve uzmanlar, bu
gergeveden yararlanarak cesitli siber tehditlerle iligkili riskleri degerlendirebilir,
potansiyel saldir1 vektorlerini yapilandirilmis bir analizle inceleyebilir ve savunma
onlemlerini 6nceliklendirebilirler (Al-Sada, Sadighian, ve Oligeri 2024).

Tablo 2’de MITRE ATT&CK Linux matrisi, Linux isletim sistemi hedef alinarak
gerceklestirilen siber saldirilarda kullanilan taktikler ve teknikler sistematik bir sekilde
smiflandirilmaktadir. Her bir taktik, saldiri sirasinda gerceklestirilmesi amaglanan
belirli bir adimi temsil etmektedir, 6rnegin baglangi¢c erisimi saglanmasi, yetki
artirtlmasi ya da savunmanin kagirilmasi gibi. Her taktige karsilik gelen teknikler, bu
hedeflere ulagmak igin kullanilan 6zel yontemleri igermektedir. Ornegin, baslangig
erigimi saglamak i¢in SSH kaba kuvvet saldirilari ya da bir yetki artirma teknigi olarak
sudo caching kullanilmasi gibi. Bu matris kullanilarak, giivenlik uzmanlar1 ve ag
yoneticileri, Linux tabanlt sistemlerin daha etkili bir sekilde korunmasi ve saldirilarin
erken tespit edilmesi saglanabilir (Mitre Att&Ck 2023).

Tablo 2. MITRE ATT&CK Taktik ve Teknikler

Taktikler Teknikler
. .. | Kimlik Bilgisi Phishing (Spearphishing), Web Shell, Saldirgan

Ba§l'amg1g: Erigimi Tarafindan Yo6nlendirilen Zararli Web Sitesi (Drive-by
(Initial Access) .

Compromise)
Calistirma Komut ve Betik Yorumlayici, PowerShell, Planlanmis
(Execution) Gorevler/Isler (Scheduled Task/Job)

Baslangi¢ veya Oturum Ag¢ilis Otomatik Bagslatmalar1 (Boot or
Kalicilik Logon Autostart), Kayit Defteri Calistirma Anahtarlari/
(Persistence) Baslangi¢ Klasorleri (Registry Run Keys/Startup Folder),

Planlanmig Gorevler/Isler (Scheduled Task/Job)
Yetki Artirma Aciklar Araciligryla Somiirme (Exploitation of Vulnerability),
(Privilege Sudo Onbelleklemesi (Sudo Caching), Erisim Tokeni
Escalation) Manipiilasyonu (Access Token Manipulation)
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Sifreli Dosyalar veya Bilgiler (Obfuscated Files or

Savunma Kagirma | Information), Zaman Damgas1 Manipiilasyonu (Timestomp),
(Defense Evasion) | Dosya ve Dizin izinlerinin Degistirilmesi (File and Directory
Permissions Modification)

Kimlik Bilgisi

Erisimi Kaba Kuvvet Saldirisi1 (Brute Force), Kimlik Bilgisi Dokiimii
(Credential (Credential Dumping), Girdi Yakalama (Input Capture)
Access)

Sistem Bilgisi Kesfi (System Information Discovery), Ag
Kesif (Discovery) | Paylasimi Kesfi (Network Share Discovery), Uzak Sistem Kesfi
(Remote System Discovery)

Uzak Masaiistii Protokolii (Remote Desktop Protocol),

E;fseyr;-llareket SMB/Windows Y 6netici Paylasimlart (Windows Admin
Shares), Windows Uzak Yonetimi (Windows Remote
Movement)
Management)
Toplama Yerel Sistemden Veri Toplama (Data from Local System),
p . Ekran Goriintiisii Yakalama (Screen Capture), Pano Verisi
(Collection)

(Clipboard Data)

Komut ve Kontrol Kanali Uzerinden Veri Sizdirma (Exfiltration
Over Command and Control Channel), Web Servisi Uzerinden

Veri Sizdirma Veri Sizdirma (Exfiltration Over Web Service), Diger Ag

(Exfiltration) Ortamlar1 Uzerinden Veri Sizdirma (Exfiltration Over Other
Network Medium)
Etkilesim (Impact) Veri Yok Etme (Data Destruction), Servis Durdurma (Service

Stop), Kaynak Kacirma (Resource Hijacking)

MITRE ATT&CK her TTP i¢in koruma stratejileri sunarak, kritik altyapilari korumaya
yonelik ¢oziimler saglanmaktadir. Taktik ve teknikleri inceleyen siber giivenlik
uzmanlari, etkili savunma stratejileri gelistirerek, siber tehditleri onlemek ve
hafifletmek icin harekete gecebilirler. Belgelenen saldiri teknikleri anlagilmakta ve
organizasyonlar, tespit ve Onleme yeteneklerini artirarak, bilinen saldir1 kaliplarina
uyumlu savunma Onlemleri alarak potansiyel tehditlere karsi proaktif bir sekilde
savunma saglamaktadirlar. MITRE ATT&CK ayrica tehdit istihbarati verilerini ve
bilgilerini paylasma platformu olarak hizmet verilmekte olup, siber giivenlik
profesyonellerinin yeni bilgileri bilgi tabanina entegre etmelerine olanak taninmakta ve
tehdit profilleri, taktikler ve tekniklerle giincellenmektedir (Al-Sada, Sadighian, ve
Oligeri 2024).

Sonu¢ olarak, MITRE ATT&CK matrisi, siber giivenlikte tehdit modelleme ve
savunma stratejileri i¢in degerli bir kaynak olarak sunulmakta olup, siber tehditlerin
anlagilmasi, analiz edilmesi ve hafifletilmesi konularinda yapilandirilmig bir ¢erceve
saglanmaktadir.

3.3. Matrisin Siber Giivenlikteki Onemi
MITRE ATT&CK matrisi, siber giivenlik alaninda ¢ok énemli bir ara¢ olarak kabul

edilmektedir. MITRE tarafindan gelistirilen bu matris, saldirganlarin kullanabilecegi
taktik ve teknikleri sistemlerin savunmasimi giiglendirmek amaciyla tanimlar. Bu
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matris, savunma ekiplerine saldirilarin nasil ger¢eklesebilecegi konusunda kapsamli bir
rehber sunmakta ve bu sayede savunma stratejilerinin  olusturulmast ve
giiclendirilmesinde yardime1 olunmaktadir.

MITRE ATT&CK matrisi, saldirganlarin kullanabilecegi taktikleri ve bu taktiklerin
gerceklestirilmesi icin kullanilabilecek teknikleri detayli olarak listelemektedir. Bu,
giivenlik ekiplerine saldirilarin  nasil ilerleyebilecegi konusunda bir anlayis
kazandirmakta ve bu taktik ve tekniklerin izlerini siirmelerine yardimci olmaktadir.
MITRE ATT&CK matrisi ayn1 zamanda, giivenlik olaylarini inceleme ve analiz etme
siirecinde de dnemli bir kilavuz olarak hizmet etmektedir. Saldirilarin izleri siiriilerek,
saldirilarin detaylar1 anlagilmakta ve sistemdeki zayif noktalar tespit edilmektedir. Bu
sayede, olaylara hizli bir sekilde yanit verilmesi ve sistemin daha giivenli hale
getirilmesi saglanmaktadir.

MITRE ATT&CK matrisi, siber giivenlik alaninda kritik bir arag¢ olarak kabul
edilmektedir ¢iinkii savunma stratejilerinin olusturulmasi, gliglendirilmesi ve giivenlik
olaylarinin analiz edilmesi siireglerinde giivenlik ekiplerine bilyiik dl¢iide yardimer
olunmaktadir. Bu matris, giivenlik uzmanlarina saldirilarin anlagilmasi ve etkili bir
sekilde savunulmasi igin gerekli olan bilgileri ve yonergeleri sunmaktadir.

4. KULLANILAN ARACLAR VE TEKNOLOJILER

Linux tabanli sistemlerin gilivenligi igin bir dizi ara¢ kullanilmaktadir. Bu araglar,
giivenlik izleme, saldirgan davranislarinin analizi, giivenlik denetimi, olay izleme ve
saldirt simiilasyonlar1 gibi ¢esitli amaglarla tercih edilmektedir. Bu boliimde, Wazuh,
T-Pot Balkiipii, Auditd (The Linux Audit Daemon) ve Atomic Red Team gibi Linux
platformunda kullanilan baz1 giivenlik araclar1 incelenmektedir.

Bu makalede, Linux platformlarina yonelik yapilan siber saldirilar, balkiipii sistemleri
araciligiyla toplanmis ve bu saldirilar, MITRE ATT&CK matrisine dayali olarak analiz
edilmistir. Saldirilara ait log verileri, Wazuh platformunda islenmis ve bu verilerle
saldirilara yonelik kod ¢oziiciiler ve kurallar olusturulmustur. Literatiirde, Linux tabanlt
sistemler iizerinde balkiipii kullanilarak yapilan saldirilarin bu sekilde MITRE
ATT&CK c¢ercevesi ile adreslenmesi ve Wazuh platformunda analiz edilmesi
konusunda daha O6nce benzer bir ¢alisma yapilmamistir. Bu nedenle, yapilan bu
¢alisma, Linux tabanli balkiipleri ve Wazuh platformu ile saldirilarin tespiti ve analiz
edilmesi bakimindan 6zgiin bir katki sunmaktadir.

Wazuh ve T-Pot gibi araclar, bu ¢alismada stratejik olarak secilmistir. Wazuh, agik
kaynakl1 bir SIEM (Giivenlik Bilgisi ve Olay Y&netimi) ¢oziimii olarak, log verilerinin
toplanmasi, saldir1 tespiti ve giivenlik yonetimi konularinda giigli 6zellikler
sunmaktadir. Linux platformlar iizerinde gergeklestirilen saldirilarin etkin bir sekilde
tespit edilmesi ve analiz edilmesi i¢cin Wazuh tercih edilmistir. T-Pot ise, balkiipii
teknolojisinin genis bir yelpazede saldirilari simiile etmesi ve ¢ok sayida saldiri tipi ile
etkilesimde bulunabilmesi nedeniyle kullanilmistir. T-Pot, Elasticsearch ve Kibana gibi
araglarla giiclii bir entegrasyon saglayarak, saldirilara dair derinlemesine veriler elde
edilmesini saglamaktadir. Bu araglarin, Linux tabanli sistemlerdeki siber tehditlere dair
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analizler yapilirken bir arada kullanilmasi, literatiirde bu tiir bir kombinasyonun daha
once denenmemis olmast agisindan énemli bir yenilik tagimaktadir.

Wazuh, agik kaynakli bir giivenlik izleme ve yonetim platformu olarak
kullanilmaktadir. Sistemlerin giivenligi saglanmak amaciyla log toplama, anomali
tespiti, dosya biitiinliigli denetimi, zararli yazilim analizi ve giivenlik yapilandirmasi
denetimi gibi 6zellikler sunulmaktadir. Wazuh, ayni zamanda gergek zamanli saldir
tespiti saglanarak saldirilarin kayd: tutulmakta ve olaylar merkezi bir sunucuda
toplanmaktadir.

T-Pot balkiipii, hazir paket ¢6ziim sunmasi, ¢ok protokollii destek, merkezi izleme ve
analiz imkani, ve gergek zamanli saldir1 tespiti gibi avantajlarla geleneksel balkiiplerine
kiyasla daha kapsamli ve etkili bir yaklasim saglamaktadir (Mohd Fuzi vd. 2024). T-
Pot, birden fazla balkiipii igeren bir Linux giivenlik araci olarak kullanilmaktadir.
Balkiipleri, saldirganlarin davraniglarini  izlemek ve analiz etmek amaciyla
kullanilmaktadir. T-Pot, siber saldirganlarin ag iizerinde gergeklestirdigi faaliyetleri
izlemek ve bu verilerle giivenlik agiklarini belirlemek igin kullanilmistir. Balkiipii,
saldir tilirlerinin cesitliligi ve saldirganlarin yontemleri hakkinda detayl bilgiler elde
edilmesini saglamaktadir.

Balkiipleri, siber giivenlikte hem erken tehdit tespiti saglayarak gercek sistemlere
yonelik saldirilarin engellenmesine yardime1 olunur, hem de saldirganlarin davranislari
izlenerek giivenlik uzmanlarinin onlarin kullandig1 yontemler ve stratejiler daha iyi
anlasilmaktadir. Bu sayede sifirinci giin saldirilart gibi karmasik tehditler diisiik yanlis
alarm oranlartyla tespit edilebilir ve ayni zamanda arastirmacilara, yeni giivenlik
araglarinin  gelistirilmesi i¢in degerli veriler sunularak genel giivenlik durusu
giiglendirilmektedir (Javadpour vd. 2024).

Auditd, Linux sistemlerinde giivenlik olaylarini izlemek ve kaydetmek icin kullanilan
bir ara¢ olarak kullanilmaktadir. Sistem {izerinde gergeklesen tiim 6nemli olaylar,
ornegin kullanici iglemleri, dosya erisimleri ve ag baglantilar1 kaydedilmektedir. Bu
veriler, saldir1 tespitinde ve sistemdeki olagan disi aktivitelerin belirlenmesinde faydali
olmaktadir. Ayrica, sistem yoneticilerine yasal uyumluluk ve denetim amaglari icin
gerekli veriler saglanmaktadir.

Atomic Red Team, giivenlik testi ve saldir1 simiilasyonu yapmak icin kullanilan agik
kaynakli bir ara¢c olarak kullanilmaktadir. Linux sistemlerinde saldirganlarin
yontemlerini simiile etmek ve sistemin savunma yeteneklerini test etmek amaciyla
kullanilmaktadir. Atomic Red Team, 6nceden tanimlanmig saldir1 tekniklerine dayali
testler saglamakta, sistemdeki zayif noktalarin tespit edilmesini ve savunmalarin
gliclendirilmesini saglamaktadir.

Bu araglar, Linux tabanli sistemlerin giivenliginin saglanmasi, saldirilarin tespit
edilmesi ve dnlenmesi igin kritik 6neme sahiptir. Her biri, farkli giivenlik seviyelerinde
ve ihtiyacglarda gesitli Ozellikler sunarak Linux tabanli altyapilarin savunmalarini
giiclendirmeye yardimct olmaktadir.
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4.1. Wazuh: Giivenlik izleme ve Log Yonetimi

Wazuh, giinliik veri analizi, bir BT altyapisindaki varliklarin faaliyetleri hakkinda bilgi
edinmek i¢in farkli kaynaklardan olusturulan giinliiklerin incelenmesini igermektedir.
Wazuh, acik kaynak kodlu bir SIEM (Security Information and Event Management)
¢Oziimii olarak kullanilmaktadir ve mimarisi ¢ogunlukla izlenen ana makinalarda
calisan ajanlara dayanir; bu ajanlar, giivenlik bilgilerini merkezi SIEM sunucusuna
gonderir (Zahid vd. 2023).SIEM sunucusu, ayri islevleri tek bir ajan ve platform
mimarisi i¢inde birlestirerek uc¢ nokta giivenligi, tehdit istihbarati, detayli giivenlik
operasyonlar1 ve bulut giivenligi saglamaktadir.

Tehdit tespiti ve miidahalesi, diizenlemelere uygunlugun saglanmasi ve sistem
performanst sorunlarinin belirlenmesi igin izlenen varliklardan giinliklerin gergek
zamanli olarak toplanmasi ve islenmesi saglanmistir. Wazuh, bulut, sirket ici,
sanallastirllmis ve konteynerli ortamlardaki giivenlik tehditlerine karsi koruma
saglanmaktadir.

Wazuh, kendisine ajanlar1 {izerinden ve syslog olarak gonderilen giinliikleri analiz
etmek i¢in 6nceden tanimlanmis kod ¢oziiciilere (decoder) ve kurallara (rules) sahiptir.
Bu kod ¢oziiciiler ve kurallar, farkli tehdit modellerini islemek ve tespit etmek icin
PCRE (Perl Compatible Regular Expressions) destegi ile diizenli ifadeler
kullanmaktadir. Wazuh, toplanan giinliiklerden ilgili alanlari ¢ikarmak igin kod
¢oziiciileri kullanmaktadir. Bu alanlar, IP adresleri, bilgisayar adlari, zaman damgalari,
kullanic1 adlari, baglanti noktalar, MAC adresleri ve diger ilgili veri alanlarini
icermektedir. Wazuh, toplanan giinliiklerin kodunu ¢dzdiikten sonra, bunlari kullanima
hazir kurallartyla karsilastirmaktadir. Bir kural, kod ¢06ziilmis bir giinlikle
eslestiginde, Wazuh kontrol panelinde uyarilar tetiklenmektedir. Bu arastirma
kapsaminda, balkiipleri iizerinden gelen giinliikler ig¢in 6zel kod ¢oziicii ve kurallar
tanimlanmustir.

Wazuh aracilari, sistem giinliikleri, uygulama giinliikleri ve ag giinliikleri gibi ¢esitli
kaynaklardan giinliik verilerini toplamak amaciyla sunucular, is istasyonlar1 ve IoT
cihazlar1 gibi ug¢ noktalara dagitilmaktadir. Toplanan giinliik verileri, SIEM sistemiyle
tutarliigint  ve uyumlulugunu saglamak i¢in Wazuh aracilari tarafindan
normallestirilmektedir. Bu siireg, daha kolay analiz icin giinliik formatlarinin
standartlagtirilmasini icermektedir (Hussein ve Hamza 2022).

Wazuh, giinliik toplama ve analiz yeteneklerinin gelistirilmesi i¢in STEM ¢oziimleriyle
entegre edilebilen agik kaynakli bir giivenlik izleme platformu olarak kullanilmaktadir.
Toplanan giinliik verileri, SIEM sistemiyle tutarlilik ve uyumluluk saglanmasi icin
Wazuh aracilart tarafindan normallestirilmektedir. Bu siire¢, daha kolay analiz i¢in
glinlik formatlarinin standartlastirilmasini igermektedir. Normallestirilen giinliik
verileri, daha sonra agdaki birden fazla aracidan giinliiklerin toplanmasi ve islenmesi
icin merkezi bir sunucu gorevi géren Wazuh ydneticisine iletilmektedir. Wazuh
yoneticisi, giivenlik olaylarmin, anormalliklerin ve potansiyel tehditlerin belirlenmesi
icin 6nceden tanimlanmis kurallar ve korelasyon mekanizmalar1 kullanilarak giinliik
verilerini gercek zamanli olarak analiz etmektedir. Bir giivenlik olay1 tespit edildiginde,
Wazuh, giivenlik ekiplerine veya yoneticilere potansiyel giivenlik sorunu hakkinda
uyarmak i¢in uyarilar ve bildirimler olugturmaktadir. Wazuh, kapsamli bir giivenlik
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izleme ve olay miidahale yetenegi saglanmasi i¢in ELK Stack (Elasticsearch, Logstash,
Kibana) gibi popiiler SIEM ¢oziimleriyle veya diger ticari SIEM iiriinleriyle entegre
edilebilmektedir (Hussein ve Hamza 2022).

4.2. T-pot Balkiipii: Saldirgan Davramslarinin Analizi

Giivenlik uzmanlari, balkiipii etkilesimlerinden toplanan verilerin giinliige
kaydedilmesi ve analiz edilmesiyle, saldirganlarin taktikleri ve stratejileri hakkinda
degerli bilgiler edinilebilmektedir. Bu etkilesimler, yeni saldir1 egilimleri, giivenlik
aciklar1 ve kotii amaclh yazilim 6rnekleri gibi tehdit istihbaratini toplamak i¢in dnemli
bir kaynak teskil etmektedir. Elde edilen bilgiler, kuruluglarin giivenlik duruslarini
iyilestirmelerine ve ortaya ¢ikan tehditlere karsi etkili karsi 6nlemler gelistirmelerine
yardimci olabilmektedir. Arastirmacilar, balkiipii sistemlerinin kullanilmasiyla parmak
izi alma ve tanimlama tekniklerini incelemekte ve gelistirmektedirler. Bu sayede,
giivenlik uzmanlari, saldirganlarin balkiipleri nasil tespit etmeye calistiklarini
anlayarak, aldatma tekniklerini gelistirebilmekte ve balkiipii dagitimlariin etkinligi
artirtlabilmektedir. Balkiipleri, diismanlarin nasil g¢alistigi ve disiindiigii hakkinda
degerli bilgiler saglamakta hizmet etmektedir. Ayrica, giivenlik uzmanlar1 bu
etkilesimler kullanilarak, saldirgan davraniglart incelenebilmekte, giivenlik
savunmalar1 test edilebilmekte ve siber giivenlik tehditleri ile savunmalar iizerine
aragtirmalar yapilabilmektedir (Srinivasa, Pedersen, ve Vasilomanolakis 2023).

T-Pot balkiipii, gesitli balkiipii teknolojilerinin tek bir platformda birlestirilmesiyle
saldirgan davraniglarinin analiz edilmesine olanak taninmaktadir. Balkiipleri,
saldirganlar1 ¢ekmek ve davraniglarini gézlemlemek igin olusturulmus sunucu veya
sistemler olarak kullanilmaktadir. T-Pot, Linux platformlarina yapilan saldirilarin
tespit edilmesi ve analiz edilmesi igin tasarlanmis agik kaynakli bir balkiipii platformu
olarak tanimlanmaktadir. Giivenlik aragtirmacilari, sizma test uzmanlart ve olaya
miidahale edenler, saldirganlar tarafindan kullanilan TTP (Taktikler, Teknikler ve
Prosediirler) yoOntemlerini anlamak i¢in bu platformu giicli bir ara¢ olarak
kullanmaktadirlar. Balkiipii, yetkisiz erisimi veya kotli niyetli etkinlikleri ¢ekmek ve
tespit etmek amaciyla kasitli olarak savunmasiz birakilan bir yem sistemi veya ag
kaynagi olarak tasarlanmaktadir. Bu sistemler, saldirganlar, yontemleri ve
motivasyonlar1 hakkinda bilgi toplamak i¢in kullanilmaktadir.

T-Pot, ¢ok sayida protokole ve saldir tiiriine karsi hassasiyet gostermekte ve ag
glivenligi ekiplerinin saldirganlarin taktiklerini daha iyi anlamalarina ve savunma
stratejilerini gelistirmelerine yardime1 olmaktadir. Saldirganlarin kullandigi tekniklerin
tespit edilmesi ve analiz edilmesi, savunmalarin gili¢lendirilmesine olanak tanimakta ve
glivenlik uzmanlarma degerli bilgiler sunmaktadir. T-Pot gibi balkiipii platformlari,
saldirganlarin davranislarini gozlemlemek, yeni saldirt tekniklerini kesfetmek ve
giivenlik agiklarini belirlemek i¢in dnemli bir kaynak olusturmaktadir.

4.3. Auditd: Giivenlik Denetimi ve Olay izleme
Auditd, Linux platformlarinda gilivenlik denetimi ve olay izleme amaciyla kullanilan
onemli bir ara¢ olarak tanimlanmaktadir. Auditd, sistem cagrilarini izleyerek silipheli

etkinlikleri tespit etmekte ve bu etkinlikleri giinlik dosyalarina kaydetmektedir. Bu
sayede, sistem yoneticileri ve glivenlik uzmanlari, potansiyel saldirt girigimlerini hizli
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bir sekilde tespit edebilmekte ve bu verileri analiz ederek gerekli onlemleri
alabilmektedirler. Auditd araciligiyla, sistem iizerinde gergeklesen tiim kritik olaylar,
ornegin kullanici iglemleri, dosya erisimleri, ag baglantilar1 ve diger giivenlik agisindan
onemli aktiviteler kaydedilmektedir. Bu giinliikler, sistemdeki olagan dis1 hareketleri
belirlemek, izinsiz erisimi engellemek ve genel giivenlik durumunu iyilestirmek igin
kullanilabilmektedir. Auditd, ayn1 zamanda yasal uyumluluk ve denetim amagclari i¢in
de onemli bir kaynak saglamakta, bdylece kuruluslar diizenlemelere uygunluklarini
denetleyebilmektedirler.

4.4. Atomic Red Team: Saldir1 Simiilasyonlar1

Atomic Red Team, MITRE ATT&CK matrisine dayali olarak ger¢cek diinya
saldirilarini simiile etmek i¢in kullanilan bir test gergevesi olarak tanimlanmaktadir. Bu
arag, saldirganlarin TTP'lerini (Taktikler, Teknikler ve Prosediirler) taklit ederek,
savunma mekanizmalarinin etkinligini test etmeye yardimci olmaktadir. Atomic Red
Team, savunma ekiplerinin mevcut giivenlik Onlemlerinin zayif noktalarini
belirlemelerine ve bu Onlemleri giiglendirmelerine olanak tanimaktadir. Saldiri
simiilasyonlari, ekiplerin gercek diinyada karsilasabilecekleri tehditlere karsi daha
hazirlikli olmalarini saglamakta ve savunma stratejilerinin gelistirilmesinde énemli bir
rol oynamaktadir. Bu sayede, savunma ekipleri, daha etkili miidahale planlar
olugturabilmekte ve giivenlik altyapilarimi iyilestirerek olast saldirilara karsi daha
direncli hale gelebilmektedirler.

5. SALDIRI PLANLAMA
5.1. Test Ortaminin Hazirlanmasi

Bu ¢alismada, T-Pot Balkiipii platformu kullanilarak, siber saldirt senaryolar: simiile
edilmistir ve bu saldirilar, Wazuh SIEM sistemiyle izlenip analiz edilmistir. T-Pot,
cesitli balkiipii uygulamalarini bir araya getirerek merkezi bir yonetim konsolunda
izleme olanagi sunan entegre bir ¢6ziim olarak tanimlanmistir. T-Pot, sanal bir makine
iizerine yliklenmis ve gerekli bagimliliklar ile yapilandirma islemleri tamamlanmustir.
Balkiipii sisteminin giivenlik etkinliklerinin izlenmesi amaciyla, T-Pot iizerine Wazuh
ajan1 kurulumu yapilmistir. Bu ajan, balkiiplerinde bulunan tiim aktiviteleri toplayarak
merkezi Wazuh sunucusuna iletmistir. Wazuh, bu loglar1 merkezi sunucusunda
¢oziimleyerek anlamli hale getirmis ve saldirilarin detayli analizi ig¢in 6zel olarak
olusturulmus kurallar kullanilarak degerlendirilmistir. Elde edilen veriler, MITRE
ATT&CK matrisine gore kategorize edilerek hangi saldir1 tekniklerinin ve taktiklerinin
kullanildig1 belirlenmis ve raporlanmustir.

Saldirt senaryolarinin kapsami genisletilmek amaciyla, iki adet son kullanic1 Linux
makinesi iizerinde izleme ve saldir1 simiilasyonlar1 gergeklestirilmistir. Bu makineler,
kullanic1 aktivitelerini ve simiile edilen saldirilart izlemek tizere yapilandiriimustir.
Calismada, her iki makineye de Wazuh ajan kurulumu yapilmis ve ajan, makinelerdeki
tiim etkinlikleri ve glivenlik olaylarin1 merkezi Wazuh sunucusuna iletmistir. Kullanici
aktiviteleri, dosya erisimleri, komut ¢alistirmalari ve ag baglantilar1 gibi kritik islemler
siirekli olarak izlenmis ve kaydedilmistir.
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Atomic Red Team araglar1 kullanilarak, MITRE ATT&CK matrisine dayanan gesitli
saldir1 teknikleri simiile edilmistir. Bu simiilasyonlar, gergek saldir1 senaryolarini taklit
ederek giivenlik Onlemlerinin etkinligini test etmek amaciyla gergeklestirilmistir.
Simiilasyonlar sirasinda iiretilen loglar, Wazuh ajani tarafindan toplanmis ve merkezi
Wazuh sunucusuna iletilmigtir. Bu loglar, Wazuh sunucusunda ¢oziimlenmis ve
anlamli hale getirilmistir. Coziimlenen loglar, MITRE ATT&CK matrisine gore
haritalanarak kullanilan saldir1 teknikleri ve bu tekniklerin nasil tespit edildigi
belirlenmistir.

Elde edilen sonuglar, detayli raporlar halinde giivenlik ekiplerine iletilmis ve siber
giivenlik durusu degerlendirilmistir. Bu siire¢, balkiipli ve son kullanici makineleri
tizerinde gergeklestirilen saldir1 simiilasyonlarimin etkin bir sekilde izlenmesini ve
analiz edilmesini saglamis, boylece kurulusun savunma yetenekleri giiclendirilmis ve
siber giivenlik stratejilerinin etkinligi arttirtlmistir.

5.2. Senaryo Belirleme ve Hedefleme

MITRE ATT&CK, siber saldirganlarin aglar {izerinde hedeflerine ulagsmak icin
kullandiklar: taktik ve tekniklerin ayrintili bir sekilde tanimlandigi kapsamli bir bilgi
tabani1 olarak kullanilmaktadir. Bu matris, her bir taktigin ve bu taktige yonelik saldirt
tekniklerinin sistematik bir sekilde siniflandirilmasi saglanmakta, boylece giivenlik
uzmanlarimin, belirli bir saldirt tiiriiniin nasil gergeklestirildigi ve bu saldirinin nasil
tespit edilebilecegi anlasilabilmektedir.

Balkiipleri, saldirganlarin aglara sizma girisimlerinin simiile edilmesi i¢in kullanilan
ozel sistemler olarak tanimlanmaktadir. Balkiipleri, saldirganlarin cezbedilmesi ve
onlarin saldir1 yontemlerinin gézlemlenmesi i¢in kasitl olarak savunmasiz birakilmig
sistemler olarak yerlestirilmektedir. Bu tiir sistemler, saldirganlarin faaliyetlerinin
izlenmesi ve analiz edilmesi i¢in dnemli bir arag olarak kullanilmaktadir.

Balkiipii iizerinden alinan saldirgan aktiviteleri, MITRE ATT&CK matrisine dayali
olarak smiflandirilabilmektedir. Ornegin, bir saldirgan, bir balkiipiine erismeye
calisirken belirli araglar veya teknikler kullanabilmektedir. Bu teknikler, MITRE
ATT&CK matrisindeki belirli saldir1 teknikleriyle eslestirilebilmektedir. Boylece,
balkiipii tizerindeki aktiviteler, kullanilan saldir1 taktikleri ve teknikleri ile baglantili
olarak izlenebilmekte ve analiz edilebilmektedir.

Ornegin, bir saldirgan, “Initial Access” taktigi altinda, bir balkiipiine sizmaya calisirken
kimlik av1 veya kamusal yiizeydeki uygulama zafiyetlerinin kullanilmas1 gibi teknikler
kullanabilmektedir. Bu aktiviteler, MITRE ATT&CK matrisinde belirtilen teknikler ile
iligkilendirilerek daha derinlemesine analiz edilebilmektedir. Balkiipii lizerinden elde
edilen bu tiir veriler, giivenlik uzmanlariin saldirganlarm aglara yonelik niyetlerini ve
yeteneklerini anlamalarina yardimci olmakta ve bu sayede savunma stratejilerinin
giiclendirilmesine olanak tanimaktadir.

Sonug olarak, balkiipii {izerinden toplanan veriler, MITRE ATT&CK matrisine dayali
olarak smiflandirildiginda, saldirilarin tespiti ve analizi daha etkin hale getirilmektedir.
Bu, saldirganlarin aglara yonelik davraniglarinin daha iyi anlasilmasini saglamakta ve
bunlara kars1 savunma 6nlemlerinin gelistirilmesi i¢in dnemli bir kaynak sunmaktadir.
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5.3. Saldir1 Tekniklerinin Secimi

MITRE ATT&CK matrisi, siber giivenlikte saldirganlarin aglar tizerindeki hedeflerine
ulagmak i¢in bagvurduklar taktik ve tekniklerin ayrintili bir sekilde tanimlandig:
kapsamli bir bilgi tabani olarak kullanilmaktadir. Bu matris, saldirganlarin aglara sizma
girisimlerinin ve kullandiklar1 yontemlerin anlasilmasia yardimci olacak énemli bir
kaynak saglamakta, ayni zamanda bu tiir aktivitelerin belirli taktikler ve tekniklerle
iliskilendirilebilmesini saglamaktadir. Ornegin, bir saldirganin bir balkiipiinde erisim
saglamaya calisirken kullandigi belirli araglar veya taktikler, MITRE ATT&CK
matrisinde tanimlanan saldir1 teknikleriyle eslestirilebilmektedir. Bu sayede, balkiipii
iizerinden yapilan saldirilar tespit edilip analiz edilerek, saldirganlarin aglara yonelik
niyetleri ve yetenekleri daha iyi anlagilmaktadir.

Siber saldirt siireci, genellikle bir dizi agamadan olusmakta olup, her bir asama,
saldirganin hedeflerine ulasmak igin izledigi belirli bir stratejiyi temsil etmektedir. Tlk
Erisim asamasinda, hedef sisteme ilk kez sizilmakta, Calistirma asamasinda ise hedef
sistem iizerinde zararli yazilim veya komutlar ¢alistirilmakta, Siireklilik agamasinda,
saldirganlar sistemde kalici olabilmek igin gerekli onlemleri almaktadir. Yetki
Yiikseltme asamasi, saldirganlarin daha yiiksek erisim haklari elde etmek amacryla
gerceklestirdigi faaliyetleri kapsamaktadir. Savunmadan Kaginma asamasinda,
giivenlik Onlemleri atlatilmakta, Kimlik Bilgisi Erisimi asamasinda, saldirganlar
sistemdeki kullanict bilgilerini ele gecirmeye hedeflemekte, Kesif agamasinda ise
sistem ve ag hakkinda bilgi toplama faaliyetleri gerceklestirilmektedir. Yanal Hareket
asamasinda, agda yayilma islemleri baslatilmakta, Toplama asamasinda, hedef
sistemdeki hassas veriler toplanmaktadir. Komanda ve Kontrol agamasinda, uzaktan
erisim saglanarak sistem kontrol altina alinmakta, Veri Sizdirma asamasinda ise elde
edilen veriler disartya ¢ikarilmaktadir. Son olarak, Etkileme agamasinda, hedef sistem
tizerinde zarar verici eylemler gerceklestirilmektedir.

Bu taktikler, siber giivenlik uzmanlarinin saldirilarin agamalarini daha iyi anlamalarini
saglamakta ve etkili savunma stratejilerinin gelistirilmesi kolaylastiriimaktadir.
MITRE ATT&CK matrisine dayali olarak yapilan analizler, saldirganlarin hangi
teknikleri kullandiginin belirlenmesini saglamakta ve bu tekniklerin nasil tespit
edilebilecegi konusunda yol gosterici olmaktadir. Bu sayede, savunma ekipleri, aglarini
daha giivenli hale getirebilmek icin her asama i¢in uygun tespit ve Onleme
yontemlerinin belirlenmesine olanak tanimakta ve saldirilara karsi etkin bir savunma
stratejisi gelistirilmesi saglanmaktadir (Mitre Att&Ck 2023).

6. SALDIRI UYGULANMASI

Saldir1 senaryolarinin planlanmas1 asamasindan sonra, bu bdlimde belirlenen
senaryolarin gergeklestirilmesi ve saldirilarin uygulanmasi adimlarinin ele almacagi
belirtilmigtir. Bu siiregcte, Wazuh, T-pot Balkiipii, Auditd ve Atomic Red Team gibi
gesitli araglarin kullanilmasi ifade edilmistir. Calisma i¢in olusturulan simiilasyon
mimarisinin Sekil 1°de goriilecegi belirtilmistir.

104



S. Toks6z, M. Turan Linux Platformunda MITRE ATT&CK Matrisi Kullanarak Saldirt Planlama ve Uygulama

Mimari(Architecture)

inteme(internet) Kullanici(Users)

i)

wazuh ajan
(wazuh agent)

— Wazuh Platformu (Wazuh Platforms)

L1}
1}
e
[ 1}
L1}
uh Ana Server
(Wazuh Mast

Wazuh indeksleyici
(Wazuh index)

vobove

ryT—E— ddospot 5 sentypeer logapot Wazuh Gosterge Panei
‘ il 2 = (Wazuh Dashboard)

Sekil 1. Calisma i¢in Olusturulan Simiilasyon Mimarisi
6.1. Wazuh ile izleme ve Tespit

Wazuh, giivenlik izleme ve log yonetimi igin kullanilan bir platform olarak
tanitilmaktadir. Bu boéliimde, Wazuh’un nasil kurulacagi ve yapilandirilacagi
incelenmis olacak, ardindan saldirilarin izlenmesi ve tespit edilmesi siireci detayli
olarak ele alinacaktir.

Wazuh, agik kaynakli bir giivenlik bilgi ve olay yonetimi ¢ozimii olarak
aciklanmaktadir. Wazuh, merkezi bir izleme ve yonetim platformu saglayarak giivenlik
olaylarinin tespit edilmesine, analiz edilmesine ve yanitlanmasina yardimci olmaktadir.
Wazuh’un temel bilesenlerinden biri olan kod ¢oziicii ve kural yapisi, gilivenlik
olaylarin1 anlamak ve uygun aksiyonlar1 almak i¢in kritik dneme sahip oldugu
belirtilmektedir. Kod ¢oziiciiler, Wazuh’un farkli formatlardaki giinliik kayitlarini
anlayip standart bir formata ¢evirmesini saglamaktadir. Herhangi bir log kaynagindan
gelen veriler, 6nce kod ¢oziicii tarafindan islenmektedir. Kod ¢oziiciiler, belirli bir
format veya diizeni taniyarak log verilerini yapilandirilmis bir forma doniistiirmektedir.
Kod ¢oziiciiler, logun hangi log kaynagindan geldigini belirlemektedir. Log verileri,
yapilandirilmis ve anlasilabilir bir formata doniistiirilmektedir. Eslesen kurallara gore
alarmlar olugturulmakta ve tanimli aksiyonlar (6rnegin, e-posta génderme, komut
calistirma) gerceklestirilmektedir. Wazuh’un kod ¢6ziicii ve kural yapisi, log verilerini
anlamlandirma ve giivenlik olaylaria uygun yanit verme siirecinin temel bilesenleri
olarak vurgulanmaktadir. Kod ¢oziictiler log verilerini belirli bir formata
donustiiriirken, kurallar bu verileri analiz etmekte ve gilivenlik olaylarini
yonetmektedir. Bu yapi, giivenlik operasyonlarmin daha etkili ve verimli hale
getirilmesini saglamaktadir.
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6.2. T-pot Balkiipii ile Saldirgan Davramslarinin Kaydedilmesi

Ag giivenliginde bal noktalar1 kullanmanin temel amaci, saldirganlarin TTP'ler
hakkinda bilgi toplamak icin onlarla etkilesime ge¢mek ve kandirilmak olarak
belirtilmektedir. Bal noktalari, mesru hedefler gibi goriinen ancak aslinda izole edilmis
ve izlenen ortamlar olan tuzak sistemler olarak kasitli olarak konuslandirilmaktadir.
Giivenlik uzmanlari, saldirganlarin bal noktalariyla etkilesime girmeye ikna edilerek
davranislarinin gézlemlenip analiz edilmesini saglayabilmekte, saldir1 yontemlerinin
anlagilmast ve genel ag giivenliginin artirilmasi icin  degerli istihbarat
toplanabilmektedir. Bal noktalari, istenmeyen e-postalar, kimlik avi, kimlik hirsizligi,
hizmet reddi saldirilar1 ve hatta fidye yazilimi faaliyetleri gibi gesitli siber suglarin
tespit edilmesine ve incelenmesine yardimer olabilmektedir. Ek olarak, balkiipleri,
saldirgan davranigimin tanimlanmasi, saldiri egilimlerinin bulunmasi ve toplanan
icgoriilere dayanarak giivenlik 6nlemlerinin iyilestirilmesi i¢in kullanilabilmektedir
(Amal ve Venkadesh 2023).

6.3. Auditd ile Sistem Cagrilarimin izlenmesi

Siber saldir1 senaryolarmin planlanmasi kapsaminda, son kullanict Linux makinelerine
auditd (Linux Audit Daemon) yiiklenmis ve bu uygulama ile 6zel auditd kurallar
tanimlanmistir. Auditd, Linux platformlarinda ¢esitli giivenlik olaylarini izlemek ve
kaydetmek i¢in kullanilan giiglii bir arag olarak agiklanmistir. Bu ¢alisma, son kullanici
makinelerinde kullanicilarin ve/veya disaridan erigsim saglayan saldirganlarm komut
satir1 izerinden gerceklestirdikleri islemleri denetlemek amaciyla yapilmistir.

Ik olarak, her iki linux makinesine auditd kurulumu yapilmistir. Auditd kurulduktan
sonra, kullanici ve saldirgan aktivitelerini izlemek i¢in 06zel auditd kurallart
tanimlanmigtir.  Auditd’nin  yapilandirilmasi1 tamamlandiktan sonra, sistemde
gergeklestirilen tiim komut satir1 islemleri kontrol edilmis ve detayli loglar
olugturulmustur. Bu loglar, her komut ¢aligtirma isleminin zamanini, hangi kullanici
tarafindan gergeklestirildigini ve hangi komutlarin ¢alistirildigini icermektedir. Bu
loglar, Wazuh ajanlar1 araciligtyla merkezi Wazuh sunucusuna iletilmektedir. Wazuh
ajant, Linux makinesinde siirekli c¢alisarak auditd tarafindan olusturulan loglari
toplamakta ve Wazuh sunucusuna gondermektedir. Wazuh sunucusunda, bu loglar
¢esitli coziimleyici ve kurallar kullanilarak anlamli hale getirilmektedir. Bu kod ¢oziicii
ile edinilen veriler, MITRE ATT&CK matrisi gore haritalanmaktadir. MITRE
ATT&CK matrisi, siber saldirganlarin saldir1 amach kullandiklar: teknik ve taktikleri
iceren kapsamli bir c¢erceve olarak tanimlanmaktadir. Wazuh, bu verileri MITRE
ATT&CK tekniklerine gore siniflandirmakta ve hangi saldir1 tekniklerinin
kullanildigin1 belirlemektedir. Sonug¢ olarak, toplanan ve ¢ézliimlenen loglar MITRE
ATT&CK matrisine gore haritalandirilmakta ve raporlanmaktadir. Bu raporlar, hangi
saldir1  tekniklerinin kullanildigini ve bu tekniklerin nasil tespit edildigini
gostermektedir. Raporlar, gilivenlik ekiplerine iletilerek giivenlik agiklarmin
belirlenmesi ve giderilmesi i¢in kullanilmaktadir. Bu siire¢, son kullanici makineleri
tizerinde gerceklestirilen saldirt simiilasyonlarimin etkin bir sekilde izlenmesini ve
analiz edilmesini saglamaktadir. Bu sayede, kuruluslarin siber giivenlik durusu
degerlendirilmekte ve iyilestirilmektedir.
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Atomic Red Team, kuruluslarin siber giivenlik seviyelerinin Olgiilmesi,
degerlendirilmesi ve iyilestirilmesi amaciyla kullanilan bir agik kaynakli saldir
simiilasyon uygulamasi olarak tanimlanmaktadir. Bu uygulama, MITRE ATT&CK
matrisine dayanan ¢esitli saldir1 tekniklerinin ve taktiklerinin simiile edilmesine olanak
tanimaktadir. Atomic Red Team, giivenlik ekiplerinin olas1 saldirilara kars1 hazirlikli
olmalarin1 saglarken, mevcut giivenlik kontrollerinin etkinliginin de test edilmesini
saglamaktadir. Her bir atomik test, belirli bir saldir1 teknigini hedef almakta ve bu
tekniklerin  giivenlik  kontrolleri iizerindeki etkisi degerlendirilmek {izere
tasarlanmaktadir. Boylece, gilivenlik aciklar tespit edilip giderilerek kurulusun siber
giivenlik durumu siirekli olarak iyilestirilebilmektedir.

Atomic Red Team’in kullanimi, kuruluslarin tehdit avlama ve olay miidahale
kapasitelerinin gelistirilmesine dnemli katkilar sunmaktadir. Testlerin diizenli olarak
uygulanmasi, giivenlik ekiplerine gergek saldirt senaryolari ilizerinde ¢aligma imkant
saglamakta ve giivenlik 6nlemlerinin etkinliginin Slgiilmesine olanak tanimaktadir.
Ayrica, bu simiilasyonlar sayesinde giivenlik a¢1g1 yonetimi siiregleri daha etkin hale
getirilmekte ve personelin bilgi birikimi artirilmaktadir. Atomic Red Team’in sagladigi
yapilandirilmig ve tekrarlanabilir testler, kuruluslarin siber tehditlere kars1 daha direncli
olmalarini saglamakta ve giivenlik olgunlugunun artirtlmasina yardimci olmaktadir. Bu
baglamda, Atomic Red Team, siirekli degisen tehdit ortaminda kuruluslarin proaktif bir
giivenlik stratejisi gelistirmelerine ve uygulamalarina 6nemli bir destek saglamakta
bulunmaktadir.

7. SALDIRI SONUCLARININ ANALIZI
7.1. izleme ve Analiz Sonuglan
Saldirilarin tespit edilmesi ve analiz edilmesi siirecinden elde edilen veriler, izleme ve
analiz sonuglar1 olarak adlandirilmaktadir. Bu veriler, saldirilarin tespit edilmesi,
incelenmesi ve analiz edilmesi i¢in kullanilmaktadir. Bu boliimde, izleme ve analiz

sonuglarinin nasil degerlendirilecegi ve kullanilacag iizerinde durulmaktadir.

Tablo 3. Ttp Sayilar

TTP Kodlan Hit Sayilan
T1078 (Gegerli Hesaplar) 86.794
T1133 (D1s Uzaktan Servisler) 75.525
T1082 (Sistem Bilgisi Kesfi) 56.182
T1119 (Otomatik Veri Toplama) 56.182
T1030 (Veri Aktarim Boyut Sinirlamalart) 50.348
T1043 (Yaygin Olarak Kullanilan Portlar) 50.348
T1071 (Uygulama Katmani Protokolii) 44.175
T1018 (Uzaktan Sistem Kesfi) 35.442
T1036 (Gizlenme) 28,520
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T1041 (Komut ve Kontrol Kanali1 Uzerinden Veri

S1zintist) 28.520
T1053 (Planlanmis Gorev) 28.520
T1102 (Web Servisi) 28.520
T1485 (Veri Yok Etme) 28.520
T1003 (Isletim Sistemi Kimlik Bilgisi Toplama) 27.662
T1048 (Alternatif Protokol Uzerinden Veri Sizintis1) 6.615
T1110.001 (Kaba Kuvvet) 212
T1021.004 (Uzaktan Servisler: SSH) 116
T1020 (Otomatik Veri Sizintisi) 99
T1529 (Isletim Sistemi Kimlik Bilgisi Toplama) 97
T1040 (Ag Dinleme) 24
T1107 (Dosya ve Dizin Izinlerini Degistirme) 24
T1565.001 (Depolanan Verilerin Manipiilasyonu) 23
T1027 (Karmasgiklastirma) 21
T1110 (Kaba Kuvvet) 20
T1059 (Komut ve Betik Yorumlayicilari) 18
T1526 (Ag Servisinde Hizmet Reddi) 6

T-pot tlizerinde toplanan saldirilar, Wazuh platformu araciligiyla MITRE ATT&CK
matrisi gergevesindeki TTP’ler ile detayli bir sekilde iliskilendirilmistir. Bu siirecte,
saldirganlarin kullandig1 belirli tekniklerin toplam hit sayilar1 analiz edilerek, hangi
TTP’lerin daha yaygin olarak tercih edildigi ortaya konulmustur. Bu analizler, giivenlik
ekiplerinin saldirilarin dogasini daha iyi anlamalarina ve hangi alanlarda daha fazla
giivenlik 6nlemi alinmasi gerektigini belirlemelerine yardimci olmaktadir. Her bir
TTP’nin hit sayisinin izlenmesi, saldirilarin zaman i¢indeki trendlerini degerlendirmek
ve potansiyel zayifliklar tespit etmek agisindan biiylik 6nem tasimaktadir. Boylece,
toplanan veriler T{izerinden stratejik kararlar alinmakta, giivenlik politikalar:
giincellenmekte ve sistemlerin dayaniklilig: artirilmaktadir.

Tablo 3'de belirtilen MITRE ATT&CK matris TTP’lerinin Balkiipii test ¢calismasinda
elde edilen toplam 184.750 olay analiz edilmistir. Bu olaylarin her biri, siber saldirilarin
farklt yonlerini yansitmakta olup, bazen birden fazla MITRE ATT&CK TTP’si
(Taktik, Teknik ve Prosediir) ile eslestirilmistir. Bu durum, saldirganlarin karmasik ve
¢ok katmanli yontemler kullanarak sistemlere sizma ve veri elde etme stratejilerinin bir
gostergesi olarak degerlendirilmistir. Ornegin, T1078 (Gegerli Kullanict Hesaplar1)
86.794 kez gibi teknikler, saldirganlarin yetkili hesaplar1 kullanarak daha fazla olayin
tetiklenmesine neden olmakta iken, T1119 (Otomatik Veri Toplama) 56.182 kez
teknikleri de veri toplama siireclerinde siklikla bir arada kullanilmaktadir. Bu ¢oklu
eslesmeler, saldirilarin karmasikligimi ve tespit edilen olaylarin birbirleriyle olan
iliskilerini anlamada kritik bir rol oynamaktadir.

Analiz sonuglari, her bir TTP nin siber gilivenlik tehditleri ile olan baglantisin1 ve hangi
tekniklerin daha yaygm olarak kullanildigini gdstermektedir. Ornegin, T1133 (Dis
Uzaktan Servisler) 75.525 kez ve T1043 (Yaygin Olarak Kullanilan Portlar) 50.348 kez
gibi teknikler, saldirganlarin sistemlere erisim saglamak igin yaygin olarak
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kullandiklar1 yollar1 temsil etmektedir. Bu baglamda, bir olayin birden fazla TTP ile
eslesmesi, sistemin cesitli zafiyetlerine yonelik saldirilarin  gergeklestirildigini
gostermekte ve siber giivenlik alaninda alimacak Onlemlerin  kapsamini
genisletmektedir.

Tablo 4. Ttp Sayilar1

Ttp Grubu Hit Sayisi
T1030 (Veri Aktarim Boyut Siirlandirma) 50.348
T1043 (Yaygin Olarak Kullanilan Portlar)
T1078 (Gegerli Hesaplar)
T1133 (D1 Uzaktan Servisler)
T1036 (Gizlenme)
T1041 (Komut ve Kontrol Kanali Uzerinden Veri Sizintist)
T1053 (Planlanmig Gorev)
T1082 (Sistem Bilgisi Kesfi)
T1102 (Web Servisi)
T1119 (Otomatik Veri Toplama)
T1485 (Veri Yok Etme)
T1003 (Isletim Sistemi Kimlik Bilgisi Toplama) 27.662
T1078 (Gegerli Hesaplar)
T1082 (Sistem Bilgisi Kesfi)
T1119 (Otomatik Veri Toplama)

Tablo 4’te verilen MITRE TTP degerleri, Wazuh analizinde etiketlenmis saldirt
tekniklerinin etkinligi ve yaygmlhg: gosterilmektedir. ik grupta, T1030 (Veri Aktarim
Boyut Sinirlamalari), T1043 (Yaygin Olarak Kullanilan Portlar), T1078 (Gegerli
Kullanic1 Hesaplari) ve T1133 (D1s Uzaktan Servisler) toplam 50.348 hit almistir. Bu
durum, sistemlere erisim saglamak i¢in saldirganlarin kimlik dogrulama ve ag yonetim
protokollerini hedef alma egiliminde olduklarini ortaya koymaktadir. Bu tekniklerin
yiiksek hit sayisi, giivenlik ekiplerinin kimlik bilgilerini koruma ve ag ydnetim
stratejilerini giiglendirme gerekliligini vurgulamaktadir.

Ikinci grupta ise, T1036 (Gizlenme), T1041 (Komut ve Kontrol Kanali Uzerinden Veri
Sizintis1), T1053 (Zamanlayici Gorevler), T1082 (Sistem Bilgisi Kesfi), T1102 (Web
Servisi) ve T1119 (Otomatik Veri Toplama) toplam 28.520 hit almistir. Bu gruptaki
teknikler, daha karmasik ve ¢ok katmanli saldir1 stratejilerinin benimsendigini
gostermektedir. Ozellikle, sistem bilgilerini toplama ve kotii niyetli yazilim yerlestirme
gibi faaliyetler, siber tehditlerin daha karmagik hale geldigini ortaya koymaktadir.

Son olarak, T1003 (Isletim Sistemi Kimlik Bilgisi Toplama), T1078 (Gegerli Kullanici
Hesaplar1), T1082 (Sistem Bilgisi Kesfi) ve T1119 (Otomatik Veri Toplama) teknikleri
toplam 27.662 hit almistir. Bu veri, kimlik bilgileri calma ve kotii amacgli yazilimlar
kullanarak —sistemlere sizma girisimlerinin odak noktasi haline geldigini
gostermektedir. Genel olarak, bu analiz, saldirilarin hangi alanlarda yogunlastigini ve
hangi tekniklerin daha fazla dikkat ve dnlem gerektirdigini belirlemek agisindan degerli
bir kaynak sunmaktadir. Giivenlik ekipleri, bu verileri kullanarak savunma stratejilerini
giincelleyebilir ve onceliklendirebilir.
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Savunma stratejileri gelistirirken, bu tekniklerin birbirleriyle olan iliskileri goz 6niinde
bulundurularak, saldir1 tespit ve Onleme siireclerinde daha etkili olunmasi
saglanmaktadir. Genel olarak, bu analiz saldirganlarin daha sik tercih ettigi teknikleri
ve saldirt vektorlerini ortaya koyarak, savunma stratejilerinin hangi alanlara
odaklanmasi gerektigine dair 6nemli ipuglart sunmaktadir. Savunma stratejilerinin
giiclendirilmesi ve olasi saldirilarin 6nlenmesi i¢in bir dizi ¢6ziim Onerisi ve aksiyonlar
bulunmaktadir. Oncelikle, T1078 (Gegerli Kullanic1 Hesaplar1) ve T1082 (Sistem
Bilgisi Kesfi) tekniklerinin sik¢a kullanildigt goz dniinde bulundurularak, giiclii kimlik
dogrulama yontemlerinin uygulanmast ve ¢ok faktorli kimlik dogrulamanin (MFA)
zorunlu hale getirilmesi kritik bir 6nem tagimaktadir. Kullanict hesaplarinin diizenli
olarak denetlenmesi ve giipheli etkinliklerin izlenmesi de gereklidir.

Ayrica, T1030 (Veri Aktarim Boyut Sinirlamalari) ve T1041 (Komut ve Kontrol Kanali
Uzerinden Veri Sizintisi) tekniklerine karsi, veri transferlerinin izlenmesi ve anormal
bliylik veri hareketlerinin tespit edilmesi i¢in gelismis veri kaybi 6nleme (DLP)
¢oztiimleri kullanilmalhidir. Ag trafiginin sik¢a kullanilan portlar, T1043 (Yaygin Olarak
Kullanilan Portlar) iizerinden izlenmesi ve analiz edilmesi, potansiyel gizlenmis
saldirilarin tespit edilmesine yardimci olabilmektedir. T1036 (Gizlenme) ve diger
gizlenme tekniklerine karsi, davranis tabanli izleme ve analiz araglariin kullanilmasi,
mesru siireclerin taklit edilmesini zorlagtirmaktadir. Ayrica, T1133 (Dis Uzaktan
Servisler) ve T1018 (Uzaktan Sistem Kesfi) tekniklerine karsi, dis ag baglantilarinin
siki denetimi ve sadece gerekli erisimlerin izin verilmesi, ag {izerindeki kesif ve erigim
saldirilarini azaltmaktadir. Diizenli siber giivenlik egitimleri ve farkindalik programlari
ile ¢alisanlarin bu tiir saldirt tekniklerine karsi bilinglendirilmesi, insan hatasindan
kaynaklanan zafiyetlerin azalmasina katki saglamaktadir. Bu ¢dziim Onerileri ve
aksiyonlar, genel savunma hattinin giiglendirilmesine ve olasi saldirilarin bagari
sansinin 6nemli 6l¢iide diistiriilmesine yardimci olmaktadir.
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Sekil 2. Mitre Taktik Sayilar

110



S. Toks6z, M. Turan Linux Platformunda MITRE ATT&CK Matrisi Kullanarak Saldirt Planlama ve Uygulama

Arastirma bulgulari, sistemlerde kaliciligin saglanmasi, giivenlik 6nlemlerinin
atlatilmasi ve yetki yiikseltme gibi saldirilarin en yaygin oldugu gostermektedir. Sekil
2'de detaylandirildig: tizere, T-Pot iizerinden tespit edilen 184.750 adet olayin MITRE
taktiklere eslestirilmesi sonucunda bir tablo olusturulmustur. Bir olay, birden fazla
MITRE taktik ile eslestirilebilmektedir. Kalicilik kategorisinde, 140.491 saldiri
sayisiyla en yiiksek deger elde edilmistir, bu da saldirganlarin sistemde kalic1 olma
cabalarinin belirgin oldugu gosterilmektedir. Ayricalik Yiikseltme ve Savunma
Kacirma, her biri 115.335 saldir1 ile dikkat gekmekte ve bu, saldirganlarin daha fazla
yetki elde etme ve giivenlik Onlemlerini atlatma c¢abalarinin 6nemli oldugu
gosterilmektedir. {1k Erisim 11.197 ve Sizma 8.558 olaylar1 da oldukgca yiiksek olup,
saldirganlarin sisteme giris yapma ve daha fazla yayilma konusundaki basarilarinin
yansimasi olarak goriilmektedir. Kesif 91.654 ve Koleksiyon 56.182 saldirilari,
saldirganlarin sistem hakkinda bilgi toplama ve veri ¢alma ¢abalarinin 6nemli bir
kismint olusturdugu gosterilmektedir. Kimlik Bilgileri Erigimi 27.918 ve Komuta ve
Kontrol 72.695 saldirilari, kimlik bilgilerini elde etme ve sistemle siirekli iletisim
kurma ¢abalarinin yaygin oldugu gosterilmektedir. Etki 28.640 ve Yiiriitme 28.640
saldirilari, saldirganlarin sistem tizerinde zararli islemler gerceklestirme cabalarini
gostermekteyken, Yanal Hareket 116 saldirilart en diigiik kategoriyi olugturmus ve
saldirganlarin sistem iginde yatay hareketlerinin nispeten daha az oldugu ortaya
konmustur. Bu veriler, savunma stratejilerinin kaliciligin engellenmesi, giivenlik
onlemlerinin gii¢lendirilmesi ve Ayricalik Yiikseltme girisimlerinin tespit edilmesi
konularina odaklanmasi gerektigini gostermektedir.

Saldirganlar, bir sisteme ilk erisimi sagladiktan sonra kalicilig: siirdiirmek igin ¢esitli
yontemler kullanmaktadir. Benzer sekilde, Ayricalik Yiikseltme ve Savunma Kagirma
teknikleri de siklikla birlikte kullanilabilmektedir; saldirganlar, ayricaliklarimi
yiikselterek daha fazla yetki elde eder ve savunma mekanizmalarini atlatmak igin gesitli
stratejiler gelistirmektedirler.

Ik Erisim ve Ayricalik Yiikseltme saldirilarinin &nlenmesi igin, giiclii kimlik
dogrulama yontemleri ve ¢ok faktorlii kimlik dogrulama (MFA) kullanilmasinin 6nemi
vurgulanmaktadir. Kullanict hesaplarmin diizenli olarak denetlenmesi ve siipheli
etkinliklerin izlenmesi de saldirilarin 6nlenmesinde kritik rol oynamaktadir. Kalicilik
ve Savunma Kagirma tekniklerine karsi, davranig tabanli izleme ve analiz araglarinin
kullanilmas1 gerekmektedir. Bu araglar, anormal etkinliklerin tespit edilmesine ve hizli
miidahale edilmesine olanak tanimakta, bdylece saldirganlarin sistemde kalici hale
gelmesi zorlastirilmaktadir.

Ag segmentasyonu ve mikro-segmentasyon stratejilerinin, yanal hareketi sinirlayarak
saldirganlarin ag i¢inde yayilmasini zorlagtirabilecegi belirtilmektedir. Ayrica, kesif
asamasinda anormal ag trafigini tespit edebilecek gelismis ag izleme araglarinin
kullanilmas1 6nem arz etmektedir. Koleksiyon ve Komuta ve Kontrol tekniklerine
karsi, gelismis veri kaybi onleme (DLP) ¢6ziimleri ve ag trafigi analiz araglarn
kullanilarak, verilerin disartya sizdirilmasinin engellenebilecegi ifade edilmektedir.
Anormal veri transferlerinin izlenmesi ve engellenmesi gereklidir.

Calisanlarin siber giivenlik farkindaligini artirmak icin diizenli egitim programlarinin

diizenlenmesi gerektigi onerilmektedir. Bu programlar, insan hatasindan kaynaklanan
zafiyetlerin azaltilmasina yonelik olmali ve ¢aliganlar, kimlik avi saldirilar1 ve sosyal
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miihendislik gibi tehditler konusunda bilinglendirilmelidir. Bu aksiyonlar ve 6nlemler,
saldirganlarin basarili olma sansini azaltarak genel savunma hattinin giiglenmesine
katk1 saglayacak ve kurulusun siber giivenlik durusunun 6nemli 6lgiide iyilestirilmesini
saglayacaktir.
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Sekil 3. Ttp Toplam Rakamlar1

Sekil 3’deki arastirma bulgularina gore, ¢esitli MITRE ATT&CK TTP'lerinin yaygin
olarak kullanildig1 goriilmiistiir. Gegerli Hesaplar (T1078), 86.794 saldirt ile en yiiksek
degeri almig olup, bu, saldirganlarin mevcut hesaplar1 kullanarak sistemlere erisim
saglama ¢abalarmin yogun oldugunu gostermektedir. Sistem Bilgisi Kesfi (T1082) ve
Otomatik Veri Toplama (T1119) teknikleri de her biri 56.182 saldiri ile oldukea yiiksek
bir oranda kullanilmistir. Bu da, saldirganlarin sistem hakkinda bilgi toplama ve veri
toplama gabalarinin yaygin oldugunu gostermektedir.

Veri Aktarim Boyutu Sinirlar1 (T1030), 50.348 saldirt ile saldirganlarin biiytlik veri
setlerini gizlice aktarma cabalarinin yogun oldugunu gostermektedir. Harici Uzak
Hizmetler (T1133), 75.525 saldin ile saldirganlarin yaygin kullanilan ag noktalarini
hedef alma egiliminde oldugunu ortaya koymaktadir. Zamanlanmis Gorev/is (T1053)
ve Komut ve Kontrol Kanali Uzerinden Sizma (T1041), her biri 28.520 saldir1 ile
saldirganlarin kalicilik saglama ve komuta ve kontrol kanallar1 tizerinden veri sizdirma
¢abalarint vurgulamaktadir. Maskeleme (T1036) ve Uygulama Katmani1 Protokolil
(T1071), 28.520 ve 44.175 saldirt ile saldirganlarin varliklarini gizleme ve veri
iletisimini stirdlirme stratejilerini gostermektedir.

SSH (Secure Shell) (T1071) ve Sifre Tahmin Etme (T1110), her biri 116 ve 212 saldir1
ile, daha az yaygin olmakla birlikte 6nemli tehditler olarak tespit edilmigtir. Web
Hizmeti (T1102) ve Isletim Sistemi Kimlik Bilgisi Dokiimii (T1003), sirastyla 28.520
ve 27.662 saldir ile saldirganlarin web tabanli uygulamalari ve isletim sistemi kimlik
bilgilerini hedef alma egiliminde olduklarim gostermektedir.
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Bu veriler, giivenlik stratejilerinin, gegerli hesaplarin korunmasi, sistem bilgisi kesfi ve
otomatik veri tahsilati gibi yiiksek riskli alanlara odaklanmasi gerektigini ortaya
koymaktadir.

Toplam Hit Sayist
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Sekil 4. Uygulama Protokol Sayilari

Alman saldirilarin analizi sonucunda elde edilen verilere gore, saldirilarin uygulama
protokollerine gore dagilimi Sekil 4’de gosterilmistir. En fazla saldiriya maruz kalan
protokol, 62.687 islemle HTTP (Hypertext Transfer Protocol) olmustur. Bu durum,
HTTP protokoliiniin yaygin kullanimindan ve giivenlik agiklarinin sik¢a hedef
alinmasindan kaynaklanmistir. Ikinci sirada ise TLS (Transport Layer Security)
protokolii yer almakta olup, toplamda 17.697 islem kaydedilmistir. TLS, giivenli
iletisim saglamak i¢in yaygin olarak kullanildigindan, saldirganlar bu protokolii hedef
alarak giivenlik aciklarini sdmiirmeye ¢alismistir.

Uciincii sirada SMB (Server Message Block) protokolii yer almakta olup, toplamda
10.799 islem kaydedilmistir. SMB, ozellikle dosya paylasimi ve ag iletisimi icin
kullanilan bir protokol oldugundan, saldirganlarin ilgisini ¢ekmistir. DNS (Domain
Name System) protokolii lizerinden 9.750 islem gergeklestirilmistir. DNS saldirilari,
internet trafiginin yonlendirilmesinde kritik bir rol oynayan DNS sunucularini hedef
alarak, kullanicilarin yanlis yonlendirilmesi veya servis kesintilerine yol agilmasini
amaglamaktadir.

Analiz sirasinda belirlenen 499 islem, hangi protokol kullanilarak yapildigi tespit
edilemedigi i¢in “failed” olarak smiflandirilmistir. Bu islemler, saldirilarin
karmagikligini ve bazi durumlarda kullanilan araglarin tespit edilememesini
gostermektedir. Diger protokoller ise daha az saldirtya maruz kalmigtir: Telnet
iizerinden 165, SSH iizerinden 73, SMTP (Simple Mail Transfer Protocol) lizerinden
34, SNMP (Simple Network Management Protocol) iizerinden 15, FTP (File Transfer
Protocol) iizerinden 13, TFTP (Trivial File Transfer Protocol) iizerinden 8, IKE
(Internet Key Exchange) tizerinden 7, DCERPC (Distributed Computing Environment
Remote Procedure Call) {izerinden 6 ve NTP (Network Time Protocol) iizerinden 2
islem kaydedilmistir.
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Bu protokoller, nispeten daha az kullanilmakta veya daha iyi korunmug olduklarindan,
saldirganlar tarafindan daha az hedef alinmistir. Analiz, saldirganlarin genellikle yaygin
ve kritik protokolleri hedef aldigimi ortaya koymustur. Ozellikle HTTP ve TLS
protokollerine yonelik saldirilarin yiiksek sayida olmasi, bu protokollerin giivenliginin
saglanmasinin 6nemini vurgulamaktadir. Daha az saldirtya maruz kalan protokoller bile
dikkate alinmal1 ve giivenlik 6nlemleri siirekli olarak giincellenmelidir.
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Sekil 5. Protokol Ozeti

Sekil 5°de detaylandirildigi tizere, ag protokollerine gore dagilimin belirgin farkliliklar
gosterdigi ortaya konulmustur. T-Pot {izerinden toplanan ve analiz edilen 184.750
olaym protokol bazinda kirilimiin tespit edilmis oldugu goériilmiistiir. Bu analiz, TCP
(Transmission Control Protocol) ve UDP (User Datagram Protocol) protokollerinin
saldirilarin biiyiik bir kismini olusturdugunu gostermektedir. En fazla saldiriya maruz
kalan protokol TCP olup, toplamda 136.760 islem kaydedilmistir. TCP, internetin
temel iletisim protokollerinden biri olup, bir¢ok uygulamanin veri iletimi icin
kullandig: bir protokol oldugundan, saldirganlar tarafindan siklikla hedef alinmaktadir.
TCP iizerinden gergeklestirilen saldirilarin, genellikle hizmet engelleme DoS (Denial
of Service) saldirilari, oturum kagirma veya kotii amaglh yazilim yayma gibi amaglarla
yapilmis oldugu goriilmiistiir.

Ikinci sirada, toplamda 45.725 islemle UDP protokolii yer almaktadir. UDP, TCP'ye
gore daha az giivenli kabul edilmekle birlikte, hizli veri iletimi sagladig1 i¢in birgok
uygulama tarafindan tercih edilmektedir. UDP iizerinden gerceklestirilen saldirilarin,
genellikle DNS (Domain Name System) yansima (reflection) saldirilari, DDoS
(Distributed Denial of Service) saldirilar1 veya ag hizmetlerinin zayifliklarmi hedef
alan diger saldirilar olabilecegi goriilmustiir.

Daha az sayida saldirtya maruz kalan protokoller arasinda IPv6-ICMP (Internet Control
Message Protocol) ve ICMP bulunmaktadir. IPv6-ICMP protokolii {izerinden 22 iglem,
ICMP protokolii lizerinden ise 13 islem kaydedilmistir. ICMP protokolleri, genellikle
ag teshis ve hata mesajlar i¢in kullanilmaktadir. Bu nedenle, saldirganlar tarafindan
diger protokoller kadar sik hedef alinmamaktadir. Ancak, ICMP protokolleri iizerinden
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yapilan saldirilarin, ag altyapisina zarar vermek veya ag haritalamasi (network
mapping) gibi amaglarla kullanilabilecegi goriilmiistiir.

Bu analiz, saldirganlarin genellikle yaygin ve kritik iletisim protokollerini hedef
aldigim gostermektedir. TCP ve UDP protokollerine yonelik saldirilarin sayisimin
yliksek olmasi, bu protokollerin giivenliginin saglanmasinin ne kadar énemli oldugunu
vurgulamaktadir. Daha az saldiriya maruz kalan ICMP ve IPv6-ICMP protokollerinin
bile dikkate alinmasi ve bu protokoller iizerinden yapilabilecek olasi saldirilara karsi
onlemler alinmasi gerektigi sonucuna varilmaktadir.
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Sekil 6. Olay Tiirii Bazinda

Sekil 6’da alinan saldirilarin ¢esitli olay tiirleri bazinda incelenmis oldugu goriilmiistiir.
T-Pot sistemi {izerinden toplanan 184.750 olayin analizi ve etiketlenmesi sonucunda
¢esitli event tiirleri tespit edilmistir. En yiiksek hit sayisina sahip olan HTTP olaylari,
27.662 kez kaydedilmis olup, bu da web tabanli saldirilarin ve etkilesimlerin
yayginligini gostermektedir. DNS olaylari ise 35.442 kez kaydedilmis olup, ag tabanli
iletisimin énemli roliinii vurgulamaktadir.

Bunun yani sira, dosya bilgilerine dair olaylar 28.522 kez rapor edilmis olmustur, bu
da saldirganlarin dosya manipiilasyonu ve bilgi toplama faaliyetlerine odaklanmis
olduklarin1 gostermektedir. TLS ve alert olaylari, sirastyla 8.733 ve 25.177 hit alarak,
glivenlik tehditlerinin ve sifreli iletisimin izlenmesinin dnemini ortaya koymustur. Bu
olay tiirlerinin analizi, saldirganlarin hangi alanlarda daha yogun faaliyet gosterdigini
ve giivenlik stratejilerinin hangi olay tiirlerine daha fazla odaklanmasi gerektigini
ortaya koymustur.

Ayrica, akis verileri (flow) 50.348 hit ile dikkat ¢cekmis olup, bu da ag trafiginin
analizinin ve yonetiminin kritik bir unsur oldugunu gostermektedir. SMB olaylar1
6.412 kez kaydedilmisken, anomali durumlar ise yalnizca 166 defa tespit edilmistir,
bu da anormal durumlarin nadir oldugunu gostermektedir. Diger olay tiirleri, 6rnegin
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IKE, SNMP ve SMTP olaylari, toplamda daha diisiik hit sayilar1 ile kaydedilmis
olmustur, bu da belirli protokollerin kullaniminin siirl oldugunu ortaya koymaktadir.

Bu bulgular, siber giivenlik alaninda proaktif 6nlemler almak ve saldirilarin dogasini
daha iyi anlamak i¢in degerli bilgiler sunmug olmaktadir. Saldirilarin gesitli protokoller
ve hedefler {izerinde odaklandig1 gosterilmistir. Ozellikle HTTP ve DNS gibi yaygin
olarak kullanilan servislerin saldiriya maruz kalmig olmalar1 dikkat ¢ekicidir. Dosya
bilgisi ve TLS ile ilgili olaylar da muhtemelen sistemlere erisim veya hassas verilere
erisim girisimlerini yansitmaktadir. Uyarilar ise genellikle potansiyel tehditler veya
ihlaller konusunda uyar1 veren sistemler tarafindan olusturulmus olup dikkatle
incelenmelidir.

Ancak, ¢ok diisiik sayida gergeklesen anormallikler ve diger nadir olaylar, genel olarak
diisiik risk tagisa da goz ardi edilmemelidir; ¢linkii bunlar da potansiyel olarak yeni ve
gelisen tehditlerin gostergesi olabilir.

HTTP ve DNS saldirilarina karsi daha gii¢lii koruma 6nlemleri uygulanmis olmalidir;
bu, Web Uygulama Giivenlik Duvarlari (WAF) ve DNS giivenlik ¢ozlimleriyle
desteklenmis olmalidir. Dosya bilgisi ve TLS erisimlerinde giivenlik kontrolleri
sikilastirilmali, hassas verilere erisim icin kati kimlik dogrulama ve yetkilendirme
politikalar1 benimsenmis olmalidir. Uyarilar derhal incelenmis olmali ve etkili tepki
planlar1 olusturulmus olmalidir. Ag akisi ve SMB protokolii {izerindeki giivenlik
zafiyetleri azaltilmali, yeni veya gelisen tehditler igin tehdit algilama sistemleriyle
stirekli izleme saglanmalidir. Personel giivenlik farkindaligi egitimleri almali ve sosyal
miihendislik saldirilarina karsi bilinglendirilmis olmalidir.

Giivenlik onlemleri siirekli olarak gdzden gegirilmis ve iyilestirilmis olmali, yeni
tehditlere karst proaktif 6nlemler alinmig olmalidir.

8. SONUCLAR VE GELECEK CALISMALAR

Bu caligmanin temel amaci, Linux platformunda MITRE ATT&CK matrisi
gergevesinde saldirilarin nasil etkin bir sekilde planlanip uygulanabilecegi gdsterilmis
olmustur. MITRE ATT&CK matrisi, saldirganlarin kullandig1 Taktikler, Teknikler ve
Prosediirler (TTP'ler) kapsamli bir sekilde belgelenmis ve savunma mekanizmalarini
gliclendirmek isteyen kuruluslara rehberlik edilmistir. T-Pot Balkiipii, Wazuh, auditd
ve Atomic Red Team gibi araclar kullanilarak gerceklestirilen bu saldirilar, MITRE
ATT&CK matrisindeki farkli taktikler iizerinden degerlendirilmis olmustur.

Tespit edilen saldir1 sayilar1 ve bu taktiklerin siklig1, sistemlerin hangi alanlarda daha
fazla savunmasiz oldugu acik¢a ortaya konmus olmustur. Balkiipii tabanli bu yaklagim,
saldirilar gerceklestiren aktorlerin taktik ve tekniklerini daha iyi anlamamiza olanak
tanimis ve ayni zamanda savunma stratejilerinin gelistirilmesine katki saglanmis
olmustur. Bu yontemlerin belirlenmesi ve raporlanmasi, ag giivenligi uzmanlarina
saldirilar1 6nceden tespit etme ve etkili bir sekilde karsilama konusunda kritik bir rol
oynamis olmustur.

116



S. Toks6z, M. Turan Linux Platformunda MITRE ATT&CK Matrisi Kullanarak Saldirt Planlama ve Uygulama

Bu ¢alisma, bal petegi kullaniminin artan etkisinin ve bu teknolojinin siber giivenlik
pratigine nasil entegre edilebileceginin gosterildigi bir arastirma olmustur. MITRE
ATT&CK matrisi g¢ercevesinde yapilan bu c¢aligma, siber giivenlikteki yeni
yaklagimlarin ve savunma stratejilerinin gelistirilmesine ilham verilmesine katki
saglanmis olmustur. Bu arastirma, siber giivenlik alanindaki bilgi ve uygulamalarin
derinlestirilmesine olanak tanirken, ayn1 zamanda savunma ekiplerinin saldirilara karsi
nasil daha etkin bir sekilde hazirlanmalar1 gerektigine dair 6nemli bilgiler sunmus
olmustur.

Saldirganlarin sistem i¢inde yatay gecis yaparak diger makineler izerinde kontrol elde
etme cabalar1 belirli dl¢tide tespit edilmis olmustur. Kullanici kimlik bilgilerine erigim
denemelerinin  yiikksek sayida olmasi, kimlik dogrulama mekanizmalarinin
giiclendirilmesi gerektigini ortaya koymus olmustur. Saldirganlarin zararli kod
calistirma girisimleri, giivenlik agiklarinin ciddi bir tehdit olusturdugunu géstermistir.
Ayrica, saldirganlarin uzaktan komut ¢alistirma yeteneklerinin, sistemlerin kontroliinii
ele gecirme riski tasidigr goriilmiis olmustur.

Hassas verilerin toplanmasina yonelik saldirilar, veri giivenliginin 6ncelikli bir konu
oldugunu isaret etmistir. Yapilan ¢aligma ve saldirt senaryosu kapsaminda, sistemin
zayif noktalarini kesfetme cabalariin yogunlugu, saldirganlarin detayli bilgi toplama
girisimlerinde bulundugunu gdstermis olmustur. Saldirt sonuglari incelendiginde,
sisteme izinsiz giris denemelerinin yiiksek sayida olmasi, disaridan gelen tehditlere
kars1 daha giiglii bir koruma gerektigini ortaya koymus olmustur.

Bu saldirt simiilasyonu kapsaminda, ilk erisim denemelerinin fazlaligi, saldirilarin
baslangi¢ noktalarmin giivenliginin yetersiz oldugunu gostermistir. Saldirganlarin
savunma mekanizmalarini atlatma ve sistemdeki ayricaliklarini artirma girisimleri,
mevcut giivenlik 6nlemlerinin giiclendirilmesi gerekliligini ortaya koymus olmustur.
Bu caligmanin bir sonucu olarak, saldirganlarin sistemde kalici olarak yerlesme
cabalarinin yiiksek sayida olmasinin, uzun vadeli tehditlerin varligina isaret ettigi
seklinde yorumlanmig olmalidir.

Tablo 5'de goriildiigii iizere literatiirde bulunan calismalar genel olarak, balkiipii
kullanarak siber giivenligi gelistirmeye yonelik cesitli arastirmalara bir bakis
sunmaktadir. Bizim ¢alismamiz, diger aragtirmalarla benzer sekilde, Linux sistemlerine
yonelik siber saldirilarin tespiti ve analizine odaklanmakta olup, balkiipli tabanl bir
yaklasim kullanilmaktadir. Bu ¢aligmalardaki ortak tema, saldir1 tekniklerini
siniflandirmak ve anlamak i¢cin MITRE ATT&CK c¢ergevesinin kullanilmasinda
yatmaktadir. Ayrica, bu makalelerin ¢ogu, ¢esitli saldir1 tiirlerini test etme amacini
glitmektedir. Ancak, bizim caligmamiz, kullanilan araglar acisindan bildigimiz
kadartyla benzersizdir; saldir1 simiilasyonuna verilen &nem ve siber giivenlik
uzmanlarina yardimci olmay1 hedefleyen yaklasimi ile 6ne ¢ikmaktadir.
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Tablo 5. Literatiir Caligmalarin Karsilastirmast

Kullamlan Kullanila Kullainllan T-Pot Test Edilen Wazuh
Makale Sonuglar n Balkiipii Saldir1
Metod . I Kullanimi . . Kullanim
Teknoloji | Cesitleri Tiirleri
65 saldir
verisi kaydi
Viiksek belirli bir siire
etkilesimli bir t"’ylzgfé‘l o
balkiipii tehdit h‘j[';rkezf :
yonetim diisiim. siirekli Genel
sistemi igin U, ¢ saldur
- saldirilara
modiiler rasmen davranisi,
A Highly | tasarim iigvenli Yiiksek belirli tiirler
Interactiv | asagidaki £ etkilesimli: acikca
. tutulmustur. . L .
e modiillere Bu yéntem Glastopf Shadow Gegerli belirtilmemi
Honeypot | ayrilmistir.Gla y . Pl Daemon, degildir stir, ancak
geleneksel ag | MongoD Hayir
-Based stopf, tohdit vénetim | B Ehoney (Not kaynak SQL
Approach | savunmasiz nait yone Diisiik Applicable) | enjeksiyonu
yontemlerine [ o
to web Kavasla énemli etkilesimli: gibi
Network | sunucularini a ﬁ?lst;l:re Glastopf giivenlik
simiile etmek v {d d aciklarina
icin diigiik sunmaxtadir. odaklanmigt
¢ 3 Sistem. $
etkilesimli bir mevcuE as Ir.
balkiipii olarak ortamn df
kullanilmaktad | .. .
i« giivenlik
: saglamakta
etkili oldugu
kanitlanmigtir.
17 giin RDP brute-
boyunca 1.5 force
Sistemin milyon olay denemeleri,
biitiinlugii toplanmugtir. SSH brute-
An korunurken Daha dnce . force
Improved | saldirganlarla belgelenmemis Wazqh, YukselF .. denemeleri,
- ) Elasticsea | etkilesimli: .
Honeypot | daha yiiksek Kompromize rch- Ozel Gegerli Apache
Model for | etkilesim Gostergeleri P degildir Web
< . .. | Logstash- | balkiipleri Hayir
Attack saglanmasi (I0C'ler) tespit Kibana (detaylar (Not Sunucusu
Detection | amaciyla yeni | edilmistir. Bu ey Applicable) | ve Apache
. e (ELK), saglanmami s
and bir balkiipii sonuglar, IPTables r) Druid'teki
Analysis | modelinin literatiirdeki $ giivenlik
tasarimi benzer agiklarini
yapilmugtir. dagitimlar ile istismar
karsilastirilabil etme
ir niteliktedir. girigimleri.
An Verilen alinti,
Ad . herhangi bir
e spesifik Phishing,
Z roach sonucu stireklilik ve
Cgll‘)n arin belirtmemekte yatay
o P Statik ve dir. Bu alinti, hareketle
. dinamik siber ilgili
Windows analizlerin giivenlikle . . zafiyetlerin
and . AP Belirtilme L. Gegerli L
K kot amagh ilgili ¢esitli s Belirtilmem A istismari,
Linux 1 . migtir istir (N degildir belirli H
Security yazilim tespiti | mevcut (Not istir (Not (Not elirli ayir
tizerindeki caligmalart . specified) . saldirt
Hardness Kinlisi Szetl specified) Applicable) iirleri
Using etkinligi ozetlemeye turleri
Mitre incelenmekted | odaklanmakta metinde
ir. dir, bunlar ayrintili
FAIJHX;‘S]OK arasinda kotii olarak
X for amagli yazilim belirtilmemi
Offensive tespiti stir.
Securit teknikleri de
y bulunmaktadir.
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Kullamlan Kullanla Kullalnl!_an T-Pot Test Edilen Wazuh
Makale Sonuclar n Balkiipii Saldir1
Metod . e Kullanim . . Kullanim
Teknoloji | Cesitleri Tiirleri
MITREA Saldir
Enterprise simiilasyonlari
ATT&CK . maky Gegerli
Matrisi'ne yap da lérln degildir
dayali olarak, iy 51 (MITRE
kurumsal urum anna ATT&CK
Cyber - o yonelik bilinen .
. giivenlik igin o . gergevesi
security ; . tehditleri, Gegerli
enterpriseLan X . kullanilarak
threat ! . potansiyel degildir(Not
. g' ad1 verilen . . . saldirt
modeling . . azaltma Belirtilme | Applicable) | Gegerli
bir tehdit . . - . AN senaryolarin
based on ... | 6nlemleri, en mistir Tehdit degildir
modelleme dili mn Hayir
the Snerilmektedic kisa saldirt (Not modelleme, | (Not modellenm
MITRE gafdm SR yollart ve specified) | balkiipii Applicable) sir?ee enme
Enterpris . diismanlarin dagitimi
simiilasyonlarr | . . S odaklanilma
e kullatlarak | S8t degil kta, belirli
ATT&CK | . . tehlikeye >
giivenlik C saldir1
atmak i¢in P
ayarlar1 ve L tiirlerine
A gereken siireyi
mimari deserlendirmel odaklanilma
degisiklikler cgeriendirme maktadir).
. erine olanak
incelenmekted
it. tanimugtir.
Brute Force
saldirilari
karsisinda
sunucu
bilgisayarlar
Developi | tizerindeki Bir saldir
ng olay yanit1 gergeklestigin
Proactive | analiz de, SIEM SSH brute-
Cyber teknikleri saldirty1 Gecerli force
Threat kullanilmaktad | "Parola Belirtilmem de“cil dir saldirilar:
Defense ir. SIEM Tahmini", bir | SIEM istir (Not (N%)t (6zellikle Hayir
Systems | sistemi, SSH Brute specified) Applicable) Sifre
on Server | saldirlar Force Saldirist PPUCADIC) | Tahmin
Computer | MITRE olarak Etme)
s Using ATT&CK kaydeder ve
Honeypot | cergevesi ile tanimlar.
karsilastirarak
saldir
tekniklerini
tanimlamaktad
1T
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Kullamlan Kullamla Kullalnl!_an T-Pot Test Edilen Wazuh
Makale Sonuclar n Balkiipii Saldir1
Metod . e . Kullanim . . Kullanim
Teknoloji | Cesitleri Tiirleri
SQL
Injection,
Cross-Site
Scripting
(XSS),
Nmap
taramalari,
sizma
saldirilart
(genis bir
kategori
olup, sizma
igindeki
belirli
teknikler
ayrmtili
olarak
belirtilmemi
stir), cesitli
protokollere
yonelik
saldirilar
(FTP,
HTTP,
HTTPS,
SSH), ve
CSE-CIC-
2018 veri Hayir
setinde
bulunan
saldirilar

Yanlis pozitif
oranlari, dogru
pozitif
oranlari,
- dogruluk ve Diisiik
Enhancin | BAIKPT. ilgili etkilesim:
verilerini o

g False metriklerin Honeyd

.. IDS/IPS .
Positive kularvla nicel Orta
Detection | Y lgtimleri, etkilesim:

inIDs- | cntegreeden | harinin TPOT Cowrie,
hibrit bir Honeyd, . .
CE'nin Dionaea,

IPS aklasim etkinligini Collapsar.
Using yacay degerlendirmis Sno rtp ’ | SentryPeer, | Snare,
. DICOMPot, | Tanner,

Honeypot gelistirilmistir tir. Sonuglar, TPOT CE
HoneyTrap, | Citrix

. Bu yaklagimim
s: A Case etkinligi, CSE- yanh‘s . Honeynet
Study .| pozitiflerin Glutton Honeypot
. CIC-2018 veri .
with seti azaldigini Snare ve (cok esitli
CSE- gOstermistir. Tanner gibi gox ge3
kullanilarak o saldirt
CIC-2018 ~ .. Verilerin orta P
degerlendirilm .. U tiirlerini
Dataset analizi, etkilesimli .
- . icermekte
saldirgan balkiipleri .
olup, hepsi
davranislari tind
hakkinda metinde
icgoriiler agtkga
listelenmem
sunmustur. istir; ancak
kaynak,
brute force,
DoS,
heartbleed,
botnet,
sizma ve
DDosS gibi
ornekleri
belirtmekted
ir)
kullanilarak
yapilan
saldirilar
tanimlanmig
tir.

istir.
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Kullamlan Kullanla Kullalnl!_an T-Pot Test Edilen Wazuh
Makale Sonuclar n Balkiipii Saldir1
Metod . e Kullanim . . Kullanim
Teknoloji | Cesitleri Tiirleri
Cesitli
protokoller
(SSH, FTP,
Telnet,
HTTP,
HTTPS,
IMAP,
T-Pot, IMAPS,
Cockpit, POP3,
Conpot, POP3S,
SHODAN ve | Cowrie, SMTP,
SHODAN dis1 | Dicompot VNC,
tabanli esler S Socket5,
ara_smdakl Heralding Dilsiik PostgreSQL
etkilesimler ve |, . ) karsisinda
. Bulut tabanl etkilesim:
Faking o korelasyonlar | Honeysap brute-force
balkiipii . L Conpot o
smart - belirlenmistir. | , . ’ kimlik
X dagitimi, akilli Dionaea, -
industry_ . Arastirma, Honeytra ] Conpot, dogrulama
. endiistrilerde S Heralding, .
exploring | . . asagidaki P, X Cowrie, saldirlari,
siber tehdit : Medpot; . L.
cyber- veriler Medpot, Dionaea, Cesitli
manzarasini Orta R _—
threat . .| toplanmustir: Rdpy P Heralding, | CVE'leri Hayir
kesfetmek i¢in etkilesim: oo
landscape Kullantmistir Saldirgan Honeypot Cowrie Honeysap, (belirli
deploying | ; MU jullanicr s i Honeytrap, | CVE'ler
Izleme igin T- L Honeytrap
cloud- o adlari, Istismar | Cyberche Medpot alintida
Pot balkiipii ve kullanilarak . .
based . sonrast f, ELK, o belirtilmemi
Cockpit etkilesimler .
honeypot Kullantmstir kullanilan Fatt, saglanmakia stir)
v the komutlar, Elasticsea dlég kullanarak
istismar edilen | rch Head, : yapilan
CVE'ler, Kotii | Ews- istismar
amagh yazilim | poster, girigimleri,
imzalar1. Nginx, Belirli
Spiderfoo endiistriyel
t, POf, kontrol
Suricata sistemlerini
hedef alan
saldirilar
(Guardian
AST,
Siemens S7-
200, Akill
Sayac)
Orkestrasyon
igin
f‘lllllj:ﬁ:;es Ortalama bir
Honeypot dagitilmis bir ag gecikmesi
in a box_ balkiipii 17ms ve bant
A v genisligi 95
Distribute ku?’lullin ustur Mbit/s olarak Kubernet
d cluster stur. elde edilmistir. Not . Brute-force
Altyapinin es, . Cowrie Hayir
network Bu yaklagim, . specified. attacks
performansini L Cowrie
for ST balkiipleri
ve etkinligini
honeypot deserlendirme farkly
deployme kigin konumlara
nt ¢ basariyla
karsilastirmali dagitiimistir
testler ’
(benchmarking
) yapilmistir.
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Kullamlan Kullamla Kullalnl!_an T-Pot Test Edilen Wazuh
Makale Sonuclar n Balkiipii Saldir1
Metod . e Kullanim . . Kullanim
Teknoloji | Cesitleri Tiirleri
Industrial | Endiistriyel Saglanan
Control Kontrol . o Belirtilmem &
R . Cesitli saldir1 Belirtilmem | .. alintida
Systems | Sistemlerinde . istir, ancak L
. - . senaryolar1 istir, ancak . belirli
Security | giivenlik S \ ) T-Pot'un
A M i¢in IOC'ler T-Pot'un saldirt
Validatio | dogrulamasi . . .| kullanim1 P
. belirlenmistir. yeteneklerin | . . . tiirleri
n Based i¢in Snort IDS g0z Oniinde
Aragtirma, e dayali ayrmtil
on ve T-Pot acik kaynak olarak bulundurula olarak
MITRE | balkiipii gibi gik kay Snort A rak, farkl rax .
. araglarmim ICS diigiik, orta belirtilmemi
Adversari | agik kaynakl DS, T- . saldirt . Hayir
. ortamlarinda ve yiiksek . stir, ancak
al Tactics, | araglar - Pot o tiirleri igin
. tehditlerin etkilesimli o odak
Techniqu | kullanilmistur. T . 0| cesitli
tespit edilmesi balkiiplerini noktasi
es, and Saldirilart . honeypotlar P
. ve n bir A Endiistriyel
Common | analiz etmek . . . icerildigi
. hafifletilmesin kombinasyo . Kontrol
Knowled | i¢cin MITRE deki etkinliai n tahmin Sistemleri
ge ATT&CK dek ctiinlig u edilmektedir | e
X incelenmigtir. kullanilir. giivenligi
Framewo | gergevesi . Gizorinedi
rk kullanilmustir. )
Conpot
balkiipii,
Wazuh SIEM
ve The Hive
kullanarak
tehdit
istihbarati
paylagimi ICS/SCADA HTTP,
sistemlerinde
yapan gercek . . SNMP ve
K proaktif tehdit
Investigat zamanl bir azaltma igin Modbus
in g tehdit analiz balkiipii ¢ protokolleri
g sistemi <P ni hedef
Threats to TP verilerinin
ICS and gelistirilmistir. K ! alan
an Bu aragtirma gereex zamanit saldirilar,
SCADA g analizi Conpot, - Gegerli . >
ICS Diisiik RO Gozlemlene
Systems P yapilmis ve Wazuh [ degildir s
4 (Endiistriyel . etkilesim: n belirli Evet
Via tehdit SIEM, (Not .
Kontrol . . Conpot . taktikler ve
Honeypot | . . istihbarat: The Hive Applicable) .
Data Sistemleri) ve erkarilmistrr teknikler,
. SCADA Balkiipleri : MITRE
ﬁij‘lys‘s (Denetleyici taarlaf;%z;l ATT&CK
ve Veri B gergevesi
SIEM Toplama) te.??.“ e@lle_n kullanilarak
kotii niyetli .
ortamlarinda . kategorize
IP'ler basariyla o
saldirt Lo edilmistir.
s .. engellenmistir.
egilimlerini
tanimlamaya
ve proaktif
tehdit azaltma
saglamaya
odaklanmakta
dir.

122



S. Toks6z, M. Turan Linux Platformunda MITRE ATT&CK Matrisi Kullanarak Saldirt Planlama ve Uygulama

Kullamlan Kullanla Kullalnl!_an T-Pot Test Edilen Wazuh
Makale Sonuclar n Balkiipii Saldir1
Metod . e Kullanim . . Kullanim
Teknoloji | Cesitleri Tiirleri
Fidye
yazilimlarini
erken
asamalarda Fidve
MITRE tespit etmede yaz?hml
ATT&CK bilgi yulfsek saldirilari,
dogruluk elde PR
tabanini O ozellikle
edilmistir. Bu, - .
kullanarak asagidaki asagidaki
fflfzylimlarlnl ydntemlerin Eleé(lrllll Klere
. erken asamada bir . . odaklanilma
It's too tesnit etmek kombinasyonu Gegerli Ktadir:
late if ; ig "Weapon' kullanilarak degildir Sﬁrekiilik
exfiltrate | 'S cap basarmustir: - L (fidye . .
ad1 verilen . . Belirtilme Gegerli (Persistence
_ Early yeni bir Dinamik migtir yazilimt degildir ) Ayricalik
stage . analiz - (Not tespit (Not YViikseltm Hayir
Android | Se%eYe Semantik ot gercevesi, ot uxselime
ransomw gelistirilmistir. szellik specified) balkiipii Applicable) | (Privilege
are ?&:&?Zﬁ;h eslemesi - dagitimi Eic;lattlo:)
detection | - “ | MITRE degil). Kont:olv
ozellikler ATT&CK (Command
1karir ve gergevesi and
¢ Onerilen
bunlar1 Weanon Control)
MITRE saldirt reapon . Kesif
verileriyle yOI-ltle: tespit (Discovery)
liskilendiri dogrulugu Topl
skilendirir. . oplama
agisindan diger .
S (Collection)
son teknoloji
yaklagimlart
geride
birakmistir.
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Kullamlan Kullamla Kullalnl!_an T-Pot Test Edilen Wazuh
Makale Sonuclar n Balkiipii Saldir1
Metod . e Kullanim . . Kullanim
Teknoloji | Cesitleri Tiirleri
Linux
komutlarini
hem MITRE
ATT&CK
tekniklerine/alt
tekniklerine
hem de
taktiklere
eslemek igin
makul geri Odak
cagirma noktasi,
(recall) i}éilllutlanm
degerleri elde
Manping | DoZl dil edilmistir. En Zﬁgg
Lizpp g isleme (NLP) | iyi performans haritalanmz
Shellllx yaklagimi, gosteren sina
Comman Linux kabuk model, su geri Sneliktir
komutlarini ¢agirma . yone 1kit,
ds to MITRE deserlerini Gegerli belirli
MITRE & o Cowrie degildir(Not | saldir1 Hayir Hayir
ATT&CK ATT&CK clde etmistir: Applicable) | tiirlerinin
. tekniklerine ve | Taktiklere PP
using Sy - test
NLP- taktiklerine esleme igin edilmesine
Based eslemek igin Recall-10: desil
Approach kullanilmaktad | 0.75397 Kag r{ak
PP 1. Tekniklere/alt ynaK,
. curl
tekniklere Komutun
esleme igin bir “\:‘nuku
Recall-10: olar(;k ©
0.45575 Bu
kullanr.
aragtirma,
dogal dil
islemenin
(NLP) bu
gorev igin
uygulanabilirli
gini
gostermektedir
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Kullamlan Kullamla Kullalnl!_an T-Pot Test Edilen Wazuh
Makale Metod Sonuclar n Balkiipii Kullanm Saldir1 Kullanm
Teknoloji | Cesitleri Tiirleri
Balkiipleri,
port
taramalari,
brute-force
saldirilar ve
DDoS
saldirilari da
dahil olmak
lizere izinsiz
T-Pot balkiipii sms. ..
dagitimi ve ag girisimlerini
o basarili bir Belirtilmem .
izinsiz giris . . o Belirtilmem
. sekilde tespit istir, ancak o
tespiti igin . . istir, ancak
Performa erformans etmis ve T-Pot'un arastirmada
nce znalizi kaydetmigtir. kullanimi a 11$( a
analysis amacryla ELK Sonuglar, T- g6z 6niinde Enlzr
of 1'1n1}£stack) Pot bulundurula 15( llanilir:
network Vi balkiipii’niin T-Pot, rak, farkli " :
. . kullanilmistur. S Port
intrusion . cesitli ag ELK saldirt Hayir Hayir
. Etkinlik . taramasi
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Arastirmalarda balkiipii platformu olan T-Pot'un kullanimi vurgulanirken, bizim
¢alismamiz daha kapsamli bir yaklagim benimsemektedir. T-Pot'un yani sira, bir
giivenlik bilgi ve olay yonetimi (SIEM) sistemi olan Wazuh, Linux sistem denetimi
icin auditd ve saldir1 simiilasyonu i¢in Atomic Red Team kullanilmaktadir. Bu araglar
birlesimi, saldirilarin ve bunlarin Linux sistemi {izerindeki etkilerinin daha
derinlemesine analiz edilmesini saglamaktadir.

Bizim c¢alismamizi diger ¢alismalarla ayiran bir baska faktér, MITRE ATT&CK
matrisinin sadece saldir1 desenlerini anlamak i¢in degil, ayni1 zamanda kontrollii bir
ortamda saldirilar1 planlayip gerceklestirmek i¢in kullanilmasina odaklanilmasidir. Bu
proaktif yaklagim, arastirmacilarin olasi saldir1 vektorlerini dnceden tahmin etmelerini
ve saglam savunma stratejileri gelistirmelerini miimkiin kilmaktadir. Bu tiir bir saldir1
simiilasyonuna vurgu, daha ¢ok gézlemlenen saldirilarin reaktif analizine odaklanan
diger arastirmalarda pek belirgin degildir. Ayrica, hedef kitlesi agikga belirtilmistir.
Calisma, siber giivenlik profesyonellerine Linux platformlarini hedef alan tehditlere
kars1 daha iyi bir anlayis kazandirmay1 ve etkili savunma stratejileri olusturmalarina
yardimct olmayr amaglamaktadir. Uygulamali yaklasima ve siber giivenlik
uzmanlarma yonelik yardim amacina agik¢a odaklanilmasi, bazi diger arastirmalardan
ayiran bir dzelliktir; ¢iinkii diger calismalar genellikle daha genis bir kapsamdadir.

Bu calismada sunulan yenilik¢i unsur, Linux platformlarina yonelik yapilan siber
saldirilarin balkiipii sistemleri aracilifiyla toplanarak MITRE ATT&CK matrisine
dayali olarak ele alinmast ve bu saldirilara ait log verilerinin Wazuh platformunda
analiz edilerek yeni kod ¢6ziiciilerin (decoder) ve kurallarin (rules) olusturulmasidir.
Literatiirde, genellikle Windows tabanli sistemler veya genel saldiri tiirleri iizerine
yapilan c¢aligmalarda, Linux tabanli sistemlerin balkiipii ortaminda bu kadar
derinlemesine analiz edilmedigi ve saldirilarin MITRE ATT&CK gergevesi iizerinden
detayli sekilde ele alinmadig1 goriilmektedir. Ozellikle, Linux platformlar: iizerinde
balkiipli kullanilarak saldirilarin tespit edilmesi ve bu verilerin zamaninda analiz
edilmesi konusunda sinirli sayida aragtirma yapilmistir.

Bu calisma, Linux tabanli sistemlerinde c¢esitli siber saldirt tiirlerini tespit etmek
amactyla MITRE ATT&CK matrisinin kullanilmasiyla, farkli saldir1 tekniklerinin ve
prosediirlerinin analiz edilmesi hedeflenmigtir. Saldirilar, SSH kaba kuvvet saldirilar:
gibi yaygin tehditlerden web tabanli zafiyetlerin istismarina kadar genis bir yelpazeyi
kapsayacak sekilde ele alinmistir. Bu tiir saldirilardan toplanan log verileri, Wazuh
SIEM platformunda analiz edilmis ve bu saldin tiirlerine yonelik 6zel kod ¢oziiciiler
(decoder) ve kurallar (rules) gelistirilmistir. Ozellikle, saldirganlarin kullandig
yontemlerin ve saldir1 tekniklerinin MITRE ATT&CK matrisine dayali olarak
modellenmesi, bu aragtirmanin en 6nemli yeniliklerinden biri olarak belirlenmistir.

Wazuh ve T-Pot araglarinin se¢ilme gerekgeleri, literatiirdeki giivenlik ihtiyaglari ve bu
araclarin sundugu avantajlarla iligkilidir. Wazuh, giivenlik bilgi ve olay ydnetimi
(SIEM) alaninda kullanilan agik kaynakl bir arag olarak tanimlanir ve ag giivenligi ile
tehdit tespiti agisindan kritik bir rol istlenir. Literatiirde, Wazuh’un gelismis olay
izleme, giivenlik a¢i1g1 tespiti ve anomali analizi islevlerinin aglardaki tehditleri hizli ve
etkili sekilde tespit ettigi belirtilir. Bu arag, ayrica merkezi log yonetimi saglayarak,
saldirilarin kaydini tutar ve ger¢ek zamanli izleme imkani1 sunar.
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T-Pot ise, saldirganlar1 cezbetmek ve kullandiklari teknikleri anlamak amaciyla
kullanilan bir balkiipii ¢6ziimiidiir. Balkiipii teknolojilerinin ag iizerindeki saldirilar
gozlemlemek ve detaylarint kaydetmek i¢in faydali oldugu literatiirde vurgulanir. T-
Pot, farkli balkiipleri araglarint entegre ederek, ¢esitli saldirt tiirlerini (DDoS, SQL
injection, brute force vb.) tespit etmek ve analiz etmek i¢in kapsamli bir ¢6ziim sunar.

Wazuh ve T-Pot’un birlikte kullanilmasi, ag giivenligi ve saldir1 tespiti konusunda
gliclii bir kombinasyon olusturur. Wazuh, sistemleri izleyerek tehditleri erken
asamalarda tespit ederken, T-Pot, saldirilarin teknik detaylarini analiz etme firsati
saglar. Bu sayede, sistemdeki giivenlik agiklar1 ve saldirganlarin taktikleri daha iyi
anlasilir, boylece savunma stratejileri gelistirilir.

Wazuh platformu, saldirilarin tespiti ve analizinin kolaylastirilmas1 amaciyla
kullanilmis, log verileri bu sistemde detaylt bir sekilde incelenmis ve yeni kurallar
gelistirilmistir. Bu kurallar, belirli saldir1 tekniklerini tanimlamak i¢cin MITRE
ATT&CK cergevesine dayali olarak tasarlanmig ve Linux tabanli sistemlere 6zgii
saldirilara dair daha kapsamli bir analiz saglanmistir. Ayrica, bu ¢alisma ile elde edilen
veriler, Wazuh platformunun Linux sistemlerine yonelik tehditleri tanima ve analiz
etme kapasitesinin giiclendirilmesini saglamistir.

Literatiirdeki mevcut ¢aligmalar genellikle belirli saldir1 tiirlerinin tespit edilmesine
veya savunma stratejilerinin gelistirilmesine odaklanmistir. Ancak, giiniimiiz siber
tehdit ortammin hizla evrimlesmesi ve saldirganlarin daha sofistike teknikler
kullanmast nedeniyle, literatiirdeki mevcut yaklasimlarin bazen yeni tehditleri ve
gelisen saldir1 tekniklerini yeterince kapsamli bir sekilde ele almadigi goriilmiistiir. Bu
nedenle, bu ¢aligma, mevcut literatiirdeki eksikliklerin giderilmesi ve daha dinamik bir
tehdit tespiti slirecinin sunulmasi amaciyla ortaya konmustur. Wazuh ve T-Pot gibi
araclarm birlikte kullanilmasi, yalnizca geleneksel saldirt tespit yontemlerinin degil,
aynt zamanda saldirganlarin taktiklerinin ve ydntemlerinin derinlemesine
incelenmesine olanak tanimaktadir. Literatiirdeki cogu ¢alismanin, yalnizca tek bir arag
ya da yontemi kullanarak saldirilarin tespit edilmesine odaklandigi, bu ¢aligmada ise
¢oklu araglarin entegrasyonu saglanarak her iki aracin da giiglii yonlerinden
faydalanilmistir. Wazuh, ag ve sistem giivenligini izlerken, T-Pot saldirganlarin
kullandig: teknikleri simiile etmekte ve bu sayede saldirilarin ger¢cek zamanli olarak
izlenmesi miimkiin olmaktadir. Bu sekilde hem savunma hem de saldir1 analizi
acisindan daha derinlemesine ve etkili bir bakis agis1 elde edilmektedir. Bu calisma,
siber giivenlik alaninda daha proaktif bir yaklagim gelistirilmesine katki saglamak
amaciyla yapilmistir. Bu tiir bir yaklagim, literatiire 6nemli bir katki sunmakta ve siber
glivenlik aragtirmalarinda daha biitiinsel ve dinamik bir giivenlik modelinin
olusturulmasina zemin hazirlamaktadir.

Bu yenilik¢i yaklasim, 6zellikle Linux tabanli sistemlerde giivenlik agiklarmnin tespit
edilmesi, analiz edilmesi ve buna yodnelik otomatik karsi onlemler gelistirilmesi
konusunda 6nemli bir katki saglamaktadir.

8.1. Savunma Onlemleri

Siber giivenlik alaninda, Linux tabanli sistemlere yonelik saldirilara karsi cesitli
savunma Onlemleri uygulanmig olmustur. Brute Force saldirilarma karst alinan
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onlemler arasinda, sifre politikalarinin giiglendirilmesi ve SSH erisimi i¢in genel
anahtar yetkilendirmesi (public key authentication) yonteminin zorunlu kilinmasi yer
almigtir. Ayrica, Fail2ban gibi araglar kullanilarak, basarisiz giris denemeleri sayisina
gore IP adreslerinin engellenmesi saglanmis olmustur. Sistem iizerindeki tiim siipheli
girisler takip edilmis, zayif sifreler engellenmis ve root erigimi i¢in yapilan kotii niyetli
girig denemeleri basariyla tespit edilmistir. Port yonlendirme ve gizleme yontemleri ile,
yalnizca giivenli IP adreslerinden erisim saglanmasi miimkiin kilmmustir.

DDoS saldirilart gibi yiiksek trafikle yapilan saldirilara karsi savunma onlemleri de
onemli bir yer tutmus olmustur. Bu tiir saldirilar icin, trafik analizi ve rate limiting gibi
teknikler uygulanmis olmustur. Yiik dengeleme (load balancing) yontemleri ile,
anormal trafik birden fazla sunucuya yonlendirilerek, tek bir sunucunun asirt
yiiklenmesi engellenmis olmustur. Ayrica, Cloudflare gibi bulut tabanli hizmetler ile
gelen trafik 6nceden filtrelenmis ve asil hedef sistemlere ulasmadan zararl trafik
engellenmis olmustur. Bu 6nlemler sayesinde, sistemlere yapilan DDoS saldirilar etkin
bir sekilde tespit edilmis ve gerekli aksiyonlar alinmustir.

Web tabanli saldirilar, 6zellikle SQL enjeksiyonu ve XSS gibi tehditlere karsi alinan
onlemler de hayati 6neme sahip olmustur. Web Application Firewall (WAF)
kullanilarak, web uygulamalarina gelen zararli istekler tespit edilmis ve engellenmis
olmugtur. Ayrica, kullanicidan alinan tim girisler sanitize edilmis ve prepared
statements kullanilarak, SQL enjeksiyonuna karsi giivenlik saglanmig olmustur. Bu
yontemler ile, web uygulamalari {izerindeki giivenlik agiklari minimize edilmis ve siber
saldirilara karst dayaniklilik artirilmis olmustur. Giivenli kod yazma ve sistem
giincellemeleri gibi genel glivenlik 6nlemleri, Linux tabanli sistemlerin siirekli olarak
giivenli kalmasini saglamistir.

Tespit edilen saldirilara karsi alinabilecek savunma onlemleri, saldir tiirlerine ve
kullanilan araglara bagli olarak farkli stratejiler icermektedir. Wazuh ve T-Pot gibi
araglar, bu saldirilart tespit etmek icin etkin bir sekilde kullanilmakta ve bu tespitler
iizerine uygun savunma Onlemleri gelistirilmesi saglanmaktadir. DDoS (Dagitik
Hizmet Engelleme) saldirilari, ag iizerindeki kaynaklart hedef alarak hizmetin kesintiye
ugratilmasina yol agmaktadir. Bu tiir saldirilara karsi, ag trafigi izlenmekte ve anormal
trafik artislari tespit edilerek, IP kara listeleri ve trafik sinirlama gibi yontemlerle
savunma Onlemleri alinmaktadir. Kaba kuvvet saldirilari, zayif sifrelerin kirilmasi
amaciyla gergeklestirilmektedir. Bu tiir saldirilara karsi, gili¢lii sifre politikalari
uygulanmakta, hesaplar belirli sayida hatali denemeden sonra kilitlenmekte ve ¢ift
faktorlii kimlik dogrulama yontemleri devreye sokulmaktadir. SQL enjeksiyon
saldirilari, veri tabanlarina yetkisiz erisim saglamay1 hedeflemektedir. Bu saldirilara
karsi, hazirlanan SQL sorgulart i¢in hazirlanmig ifadeler kullanilmakta, kullanici
girdileri dogrulanmakta ve web uygulama giivenlik duvarlar1 (WAF) ile ek bir koruma
saglanmaktadir.

Zafiyet tabanli saldirilar ise sistemdeki agiklari hedef almaktadir. Bu saldirilar igin,
sistemlerin diizenli olarak giincellenmesi, giivenlik yamalarinin uygulanmasi ve sistem
sertlestirme yontemleri kullanilmaktadir. Kimlik avi ve sosyal miihendislik saldirilari,
kullanicilar1 kandirarak kisisel bilgilerini ele gecirmeyi amaglamaktadir. Bu tiir
saldirilara karsi, kullanicilar egitimle bilinglendirilmekte, e-posta sistemlerinde
gelismig spam filtreleme teknikleri kullanilmakta ve kimlik dogrulama protokolleri
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devreye sokulmaktadir. Son olarak, fidye yazilimi saldirilari, verilerin sifrelenip fidye
talep edilmesiyle gerceklesmektedir. Bu tiir saldirilara karsi, diizenli yedekleme
yapilmakta, antiviriis yazilimlar1 kullanilmakta ve erisim denetimleri ile kritik verilere
yalnizca yetkili kullanicilarin erigmesi saglanmaktadir. Bu savunma 6nlemleri, tespit
edilen saldirilara kars etkili bir koruma saglamakta ve sistem giivenligi artirilmaktadir.

9. ONERIi VE TAVSIYELER

Balkiipii tabanli yaklagim, siber uzay giivenliginin artirilmasina ve potansiyel risklerin
azaltilmasma katkida bulunmus olmustur. Balkiiplerinin, saldirganlar1 kendilerine
cekerek, giivenlik uzmanlarinin potansiyel tehditleri gergek agi etkilemeden oOnce
proaktif olarak tespit ve analiz etmelerine olanak tanidig1 gézlemlenmis olmustur. Bu
sayede tehditlerin erken azaltilmast miimkiin kilinmis olmustur. Balkiipleri, saldirgan
davranigi, taktikleri ve teknikleri hakkinda ayrmtili bilgi saglayarak giivenlik
ekiplerinin potansiyel tehditleri daha kapsamli bir sekilde anlamasini ve analiz etmesini
saglamis olmustur. Balkiiplerinin kullanim1 sayesinde kuruluslar, sistem ve
uygulamalarindaki giivenlik agiklar1 hakkinda i¢gdrii kazanmig ve bu zayifliklar
gercek saldirganlar tarafindan istismar edilmeden once ele alip yamalamislardir.

Genel anlamda yapilmasi gereken giivenlik énlemleri séz konusu olmustur. Ornegin,
MFA kullanilarak kimlik bilgileri erisim girisimlerinin oniine gegilmesi saglanmis
olmalidir. Sistemlerin ve uygulamalarin diizenli olarak giincellenmesi ve giivenlik
yamalarinin uygulanmasi saglanmis olmalidir. Yanal hareketlerin dnlenmesi igin ag
segmentasyonu yapilmis ve kritik sistemler izole edilmistir. Ayrica, giivenlik
olaylarinin ve loglarin diizenli olarak incelenmesi, anormal aktivitelerin tespitini
hizlandirmis olmalidir. Hassas verilerin sifrelenmesi, yetkisiz erisimlerin etkisini en
aza indirmis olmalidir. Kullanicilara yonelik diizenli siber giivenlik egitimleri verilmis
ve farkindalik artirillmig olmalidir. Ag cihazlart ve yazilimlart diizenli olarak
giincellenmis ve giivenlik agiklar1 kapatilmis olmalidir. Ag trafigi siirekli izlenmis ve
anormallikleri tespit etmek igin analiz araglari kullanilmig olmalidir. Calisanlara ag
giivenligi konusunda egitim verilmis ve farkindalik artirilmis olmali ve kritik verilerin
diizenli olarak yedeklenmesi saglanmis olmalidir. Felaket kurtarma planlar
olusturulmus ve uygulanabilir hale getirilmis olmalidir.

Olast bir siber saldir1 durumunda hizli ve etkili miidahale icin olay miidahale
planlarinin hazirlanmig ve test edilmis olmasi gerekmektedir. Kullanici ve sistem
ayricaliklart minimum yetki prensibine gore yonetilmis ve diizenli olarak gdzden
gecirilmis  olmalidir.  Gilivenlik duvarlar1 ve IDS/IPS (Intrusion Detection
System/Intrusion Prevention System) kullanilarak ag trafigi izlenmis ve kontrol altinda
tutulmus olmalidir. Bu sistemler, anormal trafik davranislarini tespit ederek saldirilart
engellemis olabilmektedir. DDoS saldirilarina karsi bulut tabanli koruma hizmetlerinin
kullanilmas1 saglanmis ve ag segmentasyonu yapilarak saldirilarin yayilmasi 6nlenmis
olmalidir. UDP protokoliine yonelik olarak DNS giivenligi saglanmis, oran sinirlama
(rate limiting) uygulanmis ve gelen UDP paketleri dogrulanarak yalnizca mesru trafik
kabul edilmis olmalidir. ICMP ve IPv6-ICMP trafiginde gereksiz paketler filtrelenmis
ve ag haritalamasi saldirilarina kargi 6nlemler alinmis olmalidir.
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Genel giivenlik onlemleri kapsaminda, ag cihazlar1 ve yazilimlart diizenli olarak
giincellenmis ve giivenlik agiklari kapatilmig olmalidir. Ag trafigi siirekli izlenmis ve
anormallikleri tespit etmek igin analiz araglari kullanilmig olmalidir. Calisanlara ag
giivenligi konusunda egitim verilerek farkindalik artirilmig ve kritik verilerin diizenli
olarak yedeklenmesi saglanmis olmalidir. Felaket kurtarma planlart olusturulmus ve
uygulanabilir hale getirilmis olmalidir.

Bu 6nlemler, Linux platformlarinda MITRE ATT&CK matrisine yonelik saldirilarin
etkili bir sekilde tespit edilmesi ve onlenmesi i¢in kritik dneme sahip olmustur. Bu
onlemler, sistemlerin giivenlik seviyesini yiikseltmis ve olasi siber tehditlere kars1 daha
direncli hale getirilmis olmustur.

Aragtirmamiz, Linux platformunda MITRE ATT&CK matrisinin saldirilarin
planlanmas1 ve uygulanmasi siirecindeki roliiniin ortaya koyulmus oldugu kabul
edilmistir. Bundan sonra yapilacak caligmalar, mevcut arastirmanmn bulgularina
dayanarak derinlemesine analizlerin sunulmus olabilecegi diisiiniilmektedir. Ozellikle,
farkli Linux dagitimlari iizerinde MITRE ATT&CK matrisi temelli daha karmagik ve
gercekei  saldirt  senaryolarinin  simiilasyonlarma  odaklanilmig  olabilecegi
ongoriilmektedir. Bu senaryolarin, giivenlik sistemlerinin tepki siireglerini ve saldiri
tespit mekanizmalarini nasil etkiledigini anlamak i¢in daha genis kapsamli bir veri
setinin kullanilmig olabilecegi tahmin edilmektedir. Ayrica, makalemizde belirtilen
savunma stratejilerinin, gercek diinya kosullarinda nasil uygulanabilecegi ve
iyilestirilebilecegi iizerine uygulamali ¢aligmalar yapilmis olabilecegi ifade
edilmektedir. Bu ¢aligmalar, Linux tabanli sistemlerde siber giivenlik 6nlemlerinin
gliclendirilmesine yonelik yeni yaklagimlarin gelistirilmesine katki saglanmis
olabilecektir.

Gelecekteki aragtirmalar, Linux sistemlerinde siber giivenligin artirilmasi i¢in yeni
teknoloji ve araclarin entegrasyonu hedeflenmis olmalidir. Ornegin, yapay zeka (Al)
ve makine 6grenimi (ML) tabanli tehdit analiz araglarinin kullanimi, MITRE ATT&CK
matrisinde belgelenen saldir1 taktiklerinin daha hizli ve etkin bir sekilde tespit edilmesi
icin 6nemli bir potansiyele sahip olmustur. Bu teknolojiler, biiyiik veri kiimelerinin
analiz edilerek anormal davraniglarin belirlenmesi ve saldirilarin olasi hedeflerinin
ongoriilmesi saglanmis olabilir. Ayrica, otomatik yanit mekanizmalarinin gelistirilmesi
ve bu teknolojilerle entegrasyonu, saldirilara karsi daha hizli tepki verilmesini saglamis
olabilir. Bu baglamda, Linux platformunda AI ve ML teknolojilerinin giivenlik
operasyonlarina nasil uygulanacagt ve mevcut savunma stratejilerinin nasil
iyilestirilecegi iizerine uygulamali ¢caligmalar yapilmis olmalidir. Bu caligmalar, siber
tehditlere karg1 savunma kapasitelerinin artirilmasi i¢in énemli bir adim olarak kabul
edilmis olabilir.

Yazarlarm Katkis1

Bu caligmada 1. yazar fikir, arastirma, veri toplama, analiz, bilgisayar ortaminin
saglanmasi, kaynak taramasi ve makalenin yazimi konusunda katkida bulunmustur. 2.
yazar diizeltme, gdzden geg¢irme, analiz ve yorum konusunda katki saglamistir.

Cikar Catismasi1 Beyam
Yazarlar arasinda herhangi bir ¢ikar ¢atigsmasi bulunmamaktadir.
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Arastirma ve Yaymn Etigi Beyam
Yapilan galismada arastirma ve yayin etigine uyulmustur.
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Abstract Oz

This study proposes a hybrid approach that integrates
econometric and deep learning models—specifically,
Vector Autoregression (VAR), Long Short-Term Memory
(LSTM), and Gated Recurrent Unit (GRU)—to enhance
electricity price forecasting. By combining historical data
with external factors like weather and market indicators,
this hybrid approach aims to improve prediction accuracy
in volatile energy markets. The model captures complex
temporal dependencies through a hybrid VAR, LSTM, and
GRU structure and is tested on historical electricity price
data supplemented with weather and market variables.
Performance is evaluated using mean absolute error
(MAE), root mean square error (RMSE), symmetric mean
absolute percentage error (SMAPE), and root mean
squared logarithmic error (RMSLE). Results show that
deep learning models, particularly GRU, outperform VAR
regarding MAE, RMSE, and RMSLE, suggesting superior
predictive accuracy for absolute and relative forecasting
tasks. However, SMAPE results highlight that the VAR
model performs better in capturing proportional errors,
suggesting its relative robustness in volatile price
environments. Including weather and market data
significantly improves the model’s robustness and
accuracy. This study’s hybrid approach combines the
interpretability of econometric models with the predictive
power of deep learning, offering insights into the impact of
external factors on energy prices. The model supports
better decision-making and risk management for energy
market participants in dynamic market environments.

Keywords: Energy price forecasting, Gated Recurrent
Unit (GRU), Long Short-Term Memory (LSTM), deep
learning models, time series analysis.

Bu ¢alisma, elektrik fiyat tahminini gelistirmek igin ii¢
farkli modeli, ekonometrik (Vektor Otoregresyon, VAR)
ve derin 6grenme tekniklerini (Uzun Kisa Siireli Bellek,
LSTM ve Gegitli Tekrarlayan Birim, GRU) entegre
ederek hibrit bir yaklagim onermektedir. Gegmis verileri
hava durumu ve piyasa gostergeleri gibi dis faktorlerle
birlestiren bu hibrit yaklasim, degisken enerji
piyasalarinda tahmin dogrulugunu artirmay1
amaglamaktadir. Model, hibrit bir VAR, LSTM ve GRU
yapist aracthigiyla karmasik zamansal bagimliliklar
yakalar ve hava durumu ve piyasa degiskenleri ile
desteklenen gegmis elektrik fiyat: verileri iizerinde test
edilir. Performans, ortalama mutlak hata (MAE), kok
ortalama kare hata (RMSE), simetrik ortalama mutlak
yiizde hata (SMAPE) ve kok ortalama karesel logaritmik
hata (RMSLE) kullanilarak degerlendirilmistir. Sonuglar,
ozellikle GRU olmak iizere derin 6grenme modellerinin
MAE, RMSE ve RMSLE agisindan VAR'dan daha iyi
performans gosterdigini ve mutlak ve goreceli tahmin
gorevleri igin {istiin tahmin dogrulugu sagladigini ortaya
koymaktadir. Bununla birlikte, SMAPE sonuglart VAR
modelinin oransal hatalar1 yakalamada daha iyi
performans gosterdigini vurgulamakta ve bu da degisken
fiyat ortamlarinda  goreceli saglamligini  ortaya
koymaktadir. Hava durumu ve piyasa verilerinin dahil
edilmesi, modelin saglamligmi ve dogrulugunu 6nemli
Olgiide artirmaktadir. Bu galismanin hibrit yaklasimi,
ekonometrik modellerin yorumlanabilirligi ile derin
Ogrenmenin tahmin giiciinii birlestirerek dis faktorlerin
enerji fiyatlar1 tizerindeki etkisine dair iggoriiler
sunmaktadir. Model, dinamik piyasa ortamlarinda enerji
piyasast katilimcilart igin daha iyi karar alma ve risk
yonetimini desteklemektedir.

Anahtar Kelimeler: Enerji fiyat tahmini, Gegitli
Tekrarlayan Birim (GRU), Uzun Kisa Siireli Bellek
(LSTM), derin 6grenme modelleri, zaman serisi analizi.
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1. INTRODUCTION

Electricity price prediction is a critical area of research that has gained significant
attention due to the increasing complexity of power systems and the volatility of
electricity markets. Accurate forecasting of electricity prices is essential for market
participants, including utilities, consumers, and investors, as it directly impacts
decision-making processes related to energy trading, consumption, and investment
strategies. This essay explores various methodologies and approaches for predicting
electricity prices, highlighting the challenges and advancements in the field.

The traditional methods for electricity price forecasting have primarily relied on time
series analysis techniques, such as the Autoregressive Integrated Moving Average
(ARIMA) (Zhang et al., 2018; Dash et al., 2019), vector auto-regression (VAR) (Meher,
2019) and Generalized Autoregressive Conditional Heteroskedasticity (GARCH)
models (Liu et al., 2010). These models utilize historical price data to identify patterns
and trends, allowing for estimating future prices based on past values. Similarly, Zhong
discusses integrating deep learning techniques with traditional time series methods to
enhance forecasting accuracy, particularly in complex power systems (Zhong, 2023).
Nonetheless, the volatile and nonstationary nature of electricity price data often poses
significant challenges for purely statistical approaches, leading researchers to seek
more sophisticated methods (Lehna et al., 2022).

In response, advanced machine learning and deep learning models have gained
prominence for their superior ability to capture nonlinearities in complex energy
markets. Various neural network—based architectures have been proposed, each aiming
to enhance day-ahead price accuracy. For instance, Deep Belief Networks (DBN) have
been utilized to conduct deep feature extraction, showcasing robust predictive
performance (Cao et al., 2022). Likewise, Recursive Neural Networks have been
tailored for specific markets such as PJM, highlighting the role of temporal
dependencies in volatile pricing environments (Mandal et al., 2010).

Recurrent Neural Networks (RNN), particularly Long Short-Term Memory (LSTM)
networks, are frequently cited for their effectiveness in handling sequential data in
electricity price forecasting. Their memory capabilities enable them to track evolving
price dynamics more accurately over time (Ugurlu et al., 2018). Moreover, integrating
LSTM with optimization algorithms—such as differential evolution—has proven
beneficial for robust forecasting in rapidly fluctuating electricity markets (Peng et al.,
2018).

Hybrid approaches that combine multiple techniques have further advanced the field.
Guo and Zhao (2017) proposed a hybrid Bayesian-Fruit Fly Optimization-Least
Squares Support Vector Machine (BND-FOA-LSSVM) model, emphasizing the value
of optimization methods for improved forecast precision. Yao et al. (2021) similarly
demonstrated that a backpropagation (BP) neural network optimized by Simulated
Annealing Particle Swarm Optimization (SAPSO) can mitigate overfitting and expedite
convergence in short-term price prediction.

Beyond electricity price forecasting, parallel research trends in predictive maintenance
for machinery degradation also underscore the value of hybrid and deep learning
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models. For example, Kara (2021) integrated deep learning with other methodologies
to refine Remaining Useful Life (RUL) predictions, aligning with similar efforts in
bearing performance (Geetha et al., 2024) and multi-stage degradation analysis (Sun et
al., 2024; Wang et al., 2024). Such studies highlight the adaptability of deep
architectures, including LSTM and attention-based transformers, which can be
extended across diverse forecasting and prognostic tasks (Liang et al., 2024; Cao et al.,
2024; Hu et al., 2024).

Finally, recent work by Zhong (2023) illustrates a unified model that integrates
Artificial Neural Networks (ANN), LSTM, and transformer networks for load
forecasting and electricity price prediction. This composite approach signals an
emerging trend in EPF research: leveraging multiple neural architectures within a
single framework to address the growing complexity of power markets.

Electricity price forecasting has gained significant attention due to the complexities of
deregulated energy markets, driven by the integration of renewable energy, volatile
supply-demand dynamics, and external influences like weather conditions. Traditional
econometric models, like Vector Autoregression (VAR), offer the advantage of
interpretability and can effectively model linear relationships among variables.
However, they often fail to capture the nonlinear and nonstationary nature of electricity
price data. On the other hand, deep learning models, such as Long Short-Term Memory
(LSTM) and Gated Recurrent Unit (GRU), excel at capturing these complexities and
identifying long-term dependencies, but they lack the transparency needed for informed
decision-making. This study addresses these limitations by introducing a novel hybrid
modeling framework that integrates econometric and deep learning approaches. The
proposed method combines VAR’s interpretability and temporal insights with LSTM
and GRU’s ability to model complex patterns and long-term trends, offering a
comprehensive solution for electricity price forecasting.

Additionally, this research emphasizes the integration of external variables, such as
weather and market data, which significantly enhance the model’s robustness and
prediction accuracy. Unlike previous studies that primarily focus on standalone
econometric or deep learning models, this research highlights the synergy of combining
both approaches, bridging a critical gap in the literature. The findings demonstrate that
this hybrid framework outperforms traditional methods, providing more accurate
forecasts and actionable insights for energy market participants. This not only
contributes to advancing forecasting methodologies but also supports practical
decision-making in the context of increasingly volatile and complex energy markets.

The remainder of this paper is organized as follows: Section 2 presents a detailed
overview of the dataset and the variables utilized for modeling; Section 3 introduces
the methodology, as well as the deep learning techniques, namely LSTM and GRU
models, used for forecasting; Section 4 discusses the empirical findings, highlighting
the interplay between meteorological factors and energy market dynamics; finally,
Section 5 concludes the study, summarizing the main insights and proposing directions
for future research
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2. DATA DESCRIPTION AND CHARACTERISTICS

This study uses a diverse dataset to forecast the electricity production and consumption
of Estonian energy customers equipped with solar panels (Kaggle, 2024). The dataset
includes various meteorological and market data, enabling an in-depth analysis of the
factors influencing energy behavior. This section provides a detailed overview of the
variables used for model development.

The dataset consists of time-series data, which includes weather information, energy
market prices, and records of photovoltaic capacity installed by customers. Specifically,
we focus on predicting the amount of electricity produced and consumed based on these
variables. Table 1 presents the features included in the dataset.

Table 1. Summary of Variables Used in the Forecasting Model

Variable Name Unit Description
Electricity Price Euros per The price of electricity in euros per
megawatt hour megawatt-hour (MWh) on the day-ahead
(€/MWh) market.
Gas Price Euros per The lowest and highest prices of natural gas
megawatt hour on the day-ahead market for the trading day,
(€/MWh) are expressed in euros per megawatt-hour
equivalent.
Temperature Degrees Celsius The temperature is measured at the end of
(°C) each hour.
Dewpoint Degrees Celsius The dew point temperature is measured at
°O) the end of each hour.
Rainfall Millimeters (mm) | The rainfall from large-scale weather
systems during the hour.
Snowfall Centimeters (cm) The snowfall during the hour.

Surface Pressure

Hectopascals
(hPa)

The air pressure at the surface.

Cloud cover

Percentage (%)

Cloud cover at different atmospheric levels

[low/mid/high/total] is categorized into low (0-3 km), mid (3-8
km), and high (above 8 km), along with
total cloud cover.

Windspeed Meters per second | The wind speed was measured at 10 meters

(m/s) above ground level.
Wind Direction Degrees (°) The wind direction at 10 meters above

ground.

Shortwave Radiation

Watt-hours per
square meter
(Wh/m?)

The global horizontal irradiation.
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Direct Solar Radiation | Watt-hours per The direct solar radiation.
square meter
(Wh/m?)
Diffuse Radiation Watt-hours per The diffuse solar irradiation.
square meter
(Wh/m?)

This comprehensive set of variables allows us to create a robust model considering
meteorological and economic factors. By integrating these features, the model aims to
accurately predict energy production and consumption, facilitating better energy
management strategies for solar panel customers.

Figure 1 illustrates the temporal evolution of various variables relevant to forecasting
electricity production and consumption in October 2022 and April 2023. The graphs
provide detailed visualizations of electricity and gas prices (in €/MWh), alongside
meteorological data, including temperature (°C), dewpoint (°C), rainfall (mm),
snowfall (mm), surface pressure (hPa), and cloud cover percentages at different
altitudes (low, mid, high, and total). Additional variables such as wind speed (m/s),
wind direction (°), shortwave radiation (W/m?), direct solar radiation (W/m?), and
diffuse radiation (W/m?) are also presented.

The visualization reveals significant seasonal and temporal variations in these
variables. For instance, temperature and solar radiation levels show a clear cyclic
pattern corresponding to seasonal changes, peaking in summer and reaching their
lowest in winter. The electricity price fluctuates significantly, with observable peaks in
winter months, likely influenced by increased demand and variability in energy supply
conditions. Gas prices also display a gradual downward trend over the observed period.

Meteorological elements like rainfall and snowfall exhibit sporadic yet notable peaks
during colder months, particularly around winter. Wind speed and cloud cover
percentages present fluctuations throughout the period, which could impact the
efficiency and predictability of solar energy production. Understanding these temporal
dynamics is essential for developing robust forecasting models that integrate these
variables to accurately predict energy consumption and production patterns.

This comprehensive view of the data underscores the importance of considering
economic and meteorological factors when modeling energy systems, especially for
renewable energy sources like solar power that are heavily influenced by weather
conditions.
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Figure 1. Temporal Patterns of Electricity Price, Weather, and Atmospheric Variables
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Figure 2 presents histograms depicting the distribution of key variables in the dataset,
including electricity prices, gas prices, temperature, and various meteorological
variables such as cloud cover, rainfall, and solar radiation. These distributions provide
critical insights into the variability and skewness of the data, which have important
implications for model training and performance.

The histogram for electricity prices shows a right-skewed distribution, with most prices
concentrated in the lower range and occasional extreme spikes. Gas prices and
temperature follow more balanced, near-normal distributions, indicating less volatility
compared to electricity prices. Other variables, such as rainfall, snowfall, and solar
radiation, exhibit highly skewed distributions, with values clustered around low ranges
and rare high-value occurrences. Cloud cover variables display bimodal or skewed
patterns, reflecting distinct weather conditions. These visualizations highlight the
diversity and complexity of the dataset, emphasizing the challenges of capturing
extreme values and variable-specific behaviors in forecasting models.
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Figure 2. Distribution of Electricity Prices, Market Variables, and
Meteorological Factors

Figure 3 presents the correlation matrix of the variables used in forecasting electricity
production and consumption. The matrix visually represents the strength and direction
of linear relationships between different variables. Positive correlations are indicated
in shades of red, while negative correlations are represented in shades of blue. The
intensity of the color corresponds to the magnitude of the correlation coefficient.
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Key observations from the correlation matrix include a strong positive correlation
between dewpoint and temperature (0,94), indicating that these variables tend to
increase or decrease together. Similarly, shortwave radiation and direct solar radiation
show a high positive correlation (0,95), which is expected as both are related to solar
energy input. Conversely, surface pressure and temperature demonstrate a negative
correlation (-0,27), suggesting that the other decreases as one increases. This
correlation matrix is essential for understanding the relationships among variables,
which can inform the selection of features for predictive modeling and highlight
potential multicollinearity issues that may need to be addressed in the analysis.
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Figure 3. Correlation Matrix of Variables Influencing Electricity Production and
Consumption

Figure 4 displays the feature importance values derived from the predictive model for
forecasting electricity production and consumption. The bar chart highlights the
relative significance of each variable in contributing to the model's performance.
Higher values indicate a greater impact on the model’s predictive capability.

The Gas Price variable stands out as the most influential factor, suggesting that
fluctuations in gas prices significantly impact electricity production and consumption
patterns. Other notable variables include Dewpoint, Surface Pressure, and Diffuse
Radiation, indicating their relevance in the forecasting model. In contrast, variables
such as Mid-Level Cloud Cover and Wind Direction appear to have a lower impact,
contributing minimally to the model. This analysis is crucial for understanding which
factors are most influential, guiding further refinement of the model by focusing on the
most impactful features and potentially reducing complexity by excluding less relevant
ones.
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Figure 4. Feature Importance for Predicting Electricity Price

3. METHODOLOGY

The VAR model allows for the simultaneous modeling of multiple time series variables,
where each variable is regressed on its own lagged values and the lagged values of
other variables in the system. It is particularly effective when dealing with
macroeconomic data, where multiple variables interact dynamically (Sims, 1980).

The primary advantage of VAR models is their ability to provide information about the
direction and magnitude of the interactions between variables. Additionally, its
dynamic structure allows using tools such as impulse response functions (IRFs) to
analyze how variables respond to shocks within the system (Liitkepohl, 2005).

The VAR model is based on a system of equations where Y; represents a vector of k
time series variables. Each variable in the system is modeled as a function of its lags
and the lags of the other variables. The model can be expressed as follows:

Yt = Alyt—l + AZYt—Z + ...+ Ath_p + Et (1)

where Y; k-dimensional vector of time series variables, 4; k X k coefficient matrices
for each lag, capturing the influence of past values of all variables in the system, p the
lag length of the model, &; a vector of error terms or innovations, assumed to be white
noise with zero mean and constant variance.

Long Short-Term Memory (LSTM) cells are highly relevant as they enable the model
to capture both short-term fluctuations and long-term dependencies within the data. For
instance, changes in weather patterns, market conditions, and other external factors that
influence energy prices often exhibit both immediate and lingering effects. By
leveraging the cell and hidden states in the LSTM, the model can effectively learn to
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retain critical information across multiple time steps, which is crucial for accurate
forecasting.

The forget, input, and output gates allow the LSTM to dynamically control the
information flow, making it suitable for time series applications where relevant patterns
may recur over varying time horizons. This capability aligns with the objectives of
hybrid modeling approaches that integrate econometric and deep learning models for
robust energy market predictions.

LSTM networks are Recurrent Neural Networks (RNN) designed to capture long-term
dependencies in time series data. Due to their ability to retain information over long
sequences, LSTM models have become a popular choice in time series forecasting,
including in applications like energy price prediction, where complex dependencies
exist between past prices, weather data, and other external factors (Chang et al., 2019;
Zhou et al., 2019; Wang et al., 2020). LSTM networks were introduced to overcome
the vanishing gradient problem associated with traditional RNNs. They are designed
with memory cells that can store information for long periods, making them particularly
effective for time series forecasting, where patterns may span over long data sequences
(Hochreiter & Schmidhuber, 1997).

The architecture of an LSTM network includes three main gates: the input gate, the
forget gate, and the output gate. These gates regulate the flow of information through
the network, enabling it to selectively remember or forget information, which is critical
in modeling the dependencies in sequential data like energy prices and their influencing
factors (e.g., weather conditions, market dynamics) (Gers et al., 2000).

An LSTM model is composed of a series of LSTM cells. Cell State (c;) represents the
"memory" of the LSTM, storing relevant information over time. The cell state is

updated based on the input and forget gates.

LSTM models use three gates to control the flow of information. Forget Gate (f;)
decides what information to discard from the cell state. It is defined as:

fe = U(W} “[he—1,xe] + bf)' 2
where f; is the forget gate output, Wy and by are the weight matrix and bias for the
forget gate, hy_, is the previous hidden state, x; is the current input, and o is the

sigmoid activation function.

Input Gate determines which new information is stored in the cell state. It is expressed
as:

i = o(W; - [he—q, x¢] + b)), 3)

where W; and b; are the weight matrix and bias vector for the input gate. The candidate
values to be added are calculated as:

¢; = tanh(Wc - [hi_q, x¢] + be). 4
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Output Gate decides the next hidden state based on the updated cell state:

0r = 0(W, - [he—1, %] + bo), ®)
where W, and b,, are the weight matrix and bias vector for the output gate.
The hidden state is then:

h; = o, - tanh(c,). (6)
The cell state is updated based on the input and forget gates:

ct = fe Co1tip - Cp. (7

These equations control what information is added to or removed from the memory,
effectively allowing the model to capture and leverage long-term
dependencies (Hochreiter & Schmidhuber, 1997).

Figure 5 illustrates the Long Short-Term Memory (LSTM) cell architecture,
highlighting the roles of the forget, input, and output gates in managing both long-term
(ct) and short-term (h;) memory states. This design allows the LSTM to retain relevant
information over extended sequences. It is particularly effective for applications
involving temporal data with complex dependencies, such as energy price forecasting
influenced by external factors
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Figure 5. LSTM Cell Architecture: Gate Mechanisms for Long-Term and Short-Term
Memory Management

In the context of energy price prediction, where long-term dependencies and temporal

patterns play a significant role, the GRU model's gating mechanism allows it to capture
these dependencies effectively without overcomplicating the model. The GRU can
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focus on relevant time steps by selectively retaining or forgetting past information
through the reset and update gates. It is suitable for modeling complex time series data
such as energy prices influenced by external factors (e.g., weather data, market trends).

The GRU model is a variant of the Recurrent Neural Network (RNN) architecture
designed to improve the learning of long-term dependencies. GRUs are particularly
useful when computational efficiency is a priority, as they have fewer parameters than
LSTM models while maintaining performance (Cho et al., 2014). GRU model’s ability
to efficiently capture dependencies in time series data makes it a powerful component
in hybrid models that forecast complex energy markets. The GRU has fewer parameters
than the LSTM, leading to faster training times and lower computational costs (Chung
etal., 2014).

A GRU cell uses two main gates to manage information: the reset gate (r;) and
the update gate (z;). These gates control what information is kept and what is discarded,
allowing the GRU to manage long-term dependencies efficiently while minimizing
computational complexity.

The reset gate determines how much of the past information (h;_;) should be forgotten:
1y =0W; - [hey, xe] + b)), (®)
where W, and b, are the weight matrix and bias vector for the reset gate, o is the
sigmoid activation function, h,_; is the previous hidden state, and x; is the current

input.

The update gate controls how much of the past information is retained and how much
of the new information is added:

ze = o(W; - [he—1, x] + by), 9)
where W, and b, are the weight matrix and bias vector for the update gate.
The candidate hidden state (h,) is computed based on the reset gate’s influence:

flt = tanh(Wj, - [ry * he_y, x¢] + byp), (10)

where 1; is the reset gate output, determining how much of the previous hidden state
(h¢_1) contributes.

The final hidden state (h;) is computed using both the update gate and the candidate
hidden state:

he=(1—12z)*h,_y +2z *h,. (11)

This equation appropriately combines the previous hidden state and the new candidate
state, balancing new and old information.
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Figure 6 provides a detailed schematic representation of the GRU cell architecture,
showcasing the role of its gating mechanisms—reset gate and update gate—in
controlling information flow within the network. This figure visualizes how the GRU
cell processes and combines the current input x, and the previous hidden state h;_, to
produce an updated hidden state h;, propagated forward in the sequence.

Hidden state

|

Reset gate Update gate Candidate for
a hidden
state

Figure 6. Schematic Representation of the GRU Cell and Its Gating Mechanisms

4. EMPIRICAL FINDINGS

This section presents the empirical results of analyzing the interaction between
meteorological variables and energy market dynamics using multiple modeling
approaches. To gain a comprehensive understanding, we employed the Vector
Autoregression (VAR) model alongside Long Short-Term Memory (LSTM) and Gated
Recurrent Units (GRU) methods. This combination of models allows for both statistical
inference and advanced forecasting capabilities, enabling the extraction of valuable
insights from the dataset.

The VAR model was used to analyze the dynamic interrelationships between variables,
focusing on understanding how the past values of meteorological and market factors
impact energy prices over time. Meanwhile, LSTM and GRU methods, known for their
ability to handle sequential data, were used to make precise and long-term forecasts of
electricity consumption and production patterns, leveraging their capability to capture
long-range dependencies.

To prepare the dataset for the VAR model, several data preprocessing steps were
undertaken to ensure data quality and feature selection, focusing on enhancing both the
interpretability and statistical soundness of the model. Initially, the coefficient of
variation (CV) was calculated for each variable in the dataset. This metric—computed
as the ratio of the standard deviation to the mean—was used to assess the relative
variability of each variable over time. Variables with a CV greater than 0,5 were
retained for analysis, ensuring that the model captured only those variables with
significant variability. This step helped eliminate static variables that could introduce
noise rather than meaningful insights.
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To address the potential issue of multicollinearity, a correlation matrix was computed,
and columns with a correlation coefficient greater than 0,8 were dropped. By removing
one variable from each pair of highly correlated features, the model was optimized to
reduce redundancy and multicollinearity, ultimately improving the reliability of
estimated relationships among variables.

In Table 1, the Augmented Dickey-Fuller (ADF) test is presented under two
specifications: one with only a constant term (ADF (c)) and one with both a constant
and a linear trend (ADF (ct)). The results show that several variables, including Rain,
Snowfall, Total Cloud Cover, Mid-Level Cloud Cover, and High-Level Cloud Cover,
appear to be strongly stationary in both specifications since their test statistics exceed
the relevant critical values at the 1% level. In these cases, adding a trend component
does not alter the conclusion that the series is stationary.

Conversely, Gas Price, Temperature, and Shortwave Radiation fail to reject the unit
root hypothesis at conventional significance levels under both ADF (¢) and ADF (ct).
Thus, these three appear to be nonstationary in their current forms, suggesting potential
benefits of differencing or transformation if they are to be used in models requiring
stationarity. Electricity Price exhibits mixed results: it is significant under the constant-
only specification at the 5% level but not under the constant+trend specification,
indicating possible partial stationarity or sensitivity to trend. Overall, the ADF tests
imply that some weather-related series (e.g., rainfall, snowfall, cloud cover) are level-
stationary, while certain price measures and temperature data may require further
transformation.

Table 2. ADF Test Results

Variable ADF(c) p —value | ADF(ct) | p —value
Electricity Price -3,016** 0,0335 -3,024 0,1256
Gas Price -1,393 0,5854 -1,413 0,8572
Temperature -1,854 0,3540 -1,853 0,6786
Rain -11,711%%* 0,0000 -14,410%** 0,0000
Snowfall -7,778%%* 0,0000 =7,772%** 0,0000
Total Cloud Cover -3,895%** 0,0021 -3,967*** 0,0098
Mid-Level Cloudcover -14,072%%* 0,0000 -14,065%*** 0,0000
High-Level Cloud Cover -15,098*** 0,0000 -15,085%** 0,0000
Shortwave Radiation -1,463 0,5516 -1,519 0,8224

Notes: ADF(c) refers to the test specification with constant, and ADF(ct) refers to the
specification with constant and trend. The reported test statistic values should be compared with
the critical values at the 1%, 5%, and 10% significance levels to assess stationarity. For ADF (c),
the critical values are approximately -3,441 (1%), -2,866 (5%), and -2,569 (10%). For ADF (ct),
the critical values are approximately -3,973 (1%), -3,418 (5%), and -3,131 (10%). The maximum
lag length was set to 12, and the final lag was determined by the significance of the last lagged
dependent variable at the 10% level. Statistical significance at the 1%, 5%, and 10% levels is
denoted by ***, ** and *, respectively.
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Table 2 reports the Zivot—Andrews test, which allows for a single endogenously
determined structural break. The results under the Level Break (c¢) and Level + Trend
Break (ct) models show that Rain, Snowfall, Total Cloud Cover, Mid-Level Cloud
Cover, High-Level Cloud Cover, and Electricity Price are statistically significant at
least at the 5% level. This outcome suggests these variables become stationary once
one accounts for a specific break date. For instance, Electricity Price has break dates
around late 2022, and its p-values (< 0,02) confirm stationarity with a shift.

In contrast, Gas Price, Temperature, and Shortwave Radiation do not exhibit
stationarity under either Zivot-Andrews model; their test statistics remain above the
critical thresholds, and the corresponding p —values indicate that the unit root
hypothesis cannot be rejected. While a break date is still computed (e.g., 2022-12-14
for Gas Price), the test statistic is insufficiently large in absolute value to confirm
stationarity. Consequently, these variables likely contain a persistent unit root behavior,
even when a single structural break is considered.

In the context of Vector Autoregression (VAR) modeling, stationarity is a critical
assumption to ensure the validity of the analysis. Given that certain variables, such as
Gas Price, Temperature, and Shortwave Radiation, were identified as non-stationary,
their first differences were taken before their inclusion in the VAR model. This
transformation ensures that all variables in the analysis satisfy the stationarity
requirement, facilitating accurate and robust results.

Table 3. Zivot—Andrews Test Results

Variable ZA(c) p —value | Break Date ZA(ct) p —value | Break Date
Electricity Price -5,168** 0,0167 | 2022-12-16 -5,478%* 0,0153 2022-07-27
Gas Price -3,217 0,8330 | 2022-12-14 -4,340 0,2926 2022-06-28
Temperature -3,187 0,8459 2022-10-16 -3,422 0,8477 2022-11-12

Rain -14,600%** 0,0000 | 2022-05-25 | -14,589%%* 0,0007 2022-05-25

Snowfall -8,284%#* 0,0000 | 2022-11-19 -8,597%%** 0,0009 2022-02-22

Total Cloud Cover -5,660%%* 0,0022 | 2022-09-12 -5,768%%** 0,0051 2022-09-12
Mid-Level Cloudcover -14,429% %% 0,0000 | 2022-11-18 | -15,072%%* 0,0007 2022-11-18
High-Level Cloud Cover | -15,294%%* 0,0000 | 2023-02-24 | -15,714%%* 0,0007 2023-01-06
Shortwave Radiation -3,668 0,5691 2022-08-14 -2,967 0,9691 2022-08-14

Notes: This table shows the Zivot—Andrews test results under two model specifications: Level
Break (c) and Level and Trend Break (ct). The break date is endogenously determined and
reported in the final column for each specification. Critical values for the level-break model (c)
are approximately -5,276 (1%), -4,811 (5%), and -4,566 (10%), while for the level and trend
model (ct) they are -5,576 (1%), -5,073 (5%), and -4,827 (10%). Statistical significance at the
1%, 5%, and 10% levels is denoted by ***, ** ‘and *, respectively. A maximum of 12 lags was
allowed, with the final lag determined at the 10% significance level for the last lagged dependent
variable.
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Figure 7 illustrates the decomposition of three non-stationary variables—Gas Price,
Temperature, and Shortwave Radiation—into their respective components: original
series, trend, and residuals. The decomposition highlights persistent trends and
significant variations in the residuals for each series, consistent with the results
presented in Tables 2 and 3. For Gas Price, the trend component shows distinct long-
term fluctuations, likely influenced by external market dynamics, while the residuals
reveal high-frequency variability that further supports non-stationarity. Similarly,
Temperature exhibits pronounced seasonal trends that align with climatic cycles and
irregular residuals indicative of stochastic influences. Finally, Shortwave Radiation
displays distinct periodic trends, reflecting solar radiation patterns, with residuals
capturing short-term anomalies.

The persistence of trends and irregularities in the residuals for all three variables
supports the conclusion that these series are non-stationary in their current forms. This
finding aligns with the Augmented Dickey-Fuller (ADF) test results, which fail to reject
the null hypothesis of a unit root for these variables under constant-only and constant-
with-trend specifications. Furthermore, the Zivot—Andrews test confirms that even after
accounting for structural breaks, the unit root behavior remains for these variables,
suggesting that differencing or transformation is necessary to achieve stationarity.
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Figure 7. Decomposition of Non-Stationary Variables:
Gas Price, Temperature, and Shortwave Radiation

Figure 8 presents the historical and forecasted electricity prices in euros per megawatt
hour (€/MWh), derived using the VAR model. The graph illustrates the historical and
forecasted values, providing a comparative perspective on how the model predicts
future electricity prices based on previous data. The forecasted prices and a 95%
confidence region are displayed in the shaded orange area, highlighting the uncertainty
range around the model's predictions.

The historical segment of the plot shows the variations in electricity prices over time,
indicating seasonal patterns and volatility, which are crucial for understanding energy
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market dynamics. The forecasted values extend into the future and suggest potential
trends that decision-makers can use for planning and resource allocation. The wide
confidence region in the forecast period signifies the uncertainty in predictions,
emphasizing the influence of external factors on electricity prices. In this context, the
VAR model’s strength lies in its ability to capture interdependencies between variables,
providing insights into price movements and the associated risk.

—— Historical
Forecast

300 |
95% Confidence Interval |

Electricity Price (€/MWh)

= - o ~
w = e} 14 3
B 3 B s ]

)

|
2

v & o v o
iy o R il & o
p"' 4,,0"’ _‘J,Qb"» g & ,5,0"" r o« ’pr.
V- A% Q- 3% v Qo
& & & & &

Figure 8. Historical and Forecasted Electricity Prices Using The VAR Model

Figures 16 to 24, presented in the appendix, display the impulse response functions
(IRFs) for the variables included in the Vector Autoregression (VAR) model over a 10-
step horizon. They illustrate how each variable responds to a shock in another variable
over time. The responses are plotted over ten periods following an initial shock, with
solid lines representing the estimated impulse response and dashed lines indicating the
95% confidence intervals.

The results reveal significant interactions between electricity prices and external factors
such as gas prices, temperature, and shortwave radiation, highlighting the critical role
of both market and climatic dynamics in energy pricing. Weather variables like cloud
cover (total, mid-level, and high-level) demonstrate hierarchical feedback
relationships, influencing each other and interacting with electricity and gas prices.
Rain and snowfall, on the other hand, exhibit relatively isolated impacts with limited
influence on the broader system.

These IRFs provide valuable insights into the magnitude and duration of shocks,
showcasing the complex interdependencies in the energy-climate nexus. The figures
collectively enhance the understanding of the temporal adjustments and feedback
mechanisms governing electricity prices and related variables.

Figure 9 presents the Forecast Error Variance Decomposition (FEVD) analysis for the

Vector Autoregression (VAR) model variables. The FEVD quantifies the proportion of
the forecast error variance of each variable that can be attributed to shocks in the other
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variables over time. This analysis provides insights into the relative importance of
different shocks in explaining the variability of each variable in the model.

The y-axis represents the percentage contribution to the forecast error variance, while
the x-axis indicates the forecast horizon (up to four periods). The bars represent the
variance decomposition results, showing the contribution of each shock to the forecast
error variance of a specific variable. For instance, the variance in electricity prices can
be influenced by other factors such as temperature, gas price, and cloud cover.

This analysis is crucial for understanding the extent to which different factors, such as
weather and energy market conditions, influence the variability of the forecasted
outcomes. It highlights which variables have the most significant impact on the others,
allowing for a deeper understanding of the dynamic relationships within the energy and
meteorological dataset. This type of analysis is particularly useful for policymakers and
energy analysts in identifying key drivers of wvariability and assessing the
interconnectedness of different market and weather factors.
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In this study, we implemented a Bidirectional Long Short-Term Memory (Bi-LSTM)
model for predicting energy prices based on historical time series data and external
variables like weather and market factors. The Bi-LSTM model was constructed using
the Keras library. The model consists of a bidirectional LSTM layer followed by dense
layers, enabling the network to effectively capture past and future temporal
dependencies. The first layer is a Bidirectional LSTM layer with 128 units.
Bidirectionality allows the model to process information from both past and future
states, improving its ability to understand complex dependencies in the time series data.
Following the LSTM layer, the model includes two fully connected dense layers. The
first dense layer has 64 units, acting as a feature abstraction layer, while the final dense
layer outputs predictions with the required shape.

The hyperparameter selection for the Bi-LSTM model was performed using Bayesian
Optimization from the bayes opt Python package (Nogueira, 2014). This library
provides a convenient and efficient framework for exploring the hyperparameter space
and identifying optimal configurations for complex machine-learning models.
Specifically, the Bayesian Optimization framework systematically searched the
hyperparameter space, including learning rate (LR), batch size, and the number of
epochs. This process identified the best combination of hyperparameters: an LR of
approximately 0,022, a batch size of 167, and 97 epochs. The optimization utilized a
predefined range for each parameter (e.g., LR: [le-5, le-1], batch size: [16, 264],
epochs: [10, 100]) and aimed to minimize the validation loss during training.

The optimized LR was implemented with the Adam optimizer, allowing the model to
make stable and incremental weight updates, avoiding overshooting while ensuring
convergence. The batch size 167 provided an efficient balance between computational
speed and gradient stability. Similarly, 97 epochs were identified as the optimal
duration to capture the data's underlying temporal dependencies without overfitting, as
confirmed by the stable validation loss curve. These hyperparameters, determined
through Bayesian Optimization, were subsequently validated using metrics such as
Mean Absolute Error (MAE), Mean Squared Error (MSE), and Root Mean Squared
Error (RMSE) on the test set, achieving robust predictive performance.

The model’s performance over training epochs was visualized by plotting the training
and validation loss curves (Figure 10). This plot provides insights into the convergence
of the model. Training Loss is shown in solid blue, representing the model’s error on
the training set. Test Loss is shown in dashed orange, indicating how well the model
generalizes to unseen data. Both loss curves were visualized to ensure the model did
not overfit the training data. A stable or decreasing validation loss relative to the
training loss indicates good generalization.
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Figure 10. Training and Testing Loss Convergence for the LSTM Model

Figure 11 depicts the training performance of the Bi-LSTM model in forecasting
electricity prices, comparing the real electricity prices (blue) and the predicted prices
generated by the model (orange) over the training period. This visualization evaluates
the model’s ability to learn temporal dependencies and the underlying dynamics of
historical electricity price data, which are influenced by factors such as weather
conditions, market fluctuations, and past price trends.

The figure highlights the Bi-LSTM model’s capability to closely align with real
electricity prices, effectively capturing key trends, seasonal patterns, and significant
price spikes during high-demand periods. The model demonstrates robust performance
in tracking short-term price variations and long-term dependencies, underscoring its
suitability for energy market forecasting. Furthermore, the model successfully predicts
major price fluctuations, critical for operational decision-making and risk mitigation in
volatile markets.

Although minor discrepancies are observed between the predicted and actual values,
these deviations are consistent with the inherent volatility and noise in electricity price
data. Such variability is typical in complex time series forecasting tasks. Overall, the
results validate the Bi-LSTM model's effectiveness and reliability in accurately
modeling and predicting electricity price movements during the training phase.
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Figure 11. Training Results of the Bi-LSTM Model:
Comparison of Real and Predicted Electricity Prices

Figure 12 illustrates the testing performance of the Bidirectional Long Short-Term
Memory (Bi-LSTM) model, demonstrating its ability to forecast electricity prices on
previously unseen data. The figure compares real electricity prices (blue) with the
predicted prices generated by the model (orange) over the testing period. This phase
evaluates the model's generalization capacity and predictive accuracy, which are critical
for practical applications in dynamic energy markets influenced by factors such as
weather conditions and market behavior.

During the testing phase, the Bi-LSTM model effectively captures the overall trend and
trajectory of electricity prices, including the gradual decline observed in the data. This
alignment between real and predicted values highlights the model's ability to generalize
and adapt to new, unseen data, further validating its robustness in modeling long-term
dependencies.

While the Bi-LSTM model demonstrates strong predictive performance, certain
discrepancies are evident during periods of sharp price spikes and dips. These
deviations are typical in forecasting volatile markets, where extreme price fluctuations
can occur due to sporadic external factors. Despite these challenges, the model
maintains a reasonable proximity to actual values, even during periods of significant
variability. This indicates the Bi-LSTM model's suitability for forecasting tasks where
trend recognition and adaptability are critical for operational decision-making.
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Figure 12. Testing Results of the Bi-LSTM Model:
Real vs. Predicted Electricity Prices

Figure 13 depicts the convergence behavior of the Gated Recurrent Unit (GRU) model
during the training and testing phases. The training loss (solid blue) and testing loss
(dashed orange) are plotted over 97 epochs, reflecting the optimization process. The
loss metric used is Mean Squared Error (MSE), which effectively captures the
prediction errors in continuous data, making it highly suitable for regression tasks like
energy price forecasting.

The figure shows a sharp decline in training and testing loss during the initial epochs,
indicating rapid learning of underlying patterns. After approximately 20 epochs, the
losses stabilize, with the training loss gradually decreasing, while the testing loss
remains relatively steady. This convergence pattern demonstrates that the model
successfully generalizes to unseen data while avoiding overfitting, as evidenced by the
consistent testing loss throughout the latter epochs. This highlights the effectiveness of
the selected hyperparameters and the model's ability to learn temporal dependencies in
the dataset.
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Figure 13. Training and Testing Loss Convergence for the GRU Model

This study developed a Gated Recurrent Unit (GRU) model to forecast energy prices
using historical data and additional features such as weather conditions and market
indicators. The GRU model was chosen for its capability to capture long-term
dependencies, which is essential in energy markets where historical trends and external
factors can significantly influence future price movements. The model architecture
consists of two sequential GRU layers and fully connected (dense) layers. The first
GRU layer contains 128 units, and the second GRU layer contains 64 units. The
sequence is transformed into a final state representation that feeds into the dense layers,
effectively learning both short-term fluctuations and long-term dependencies.

The dense layers following the GRU layers refine the extracted temporal features and
produce the final predictions. The first dense layer consists of 128 units, a feature
abstraction layer that reduces the data complexity. The subsequent two dense layers
contain 32 units each, further simplifying the learned features and enhancing the
model's generalization ability. The final output layer matches the target variable’s
dimensions, ensuring the model’s predictions are compatible with the expected output
format.

The hyperparameters for the GRU model were optimized using Bayesian Optimization
to ensure an efficient and systematic search for the best configuration. This process
explored the hyperparameter space for the learning rate (LR), batch size, and the
number of epochs, ultimately selecting the following optimal values: a learning rate of
0,0021, a batch size of 191, and 97 epochs. These values were identified by minimizing
the validation loss during training, resulting in a model that balances predictive
accuracy and training efficiency.

The selected learning rate, implemented with the Adam optimizer, provides a stable
convergence path, allowing for effective gradient updates without overshooting the
optimal solution. The batch size of 191 offers a trade-off between computational
efficiency and gradient stability, ensuring robust training on the diverse energy price
dataset. Additionally, the training duration of 97 epochs was sufficient to capture
complex temporal dependencies in the data while minimizing the risk of overfitting.
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These hyperparameters, determined through Bayesian Optimization, improved the
GRU model's ability to accurately forecast electricity prices, as evidenced by its strong
performance across evaluation metrics such as MAE, RMSE, and MAPE.

Figure 14 presents the training performance of the Gated Recurrent Unit (GRU) model
in forecasting electricity prices. This plot compares the real electricity prices and the
predicted prices generated by the model over the training period. This comparison
evaluates how well the GRU model learns the underlying patterns in historical energy
price data, influenced by complex factors such as market conditions and weather
variables.

In the training phase, the GRU model demonstrates a high alignment between the real
and predicted electricity prices. The model captures the overall trend and seasonal
fluctuations in the data, including major price peaks and troughs. It effectively learns
both short-term and long-term dependencies within the dataset. This alignment is
crucial for validating the model’s ability to represent the dynamic behavior of electricity
prices, which are known for their volatility and susceptibility to external influences.

While the GRU model performs well in capturing the general price movements, slight
discrepancies are observed in areas with extreme price spikes. This is a common
challenge in energy price forecasting due to the sudden and often unpredictable nature
of these fluctuations. Nonetheless, the model maintains a close track of the actual
values, which is indicative of robust training performance.
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Figure 14. Training Results of the GRU Model:
Comparison of Real and Predicted Electricity Prices

Figure 15 illustrates the testing performance of the Gated Recurrent Unit (GRU) model
in forecasting electricity prices, showcasing the comparison between real electricity
prices (blue) and the predicted prices (orange) over the testing period. This phase
evaluates the model’s ability to generalize its learning to unseen data, which is critical
for practical forecasting applications in volatile energy markets.
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The GRU model effectively captures the overall trends in electricity prices, including
the gradual decline observed during the latter part of the testing period. It successfully
tracks major price fluctuations and general price trajectories, demonstrating its ability
to model both short-term variations and long-term patterns. However, some
discrepancies are evident, particularly during extreme price spikes, reflecting the
challenges posed by the highly volatile and nonlinear dynamics of electricity markets.

Despite these deviations, the model achieves a reasonable alignment with real prices,
maintaining its generalization capabilities. The consistent tracking of real values during
stable periods emphasizes the model's robustness and reliability. This performance
underscores the GRU model’s utility in forecasting tasks, where accuracy and the
ability to handle market volatility are paramount for informed decision-making and risk
management.
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Figure 15. Testing Results of the GRU Model: Comparison of Real and Predicted
Electricity Prices

Table 4 provides a multifaceted comparison of Vector Autoregression (VAR), Gated
Recurrent Unit (GRU), and Long Short-Term Memory (LSTM) models, evaluated
using four distinct performance metrics—Mean Absolute Error (MAE), Root Mean
Squared Error (RMSE), Symmetric Mean Absolute Percentage Error (SMAPE), and
Root Mean Squared Logarithmic Error (RMSLE). These metrics collectively offer
insights into the models’ ability to handle absolute deviations and relative or
proportional errors across varying ranges of energy prices.

A key observation in Table 2 is the stark contrast in MAE and RMSE between the deep
learning methods (GRU and LSTM) and the VAR baseline. Specifically, the MAE for
GRU and LSTM hovers around 0,16-0,17, whereas VAR’s MAE stands at
approximately 35,57. This disparity implies that recurrent neural models capture price
dynamics far more effectively, minimizing large forecast deviations and excelling at
overall absolute accuracy. The RMSE values follow a similar pattern, with GRU and
LSTM remaining close to 0,22, contrasting sharply with the VAR model’s RMSE
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surpassing 51,59. These findings underscore the advantage of non-linear sequence
models in managing the inherent complexity and volatility of daily energy prices.

Despite their clear superiority in absolute terms, GRU and LSTM show higher SMAPE
values (35,50% and 39,11%, respectively) compared to the VAR model’s 24,97%. This
outcome indicates that, relative to moderate or lower price points, the deep learning
models may introduce more pronounced percentage deviations. A plausible explanation
lies in the data’s distribution: periods where energy prices approach certain lower
bounds can yield smaller denominators, thus inflating proportional errors. While VAR
suffers more in absolute measures, its more uniform percentage error suggests it
balances deviations more consistently across different price levels.

When examining RMSLE, both GRU and LSTM outperform VAR considerably,
suggesting superior handling of multiplicative or relative errors. Their RMSLE values
of approximately 0,12-0,13 demonstrate an enhanced capacity to accommodate
significant shifts in the price data, reflecting the flexibility of recurrent neural
architectures in modeling non-linear dynamics. By contrast, VAR’s RMSLE of 0,35
implies that large log-scaled discrepancies occur more frequently, further highlighting
the limitations of linear approaches in highly variable energy markets.

Table 4. Performance Metrics Comparison of VAR, LSTM, and GRU Models in
Electricity Price Forecasting

Model MAE RMSE SMAPE RMSLE
VAR 35,5669 51,5929 24,97% 0,3479
GRU 0,1639 0,2233 35,50% 0,1275

LSTM 0,1735 0,2184 39,11% 0,1245

Table 2’s results emphasize two important implications for energy price forecasting.
First, GRU and LSTM prove especially effective where mitigating large absolute
deviations is paramount—such as in budgeting, trading, or bidding contexts that cannot
tolerate large swings. Second, while VAR fares better in percentage-based errors
(SMAPE), it exhibits significant weaknesses in overall accuracy and log-scale fit,
making it less suitable for capturing abrupt or non-linear market shifts. Consequently,
for stakeholders prioritizing minimal absolute errors, the deep learning models offer a
robust solution, whereas contexts emphasizing proportional stability might still find
certain advantages—albeit limited—in the VAR approach.

5. CONCLUSION

This study presents a hybrid framework integrating econometric (VAR) and deep
learning models (LSTM and GRU) to address the challenges of electricity price
forecasting in highly dynamic and volatile markets. By leveraging the strengths of both
methodologies—VAR’s interpretability and the deep learning models’ capability to
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capture nonlinear temporal patterns—this approach provides a robust solution for
energy price prediction. The inclusion of weather and market variables further enhances
the model’s accuracy and adaptability, highlighting the importance of incorporating
external factors in forecasting frameworks.

The findings highlight the superiority of deep learning models over the VAR approach
in terms of absolute error metrics such as MAE and RMSE. The GRU model achieves
the best performance with the lowest MAE and RMSE, followed closely by the LSTM
model. Both deep learning approaches successfully capture the nonlinear temporal
patterns and dependencies inherent in electricity price time series. However, the VAR
model demonstrates relatively better performance in terms of SMAPE, indicating its
ability to handle proportional errors effectively. Additionally, the RMSLE results
underscore the deep learning models' capacity to manage extreme value fluctuations,
with LSTM achieving the lowest RMSLE.

Despite the clear advantages of the deep learning models, their limitations in fully
capturing sudden price spikes and drops remain a challenge. These extreme
fluctuations, often driven by unpredictable market or environmental events, introduce
volatility that is inherently difficult to model. While this study demonstrates that GRU
and LSTM models possess strong generalization capabilities, a more detailed
investigation into the impact of extreme values on their performance is necessary.
Understanding these limitations will further enhance their applicability in real-world
forecasting scenarios where robustness against extreme volatility is crucial.

The unique contribution of this study lies in its hybrid framework, which combines the
interpretative power of econometric models with the predictive accuracy of deep
learning models. This dual approach not only enhances the robustness of predictions
but also provides a structured and interpretable tool to inform policy-making and
strategic decisions in energy markets. Furthermore, the inclusion of weather and market
data proves critical in capturing the multifaceted nature of electricity price fluctuations,
emphasizing the importance of external variables in improving forecasting accuracy.
This aligns with existing hypotheses suggesting that environmental and market factors
are key drivers of energy price variability.

In a broader context, these findings underscore the importance of adopting hybrid
methodologies to address the challenges posed by complex and volatile data structures
in electricity markets. By successfully integrating econometric and deep learning
methods, this study contributes a novel framework for energy forecasting with
implications for risk management, operational efficiency, and policy development in
energy-intensive industries.

Future research directions include refining the hybrid models by incorporating
additional factors such as real-time demand-supply imbalances, seasonal variations, or
geopolitical influences. Exploring advanced architectures, such as attention
mechanisms or transformer-based models, could further enhance predictive accuracy.
Moreover, expanding datasets to include high-frequency and real-time market data
would provide deeper insights into rapid shifts in energy prices, enabling more
responsive and robust forecasting systems tailored for dynamic market environments.
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APPENDIX

IRF for Impulse in electricity_price_per_mwh (10 Steps)
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Figure 16. Impulse Response Function (IRF) for Electricity Price

167



C. Oztiirk Integrating Econometric and Deep Learning Models for Energy Price Prediction

IRF for Impulse in rain (10 Steps)
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IRF for Impulse in snowfall (10 Steps)
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Figure 18. Impulse Response Function (IRF) for Snowfall

169



C. Oztiirk Integrating Econometric and Deep Learning Models for Energy Price Prediction

IRF for Impulse in cloudcover_total (10 Steps)
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IRF for Impulse in cloudcover_mid (10 Steps)
cloudcover_mid — electricity_price_per_mwh
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Figure 20. Impulse Response Function (IRF) for Mid-Level Cloud Cover
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IRF for Impulse in cloudcover_high (10 Steps)
cloudcover_high = electricity_price_per_mwh
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Figure 21. Impulse Response Function (IRF) for High-Level Cloud Cover
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IRF for Impulse in diff_gas_price_per_mwh (10 Steps)
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Figure 22. Impulse Response Function (IRF) for Gas Price (Differenced)
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IRF for Impulse in diff_temperature (10 Steps)
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Figure 23. Impulse Response Function (IRF) for Temperature (Differenced)
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IRF for Impulse in diff_shortwave_radiation (10 Steps)
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Figure 24. Impulse Response Function (IRF) for Shortwave Radiation (Differenced)
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Abstract Oz

Creating balanced datasets is a significant challenge that
substantially affects the performance of machine learning
models in the classification of agricultural products. In this
research, we tried to overcome this challenge by using an
unbalanced dataset containing information on 7 date palm
(Phoenix dactylifera L.) and 2 pistachio (Pistacia vera L.)
cultivars. The aim of the study is to compare the
classification performance of machine learning models on
an unbalanced dataset and a balanced dataset using the
SMOTE technique. Initially, classification was performed
on the unbalanced dataset using machine learning
approaches. Among the machine learning models applied
on the unbalanced dataset, the Linear-SVM model showed
the highest accuracy rate with an accuracy rate of 92,62%.
In the data set extended by applying the SMOTE
technique, the RBF-SVM model again showed the highest
accuracy rate with 95,55% accuracy rate. In summary, our
study highlights the difficulties in machine learning-based
agricultural crop classification due to data unbalances.
Utilizing the SMOTE technique for oversampling was
effective in overcoming this obstacle and improving
classification accuracy.

Keywords:  Machine  learning, SMOTE, fruit

classification, oversampling.

Dengeli veri kiimeleri olusturmak, tarimsal iiriinlerin
siniflandirilmasinda  makine 6grenimi  modellerinin
performansini  6nemli Olgiide etkileyen o6nemli bir
zorluktur. Yapilan bu arastirmada, 7 hurma (Phoenix
dactylifera L.) ve 2 Antep fistg1 (Pistacia vera L.)
¢esidine ait bilgileri igeren dengesiz bir veri kiimesi
kullanarak  bu  zorlugun istesinden  gelinmeye
calistlmistir. Calismanin ana hedefi, makine 6grenmesi
modellerinin dengesiz veri kiimesi ve SMOTE teknigi ile
dengelenmis veri kiimesi iizerindeki siiflandirma
bagarisimi karsilastirmaktir. Basglangi¢ olarak, dengesiz
veri kiimesi iizerinde makine O6grenimi yaklasimlari
kullanilarak siniflandirma yapilmistir. Dengesiz veri
kiimesinde uygulanan makine G6grenmesi modelleri
icerisinde %92,62 dogruluk orani ile en yiiksek dogruluk
oranini Linear-SVM modeli gostermistir. SMOTE teknigi
uygulanarak genisletilen veri kiimesinde ise %95,55
dogruluk orant ile en yiiksek dogruluk oranin1 RBF-SVM
modeli gostermistir. Ozetle, calismamiz makine 6grenimi
tabanli  tarimsal  {irin  simiflandirmasinda  veri
dengesizliklerinden kaynaklanan  zorluklarm  altini
¢izmektedir. Asir1 6rnekleme igin SMOTE tekniginden
yararlanmak, bu engelin Ustesinden gelmede ve
siniflandirma dogrulugunu artirmada etkili olmustur.
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smiflandirma, agir1 6rnekleme.
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1. INTRODUCTION

Dates (Phoenix dactylifera L.) are the fruit of the date palm tree. Being the dominant
species of the Phoenix genus, these plants belong to the Aceraceae family, commonly
known as the palm family, holding significant importance (Echegaray et al., 2023). The
encompass around 200 types and over 2500 species worldwide (Koklu et al., 2021).
Dates hold great agricultural significance in numerous parts of the world, particularly
in the Middle East, North Africa, and Pakistan (Yildiz, 2019). Kirmizi Pistachio
(Pistacia vera L.), also known as Antep Fistigi, is a variety of nut commonly grown in
Mediterranean and Middle Eastern countries (Caglar et al., 2017). It is a small tree or
shrub that produces a greenish-yellow fruit, which is the actual nut. Enclosed within a
hard, woody shell, the fruit splits open upon ripening to reveal the nut inside. The nut
is oval or oblong-shaped, displaying a greenish-brown color with a wrinkled surface.
Siirt Pistachio (Pistacia vera L.) native to the Siirt and Sanliurfa provinces in Turkey
(Aydin, 2018), is another type of nut. It is also referred to as Siirt Pistachio or simply
Siirt Pist. Although it bears similarities to Antep Fistigi, it is considered a distinct
cultivar with a unique flavor profile. Like many other fruits, date and pistachio can be
classified using machine learning (ML) techniques based on their genetic varieties. For
instance, genetic variety features such as fruit eccentricity, roundness, compactness,
solidity etc., can be utilized for fruit classification. The classification process primarily
relies on using images of the fruits as the training dataset. Features are extracted from
these images, and a classifier is trained using the features to classify the fruits. Machine
learning (ML) techniques can be utilized to perform this classification task. To select
the most suitable method, it is crucial to test the dataset. Additionally, factors such as
dataset size, number of features, and data characteristics also influence the method
selection.

This study aims to reduce the negative effects of classifying unbalanced datasets. The
unbalanced dataset used in this study exhibits an unbalanced distribution of images of
different fruit types. In machine learning, unbalanced datasets lead to problems such as
poor generalization, reduced efficiency and inaccuracy. To remove the unbalance and
achieve a balanced data distribution, the SMOTE oversampling technique was applied.
The use of the SMOTE oversampling technique aims to balance the dataset by
equalizing the number of samples from minority classes with the number of samples
from the class with the highest number. The main objective of this research is to
improve the classification and subclassification accuracy of ML models when working
with unbalanced data sets. To study and improve the classification performance of
machine learning models on both unbalanced and balanced datasets, the study consists
of two phases. In the first phase, we investigate the performance of machine learning
methods on unbalanced datasets. In the second stage, the performance of machine
learning models on the balanced dataset after applying SMOTE is analyzed.

For the purpose of this study, data on the genetic characteristics of dates and pistachios
were collected from various sources. In order to classify and compare these data, the
performances of seven different machine learning models such as Decision Tree,
Random Forest, Logistic Regression, Support Vector Machine, Multi-Layer
Perceptron, K-Nearest Neighbor and Naive Bayes were examined. Performance
measures such as accuracy, balanced accuracy, precision, sensitivity, specificity, F1-
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score and ROC analysis of all models were calculated and compared to evaluate the
effectiveness of ML models.

In the context of agricultural product classification, this study is one of the studies that
analyze in detail the effect of imbalanced datasets on classification performance and
how SMOTE balances this effect. Examining the effect of SMOTE on subclasses in a
multi-class problem and verifying data integrity with JSD differentiates this study from
the existing literature. While it is common in literature to use SMOTE for one-class or
two-class datasets, this study performs a detailed analysis on the classification of 9
different fruit varieties.

Within the scope of the study, the research on similar studies is described in the second
section. In the third section, the dataset used and the numerical and percentage
distribution of the data according to the classes are given. The working principle of the
SMOTE technique proposed in the study and the classification performances of the ML
methods examined are also explained under this heading. Hyperparameter optimization
is also presented in this section. In the fourth section, the criteria used to measure the
classification performance of ML methods are explained. The classification
performance results of ML methods are presented in detail in this section. In the fifth
section, the results are evaluated. The architecture of the proposed model is summarized
in Figure 1.

Pre-processing

Pistachio Dataset

Date Dataset
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Figure 1. The Architecture of the Proposed Model for This Study.
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2. LITERATURE REVIEW

Similar studies and applications are analyzed in this section of the study. The focus was
on the performance of ML methods based on SMOTE. In a study conducted by
Chemchem et al., wheat yield dataset was predicted using classical ML methods and
ML methods combined with SMOTE over-sampling. The ML methods used in the
study were Support Vector Machine (SVM), k-Nearest Neighbor (KNN), Gradient
Boosting, Adaptive Boosting (AdaBoost), Decision Tree (DT), Random Forest (RF),
Multi-Layer Perceptron (MLP), and Naive Bayes (NB). The best result among the
classical ML methods was achieved with RF, which had an accuracy ratio of 99,40%.
Similarly, the best result for the combined SMOTE sampling based ML methods was
also obtained with RF, measuring 99,22% (Chemchem et al., 2019). Xiao et al. studied
corn disease identification using an improved Gradient Boosting Decision Tree
(GBDT) method. They generated synthetic data by applying SMOTE sampling to the
corn disease dataset. The performance of GBDT method was compared with other ML
methods, such as Logistic Regression (LR), Linear SVM, Radial Basis Function (RBF)
SVM, DT, and NB. The accuracy ratio of the GBDT method was measured as 92.51%
(Xiao et al., 2019). In another study, Recurrent Neural Networks (RNN), Long Short-
Term Memory (LSTM), Gated Recurrent Unit (GRU) were applied to tomato powdery
mildew disease. The best accuracy among methods was achieved with RNN for the
unbalanced dataset, measuring 89,80%. For the unbalanced dataset, both LSTM and
GRU methods achieved the same accuracy of 56% (Varshney et al., 2021). A study
conducted by Divakar et al., aimed to detect plant disease using a deep learning method.
The unbalanced apple disease dataset was balanced using SMOTE over-sampling. The
study examined the performance of several pre-trained CNN models for the apple
disease classification. Among these models, DenseNet achieved the highest accuracy
ratio of 92,88% (Divakar et al., 2021). Wang et al. proposed the prediction of chronic
obstructive pulmonary disease (COPD) using unbalanced data. After evaluating the
performance of classical ML methods, SMOTE over-sampling was applied to the
unbalanced dataset. Among the classical ML methods, natural gradient boosting
(NGBoost) achieved the highest accuracy rate of 91,1%. After applying SMOTE
sampling, Extreme Gradient Boosting (XGBoost) achieved an accuracy rate of 80,5%
(Wang et al., 2023). An application was developed by Bhardwaj et al., for the
prediction of wine quality using ML methods. They generated 2381 samples from 12
original samples using the SMOTE method. RF, XGBoost, AdaBoost, KNN, and DT
methods were used for the study. The best accuracy among the methods was achieved
by AdaBoost and RF, both with an accuracy ratio of 100% (Bhardwaj et al., 2022). In
another study conducted by Umer et al., the analysis of scientific paper citation was
performed using textual features and SMOTE re-sampling techniques. ML models such
as Extra Tree Classifier (ETC), DT, LR, AdaBoost, SVM, and RF were utilized in the
study. The best accuracy ratio was achieved by ETC with 98,28% (Umer et al., 2021).
Celik et al., conducted a study on text classification using re-sampling techniques with
SMS data. LR, KNN, SVM, DT, RF, XGBoost, and ANN models were used in the
study. The dataset included spam, advertisement, and normal SMS data. LR yielded the
best results when the SMOTE technique was applied to the SMS data. The accuracy
ratio of LR was 80,07% (Celik, 2020).

The summary of literature has presented the performances of classical ML methods
using SMOTE techniques. The accuracy ratios of all examined studies were checked.
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In this current study, ML methods based on SMOTE sampling were developed to
classify different types of dates and pistachios.

3. MATERIALS AND METHODS
3.1. Materials

The data used for this study are the data shared by (Koklu et al., 2021). There are 34
genetic varieties of 7 different date fruits, which include Kirmizi Pistachio (K PISTA),
Siirt Pistachio (S_PISTA), Barhee (Berhi), Deglet Nour (Deglef), Sukkary (Dokol),
Rotab Mozafati (Iraqi), Ruthana (Rotana), Safawi (Safavi) and Sagai (Sogay), resulting
in a total of 3046 date and pistachio fruit data. The number of data points and the
percentage of the classes for date and pistachio fruits in the unbalanced dataset are
given in Table 1. The list of features used for genetic varieties of fruits is given in Table
2. The plot showing the unbalanced distribution of the dataset is displayed in Figure 2.
To examine the performance of ML methods, 80% of the data is allocated for training,
and 20% is reserved for testing.

1400

1232
1200

204 199
166
. — — [—

K_PISTA S_PISTA BARHEE DEGLET NOUR SUKKARY ROTAB RUTHANA SAFAWI SAGAI
MOZAFATI

Figure 2. The Data Distributions of Dates and Pistachios on the Unbalanced Dataset.

Table 1. Number of Fruit Species Data in the Unbalanced Dataset.

Fruit Names Total Data Number The Perc;::zge of the
Barhee 65 0,021339
Deglet Nour 98 0,032173
Sukkary 204 0,066973
Rotab Mozafati 72 0,023637
Ruthana 166 0,054497
Safawi 199 0,065331
Sagai 94 0,030860
Kirmizi Pistachio (K PISTA) 1232 0,404464
Siirt Pistachio (S PISTA) 916 0,300722
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| TOTAL | 3046 | 1,000000

Table 2. The Feature Names of Fruits’ Genetic Varieties
Major Axis Skew RR Kurtosis RR
Minor Axis Skew RG Kurtosis RG
Eccentricity Skew RB Kurtosis RB
Equivalent Diameter Roundness Mean RR
StdDev RR Compactness Mean RG
StdDev RG Shape Factor 1 Mean RB
StdDev RB Shape Factor 2 Extent
Solidity Shape Factor 3 Aspect Ratio
Perimeter Shape Factor 4

3.2. Hyperparameter Tuning of ML Methods

Optimizing hyperparameters in a machine learning (ML) algorithm is an essential part
of the training process and is considered a fundamental practice for achieving effective
implementation (Belete & Huchaiah, 2022). There are several hyperparameter
optimization (HPO) algorithms. Some of these include Grid Search, Random Search,
Bayesian Search, and Genetic Algorithms. In this study, the Randomized Search
algorithm (RSA) has been used. The main purpose of RSA is to sample a certain
number of value configurations in the hyperparameter space. This technique allows
better exploration of the hyperparameter space when the number of combinations can
be very large (Sher et al., 2023). RSA reduces the computational burden associated
with combinations of values in the hyperparameter space and reaches the optimum
values by random sampling (Anugerah Simanjuntak et al., 2024). This random
sampling helps to avoid local optima that trap deterministic methods such as Grid
Search (Boyd et al., 2024).

Significant changes were observed in the performance measures of the models after
hyperparameter optimization. Especially for SVM, C and Gamma parameters
significantly affected the accuracy rates by determining the decision boundaries of the
model. The RBF kernel function gave the most successful result on the multi-class
imbalanced dataset. In the Random Forest model, the number of trees and the splitting
criterion (Gini/Entropy) are important factors, and it was observed that the Gini
criterion gave better results after SMOTE. In the KNN model, the number of neighbors,
distance criterion (Manhattan) and weighting (Distance) choices increased the success
of the model. The number of hidden layers and the activation function (Tanh) were
critical variables in the MLP model. The analysis shows that hyperparameter
optimization plays an important role in improving model accuracy and generalization
ability.

In this study, since the combination of values in the hyperparameter space is large, the
optimal hyperparameters are determined by Random Search. Additionally, cross
validation was applied during the HPO of all ML models, and a cross-validation value
of 5 was chosen. HPO was conducted on a machine equipped with 64 GB RAM, and
NVIDIA GeForce RTC 3060 graphics cards, and running on the Ubuntu operating
system.
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3.3. Proposed Method

Classifying unbalanced datasets has long been a significant challenge in machine
learning. One effective approach to convert unbalanced datasets into balanced ones is
through the application of the SMOTE technique. The Synthetic Minority Over-
Sampling Technique is a widely adopted statistical method to handle class unbalance
in machine learning (Ozdemir et al., 2021). This technique was first introduced by
(Chawla et al., 2002). and was inspired by a method developed by Ha and Bunke in
1997 (Ha & Bunke, 1997), which was successful in handwriting recognition tasks.
Rather than using traditional data augmentation techniques like image rotation, as
proposed by Ha & Bunke, SMOTE focuses on augmenting each individual sample from
the minority class. The SMOTE method helps balance class distributions by generating
synthetic instances for the minority class (Yavas et al., 2020). These synthetic samples
are created through interpolation between existing minority class samples and
incorporated into the balanced dataset. This technique helps to balance the class
distribution and reduces the model’s bias toward the majority class. The steps of the
SMOTE method are outlined in Table 3, and its formula (1) is provided below.

Xnew = X; + (xj - xi) * .8 e

SMOTE technique has some disadvantages. One of them is that the synthetic data is
also produced within the majority class region (Saglam & Cengiz, 2022). Another issue
is the creation of new instances that do not actually exist, solely based on existing
instances (Ozdemir et al., 2021). Finally, it can lead to a distortion of the true class
distribution. In this study, the over-sampling method was chosen to preserve the
samples in the balanced dataset. The dataset used in this study consists of unbalanced
data with different classes. Referring to Table 1, K PISTA accounts for 40% of the
dataset, while Barhee of Date only represents 2%. In the balanced dataset, the class
with the highest number of data points is Kirmizi Pistachio (K_PISTA), which has 1232
data points.

Table 3. The Working Principles of SMOTE Technique.

Process Definition
The k nearest neighbors are looking for every feature belonging to

Pl minority class.

Po- Taken the difference between a feature belonging to the minority class
' and its k nearest neighbor

P3: A random number S is chosen between 0 and 1. Then, multiply this

number by the value found in STEP P2.
P4: New features are obtained using Equation 1 (Yavas et al., 2020).
PS: Steps 1, 2, 3 and 4 are repeated to generate number of features.

After implementing SMOTE, the total number of data points in the balanced dataset
decreased from 3046 to 2250. The values for all classes were adjusted to align with the
class that had the highest count, which is K PISTA. The balance achieved in the dataset
after applying the SMOTE technique is shown in Table 4. Additionally, Figure 3
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presents a plot depicting the balanced distribution of the dataset following the
application of SMOTE.
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Figure 3. The Data Distributions of Date and Pistachio Dataset After Applying
SMOTE Technique.

This data distribution leads to misleading results during classification with machine
learning models. To obtain more accurate results in the classification, the data

distribution of the dataset should be balanced.

Table 4. Number of Fruit Species Data in the Dataset After Applying SMOTE.

Fruit Names Total Data Number The Perclgl;::ge of the
Barhee 250 0,111111
Deglet Nour 250 0,111111
Sukkary 250 0,111111
Rotab Mozafati 250 0,111111
Ruthana 250 0,111111
Safawi 250 0,111111
Sagai 250 0,111111
Kirmizi Pistachio (K _PISTA) 250 0,111111
Siirt Pistachio (S PISTA) 250 0,111111
TOTAL 2250 1,000000

There are several methods to achieve data balance in the dataset, and one of them is the
SMOTE technique. After applying SMOTE, the similarity relationship between the
original and synthetic data was analyzed using Jensen-Shannon Divergence (JSD). JSD
is an explicit measure of the similarity between two probability distributions
characterized by their symmetric and bounded properties (Menéndez et al., 1997). The
distributions between synthetic and original data are shown in Figure 4 with the T-
distributed Stochastic Neighbor Embedding (t-SNE) algorithm. The original and
synthetic data overlap in some regions. However, in some regions the synthetic data
appears to have different distributions than the original data. The red dots appear to be
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clustered separately from the blue dots, which may indicate that the synthetic data
contains deviations from the original distribution or forms new patterns. These
deviations were analyzed with Jensen-Shannon Divergence Distance (JSD) and the
deviation values are shown in Table 5.

Original and Synthetic Data Distribution with t-SNE
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Figure 4. Representing the Distributions Between Synthetic and Original Data
With t-SNE.

Those with a JSD distance greater than 0,3 between the synthetic and original data were
not included in the training of the models because they showed significant separation.

Values greater than 0,3 are marked with “*”” symbol in Table 5.

Table 5. Jensen-Shannon Distance of Synthetic Data Generated With SMOTE to the

Original Data.
Jensen-Shannon Jensen-Shannon
Feature . Feature .
Divergence Divergence
Names . Names .
Distance Distance
Perimeter 0,2568 Mean RR* 0,3589
Major Axis 0,3420 Mean RG* 0,3588
Minor Axis* 0,3527 Mean RB* 0,3574
Eccentricity 0,2781 StdDev RR 0,2522
Equivalent 0,3513 StdDev RG 0,1502
Diameter
Extent 0,1166 StdDev RB 0,1852
Aspect Ratio 0,0021 Skew RR 0,2093
Roundness 0,3173 Skew RG 0,2613
Compactness 0,2953 Skew RB 0,2149
Shapefactor 1 0,0021 Kurtosis RR 0,0975
Shapefactor 2 0,3443 Kurtosis RG 0,1629
Shapefactor 3 0,2976 Kurtosis RB 0,1589
Shapefactor 4 0,2243 Solidity 0,2354
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3.3.1. Support Vector Machine

Support Vector Machine (SVM) is a supervised machine learning method initially
proposed by Vapnik (Cortes & Vapnik, 1995). It is designed to tackle quadratic
optimization challenges and is widely employed for classification purposes (Cortes &
Vapnik, 1995). The main goal of SVM is to create a decision boundary that effectively
divides the various classes. This boundary is represented by a hyperplane, which is
placed to maximize the margin between the different classes. The support vectors,
which are the data points nearest to this decision boundary, are critical in determining
the class separation. One key advantage of SVM is its efficient use of memory during
the classification phase, as it works with a subset of the training data. The

hyperparameter settings for the SVM model are listed in Table 6.

Table 6. The Best Parameter for SVM Model

The Best Hyperparameter
The Best Hyperparameter .
ML Models for the Unb;’llz)mclzd Dataset after applyln'g SMOTE
Technique
C: 8180,247659224931 C: 8180,247659224931
Gamma: 6,952230531190703 | Gamma: 6,952230531190703
Class Weight: None Class Weight: None
RBF-SVM Decision Function Shape: Decision Function Shape:
Ovo Ovo
Optimization Time: Optimization Time:
62,45651459693909 seconds 22,32699489593506 seconds
C: 359,5227379674209 C: 113,63644767419068
Gamma: 542,6447347075766 | Gamma: 6,952230531190703
Class Weight: None Class Weight: Balanced
Linear-SVM Decision Function Shape: Decision Function Shape:
Ovo Ovr
Optimization Time: Optimization Time:
30,011558771133423 seconds | 9,646587371826172 seconds
C: 7282,263486118596 C: 6334,137565104235
Gamma: 632,3059305935794 | Gamma: 803,6721768991144
. Class Weight: Balanced Class Weight: Balanced
Polynomial- . . . ) .. . .
SVM Decision Function Shape: Decision Function Shape:
Ovo Ovr
Optimization Time: Optimization Time:
1075,8052697181702 seconds | 7,240705251693726 seconds
C:3745,501188473625 C: 3745,501188473625
Gamma: 731,994041811405 Gamma: 731,994041811405
Class Weight: None Class Weight: None
Sigmoid-SVM | Decision Function Shape: Decision Function Shape:
Ovo Ovo
Optimization Time: Optimization Time:
30,27118468284607 seconds 14,745770692825317 seconds
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3.3.2. Random Forest

Random Forest (RF) is a supervised machine learning technique introduced by Breiman
to solve classification and regression challenges (Breiman, 2001). It utilizes ensemble
learning by creating a collection of decision trees, which are generated randomly and
aggregated together. This method improves the model's classification performance by
utilizing the combined insights from all the trees. The hyperparameter values for the
RF model are provided in Table 7.

Table 7. The Best Parameters for RF Model.

The Best Hyperparameter for

The Best Hyperparameter

Maximum Samples:

ML Model the Unbalanced Dataset after applyln.g SMOTE
Technique
N Estimators: 230 N Estimators: 165
Maximum Depth: 17 Maximum Depth: 17
Minimum Samples Leaf: 6 Minimum Samples Leaf: 3
Minimum Samples Split: 4 Minimum Samples Split: 2
Max Features: Sqrt Max Features: Log2
Bootstrap: True Bootstrap: True
Random Criterion: Entropy Criterion: Gini
Forest Class Weight: None Class Weight: Balanced

Maximum Samples:

0,9997459059575176 0,9699893371393026
CCP Alpha: CCP Alpha:
0,0013671964826997285 0,001545661652886743

Optimization Time:
93,80823493003845 seconds

Optimization Time:
68,85771036148071 seconds

3.3.3. K-Nearest Neighbor

The K-Nearest Neighbor (KNN) classifier is a method used to categorize samples by
assigning them to the class of their closest, previously labeled neighbors (Cover & Hart,
1967). It relies on two key factors: distance and neighborhood (K) number. The distance
measures the proximity between the predicted point and other points, while K
determines the number of nearest neighbors considered for the prediction. The

hyperparameter values of the KNN model are presented in Table 8.

Table 8. The Best Parameter for KNN Model.

The Best Hyperparameter

The Best Hyperparameter for .

ML Model the Unb:l[z)l nci d Dataset after applyln.g SMOTE

Technique

N Neighbors: 15 N Neighbors: 11
Weights: Distance Weights: Distance

K-Nearest | Metric: Manhattan Metric: Manhattan

Neighbor | Algorithm: Brute Algorithm: Kd Tree
Optimization Time: Optimization Time:
2,3644299507141113 seconds 2,491448163986206 seconds
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3.3.4. Decision Tree

Decision trees, consisting of root nodes, intermediate nodes, branches and leaves
(Bakan & Kanbay, 2024), are a supervised machine learning algorithm that divides
similar groups into smaller subsets (Quinlan, 1986). DTs are one of the easy-to-
construct and understand models. A tree structure consists of leaf nodes labelled with
different classes and internal nodes connected to two or more child nodes, forming a
test node (Quinlan, 1996). The hyperparameter values of the DT model are presented

in Table 9.

Table 9. The Best Parameter for DT Model.

The Best Hyperparameter for

The Best Hyperparameter

Maximum Leaf Nodes: 12
CCP Alpha:
0,028181963210002724
Optimization Time:
1,9292397499084473 seconds

ML Model the Unbalanced Dataset after applyln.g SMOTE

Technique

Maximum Depth: 13 Maximum Depth: 11

Minimum Samples Leaf: 4 Minimum Samples Leaf: 10

Minimum Samples Split: 15 Minimum Samples Split: 16

Max Features: Log?2 Max Features: None

Criterion: Entropy Criterion: Gini

Decision Class Weight: None Class Weight: Balanced
Tree Splitter: Best Splitter: Best

Maximum Leaf Nodes: 16
CCP Alpha:
0,0039236219609223855
Optimization Time:
6,359211444854736 seconds

3.3.5. Naive Bayes

Naive Bayes (NB) is a straightforward probabilistic classifier based on Bayes' theorem
(Aggarwal & Kaur, 2013). NB assumes that all features in a data set are independent.
It is called “naive” because of this assumption. However, this assumption is often not
true in real world data. In a Naive Bayes classifier, the class label represents the
hypothesis, while the feature values serve as the evidence. The classifier aims to
determine the class label with the highest likelihood based on the given feature values.
The hyperparameter settings for the NB model are in Table 10.

Table 10. The Best Parameter for NB Model.

The Best Hyperparameter
after applying SMOTE
Technique

The Best Hyperparameter for

ML Model the Unbalanced Dataset

Var Smoothing: None
Priors:
0,0007455074367977082
Optimization Time:
0,6440117359161377 seconds

Var Smoothing: None

Priors: 0,004592489919658672
Optimization Time:
0,5791840553283691 seconds

Naive Bayes
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3.3.6. Multi-Layer Perceptron

A Multilayer Perceptron (MLP) is a type of neural network model consisting of several
layers of artificial neurons, commonly known as perceptron’s. The input data is fed into
the network and passed through multiple hidden layers before reaching the output layer
(Shubhangi & Pratibha, 2021). Each layer performs a non-linear transformation on the
input, allowing the network to capture complex and non-linear relationships between
the input and output. The hyperparameter settings for the MLP model are provided in
Table 11.

Table 11. The Best Parameter for MLP Model.

The Best Hyperparameter
after applying SMOTE
Technique

Hidden Layer Sizes: (50, 105)
Activation Function: Tanh
Solver: Lbfgs

Alpha: 0,09248643902204486
Learning Rate: Adaptive
Maximum Iteration: 100
Optimization Time:
110,45194363594055 seconds

The Best Hyperparameter for
the Unbalanced Dataset

Hidden Layer Sizes: (194,
138)

Activation Function: Tanh
Solver: Adam

Alpha: 0,024598491974895578
Learning Rate: Invscaling
Maximum Iteration: 100
Optimization Time:
510,3250524997711 seconds

ML Model

Multi-Layer
Perceptron

3.3.7. Logistic Regression

Logistic regression (LR) was introduced by David Cox in 1958 (Cox, 1958). LR is a
classification technique typically used when the dependent variable has two possible
outcomes (Prasetio & Harlili, 2016). It is a straightforward and efficient algorithm that
is easy to implement and can efficiently handle particularly large datasets with minimal
computational effort. To prevent overfitting, LR can be regularized by adding a penalty
term to the cost function. While it is primarily used for binary classification, LR can
also be adapted for multi-class classification problems using methods such as One-vs-
All or SoftMax Regression. The hyperparameter settings for the LR model are shown
in Table 12.

Table 12. The Best Parameter for MLP Model.

The Best Hyperparameter
The Best Hyperparameter for .
ML Model the Unbgllz)l nclzz d Dataset after applyln.g SMOTE
Technique
C: 8,075401551640624 C: 8,075401551640624
Penalty: L1 Penalty: L1
Logistic Solver: Saga Solver: Saga
Regression | Maximum Iteration: 1000 Maximum Iteration: 1000
Optimization Time: Optimization Time:
77,50988411903381 seconds 60,024758100509644 seconds
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4. RESULTS

This section of the study presents the evaluation metrics and descriptions of the model’s
classification performances, including the classification performance results of the
models before and after applying SMOTE.

4.1. Evaluation Metrics

In this section of the paper, the performance measures and results of the proposed model
are presented in detail. The confusion matrix, accuracy, balanced accuracy, sensitivity,
specificity, precision, F-score, Cohen's kappa score, and ROC accuracy score have been
calculated for all models. A confusion matrix (Townsend, 1971) is depicted in Figure
5.

| ACTUAL |
| YES I NO |
® TP FP
> || (True Positive) || (False Positive)
=]
E
[&] |-
2 —
4
o
o FN ™
< ||(False Negative) | (True Negative)

Figure 5. Confusion Matrix.

Accuracy (A): It measures the number of actual data instances over the total number of
data instances.

TP+ TN

_ @)
TP + TN + FP + FN

Precision (P): It measures how many of the positive predictions are made correctly.

TP

= 3
TP + FP ®)

P

Sensitivity (S): It measures the number of positive cases predicted from all positive
predictions.

TP
= — 4
S TP +FN @
Specificity (SP): It measures how many negative predictions are made correctly.
TN
- 5
SP TN + FP %)
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F1-Score (F): It measures harmonic average precision and sensitivity.

P xR
*
P+R

(6)

Balanced Accuracy (BA): It measures arithmetic meaning of sensitivity and specificity.

R+S
BA:T @)

ROC Accuracy Score (ROC AUC): It measures the area under the curve and compares
the relationship via Precision and specificity.

Cohen’s Kappa (K): It is a statistical method that measures the agreement between two
values.

As a result of hyperparameter optimization, significant improvements in model
performance were observed. For example, optimizing C and Gamma values in the RBF-
SVM model improved accuracy from 92,62% to 95,55%. Similarly, optimizing the
number of trees and splitting criterion in the Random Forest model resulted in a 4,5%
increase in accuracy. The Linear-SVM model, which performed the best before
SMOTE, was the least affected by data imbalance. However, the increase in the
accuracy of the RBF-SVM model after SMOTE shows that it can better model non-
linear relationships.

4.2. Results of Unbalanced Dataset

In this part of the study, the performance evaluations of ML models are included. A, P,
S, SP and F results for the unbalanced dataset in all models are given in Table 13. BA,
ROC AUC and K scores are given in Table 14. Among the models, Linear-SVM
emerged as the top performer. The confusion matrix of Linear-SVM is presented in
Figure 6. The ROC curve for all presented is shown in Figure 7 and the sub
classification results are presented in Table 15.

Table 13. The Performance Evaluations of the Unbalanced Dataset.

ML Methods A P S SpP F
RBF SVM 0,9163 0,9186 0,9163 0,9672 0,9167
Linear SVM 0,9262 0,9265 0,9262 0,9715 0,9260
POLY SVM 0,9016 0,9034 0,9016 0,9655 0,9016
Sigmoid SVM 0,4327 0,1873 0,4327 0,5672 0,2614
RF 0,8983 0,8979 0,8983 0,9618 0,8976
DT 0,8229 0,7926 0,8229 0,9393 0,8050
KNN 0,9094 0,9104 0,9098 0,9679 0,9085
NB 0,8688 0,8784 0,8688 0,9548 0,8701
MLP 0,9032 0,9036 0,9032 0,9644 0,9026
LR 0,9260 0,9257 0,9262 0,9702 0,9253
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Table 14. Other Performance Evaluations of the Unbalanced Dataset.

ML Methods BA ROC AUC K
RBF SVM 0,9057 0,9463 0,8845
Linear SVM 0,8853 0,9370 0,8978
POLY SVM 0,8536 0,9194 0,8642
Sigmoid SVM 0,1111 0,5000 0,0000
RF 0,8464 0,9154 0,8594
DT 0,6823 0,8279 0,7547
KNN 0,8398 0,9131 0,8753
NB 0,8234 0,9019 0,8197
MLP 0,8500 0,9290 0,8663
LR 0,8947 0,9416 0,8978

Table 13 and Table 14 shows that Linear-SVM has the highest accuracy rate (92,62%).
It is also the most successful model overall with the highest sensitivity (92,62%),
specificity (97,15%) and Cohen's Kappa value (89,78%). The RBF-SVM model is also
very successful and shows the second-best performance with an accuracy of 91,63%.
The ROC AUC value (94,63%) is one of the highest. The sigmoid SVM model gave
the worst result. With an accuracy of 43,27% and an ROC AUC of 50,00%, it behaves
almost like a random prediction model. The Decision Tree (DT) model performed
relatively poorly. Its accuracy is 82,29%, which is significantly lower than the other
models.
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Figure 6. The Confusion Matrix of the Best ML Model (Linear-SVM) in the
Unbalanced Dataset.
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Figure 7. The ROC Curve of the Best ML Model (Linear-SVM) in the Unbalanced
Dataset.

When Table 15 is analyzed, the precision and sensitivity rates are relatively low in some
classes such as Deglet and Sagay. This is since some classes contain fewer samples than
others due to the unbalanced dataset. The Safavi and Rotana classes were classified
with 100% accuracy. However, this may also be due to the small number of samples.
Overall, the Linear SVM model subclassified fruit types quite successfully. However,
it can be said that the model was affected by the imbalanced dataset due to low
sensitivity rates in some classes.

Table 15. Sub-classification Results for the Best ML Model on the Unbalanced Dataset.

Class P S SP F Test
Case

Berhi 0.7500 | 0.000 | 09950 | 08181 10
Deglet 0.7647 | 07222 | 09932 | 0.7428 18
Dokol 0.9215 | 09791 | 0.9928 | 0.9494 48
Traqi 0.9285 | 0.8125 | 09983 | 0.8666 16
Rotana 10000 | 09655 | 1.0000 | 0.9824 29
Safavi 10000 | 1,0000 | 1.0000 | 1.0000 43
Sagay 0.7857 | 07333 | 0.9949 | 0.7586 15
K PISTA 0.9465 | 09393 | 09595 | 0.9429 264
S PISTA 0.9053 | 09161 | 09638 | 0.9107 167
The Average Result | 0,9265 | 0,9262 | 0,9715 | 0,9260 610

Cross Validation is a method that tests how the model performs on different datasets by
dividing the dataset into different subsets to evaluate the generalization ability of the
models. In this study, 5 and 10-fold datasets were identified. Table 16 shows the cross-
validation (CV) results of the machine learning models tested on the unbalanced
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dataset. The Linear SVM model is the best performing model with both CV 5 (91,31%)
and CV 10 (91,47%) accuracy rates. Since the standard deviation values are low, the
model performs consistently across different data partitions. The RBF SVM model has
an accuracy of 85,40% in CV 5, which increases to 88,03% in CV 10, but the standard
deviation value (+ 0,0274) is slightly high. This means that the model may be
inconsistent across different datasets. The DT, RF, NB and MLP models show good
generalization ability, although the accuracy is low. The most unsuccessful model was
the Sigmoid SVM model.

Table 16. Cross Validation Scores of Models on Unbalanced Dataset.

Cross Validation Scores
ML Methods Accuracy
CV 5 CV10

RBF SVM 0,8540 Std: +0,0245 0,8803 Std: +0,0274
Linear SVM 09131 Std: £0,0152 0,9147 Std: +0,0262
POLY SVM 0,9049 Std: +£0,0168 0,9131 Std: +0,0344
Sigmoid SVM 0,4327 Std: +0,0032 0,4327 Std: +0,0080
RF 0,8704 Std: +0,0158 0,8786 Std: +0,0304
DT 0,8114 Std: +=0,0200 0,8049 Std: +0,0297
KNN 0,8622 Std: +0,0203 0,8622 Std: +0,0375
NB 0,8639 Std: +0,0133 0,8622 Std: +0,0329
MLP 0,8737 Std: +0,0152 0,8786 Std: +0,0245
LR 0,8967 Std: +0,0152 0,8950 Std: +0,0396

4.2. Results of Balanced Dataset

Table 17 shows the A, P, S, SP and F results of all models in the balanced data set after
SMOTE is applied. BA, ROC AUC and K scores are given in Table 18. Among the
models, RBF SVM emerged as the top performer. The confusion matrix of RBF SVM
is presented in Figure 8. The ROC curve for best models is presented in Figure 9 and
the classification report is presented in Table 19.

Table 17. The Performance Evaluations of the Balanced Dataset.

ML Methods A P S Sp F
RBF SVM 0,9555 0,9558 0,9555 0,9947 0,9555
Linear SVM 0,9333 0,9347 0,9333 0,9923 0,9330
POLY SVM 0,9511 0,9514 0,9511 0,9944 0,9510
Sigmoid SVM 0,0844 0,0071 0,0844 0,9155 0,0131
RF 0,9355 0,9366 0,9355 0,9924 0,9355
DT 0,8911 0,8960 0,8911 0,9873 0,8920
KNN 0,9377 0,9392 0,9377 0,9928 0,9380
NB 0,8844 0,8876 0,8844 0,9863 0,8852
MLP 0,9266 0,9285 0,9266 0,9903 0,9267
LR 0,9377 0,9389 0,9377 0,9929 0,9376
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Table 18. Other Performance Evaluations of the Balanced Dataset.

ML Methods BA ROC AUC K

RBF SVM 0,9527 0,9736 0,9498
Linear SVM 0,9267 0,9592 0,9247
POLY SVM 0,9479 0,9709 0,9448
Sigmoid SVM 0,1111 0,5000 0,0000
RF 0,9318 0,9619 0,9272
DT 0,8882 0,9373 0,8771
KNN 0,9329 0,9626 0,9297
NB 0,8787 0,9322 0,8695
MLP 0,9217 0,9504 0,9172
LR 0,9329 0,9626 0,9297

Looking at the results in Table 17, in general, the performance of all models has
improved significantly. RBF-SVM achieved the highest accuracy rate (95,55%), so it
can be considered the most successful model. POLY-SVM also has a very high accuracy
rate (95,11%). Models such as Linear SVM, Random Forest and KNN also performed
strongly (93%+ accuracy). The previously unsuccessful Sigmoid SVM again
performed poorly (8,44% accuracy), even after SMOTE. As seen in Table 19, after
SMOTE was applied, the models applied to the balanced dataset showed a significant
improvement in all metrics. SMOTE generates synthetic examples for minority classes,
allowing the model to generalize better to less common classes. A small performance
degradation was observed for the Red Pistachio and Siirt Pistachio classes. This may
be since these classes had quite a lot of examples before SMOTE and the synthetic
examples after SMOTE did not fully preserve the class distinction. Sensitivity in the
minority of classes increased significantly, making the model less biased.

Table 19. Sub-Classification Results for the Best ML Model After Applying SMOTE.

Class P s Sp F Test
Case

Berhi 1,0000 | 09629 | 1.0000 | 009811 54
Deglet 0.9069 | 09285 | 09901 | 09176 0
Dokol 0.9642 | 09473 | 09949 | 0.9557 57
Tragi 0.9705 | 09850 | 09947 | 0.9777 67
Rotana 1,0000 | 10000 | 1,0000 | 10000 54
Safavi 0.9800 | 0.9800 | 09975 | 0.9800 50
Sagay 0.9743 | 1,0000 | 09975 | 0.9870 38
K PISTA 0.8750 | 0.8750 | 09878 | 0.8750 40
S PISTA 0.8958 | 08958 | 09875 | 0.8958 48
The Average Result | 0,9558 | 0,9555 | 0,9947 | 0,9555 450

According to Table 15 and Table 19, while the F1-Score of the Barhee class was 0,8181
before SMOTE was applied, it increased to 0,9811 after SMOTE. The main reason for
this increase is that there were few examples of the Barhee class before SMOTE was
applied and the model did not generalize this class well. When synthetic examples were
added after SMOTE, the model was trained with more data and was able to classify
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more successfully for this class. Precision increased by 33%, indicating that the false
positive rate decreased and the model better identified the Barhee class. The same is
true for Deglet Nour and Sagai. The increase in the F1-Score of the Barhee, Deglet
Nour and Sagai classes can be attributed to the high similarity of the synthetic samples
with the original data. According to the JSD analysis, there was no significant
difference between synthetic and original examples for this class. Therefore, the model
successfully learned the added synthetic examples and significantly improved its
accuracy in this class. Looking at the cross-validation analysis to understand whether
the high performance improvement, especially in these classes, is due to overlearning,
it is seen that the model performs consistently across different data partitions. This
suggests that the model does not overlearn and that the performance improvement is
due to the improvement of the data distribution after SMOTE.
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Figure 8. The Confusion Matrix of the Best ML Model After Applying SMOTE
Technique.

The CV performance of the models on the balanced dataset was analyzed and the results
are given in Table 18. Accuracy rates increased for Linear SVM, RBF SVM, POLY
SVM and LR. This shows that the models can generalize better and give more
consistent results in different data distributions. A significant decrease was observed in
Sigmoid SVM. This indicates that the model is not suitable for the data. The CV 10
result of the MLP has decreased. This indicates that the model performs more variably
against different data partitions and may have a higher variance.
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Figure 9. The ROC Curve of the Best ML Model After Applying SMOTE Technique.

Table 18. Cross Validation Scores of Models on Balanced Dataset.

Cross Validation Scores
ML Methods Accuracy
CV 5 CvV10

RBF SVM 0,9022 Std: +0,0215 0,9066 Std: +0,0407
Linear SVM 0,9088 Std: +0,0163 0,9111 Std: +0,0371
POLY SVM 0,8933 Std: +0,0206 0,8955 Std: +0,0466
Sigmoid SVM 0,1488 Std: + 0,0054 0,1488 Std: +0,0101
RF 0,8955 Std: +0,0166 0,8888 Std: +0,0281
DT 0,8155 Std: +0,0268 0,8200 Std: +0,0481
KNN 0,9000 Std: +0,0121 0,9111Std: +0,0314
NB 0,8755 Std: +0,0177 0,8866 Std: +0,0321
MLP 0,8777 Std: +0,0365 0,7644 Std: +0,0488
LR 0,9111 Std: +0,0272 0,9199 Std: +0,0361

5. CONCLUSION

This study investigated the performance of SMOTE-based machine learning models to
address the imbalanced dataset problem. The experiments revealed that when
imbalanced datasets are used, machine learning models show biases in certain classes
and classification performance decreases. When the SMOTE technique is applied,
however, the representation of minority classes increases, thereby improving the
overall accuracy and sensitivity of the models to unbalance.

The results showed that the best performance was achieved by the RBF-SVM model
with an accuracy of 95,55% on the dataset with SMOTE. The model that showed the
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highest performance without SMOTE was Linear-SVM with an accuracy of 92,62%.
However, the sigmoid SVM model performed poorly on both datasets. These results
suggest that techniques to address data imbalance, such as SMOTE, can improve the
performance of classification models on multiclass agricultural datasets.

The findings reveal that SMOTE-based data organization techniques offer a critical
improvement for machine learning models working with imbalanced datasets.
However, some drawbacks of SMOTE should also be considered; in particular, the new
synthetic data may not be fully compatible with the original dataset, which may
negatively affect the learning process in some models. Therefore, future work should
complement the analysis with a comprehensive analysis of different variations of
SMOTE, including hybrid oversampling methods or other balancing techniques.

Overall, this study has demonstrated that data imbalance removal is a critical element
to improve the classification performance of machine learning models on agricultural
products. In the future, a comparative study of different data imbalance removal
approaches and their application on different types of agricultural datasets can increase
the added value of the study.
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Abstract Oz

Aircraft maintenance is critical for safety and operational
efficiency. For the Boeing 777, A-checks are conducted
every 1000 ﬂi%ht hours (FH), resulting in five checks per
aircraft annually, with significant downtime and labor
costs. This study proposes a Taguchi method-based man-
hour optimization model extending the A-check interval to
1500 FH and reducing the number of annual checks while
maintaining safety and regulatory compliance. The
analysis carried out in this study revealed significant
benefits of this interval extension. Annual downtime for
the 12-aircraft fleet decreased from 60 to 40 days, allowing
20 additional operational days and generating $1 million
in extra revenue. Labor costs were also reduced, with
annual man-hours dropping from 1586 to 1153 per aircraft,
saving 5196 hours fleet-wide. This optimization translates
to $416.000 in labor cost savings annually, with a total
financial benefit of $1416 million. Redistributing tasks
between A- and L-checks further enhanced efficiency.
Tasks such as lubrication and minor inspections were
consolidated, and comprehensive cabin cleaning at 1500
FH was supplemented with intermediate cleaning at 500
FH to maintain passenger experience. These adjustments
balanced the workload without affecting turnaround time
or safety. This optimization demonstrates the potential for
significant cost savings and operational improvements in
aviation maintenance. Extending the A-check interval
increased fleet availability, reduced labor requirements,
and ensured compliance with regulatory standards. The
findings highlight the importance of strategic maintenance
planning and the potential for similar optimizations across
other aircraft types and fleets.

Keywords: Optimization, aviation, aircraft maintenance,
Taguchi method.

Ucgak bakimi, emniyet ve operasyonel verimlilik
acisindan  kritik Oneme sahiptir. Boeing 777°de A-
bakimlar1 her 1000 ugus saatinde (Flight Hours-FH) bir
yapilmakta, bu da ugak bagina yilda bes bakim
yapilmasmna neden olmakta ve 6nemli ariza siireleri ve
1s¢ilik maliyetleri ortaya ¢ikmaktadi. Bu calisma,
Taguchi yontemi tabanﬁ bir adam-saat optimizasyon
modeli oOnererek A-bakim araligmi 1500 FH’ye
¢tkarmakta ve emniyet ile mevzuata uygunlugu korurken
yillik  bakim sayisim  azaltmaktadir. Bu  ¢alismada
%erceklestirilen analiz, bu araligin uzatilmasinin onemli
aydalarin1 ortaya koymustur. Yillik ariza siiresi 12
ucaklik filo i¢in 60 giinden 40 gine diiserek 20 ek
operasyonel gin ve 1 milyon dolar ekstra gelir elde
edilmesini saglamaktadir. Is¢ilik maliyetleri de azalmis,
ugak bagina yillik adam-saat 1586’dan 1153’¢ diigerek filo
genelinde 5196 saat tasarruf saglanmusti. Bu
optimizasyon, yillik 416.000 dolarlik isgiicii maliyeti
tasarrufu ve toplamda 1416 milyon dolarlik mali fayda
anlamina gelmektedir. Gorevlerin A- ve L-bakimlar
arasinda yeniden dagitilmasi verimliligi daha da
artirmistir. Yaglama ve kiigiik denetimler gibi gérevler
birlestirilmis ve yolcu deneyimini korumak i¢in 1500
FH’deki kapsam%: kabin temizligi 500 FH’deki ara
temizlik ile desteklenmistir. Bu ayarlamalar, geri doniis
stiresini  veya gilivenligi etkilemeden is yiikiind
dengelemistir. Bu optimizasyon, havacilik bakiminda
onemli maliyet tasarrufu ve operasyonel iyilestirme
potansiyelini ortaya koymaktadir. A-bakim araliginin
uzatilmasi filonun kullanilabilirligini artirmus, isgiict
gereksinimlerini azaltmig ve diizenleyici standartlara
uygunlugu saglamistir.  Bulgular, stratejik  bakim
planlamasinin 6nemini ve diger ugak tipleri ve filolarinda
da benzer optimizasyonlarm yapilma potansiyelini
vurgulamaktadir.

Anahtar Kelimeler: Optimizasyon, havacilik, ugak
bakimi, Taguchi metodu.
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1. INTRODUCTION

Aircraft maintenance is a cornerstone of the aviation industry, ensuring the safety,
reliability, and efficiency of flight operations (Tyagi et al., 2023; Pop et al., 2023).
Broadly, maintenance tasks are divided into periodic (scheduled) and non-periodic
(unscheduled) maintenance (Sarhani et al.,, 2016). Periodic maintenance is
meticulously planned and conducted at predefined intervals, encompassing routine
inspections, system tests, and component replacements (Fu & Avdelidis, 2023;
Karaoglu et al., 2023). Non-periodic maintenance, on the other hand, is reactive,
addressing unexpected issues such as component failures or damage due to external
factors (Baptista et al., 2017; Ab-Samat & Kamaruddin, 2014; Lin et al., 2015).

Scheduled maintenance tasks are further categorized into A-, B-, C-, D-, E-, and F-
checks based on their complexity (Pimapunsri & Weeranant, 2018) and frequency
(Ahmadi et al., 2010). A-checks are performed most frequently, focusing on basic
inspections, lubrication, and minor system adjustments (Ghobbar, 2010; Rao et al.,
2017). B-checks are slightly more detailed and carried out every few months (Deng et
al., 2020; van der Weide et al., 2022). C-checks involve comprehensive inspections and
are performed every 18-24 months, requiring significant downtime (Kulkarni et al.,
2017; Sentiirk et al., 2010). D-checks, also known as heavy maintenance checks, are
the most extensive, often involving complete disassembly of the aircraft and occurring
every 6-10 years (Deng et al., 2021; Albakkoush et al., 2021; Mofokeng & Marnewick,
2017). E-checks are especially about heavy electrical maintenance. F-checks are
fabricating level maintenance (Bowers et al., 2022; Yilmaz et al., 2010; Vieira &
Loures, 2016).

Optimizing maintenance processes has become a critical focus for the aviation industry
due to the substantial costs and operational implications associated with these tasks
(Papakostas et al., 2010; Sriram & Haghani, 2003; Verhagen et al., 2023). Maintenance
accounts for a significant portion of an airline’s operating expenses, particularly in
labor-intensive tasks (Korba et al., 2023). The need for optimization stems from the
dual objectives of reducing costs and enhancing operational efficiency, all while
maintaining strict adherence to safety and regulatory standards (Kabashkin et al., 2024).

Operators usually organize maintenance tasks for Boeing 777 aircraft into larger A-
checks or more comprehensive basic checks at intervals of 500 FH, 200 FC, and around
60 days (Boeing, 2016, 2022). The maintenance program for Boeing 777 aircraft covers
approximately 2000 tasks and 125 separate task intervals (Boeing, 2022). An average
of 80-120 man-hours are required to complete them (Boeing, 2013). Emirates Airlines,
headquartered in Dubai and owning 10% of the world’s Boeing 777 fleet, began
transitioning its Boeing 777 fleet of 154 aircraft to Boeing’s optimized maintenance
program (OMP) in early 2019 and performs all A-checks under this program. With this
optimization, on-time takeoff and flight safety performance were determined to be at
least 99,5%-99,6%. It also increased the availability and planned reliability of the
aircraft (Boeing, 2008; Broderick, 2020).

For applicability of various methods for optimization of industrial processes,

engineering design, and maintenance tasks, there are different decision-making and
optimization techniques, such as machine learning (Karaoglu et al., 2022), gray
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relational analysis (GRA) (Mattila & Virtanen, 2014), genetic algorithms (Saranga &
Kumar, 2006), and Taguchi (Esangbedo et al., 2024) methods. These methods are the
techniques for achieving goals such as quality improvements, cost management, and
efficiency increase. GRA can be more effective in multi-criteria decision-making
(MADM) problems and reduces the alternatives and their performance attributes to a
single value, providing an advantage in the optimization of multiple goals (Esangbedo
et al,, 2024; Mattila et al., 2014). Machine learning is a powerful tool used in
classification, prediction, and optimization problems in data analysis where the number
of experiments and samples is high, especially when there is a correlation between the
experimental results (Jaafaru & Agbelie, 2022; Karaoglu et al., 2022). Genetic
algorithms can be a suitable solution for especially complex design and optimization
problems. Inspired by the evolutionary processes of the universe, genetic algorithms
suggest a large number of possible solutions in the design area and continuously
improve them (Saranga & Kumar, 2006; Yang & Yang, 2012). The Taguchi method
provides significant advantages, especially in quality improvement, variation control,
and robust design. Compared to other methods, it enables obtaining more information
with fewer experiments and producing more stable and high-quality products.
However, it may have some limitations in more complex cases, such as multi-objective
optimization; however, it is a very effective method in single-target improvement
processes. Therefore, the Taguchi method is the most accurate one for estimating
multiple variations with a small number of experiments, such as man-sat optimization
in aircraft maintenance (Eltoukhy et al., 2020; Esangbedo et al., 2024; Zhang et al.,
2024).

One of the most effective methodologies for achieving optimization in maintenance is
the Taguchi method, a robust statistical tool designed to improve process efficiency
(van der Weide et al., 2022; Shandookh et al., 2024). The Taguchi method employs an
orthogonal array design to systematically evaluate the impact of various factors on
maintenance outcomes (Sukthomya & Tannock, 2005; Azadeh et al., 2016). This
approach identifies optimal conditions that minimize costs and maximize efficiency by
analyzing key variables such as task intervals, labor distribution, and fleet size (Azadeh
etal., 2016; Zhang et al., 2024). Its application in aviation maintenance not only ensures
compliance with stringent safety requirements but also supports data-driven decision-
making to streamline operations (Zio et al., 2019).

The benefits of optimization extend beyond cost savings (Duvignau et al., 2021).
Enhanced maintenance processes lead to improved fleet availability, reduced
downtime, and increased operational capacity (Sentiirk et al., 2010; Regattieri et al.,
2015). For instance, extending the intervals between maintenance tasks can
significantly reduce the frequency of checks, translating into fewer disruptions to flight
schedules (Shaukat et al., 2020; Al-Thani et al., 2016). Additionally, redistributing tasks
across different maintenance checks ensures a balanced workload, preventing
bottlenecks and maintaining service quality (Zhang et al., 2024; Regattieri et al., 2015;
Shaukat et al., 2020; Al-Thani et al., 2016).

The labor-intensive nature of aviation maintenance means that man-hour costs form a
substantial part of an airline's operational expenses (Belién et al., 2012; Martone et al.,
2024). In major maintenance hubs, man-hour costs range from $80 to $120, depending
on the workforce's skill level and region. In the fleet of Boeing 777s, optimizing the

203



C. Bilgi, C. Eyiipoglu, A. Biilbiil Taguchi Method-Based Man-Hour Optimization for Boeing 777 A-Check Interval

allocation of man-hours and reducing the number of A-checks generate substantial cost
savings without compromising safety or performance.

The current system generates 60 days of downtime annually across the fleet, directly
impacting operational revenue. The potential benefits of extending the A-check interval
are significant. For a 12-aircraft fleet, this optimization reduces annual man-hours by
5196, saves $416.000 in labor costs, and generates an additional $1 million in
operational revenue through increased fleet availability. These findings highlight the
critical role of strategic maintenance planning in achieving cost efficiency and
operational excellence in the aviation sector.

This paper aims to contribute to the growing literature on aviation maintenance
optimization by presenting a case study on the extension of the Boeing 777 A-check
interval. The Taguchi method was optimized for the Boeing 777 fleets consisting of 12
and 24 aircraft for the L-check maintenance cards to be performed at 1000 FH and 1500
FH A-check maintenance intervals using the signal-to-noise (S/N) formulation. Thus,
maintenance intervals were increased without compromising flight safety standards,
the number of task cards was reduced, the aircraft ground time was reduced,
maintenance expenses were reduced, and transmission revenues increased as the
aircraft were kept in flight for longer periods. This method provides efficiency, cost
reduction, and improved aircraft availability. The findings demonstrate the applicability
of this approach and provide a roadmap for similar applications across other aircraft
types and fleets. Besides, this study highlights the transformative potential of
innovative maintenance strategies in modern aviation by integrating regulatory
compliance, operational efficiency, and cost-effectiveness. The rest of the study was
organized as follows: Section 2 explains the proposed approach. In Section 3, the
experimental results of the proposed approach are given and discussed. Finally, Section
4 summarizes the conclusions of the study.

2. METHODS
2.1. Current A-Check Interval (1000 FH)

Conducted approximately every 74 days based on a daily utilization rate of 13,5 FH.
Each check requires a one-day downtime with three shifts. Each aircraft undergoes five
A-checks annually, totaling 60 checks across the 12 aircraft fleet. This results in 60
days of annual downtime for the fleet.

2.2. Proposed A-Check Interval (1500 FH)

Aircraft manufacturers such as Boeing prepare a maintenance planning document
(MPD) that includes mandatory basic maintenance when producing aircraft. Then,
airlines that have the relevant aircraft in their fleet prepare a customized maintenance
planning document (CMPD). Airline maintenance is specific to their aircraft and is
carried out by the CMPD. For this study, conducted every 111 days, maintaining the
same one-day check duration. Annual A-checks per aircraft drop to 3,3, reducing the
fleet-wide total to 40 checks. This reduces downtime to 40 days annually, recovering
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20 operational days for the fleet. The man-hour graph according to cards’ reference
intervals before applying the technique proposed in this study is shown in Figure 1.
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Figure 2. Distribution Chart of Maintenance Cards According to Reference Intervals
2.3. Optimization Methodology

Task data from Boeing’s maintenance manuals and airline-specific records were
analyzed to identify tasks with intervals of over 1000 FH. These tasks were
consolidated into a single 1500 FH A-check. The optimization is calculated as follows:

Savings (Man Hours) = (Current Interval Hours—Proposed Interval Hours) x Tasks/Hour (1)

For each task, man-hour savings were projected based on rescheduled intervals.
Tasks deemed critical to safety or operations were excluded from rescheduling.
Regulatory guidelines (Federal Aviation Administration, European Union Aviation
Safety Agency) and manufacturer recommendations were strictly followed.
Intermediate cleaning tasks were introduced every 500 FH to maintain cabin standards.
Comprehensive cleaning remained at the proposed 1500 FH interval. The distribution
chart of maintenance cards according to reference intervals is shown in Figure 2. A
flowchart showing the proposed approach step by step and making it easy to follow is
given in Figure 3.
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Figure 3. Boeing 777 Aircraft Optimization Flowchart
2.4. Taguchi Model for Man-Hour Optimization
The Taguchi method relies on designing experiments (Design of Experiments-DoE) to

analyze the impact of different factors and determine optimal conditions. For this study,
the following factors and levels were identified:
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I: A-check interval (1000 FH and 1500 FH).

T: Task distribution (standard and optimized).

Hiask: Average man-hours per task card (standard and reduced).

F: Fleet size (e.g., 12, 24 aircraft).

Two levels are selected for each factor (e.g., A-check interval: 1000 FH and
1500 FH).

e An Lg orthogonal array (Table 1) is suitable for this analysis, as it evaluates
four factors at two levels each. This design ensures a balanced and efficient
experimental structure.

Table 1. Lg Orthogonal Array

Experiment Iflﬁesgjﬁk Di;frgg?li:;n) (Tas%?li(me) F (Fleet Size)
1 1000 FH Standard 2 hours 12 aircraft
2 1000 FH Optimized 1.5 hours 24 aircraft
3 1500 FH Standard 2 hours 24 aircraft
4 1500 FH Optimized 1.5 hours 12 aircraft
5 1000 FH Optimized 2 hours 24 aircraft
6 1000 FH Standard 1.5 hours 12 aircraft
7 1500 FH Optimized 2 hours 12 aircraft
8 1500 FH Standard 1.5 hours 24 aircraft

The Taguchi method uses the S/N ratio to identify optimal conditions. For this study,
the “smaller-is-better” criterion is applied, calculated as:

n

l = —10x log (lZy-z) )

N 10 n i
i=1

where y; represents the observed response values in each experimental run and n
denotes the number of observations or repetitions conducted under the same
experimental conditions. In this study, these responses correspond to man-hour savings
(MH;avings) and cost savings (Cisavings) measured across different experimental trials.

Each response value was obtained through controlled experimental trials, ensuring
accuracy in evaluating maintenance efficiency improvements. The calculated S/N
ratios according to y;and n values in Table 2 provide insights into the optimal parameter
settings that minimize variability while maximizing performance gains. Using the
formulas in the given Equations 1-4, the S/N values in Table 2 were solved in the
Wolfram Mathematica program. Further discussion on interpreting these results and
their impact on maintenance optimization is provided in subsequent sections.
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Table 2. Calculated S/N Values

Exp(;‘(l)ment yi y2 3 V4 s n S/N Ratio
1 145 150 148 152 149 5 -43,25
2 138 140 142 141 139 5 -42,88
3 155 160 158 162 159 5 -44,05
4 132 135 134 137 136 5 -41.92
5 165 168 170 166 169 5 -44,85
6 140 144 142 146 143 5 -42,98
7 150 152 154 151 153 5 -43,75

For each experiment, MH,qyings and Ciavings are calculated using the following formulas:

1 1
MHsavings = (1 - )x T x Hegge x F (3)

current Iproposed

where T is defined as either "standard" or "optimized". However, in Equation 3, T is
multiplied by Has indicating that 7 should be numerical rather than categorical. Tswundara
is 1, and Topiimizea 1s 0,75. These values indicate that the optimized task distribution
reduces workload efficiency by 25%, leading to lower required man-hours per task.

Csavings = MHsavings X Cypn )

The final parameter selection was based on a combination of cost efficiency,
operational feasibility, and regulatory compliance. While maximizing cost savings was
a key objective, safety, workload balance, and adherence to aviation authorities’
regulations were critical constraints. The final selection criteria included maximizing
fleet availability while ensuring minimal maintenance disruptions, reducing total labor
costs without overloading any maintenance interval, maintaining regulatory and
manufacturer compliance for operational safety, and demonstrating a significant return
on investment through tangible cost savings.

2.5. Experiment Design and Parameter Selection

The Taguchi method uses the orthogonal array approach to optimize processes with
minimal experimental work while capturing significant variability. In this study, an L8
orthogonal array was initially considered, allowing multiple factors to be evaluated at
two levels each. However, since 7 aircraft were taken to A-check maintenance during
the calendar period in which the Boeing 777 A-check optimization study was
conducted, only 7 aircraft could be tested.

The selection of 7 experiments was determined by the need to analyze key factors such
as A-check intervals, task distribution strategies, fleet size changes, and man-hour
savings. More experiments could have been conducted, but simply taking the
experimental aircraft from flight to maintenance before the A-check maintenance
service would both reduce operating revenues and increase maintenance costs. The use
of a structured orthogonal array allowed meaningful results to be obtained with a
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limited number of trials, consistent with industry best practices for experimental
optimization.

3. EXPERIMENTAL RESULTS AND DISCUSSION

The conducted experiments provide useful insights into which factor combinations
yield optimal savings while maintaining safety and regulatory compliance. The Taguchi
method helps determine how changes in these factors impact total maintenance
efficiency. The key takeaway is identifying an optimal balance where extending the A-
check interval does not compromise safety but instead enhances fleet availability while
reducing labor and cost expenditures.

Annual man-hours for A-checks decreased from 1586 to 1153 per aircraft, resulting in
a fleet-wide savings of 5196 man-hours annually. Task redistribution eased workload
during L-checks, with minor operational checks (e.g., General Visual Inspection tasks)
added to L-checks without affecting TAT. The distributions of man hours according to
the maintenance interval for A-check 1000 FH and A-check 1500 FH are shown in
Figures 4 and 5, respectively. The man-hour graph in case of equalization of
maintenance is demonstrated in Figure 6. Making 1000 FH reference cards in L0004
(In addition to the current situation) is shown in Figure 7. Lastly, the man-hour graph
in case of equalization of maintenance is demonstrated in Figure 8.

A-Check 1000 FH

800
600
400

Interval

200

Task Card Reference

A001 A002 A003 A004 A005 A006 A007 AO08 A009 A010
Numbers of A-Check

Figure 4. Distribution of Man Hours According to Maintenance Interval (1000 FH)
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Figure 5. Distribution of Man Hours According to Maintenance Interval (1500 FH)
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Figure 6. Man-Hour Graph in Case of Equalization of a Maintenance
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Figure 7. Making 1000 FH Reference Cards in L0004 (Addition to Current Situation)
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Figure 8. Man-Hour Graph in Case of Equalization of a Maintenance

The downtime was reduced from 60 to 40 days per year, providing 20 additional
operational days for the fleet. Increased fleet availability generated $1 million in
additional operational revenue per year. Annual labor cost savings of $416.000 based
on an average man-hour cost of $80. Financial benefits of $1.416 million per year
(including operational revenue and labor cost savings). Slot availability improved for
other fleet maintenance. Workload was balanced during A- and L-checks without
compromising safety.

The experiments conducted using the Taguchi method systematically evaluated the
impact of differ-ent parameter combinations, including A-check interval (1000 FH vs.
1500 FH), task distribution (standard vs. optimized), man-hours per task card (standard
vs. reduced), and fleet size (12 vs. 24 aircraft). Pre- and post-optimization results are
given in Table 3. The experimental results demon-strated that the optimal scenario—
extending A-checks to 1500 FH while balancing workload be-tween A- and L-checks—
achieved maximum efficiency gains. The redistribution of tasks ensured that minor
operational checks (such as general visual inspections) were added to L-checks without
affecting turnaround time.

Table 3. Pre- and Post-Optimization Results

Parameter Before Optimization After Optimization
(1000 FH) (1500 FH)
Annual A-Checks per Aircraft 5 33
Annual Fleet-Wide A-Checks 60 40
Annual Downtime (Days) 60 40
Man-Hours per Aircraft 1586 1153
Total Fleet-Wide Man-Hours
- 5196
Saved
Annual Cost Savings ($) - 416.000
Additional Operational ) 1.000.000
Revenue (%)
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4. CONCLUSION

Extending the A-check interval for Boeing 777 aircraft from 1000 FH to 1500 FH
significantly reduced maintenance costs, increased operational efficiency, and
improved fleet availability. The study highlights the importance of methodical task
reassignment and integration of intermediate checks to maintain service standards.
These findings highlight the importance of ongoing optimization in aviation
maintenance, suggesting potential for broader application across aircraft types and
maintenance strategies.

Future research can explore the integration of predictive maintenance techniques,
leveraging machine learning and data analytics to enhance decision-making in
maintenance scheduling. Additionally, further studies can examine the long-term
effects of extended maintenance intervals on aircraft reliability and component
lifespan. The applicability of this optimization framework to other aircraft models and
operational environments can also be investigated, ensuring a more comprehensive
understanding of its benefits and limitations. Collaborations between airlines,
regulatory bodies, and maintenance providers can facilitate the development of
adaptive maintenance schedules tailored to specific fleet requirements. These
advancements can contribute to the evolution of more efficient, cost-effective, and data-
driven maintenance strategies in the aviation industry.
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Abstract Oz

Herein, we report the synthesis of a series of 2-
bromobenzoyl-substituted thiourea derivatives. The
structures of the synthesized thioureas were characterized
by spectroscopic methods. These derivatives, together
with 2-fluorobenzoyl thioureas synthesized previously,
have been evaluated for their potential antifungal activity.
Compounds 2d and 2f showed antifungal activity against
Candida albicans. Compound 2f also demonstrated
activity against C. parapsilosis. Drug-likeness properties
of the compounds were also estimated, and it was found
that all compounds showed good drug-likeness properties.

Keywords: Benzoyl thioureas, antifungal activity, drug-
likeness properties, in silico SwissADME.

Bu ¢aligmada, bir dizi 2-bromobenzoil tiyoiire tiirevleri
sentezlenmistir. Sentezlenen tiyoiirelerin  yapilar
spektroskopik yontemlerle tanimlanmistir. Bu tiirevler,
daha 6nce sentezlenen 2-florobenzoil tiyotirelerle birlikte,
potansiyel antifungal aktiviteleri agisindan
degerlendirilmistir. Bilesik 2d ve 2f, Candida albicans'a
kars1 antifungal aktivite gostermistir. Bilesik 2f ayrica C.
parapsilosis'e kars1 aktivite gostermistir. Bilesiklerin ilag
olabilirlik 6zellikleri de tahmin edilmis ve tiim
bilesiklerin iyi ilag olabilirlik ozellikleri gosterdigi
bulunmustur.

Anahtar Kelimeler: Benzoil tiyoiireler, antifungal
aktivite, ilag olabilirlik dzellikleri, in siliko SwissADME.

!stanbul University-Cerrahpasa, Faculty of Pharmacy, Department of Pharmaceutical Chemistry, istanbul, Tiirkiye.

sule.gunal@iuc.edu.tr.

2 {stanbul University-Cerrahpasa, Faculty of Pharmacy, Department of Pharmaceutical Microbiology, Istanbul, Tiirkiye.

engin.kaplan@iuc.edu.tr.


https://doi.org/10.55071/ticaretfbd.1588118
http://orcid.org/0000-0002-2820-7674
http://orcid.org/0000-0001-5705-717X

S. Erol Giinal, E. Kaplan Synthesis, Evaluation of Antifungal
Activity and Drug-Likeness of Benzoyl Thiourea Derivatives

1. INTRODUCTION

Thioureas have been the subject of considerable interest because of their wide range of
biological activities such as anticancer, antimicrobial, anti-inflammatory, antioxidant,
antituberculosis and antimalarial activities (Agili, 2022; Anna et al., 2023; Dey et al.
2023; Hroch et al. 2017; Riccardo et al., 2021; Shivakumara & Sridhar, 2021; Shulgau
et al. 2024; Strzyga et al., 2021). Thioureas are also used as starting compounds in the
synthesis of many heterocyclic compounds. Moreover, their ability to form complexes
with metal ions enhances their utility in the field of drug design and development
(Canudo-Barreras et al., 2021; Seo et al., 2023). It was reported that copper complexes
of some thioureas showed anticancer activity (Yaqeen & Rafid, 2023).

Since the fluorine is the most electronegative atom, the incorporation of fluorine atom
into compounds changes properties of compounds which are important in drug design
(Ali & Zhou, 2023; Han et al., 2020; O’Hagan, 2010). There are many fluorine-
containing drugs like Lipitor, Linezolid and Sitagliptin on the market (Ali & Zhou,
2023; Han et al., 2020; O’Hagan, 2010; Rizzo et al., 2023; Shah & Westwell, 2007).
Consequently, the synthesis of fluorine-containing compounds has always been a
subject of interest. In a previous study, we synthesized a series of 2-fluorobenzoyl
substituted thioureas (2a-f) (Erol Giinal, 2023). In the present study, 2-bromobenzoyl
substituted thioureas (1a-h) were synthesized (Scheme 1 and Table 1) and both 2-bromo
and 2-fluoro benzoyl substituted thioureas (la-h and 2a-f) were evaluated for their
antifungal activities. Furthermore, their drug-likeness properties were predicted using
in silico SwissADME tool (Daina et al. 2017).

Br (0]
Br (0] acetone
+ NH,SCN — > =C=
@) cl N reflux, 30 min N=C=8
a
Br O Br O S
(b) N=C=S8S + AF_NHZ —— ”)J\H/Ar

Ar = 2-OCH3Ph ,2-CH3Ph ,2-FPh, 2-CIPh, 2-EtPh, naphthyl,
pyridin-3-yl, 3-methylpyridin-2-yl

Scheme 1. Synthesis of 2-bromobenzoyl Substituted Thioureas
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2. RESULTS AND DISCUSSION
2.1. Synthesis

2-Bromobenzoyl chloride was reacted with ammonium thiocyanate to afford 2-
bromobenzoyl isothiocyanate, which was subsequently reacted with aniline derivatives
to give 2-bromo benzoyl thioureas (1a-h) (Scheme 1 and Table 1). The structures of the
synthesized thioureas were confirmed by 'H NMR, '3C NMR and IR spectroscopy. As
an example, the 'H NMR, '3C NMR and IR spectra of compound 1b are given in Figure
1, Figure 2 and Figure 3, respectively.

Table 1. Structures and Names of the Studied Compounds

R o S
@ANJLN,N
H H
compound R Ar compound R Ar

OCH
1a Br @OCH3 2a F @/ 3
N, N,
1b Br ©/CH3 2b F @CHS
le Br @F 2 F @/C'
1d Br @C' 2d F ©/\
le Br ©/\ 2e F | X
/N

1f Br 2f F | SN
=
1g Br | A
_N
1h Br | SN
=
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Figure 1. IH NMR Spectrum of Compound 1b
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Figure 2. *C NMR Spectrum of Compound 1b
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Figure 3. IR Spectrum of Compound 1b

2.2. Antifungal Activity

The compounds were evaluated in vitro against fungal species of C. albicans, C.
parapsilosis and C. glabrata. The MIC values of the studied compounds were given in
Table 2. Among 2-fluorobenzoyl substituted thioureas compound 2d showed the best
antifungal activity with MIC value of 125 pg/mL against C. albicans. Compound 2f
also showed antifungal activity (125 pg/mL) against C. albicans and C. parapsilosis.
2-Bromobenzoyl substituted thioureas did not show sufficient antifungal activity.

Table 2. Antifungal Activity of the Compounds (MIC in pg/mL)

Compd. C. albicans C. parapsilosis C. glabrata

(ATCC (ATCC 22019) (ATCC

14053) 15126)

la >500 >500 >500
1b >500 >500 >500

lc >500 >500 >500

1d >500 >500 >500

le >500 >500 >500

1f >500 >500 >500

1g >500 >500 >500

1h >500 >500 >500

2a >500 >500 >500

2b >500 >500 >500

2c >500 >500 >500

2d 125 >500 >500

2e >500 >500 >500

2f 125 125 >500
Fluconazole 0,49 0,25 3,90
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2.3. Drug-likeness Properties

We calculated the physicochemical properties of all compounds using SwissADME.
The results are in given in Table 3. All compounds comply with the five Lipinski rules
and possess good drug-likeness properties. The BOILED-Egg model (Daina&Zoete,
2016), which is a graphical method developed for studying the drug permeation in the
brain or intestines, was also studied (Figure 4). All compounds have high GI
(Gastrointestinal) absorption. Compounds except la, 1f,1g,1h, 2a, 2e and 2f showed
BBB (Blood-Brain Barrier) permeation. (Figure 4 and Table 4) Furthermore, skin
permeation was predicted as Log Kp (Table 4). A more negative value of Log Kp
represents less skin permeability (Potts et al. 1992).

Table 3. Predicted ADME Properties of the Compounds (1a-h and 2a-f)

Com |MW?* HA | Cy; | RB | HBA | HBD' | MR® | TPS | Log P, | Log | Lipinsk
p. b ¢ d ¢ A" w Si i’s

violatio
n
la 65,24 21 (0,07 6 2 2 90,25 | 82,45 3,39 -5,29 0
1b  B49,25 20 10,07 5 1 2 88,72 | 73,22 3,69 -5,00 0
lc  B53,21 20 0 5 2 2 83,71 | 73,22 3,94 -4,86 0
1d  B69,66 20 0 5 1 2 88,77 | 73,22 4,04 -5,78 0
le 63,27 21 10,12 6 1 2 93,53 | 73,22 3,95 -5,28 0
1f B85,28 23 0 5 1 2 101,26 | 73,22 4,54 -5,85 0
1g B36,21 19 0 5 2 2 81,55 | 86,11 2,78 -4,25 0
1h B50,23 20 10,07 5 2 2 86,52 | 86,11 3,09 -4,54 0
2a 04,34 21 10,07 6 3 2 82,51 | 82,45 3,19 -4,54 0
2b 288,34 20 10,07 5 2 2 80,98 | 73,22 3,49 -4,25 0
2¢  P08,76 20 0 5 2 2 81,02 | 73,22 3,84 -5,02 0
2d  p02,37 21 0,12 6 2 2 85,79 | 73,22 3,74 -4,53 0
2e (2753 19 0 5 3 2 73,81 | 86,11 2,58 -3,50 0
2f 289,33 20 10,07 5 3 2 78,77 | 86,11 2,89 -3,80 0

“*Molecular weight in g/mol.

"Number of heavy atoms

¢ Fraction of Csp3

YNumber of rotatable bonds

“Number of hydrogen bond acceptors

Number of hydrogen bond donors

£Molar Refractivity

"Topological polar surface area (A?)

‘Logarithm of partition coefficient between n-octanol and water
’ Logarithm of solubility
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Table 4. GI (Gastrointestinal) Absorption, BBB (Blood-Brain Barrier) Permeation and
logKp Values of Compounds (1a-h and 2a-f)

Compound GI BBB log Compound GI BBB log
absorption | permeant Kp absorption | permeant Kp
(cm/s) (cm/s)
la High No -4,97 2a High No -5,02
1b High Yes -5,19 2b High Yes -5,23
1c High Yes -5,39 2¢ High Yes -4,63
1d High Yes -4,57 2d High Yes -5,01
le High Yes -4,96 2e High No -5,93
1f High No -4,77 2f High No -5,76
1g High No -5,89
1h High No -5,71
NLOGP
o 1f
d
1534 1a
1b 21
o
2e

Figure 4. BOILED-Egg Model of Studied Compounds (The white part represents the
HIA absorption region, the yellow part represents the BBB permeation region and the
grey part represents the low absorption and limited brain permeation region)
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3. METHODS
3.1. Materials and Instrumentation

All chemicals were purchased from Sigma-Aldrich. The 'H and '*C NMR spectra of all
the were obtained using a Varian-Mercury VX-400 MHz-BB. FTIR spectroscopy
analyses were carried out on a Thermo Fisher Nicolet 380 instrument. Melting points
were determined using the Electrothermal 9100 apparatus. Strains used were obtained
from the American Type Culture Collection (ATCC).

3.2. General Procedure for the Preparation of Compounds

Ammonium thiocyanate (0,38 g, 5 mmol, 1eq) and 2-bromobenzoyl chloride (1,10 g,
5 mmol, leq) were refluxed in 15 mL of acetone for 20 minutes. The solution was
filtered and used for the next step. The appropriate aniline derivative (Smmol, leq) was
added to the filtrate and refluxed for 4 hours. The solution was cooled and a precipitate
formed. The precipitate was filtered and purified by recrystallisation from ethanol.
(Erol Giinal, 2023).

3.2.1. 1-(2-bromobenzoyl)-3-(2-methoxyphenyl) thiourea (1a).

Yield: 0,79 g. White solid. (72%). mp:90-92°C. ' H NMR (400 MHz, DMSO-d6): §
12,80 (s, 1H), 12,02 (s, 1H), 8,69 (d, J= 7,8 Hz, 1H), 7,72 (d, J = 7,7 Hz, 1H), 7,62
(dd, J=17,3, 1,5 Hz, 1H), 7,53 — 7,38 (m, 2H), 7,29 — 7,21 (m, 1H), 7,20 — 7,13 (m,
1H), 7,01 (m, 1H), 3,91 (s, 3H). '3*C NMR (100 MHz, DMSO-d6): § 177,70, 169,1,
150,8,136.,9, 133,0, 132,5, 129,7, 128,0, 127,3, 127,1, 123,0, 120,3, 119,3, 111,8, 56,6.
FTIR (Vmax, cm™): 3164 (NH), 1628 (C=0), 1263 (C=S). Calculated for
C1sH13BrN;0,S: C, 49,33; H, 3,59; N, 7,67; S, 8,78. Found: C, 49,57; H, 3,68; N, 7,57;
S, 8,59.

3.2.2. 1-(2-bromobenzoyl)-3-(2-tolyl) thiourea (1b).

Yield: 0,73 g. White solid. (70%). mp:158-160 °C. ' H NMR (DMSO-d6 ,400 MHz):
§ 12,02 (s, 2H), 7,73 (d, J = 7,8 Hz, 1H), 7,59 (m 2H), 7,48 (m, 2H), 7,37 — 7,12 (m,
3H), 2,28 (s, 2H). 3C NMR (100 MHz, DMSO-d6): & 180,06, 169,11, 137,30, 137,01,
133,87, 133,08, 132,56, 130,93, 129,66, 128,04, 127,63, 127,09, 126,66, 119,30, 18,08.
FTIR (Vimax, cm™): 3163 (NH), 1686 (C=0), 1252 (C=S). Calculated for C;sH:BrN,0S:
C, 51,59; H, 3,75; N, 8,02; S, 9,18. Found: C, 51,69; H, 3,69; N, 8,12; S, 9,36.

3.2.3. 1-(2-bromobenzoyl)-3-(2-fluorophenyl) thiourea (1c).

Yield: 0,69 g. White solid. (65 %). mp:144-146 °C. 'H NMR (DMSO-d6, 400 MHz):
§ 12,29 (s, 1H), 12,20 (s, 1H), 8,05 (t, J = 7,8 Hz, 1H), 7,73 (dd, J = 7,7, 1,2 Hz, 1H),
7,63 (dd, J = 7,3, 1,7 Hz, 1H), 7,56 — 7,44 (m, 2H), 7,41 — 7,33 (m, 2H), 7,32 — 7,21
(m, 1H). *C NMR (100 MHz, DMSO-d6): 3 180,21, 169,21, 136,81, 133,10, 132,67,
129,72, 128,79, 128,72, 128,05, 127,46, 126,54, 126,43, 124,80, 124,77, 119,30,
116,32, 116,13. FTIR (Vmax, cm'): 3152 (NH), 1681 (C=0), 1204 (C=S). Calculated
for C14H1BrFN,OS: C, 47,61; H, 2,85; N, 7,93; S, 9,08. Found: C, 47,55; H, 2,95; N,
7,13; S, 8.,98.
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3.2.4. 1-(2-bromobenzoyl)-3-(2-chlorophenyl) thiourea (1d).

Yield: 0,76 g. White solid. (68 %). mp:138-140 °C. 'H NMR (DMSO-d6, 400 MHz):
612,40 (s, 1H), 12,22 (s, 1H), 8,07 (d, J = 8,0 Hz, 1H), 7,74 (d, J= 7,8 Hz, 1H), 7,66
— 7,51 (m, 2H), 7,51 — 7,23 (m, 4H). *C NMR (100 MHz, DMSO-d6): & 180,18,
169,22, 136,79, 135,72, 133,12, 132,69, 130,04, 129,71, 128,74, 128,69, 128,32,
128,06, 127,81, 119,31. FTIR (Vima, cm™): 3132 (NH), 1685 (C=0), 1244 (C=S).
Calculated for C14HoBrCIN,OS: C, 45,49; H, 2,73; N, 7,58; S, 8,67. Found: C, 45,29;
H, 2,57; N, 7,68; S, 8,49.

3.2.5. 1-(2-bromobenzoyl)-3-(2-ethylphenyl) thiourea (1e).

Yield:0,78 g. White solid. (72%) mp:118-120 °C.! H NMR (DMSO-d6, 400 MHz,): &
12,09 (s, 1H), 12,07 (s, 1H), 7,73 (d, J=7,7 Hz, 1H), 7,66 — 7,44 (m, 4H), 7,41 — 7,20
(m, 3H), 2,63 (q,J= 7,5 Hz, 2H), 1,19 (t,J=7,5 Hz, 3H). '*C NMR (100 MHz, DMSO-
d6): 5 180,53, 169,28, 139,50, 136,99, 136,63, 133,08, 132,58, 129,64, 129,34, 128,05,
127,92, 127,76, 126,64, 119,29, 24,60, 14,84. FTIR (Vmax, cm™): 3147 (NH), 1677
(C=0), 1277 (C=S). Calculated for Ci¢HisBrN,OS: C, 52,90; H, 4,16; N, 7,71; S, 8,83.
Found: C, 52,76; H, 4,27; N, 7,91; S, 8,66.

3.2.6. 1-(2-bromobenzoyl)-3-(1- naphthyl) thiourea (1f).

Yield: 0,81 g. White solid. (70 %). mp:176-178 °C. 'H NMR (DMSO-d6, 400 MHz):
612,44 (s, 1H), 12,18 (s, 1H), 8,04 (d, J= 7,8 Hz, 1H), 7,96 (t, J= 7,7 Hz, 2H), 7,83
(d, J=17,3 Hz, 1H), 7,76 (d, J= 7,8 Hz, 1H), 7,71 (d, J= 7,3 Hz, 1H), 7,68 — 7,57 (m,
3H), 7,51 (ddd, J=13,7, 11,1, 6,7 Hz, 2H). '3*C NMR (100 MHz, DMSO-d6): § 181,11,
169,27, 137,08, 134,59, 134,24, 133,11, 132,61, 129,78, 129,08, 128,91, 128,05,
127,97, 127,29, 126,86, 125,98, 125,14, 122,55, 119,36. FTIR (Vmax, cm™): 3167 (NH),
1682 (C=0), 1247 (C=S). Calculated for C;sH;3BrN,OS: C, 56,11; H, 3,40; N, 7,27; S,
8,32. Found: C, 56,02; H, 3,55; N, 7,367, S, 8,52.

3.2.7. 1-(2-bromobenzoyl)-3-(pyridin-3-yl) thiourea (1g).

Yield: 0,60 g. White solid. (60%) mp:182-186°C. ' H NMR (400 MHz, DMSO-d6): &
12,24 (s, 1H), 12,15 (s, 1H), 8,75 (d, J = 2,3 Hz, 1H), 8,48 (dd, J=4,7, 1,3 Hz, 1H),
8,12 (d,J=38,1 Hz, 1H), 7,73 (dd, /= 7,8, 1,1 Hz, 1H), 7,62 (dd, J=7,4, 1,7 Hz, 1H),
7,56 — 7,35 (m, 3H). 3*C NMR (100 MHz, DMSO-d6): & 180,47, 168,84, 147,66,
146,86, 136,89, 135,41, 133,24, 133,14, 132,66, 129,72, 128,07, 123,88, 119,31. FTIR
(Vmax, em™): 3152 (NH), 1680 (C=0), 1283 (C=S). Calculated for C;3H;0BrN;OS: C,
46,44; H, 3,00; N, 12,50; S, 9,54. Found: C, 46,66; H, 3,15; N, 12,59; S, 9,48.

3.2.8. 1-(2-bromobenzoyl)-3-(3-methylpyridin-2-yl) thiourea (1h).

Yield: 0,64 g. White solid. (61%) mp:148-150 °C. "H NMR (DMSO-d6, 400 MHz,):
§ 12,09 (s, 1H), 12,02 (s, 1H), 8,35 (d, J= 3,8 Hz, 1H), 7,75 (dd, J= 15,7, 7,7 Hz, 2H),
7,62 (d, J = 7,3 Hz, 1H), 7,57 — 7,40 (m, 2H), 7,34 (dd, J = 7,3, 4,8 Hz, 1H), 2,31 (s,
3H). * C NMR (100 MHz, DMSO-d6): § 180,36, 168,82, 150,38, 146,77, 139,98,
136,85, 133,07, 132,58, 131,14, 129,54, 128,00, 123,91, 119,21, 17,44. FTIR (Vinax,
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): 3150 (NH), 1666 (C=0), 1240 (C=S). Calculated for C1sH,BrN;OS: C, 48,01; H,
3,45; N, 12,00; S, 9,16. Found: C, 48,38; H, 3,21; N, 12,13; S, 9,01.

3.3. Antifungal Activity

The microbroth dilution method was used to assess the minimum inhibitory
concentration (MIC) of the compounds in accordance with the Clinical and Laboratory
Standards Institute (CLSI) M27-A3 document (CLSI, 2008) against Candida albicans
(ATCC 14053), C. parapsilosis (ATCC 22019), and C. glabrata (ATCC 15126). Stock
solutions were prepared at 1 mg/mL in DMSO. The cell density was adjusted to
McFarland 0,5 in sterile PBS. Two-fold dilutions were prepared in 100 pL of MOPS
(0,165 M) buffered RPMI 1640 medium (pH 7,0; Sigma-Aldrich, St. Louis, MO). Then,
10 pL cell suspensions were added to all test wells and the plates were incubated at
37°C for 18 hours. The MIC values were determined visually and
spectrophotometrically at 450 nm. Fluconazole (Sigma-Aldrich, St. Louis, MO) was
used as reference drug.

4. CONCLUSION

In the present study, 2-bromobenzoyl thiourea derivatives were synthesized and
characterized. Antifungal activities of 2-bromobenzoyl and previously synthesized 2-
fluorobenzoyl thioureas were evaluated in vitro against several fungal species,
including C. albicans, C. parapsilosis, and C. glabrata. The 2-bromobenzoyl
substituted thioureas (compounds la-h) did not demonstrate sufficient antifungal
activity. However, the previously synthesized 2-fluorobenzoyl thioureas (compounds
2a-f) exhibited promising antifungal activity. Among 2-fluorobenzoyl thioureas,
compound 2d showed the best antifungal activity with an MIC value of 125 pg/mL
against C. albicans. Additionally, compound 2f demonstrated activity against both C.
albicans and C. parapsilosis at the same MIC value. Moreover, drug-likeness
properties of all compounds were predicted using in silico tools.
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Abstract

Ulkemizde yerlesik kurum ve kuruluglarinin faaliyetleri is
saghgr ve giivenligi kapsaml ¢ikartilan Kanun ve
Yonetmelikler ile yeniden diizenlenmesiyle yeni bir yon
bulmustur. Is saghg ve giivenligi kapsaminda temel amag
proaktif yaklasimi benimseyerek meydana gelebilecek is
kazasi ve meslek hastaliklarim1 ortaya ¢ikmadan oOnce
kaynaginda bertaraf etmektir. Bunu saglamak iizere
yapilacak ilk is risk degerlendirme ¢alismasidir. Hata tiirii
ve etkileri analizi, incelenen sistemdeki hatali durumlarin
meydana gelmeden once tespit edilerek
onceliklendirilmesini  bdylece iyilesme hareketinin
nereden baglanacagi konusunda yon gésteren bir metottur.
Ancak her metot gibi dezavantajlar sonuglar iizerine etki
etmektedir. Bunun ortadan kaldirilabilmesi igin bulanik
mantik ilkeleri uygulanabilir. Bu ¢aliymada hata tiirii ve
etkileri analizi yontemi kullanilarak vana iiretimi yapan bir
isletmedeki iiretim siireci degerlendirilmis, ayrica bulanik
mantik ile ¢oziimlenerek sonuglar karsilagtirilmistir.

Anahtar Kelimeler: Bulanik mantik, FMEA, vana
tiretimi, risk degerlendirme.

The activities of institutions and organizations established
in our country have found a new direction with the
reorganization of occupational health and safety by
comprehensive Laws and Regulations. The main aim
within the scope of occupational health and safety is to
eliminate work accidents and occupational diseases that
may occur at the source before they occur, by adopting a
proactive approach. The first thing to do to achieve this is
a risk assessment study. Failure modes and effects
analysis is a method that identifies and prioritizes faulty
situations in the system under review before they occur,
thus guiding where the improvement action should begin.
However, like every method, its disadvantages affect the
results. To eliminate this, fuzzy logic principles can be
applied. In this study, the production process in a company
that produces valves was evaluated using the failure
modes and effects analysis method, and the results were
compared by analyzing it with fuzzy logic.

Keywords: Fuzzy logic, FMEA, valve production, risk
assessment.
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G. Tak, F. Oztiirk Bir Vana Uretim Siirecindeki Is Saglig1 ve Giivenligi Risklerinin
Bulanik Hata Tiirii ve Etkileri Analizi ile Degerlendirilmesi

1. GIRIS

Son 10 yilda iilkemizde isletmelerin is saglig1 ve giivenligi ile ilgili faaliyetleri yeni
¢ikarilan kanun ve ydnetmeliklerle yon degistirmistir (Celik & Oztiirk, 2017). Yakin
tarihimize bakildiginda 1973 yilinda is¢i saglig1 ve is glivenligi tlizigii Bakanlar Kurulu
tarafindan 1475 sayili is kanunu yayimlanmis ardindan 2003 yilinda 4857 sayili is
kanununun Besinci bdliimiinde is saglig1 ve glivenligi kapsamindaki yiikiimliiliikler ilk
defa bir kanun icerisinde yer almistir. 20 Haziran 2012 yilinda yayimlanan 6331 sayili
Kanun ile is saglig1 ve giivenligi konusunda miistakil bir kanun yayimlanarak daha
etkin ve detayli sekilde ele alinmigtir. Kanun ile birlikte gelen yiikiimliiliikler
dogrultusunda yeni yonetmelik ve tebligler yayimlanarak daha uygulanabilir hale
gelmistir.

Farkli is kollarinda farkli iretim yéntem ve teknikleri uygulanarak Imalat sanayinde
fiziksel, kimyasal, biyolojik vb. pek ¢ok faaliyeti kapsayan islemler gergeklestirilir
(Tak & Orztiirk, 2024).Is sagligi ve giivenligi kapsaminda temel amag proaktif
yaklagimi benimseyerek meydana gelecek is kazasi ve meslek hastaliklarini ortaya
¢tkmadan dnce kaynagida bertaraf etmektir. Bunu saglamak iizere yapilacak ilk is risk
degerlendirme ¢alismasidir (Ayvaz ve ark., 2018). Bu ¢alismadaki temel amag risklerin
degerlendirilerek belli 6lgiitlere gore skorlanmasi ve risk diizeyi yiiksekten diisiige
dogru siralanarak onceliklendirilmesidir. Risk degerlendirme g¢aligmasi igin ¢esitli
yontemler kullanilabilmekte ve bazi sektorlere dzel olabilmektedir (Celik & Oztiirk,
2017). Oztiirk ve ark. (2022) Tenerife ugak kazasmi analiz ettikleri ¢aligmada hata
tiirleri ve etkileri analizi, sistem teorisine dayali nedensel analiz (CAST) ve hata agaci
analizi metotlarmi kargilagtirmistir. Calismanin sonucunda biiyiik kazalarin analizinde
CAST’1n daha kullanislt oldugu sonucuna varmislardir.

Nitekim is saglig1 ve giivenliginde birbirine gére avantaj ve dezavantajlara sahip ¢esitli
risk analiz yontemleri bulunmaktadir (Oztiirk, 2014).1s saglig1 ve giivenligi alaninda en
sik kullanilan yontemlerin basinda matris yontemi gelmektedir. L tipi matris
yontemindeki risk seviyesi riskin meydana gelme olasilif1 ile gergeklestigi andaki
siddetinin ¢arpimina esit olarak ele alinmaktadir. Olasilik ve siddet diizeylerinin
belirlemek i¢in 1 ila 5 puan arasinda deger verilir. Belirlenen Olasilik ve Siddet
degerlerinin birbiriyle ¢arpimi risk puanini belirler. Risk puanlar1 yiiksekten diistige
dogru siralanir. Risk seviyesi kabul edilemez seviye olan 25 degerinden 8 olan kabul
edilebilir risk seviyesine diisiiriilmesi hedeflenir. Ancak risk seviyesi olasilik ve siddet
degerlerinin carpimina esitlenerek analiz yapilmaktadir. Belirlenen Olasilik seviyesi 5
ile siddet seviyesi 4 olarak belirlenmesiyle tam tersi puanlama yapildiginda risk
seviyesi 20 puana esit olmakta ve ayni sekilde yorumlanmaktadir. Bu durumda puanlar
ayni iken risk etkiler oldukga farklidir. Bu yontemin kullanim sikliginin fazla olmasimin
nedenleri olarak basit olmasi, kolay anlasilmast ve hizli degerlendirmeye imkan
vermesi oldugu sdylenebilir. Ancak bu yontemin fazlaca ylizeysel kalmasi ve detayli
analize imkan vermemesi nedeniyle daha kapsamli risk degerlendirme yontemlerine
dogru ilgi artmaktadir. Yillar i¢indeki gelisim ile birlikte sektorel risk degerlendirme
yontem ve metotlar1 da gelismektedir.

Hata agaci analizi metodu, 1962’de ABD Hava Kuvvetlerine ait fiize firlatma kontrol

sisteminin giivenlik analizi i¢in Bell Laboratuvarlari tarafindan gelistirilmistir. Yontem,
1966 yilindan itibaren ticari bir sirket olan Boeing tarafindan ticari ugaklarin
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gelistirilmesi igin kullamlmaya baslanmistir. Ilerleyen yillarda niikleer enerji
sanayisinde, kimya, otomotiv, demiryolu tagimacilig1, robotik gibi alanlarda kullanim1
yayginlasmistir. Hemen hemen her sektorde kaza arastirmalarinda kullanilmakta olan
hata agact analizi, her tehlike durumunun varliginda uygulanmamaktadir, sadece kritik
olan giivenlik tehlikeleri i¢in uygulanmaktadir (Ak & Zorluer, 2022).

On tehlike agac1 analizi yontemi, sistemin veya prosesin potansiyel tehlikeli parcalarini
tespit ederek deger bicmek ve tespit edilen her bir potansiyel tehlike i¢in az ya da ¢ok
kaza ihtimallerini belirlemektir. Bu metodolojiden ¢ikan sonug, hangi tiir tehlikelerin
siklikla ortaya c¢iktigini ve hangi analiz metotlarinin uygulanmasiin gerektigini
belirler. Tanimlanan tehlikeler, siklik/sonu¢ diyagraminin yardimu ile siraya konur ve
dnlemler dncelik sirasma gére almir. On tehlike analizi analistler tarafindan erken
tasarim asamasinda uygulanir, ancak tek bagina yeterli bir analiz metodu degildir, diger
metodolojilere baslangi¢ verisi olmasi asamasinda yararlidir. Bagka ydntemlerle
desteklenmesi yontemi daha faydali hale getirebilir (Akpinar & Cakmakkaya, 2014).

Is Giivenlik Analizi, yapilacak ise dair gorevler iizerine yogunlasan, kisi veya gruplar
ile gergeklestirilen bir yontemdir. Bu yontem isletmede yada bir tesisteki is ve gorev
tanimlar1 iyi bir sekilde tanimlanmasi halinde uygulanmaya uygundur. Bu analiz
yonteminde incelenen ise dair goérevden kaynaklanan tehlikeleri dogrudan irdeler. Bu
yontemde tehlikelerin teker teker tanimlanmasina miiteakip belirlenen siddetin
degerine, meydana gelme olasiligina ve etkilenebilecek kisi sayisina gore
degerlendirilir. Risk smiflandirilmasi olasilik ve risk durumuna gore belirlenir ve en
bliyilk degerden baslanmak suretiyle alinmasi gereken eylemler ve tedbiler
tanimlanarak oOnleyici faaliyetler gergeklestirilir (Akpmnar & Cakmakkaya, 2014).
Ancak gorevler ve yapilacak islerin iyi tanimlanmadigi isyerlerinde uygulanmasi
miimkiin degildir. Etkin uygulanmasini saglanmas1 amaciyla gergeklestirilen her bir ise
ait gorev adimlari belirlenmeli ve bu adimlara gore degerlendirme yapilmalidir.

HAZOP ilk olarak kimyasal proses tesislerinin giivenligini degerlendirmek i¢in 1970°1i
yillarin baginda Ingiltere de Kimyasal Endiistri Enstitiisii (Institute of Chemical
Industry, ICI) tarafindan gelistirilerek bir risk analizi teknigi haline gelmistir.
Ingiltere’de ise 1977 yilinda Kimyasal Endiistrileri Birligi (Chemical Industries
Association, CIA) tarafindan HAZOP rehberi yayimlanarak HAZOP analizi yillar
icerisinde gelistirilmis ve iyilestirilmigtir. Daha sonralar1 bu metot teknolojik kazalar
ile karsilasan veya acil durum plan1 gelistirmek iste- yen firmalar tarafindan kullanilir
hale gelmistir. HAZOP cevresel risk degerlendirmelerinde ve basit teknolojilerin yer
aldig1 sirketlerde de kullanilabilmektedir. HAZOP analizi farkli tecriibeleri olan
uzmanlarin bir araya gelip beyin firtinasi yapip sistematik olarak dizayndan sapmalari,
bu sapmalarin sonuglarint ve almmasi gereken Onlemleri belirlemeleri ilkesine
dayanmaktadir (Kabakulak, 2019). Ancak bu analizi yapacak kisilerin tecriibeli
olmalar1 gerekmekte olup analizin basarisi i¢in olduk¢a dnemlidir.

Diger yontemlerden biri olan hata tiirii ve etkileri analizi incelenen sistemin hatali
durumlarinin meydana gelmeden dnce tespit edilmesi ve Risk Oncelik Sayismin (ROS)
belirlenerek iyilesme hareketinin nereden baslanacagmi konusunda yon gosteren bir
metottur. Bu metot kullanilarak sistemin giivenilirlik boyutunun artirilmasi saglanir.
Risk oncelik sayisinin belirlenmesinde ilgili alanda uzmanliga sahip kisilerin
degerlendirmeleri ele alinmakta oldugundan dolay1 belirlenen sonuglar uzmanin
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seviyesine gore degisebilmektedir. Bundan dolay1 FMEA ekip iiyelerinin farkli terciibe
ve bilgi diizeyindeki degiskenli de FMEA'nin sonuglarimin etkileyen faktorlerdendir.
Geleneksel FMEA ydnteminde uzmanlarin ortak risk degerlendirmeleri ele alinmakta
ancak her bir risk etkeni i¢in ayr1 ayr1 degerlendirme yapilmamaktadir. ROS Olasilik
(0), Siddet (S) ve Denetlenebilirlik (D) degerlerinin ¢arpilmasiyla olusturulur. Ancak
ROS degerlerinin ayn1 degeri farkli risk temsilleri anlamina gelebilir. Ornegin (O), (S),
(D) derecelendirmeleri i¢in 6, 2, 1 ve 2, 3, 2 degerlerine sahip iki farkli ariza modunu
diisiiniin. Her ikisi de ayn1 ROS degeri olan 12’ye ve dolayisiyla eylemler icin ayni
oncelige sahip olacaktir. Aslinda risk temsilleri pratikte farkli olabilir (Yeh & Hsieh,
2007).

Diger risk analiz yontemleri ile geleneksel FMEA yontemindeki bahsedilen
dezavantajlar degerlendiricilerin risk faktorlerini kesin olarak belirleyemeyecegi,
uzmanlik derecelerinin farkli olmasi ve yaptiklar: degerlendirmelere dair skorlamanin
degisiklik gdstermesidir. Iste bu farkliligm giderilmesi icin bulanik hata tiirii ve etkileri
analizi bu ¢aligmada benimsenmistir.

Ornegin, (Ozfirat, 2014) yaptig1 ¢alismada bulanik énceliklendirme yéntemi ile hata
tiirii ve etkileri analizi harmanlayan yeni bir risk analiz yontemi 6nermistir. Turan ve
Gonen (2019) transformatdr imalati yapan bir isletmenin tansformatdr tasarim ve
siireclerinde Bulanik FMEA c¢alismast gergeklestirerek bir uygulama yazilimi
gelistirmis ve firma iiretim siireglerine bir prosediir ile kalite standard1 olarak entegre
edilmesini saglamistir. (Halfarova, ve ark., 2013) bulanik FMEA siirecini boru ve
membran {iretimi yapan bir isletmede uygulamis ve sonuclarini karsilastirmistir. Yeh &
Hsieh (2007) geleneksel metottan ziyade bulanik hata tiiri ve etkileri analizi
uygulamasint 6nermis ve uygulamanin etkinligini gdstermek i¢in bir atiksu aritma
tesisinde uygulamislardir. (Ivanova, ve ark., 2021) yaptiklar1 ¢aligmada elektronik
cihazlarin iiretim siirecinde bir robotun risk operasyonlariin analizi icin FMEA ve
bulanik mantik uygulamasi yapmislar ve is siirecinde basarisizliklara veya hatalara
neden olabilecek parametrelerin herhangi bir zamanda optimize edilmesine ve
iyilestirilmesine olanak saglayacagini vurgulamiglardir. Mohammed ve ark. (2023)
yaptiklari ¢aligmada petrol ve gaz endiistrisindeki farkli hata tiirii risklerini bulmak igin
bulanik mantik ve hata tiirleri ve etkileri analizine dayanan hibrit bir risk degerlendirme
yaklagimi onermistir. Bulgular, 6nerilen risk degerlendirme yaklasiminin belirlenen
bozulmus beton temellerin risk faktdrlerini oOnceliklendirmede etkili oldugunu
gostermistir. Testik ve Unli (2023) yaptiklart calismada test ve kalibrasyon
laboratuvarlarinda risk olusturabilecek ve iyilestirmeye ihtiya¢ duyabilecek alanlarin
belirlenmesinde geleneksel FMEA ve bulanik FMEA’nin karsilagtirmistir. Caligsmalari
sonucunda bu iki analiz arasinda 0,97'lik yiiksek bir korelasyon oldugunu ve Bulanik
Risk Oncelik Numarasi hesaplamasina dayali éncelik sirasinin, Risk Oncelik Numarast
dizisi ile ortlistiiglini gostermistir.

Ayrica modern yontemlerden Makine Ogrenimi (ML) ve Cok Kriterli Karar Verme
(MCDM) tabanl risk degerlendirme ¢aligmalar1 da yapilmaktadir. Makine 6grenimi
tabanli risk degerlendirme biiyilik veri setlerinden oriintiiler ¢ikarmak suretiyle risk
tahminleri yapabilmekte, karmagik sistemlerdeki riskleri daha dogru bir sekilde tahmin
edebilmektedir. FMEA ve bulanik FMEA gibi geleneksel yontemler daha ¢ok insan
uzmanligima dayali 6znel degerlendirmeler icerebilmektedir. Makine 6grenimi ise
veriye dayali objektif sonuclar sunabilmektedir. Makine 6greniminin dezavantaji ise
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biiyiik miktarda veriye ve uzmanliga ihtiyag duymasi ve sonuglarin yorumlanmasini
zorlastirabilmektedir. Cok kriterli karar verme yontemleri (6rnegin, AHP, TOPSIS,
VIKOR vb.) birden fazla kriteri dkkate alarak karmasik problemleri ¢ozmekte
kullanilmaktadir. FMEA yontemine kargin ¢ok kriterli karar verme yontemleri risk
faktorlerini agirliklandirma ve siralama konusunda daha esnektir. Ancak bu yontemler
oznel agirliklandirmaya dayanabilir ve bulanik mantik entegre edilmedigi durumlarda
belirsizlik yonetmekte zorlanabilmektedir.

Giincel galismalarda FMEA, bulanik mantik, Makine Ogrenimi (ML) ve Cok Kriterli
Karar Verme (MCDM) yontemleri, farkli endiistrilerde risk degerlendirmesi ve karar
verme siireclerini iyilestirmek i¢in yaygin olarak kullanilmaktadir. Ornegin, otomotiv
endiistrisinde {iretim siireglerindeki riskleri onceliklendirmek i¢in bulanik FMEA
yaklagimi kullanilmis (Gul et al., 2021), saglik sistemlerinde ise bulanik FMEA ve
bulanik AHP entegre edilerek daha kapsamli bir risk degerlendirmesi yapilmistir (Liu
et al., 2020). Makine 6grenimi, tedarik zinciri yonetiminde (Zhang et al., 2022) ve
tiretim ekipmanlarinda ariza tahmini (Wang et al., 2021) gibi alanlarda biiyiik veri
analizi ve yliksek dogrulukta tahminler sunmustur. MCDM yontemleri, riizgar
ciftliklerindeki riskleri degerlendirmek i¢in AHP ve TOPSIS ile (Kahraman et al.,
2020), ingaat projelerinde ise bulanik AHP ve bulanik TOPSIS ile (Karsak et al., 2019)
kullanilmistir. Ayrica, hibrit yaklagimlar (FMEA + ML + MCDM) akall: iiretim (Li et
al., 2022) ve saglik hizmetleri (Smith et al., 2021) gibi alanlarda hem 6znelligi azaltmis
hem de veriye dayali tahminler sunmustur. Bu ¢alismalar, geleneksel ve modern
yontemlerin avantajlarini birlestirerek risk degerlendirme siireglerini daha etkili hale
getirmektedir.

FMEA (Hata Tirleri ve Etkileri Analizi) ve bulanik mantik gibi geleneksel risk
degerlendirme ydntemleri ile Makine Ogrenimi (ML) ve Cok Kriterli Karar Verme
(MCDM) gibi modern yontemler arasinda karsilastirmal analiz Tablo 1°de verilmistir.

Tablo 1. FMEA, Bulanik Mantik ve Modern Risk Degerlendirme Yaklasimlarinin

Karsilagtirmasi
> . Makine MCDM
Ozellik FMEA Bulanik Mantik Ogrenimi (ML) | Yontemleri
Lo Orta (Bulanik
Be}1rs1;hl§ Zay1f Giiglii Orta MCDM ile
Y 6netimi -
gliclii)
Bityuk Veri Zayif Orta Giiclii Orta
Uyumu
Oznellik Yiiksek Orta Diisiik Orta
Dinamik -
Sistemler Zay1f Orta Giiglii Orta
Uygulama
Kolaylig1 Kolay Orta Zor Orta
Maliyet Diisiik Orta Yiiksek Orta
Yorumlanabilirlik Yiiksek Orta Diisiik (Kara Kutu Yiiksek
Entegra.syo.n Smirlu Yiiksek Yiiksek Yiiksek
Potansiyeli
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2. METOT
2.1. Vana Uretim Siireci

Vana iiretimi Sekil 1’de goriilecegi iizere hammadde olarak baglar. Hammaddeler
iiretilecek vana boyutuna uygun capta segcilerek iiretim siirecine alinr. Ilk olarak boy
kesme tezgahlarinda kesilir. Kesilen parcalar grafitleme islemine tabi tutulur. Bu
islemin amaci malzemenin islenmesini kolaylagtirmaktir. Grafitlenen hammaddeler
otomatik pres tezgahlarina alinarak preslenir. Preslenen iirlinler bekleme alanina
sogutulduktan sonra fazla ¢apaklarinin kesilmesi amaciyla ¢apak kesme islemine tabi
tutulur. Capaklar1 kesilen vanalar kumlama islemine tabi tutulduktan sonra talash
imalat tezgahlarinda kanal, delik, dis vb. agmak iizere iglenir. Bdylece vananin ana
hatlar1 tamamlanmistir. Sonrasinda vanalar ylizey temizleme isleminin yapildig:
yikama boliimiine getirilerek temizlenir. Temizlenen vanalar krom kaplama tinitesine
alinarak ytizeyleri krom ile kaplanir. Kaplanan vanalar montaj boliimiine sevk edilerek
diger pargalar ile birlestirilir. Montaj islemini test islemi takip eder. Testi gegen liriinler
paketleme initesine getirilerek paketleme islemi gerceklestirilir. Paketlenen vanalar
kolilenerek sevke hazir hale getirilir.

A4

HAMMADDE
TALASLI
; ISLEM
s £ -
KESME ¥
. YIKAMA
\J -
GRAFITLEME ——t—
KAPLAMA
A4
PRESLEME '
MONTA)
\J
GAPAK ALMA 1
PAKETLEME
A
KUMLAMA

Sekil 1. Vana Uretim Siireci
2.2. Calismanin Tasarim

Bu ¢aligmada hata tiirleri ve etkileri analizi ile bulanik mantik yaklagimiyla ele alinarak
bir vana iiretim siireci analiz edilmistir. Sekil 2’de goriildiigii lizere oncelikle bir
geleneksel yonteme gore hata tiirleri tanimlanmis daha sonra hata etkileri ve nedenleri
tanimlanmistir. Hatanin meydana gelmesi ile ilgili olasilik, meydan gelirse olugturacagi
siddet ve hatanin denetlenebilirligiyle ilgili degerler 6nem derecesine gére 1 — 10 a
kadar belirlenmistir. Belirlenen degerler birbiriyle carpilarak risk dncelik sayis1 (ROS)
hesaplanmigtir. Ardindan bulanik mantik bulanik kiime iiyelik fonksiyonlarindan
iicgensel iyelik fonksiyonlari kullanilarak MATLAB programinin
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“Fuzzylogictoolbox™ araciligiyla oncelikle sozel ifadeler belirlenerek tyelik
fonksiyonlar1 ve kural tabanlar1 olusturulmus, bulanik mantik ROS ifadeleri
belirlenmistir. Daha sonra elde edilen sézel ROS ifadeleri bulanik olmayan degerlere
dondstiiriilmiistir.  Geleneksel ve bulantk FMEA sonuglari karsilastirilarak
degerlendirme yapilmistir.

C Hata modlarinin tanimlanmasi

Hata nedenlerinin tanimlanmasi

Olasllik, siddet ve saptanabilirlik
degerlerinin belirlenmesi

Risk oncelik sayisinin hesaplanmasD C Bulaniklastirma

Hata etkilerinin tanimlanmasi >

/\\/\\/\/\

@bzel ifadeler (O, S, TD
—( Bulanik kural tabani )
—( Bulanik sézel tabani )

< Bulanik sistem kurallari

( Bulanik risk 6ncelik sayisi

v v

- vvv

( Hesaplanan Risk éncelik sayilarinin karsilastiriimasi

Sekil 2. Calismanin Tasarimi
2.3. Hata Tiirleri ve Etkileri Analizi

FMEA ¢aligmalarindaki temel amag, tasarim, sistem, siire¢ veya servisten ortaya
¢ikabilecek hatalarin belirlenmesi, risk dncelik sayis1 yliksek olan hatalarin &niine
gegilmesi ve kaynaklardan daha etkin sekilde faydalanilmasini saglamaktir (Turan &
Gonen, 2019).

“Hata Tiirii, Etkileri ve Riskinin Analizi Uzerine Prosediirler” olarak adlandirilan
Askeri Prosediir MIL-P-1629, 9 Kasim 1949 tarihinde baslatilmistir.  Sistem ve
donatim hatalarinin etkilerinin belirlenmesi i¢in gilivenilir bir teknik olarak
kullanilmistir. 1969da NASA tarafindan, 1970-1975 arasinda ABD Ugak Sanayisinde,
1975 yilinda Japon NEC firmasinda, ilk endistriyel uygulamasi yapilmistir. Ardindan
1980 yilinda FORD tarafindan otomotiv sanayisinde uygulamasi baslatilmis daha sonra
ise bu yontem Fransiz Renault ve Citroen otomotiv sirketlerince AMDEC olarak
isimlendirilmistir. 1985 yilinda IEC tarafindan IEC 60812 standardi yayimlanmis ve
2016 yilinda son halini almistir (Tas & Kog, 2013).

FMEA ¢alismasi bes asamada uygulanmustir: (1) sistem alt sistemlere ayrilmis, (2) hata

tiirleri tanimlanmus, (3) hata tiirlerinin etkileri ve nedenleri belirlenmis, (4) Olasilik (O),
Siddet (S) ve Denetlenebilirlik (D) puanlari 1den 10a kadar énem derecesine gore
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belirlenmis ve (5) risk oncelik sayis1 (ROS); O, S ve D puanlar carpilarak
hesaplanmustir.

2.4. Bulamk Mantik

Aristo tarafindan ileri siiriilen bulanik mantik 0-1, Evet-Hayir, Siyah-Beyaz gibi ikili
mantik sistemine kars1 gelistirilmistir. Hayatin olagan akisinda sadece Evet / Hayir ya
da Siyah-Beyaz olmadigini, bunlarin disinda daha farkli seceneklerin olabilecegi
diisiincesiyle hareket eden Azerbaycanli bilim insan1 Zadeh tarafindan ilk defa 1965
yilinda bulanik mantik teorisi ortaya atilmistir. Zadeh, olgulara 0—1 arasinda tiyelik
fonksiyonlar1 tamimlayarak olgularin hangi oranlarda gerceklesecegini belirlemeye
¢alisan ¢oklu bir mantik sistemi 6nermistir (Gorgiilii and Sahinler, 2016).

Bu ¢aligmada bulanik mantik kurgusu asagida siralanan sekilde gergeklestirilmistir;

1. Bu g¢alismada iiggensel iiyelik fonksiyonlart basit ve kolay olmasi, esnekligi ve
uyarlanabilirligi, belirsizlikleri iyi derecede yonetebilmesi, uzman goriisiine uygun
olmasi ile gorsel olarak anlasilabilir ve yorumlanmasinin kolay olmasi nedeniyle tercih
edilmistir. S6zel ifadelere karsilik olasilik, siddet ve denetlenebilirlik skorlar1 Tablo
2’de verilmis olup buna gore olusturulan tiyelik fonksiyonlar1 Sekil 3°te gosterilmistir.

Giris Degiskenleri: Olasilik (O): 1 — 10 araliginda, Siddet ($): 1 — 10 araliginda,
Denetlenebilirlik (D): 1 — 10 araliginda belirlenmistir.

Cikis Degiskeni: Risk Oncelik Sayist (ROS): 1 — 1000 araliginda belirlenmistir.

Tablo 2. Sozel Ifadelere Karsilik Olasilik, Siddet ve Denetlenebilirlik Skorlar

I Olasihk iddet Denetlenebilirlik
Sozel Ifadeler (0) S ) (D)
Cok Yiiksek 10 10 10
Yiiksek 8-9 8-9 8-9
Orta 5-7 5-7 5-7
Diisiik 2-4 2-4 2-4
Cok Disiik 1 1 1
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Membership Function Editor: MATL ANAL

File Edit View

FERETD 181

FIS Variables fluncllﬂn ulutls

RO N

Olasilik ROS

Siddet

Denetlenabilifik

T T T
CokDisiik Disik Orta Yiksek CokYiksek

input variable "Olasilik™

Sekil 1. Olasilik, Siddet ve Denetlenebilirlik Girdi Uyelik Fonksiyonlari

2. Hesaplanan sozel ifadelere karsilik gelen ROS degerlerini smiflandirmak igin 7 adet
bulanik kiime secilmistir. Bu kiimeler; Cok Cok Diisiik, Cok Diisiik, Diisiik, Orta,
Yiiksek, Cok Yiiksek, Cok Cok Yiiksek seklinde belirlenmistir. Bu kiimeler, tiggensel
iiyelik fonksiyonlart kullanilarak modellenmistir. Bu yaklasimin, belirsizlikleri
yoneterek daha gercekei ve kapsamli sonuglar iiretecegi diigiiniilmiistir. MATLAB
Fuzzy Logic Toolbox, bu kiimelerin tanimlanmasi ve gorsellestirilmesi i¢in
kullanilmistir. ROS ¢ikt: iiyelik fonksiyonlar1 Sekil 4°te gdsterildigi gibidir.

Membership Function Editor: MATL ANAL

File Edit View

plot points: 181

FIS Variables flunchnn plmls

XY

Clasilik ROS

T T T T T T T
GokCokDiisilk GokDUsik Dilsik Orta Yikksek GokYiksek GokGokYiksek

Denetlenebilidik

output variable "ROS”

Sekil 2. ROS Cikt1 Uyelik Fonksiyonlari

3. Uyelik fonksiyonlarmin olusturulmasindan sonra kural tabani olusturma adimina
gegilmis ve uzman deneyimi ve tecriibesine gére Sekil 5°teki gorildigi tizere toplam
125 kural olusturulmustur. Ornegin;

Kural 1: EGER Olasilik Cok Yiiksek ve Siddet Cok Yiiksek ve Denetlenebilirlik Cok
Diisiik ise ROS Cok Cok Yiiksek.

Kural 2: EGER Olasilik Yiiksek ve Siddet Yiiksek ve Denetlenebilirlik Diisiik ise ROS
Cok Yiiksek.

Kural 3: EGER Olasilik Orta ve Siddet Orta ve Denetlenebilirlik Orta ise ROS Orta.
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Rule Editor: MATL ANAL

File Edit View Options

117. If (Dlasilk iz CokDisik) and (Siddet is Digik) and (Denetlenebilirik is Disik) then (ROS is CokDdsik) ( A
118, If (Dla=ilik iz CokDisik) and (Siddet is Diiglk) and (Denetienebilirik iz Orta) then (ROS is CokDisik) (1)
119. If (Olasilik is CokDisik) and (Siddet is Disdk) and (Denetlensbilirik is “viksek) then (ROS is CokCokDis
120. If (Dla=ilik iz CokDisik) and (Siddet is Diiglk) and (Denetienebilrik is Cokvilksek) then (ROS is CokCok
124. If (Olasilik is CokDisik) and (Siddet is CokDidsdk) and (Denetlenebilirik iz CokDUsiK) then (ROS is Cokl
122 If (Dla=ilik iz CokDisik) and (Siddet is CokDigik) and (Denetlenebilirik is Disik) then (ROS iz CokDisl
123. If (Olasilik is CokDisik) and (Siddet is CokDidsdk) and (Denetlenebilirik iz Orta) then (ROS is CokDisik
124 If (Dla=ilk iz CokDisik) and (Siddet is CokDiigik) and (Denetlenebilirik is *iiksek) then (ROS iz CokCok
125. If (Olasilik is CokDisik) and (Siddet is CokDisdk) and (Denetlenebilirlik is Cokyviksek) then (ROS is Cok ¥

< >
If and and
Olaziik iz Siddet is Denetlenebilirlik iz

Diisiik Diisik iiksek
Orta Orta Orta
“iksek “iksek Diguk
Cok¥iksek Cok¥iksek CokDOsiK
none ~ none 7 none
[ not [ not [ net
- Connection Weight:

oor

® and 1 Delterule | Addrue | Change ruie | =]

Sekil 5. Kural Tabani

4. Sekil 6°da goriildiigii iizere FMEA analizinde belirlenen olasilik, siddet ve
denetlenebilirlik skorlar1 teker teker girilerek risk 6ncelik sayilar1 belirlenmistir.
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Rule Viewer: MATL ANAL — O *

File Edit View Options

Olasiik=7 Siddet=8 Denetlenebilirlik = 9 ROS=T.18
1 C————1T—1  E— [ == [ =1
2 C— | E— [ ——L] [ =1
3 CC—— =  — [ - ] [ =]
4 C————1T—1 &= [ ] [ P
5 C——1T=—1 &= [ ] [ P
6 1T —1 [ —— [ = [ =
T C——1 C———7l [ =] [ =]
8 1T -—/ C  —7] [ ] [ =]
| [ —— C  —r] [ ] [ = ]
10— —1T-—/1 [ | [ ] [ — ]
[ — C—— 11 [ = [ =]
12— 1 -—1 C——11 [ =] [ =
< N — C—— 11 [ ] [ — ]
14— 1T-—1 C—— 11 [ ] [ = ]
i1 ) —— C—— 11 [ ] [ — ]
1 — [ ——— [ == [ =
S — /11 [ ——L] [ — ]
L B — /— 11 [ ] [ = ]
19— T -—/1 /— 11 [ ] [ —— ]
b — [—— [ ] [ —— ]
o [ S—— 11 [ = [ = ]
22— T —] C—— 11 [ =] [ = ]
P | S [ ] [ ]
b O — — [ — [ ] [ ]
25 1T -—] [ — = ] = ]
L " | — [ — [ E——
P ——— | E— C  —— [ E——
bl —— | = [ ] [ = ]
S I I | I = = ] [ P ]
= — = ] I — ]
Input: |[TS 9] Plat points: 101 Move: left | right | duwn| up |
Opened system MATL ANAL, 125 rules Help | Close |

Sekil 6. Ornek ROS Sayisi

5. Hesaplanan ROS sayilar1 karsilastirilarak sonuglar degerlendirilmistir.

3. SONUC VE ONERILER

Vana iiretim siireci ele alinarak yapilan risk degerlendirmesinde toplam 44 adet hata
modu tanimlanmigtir. Bu hata modlarinin risk oncelik sayilari, bulanik mantik ile ele
alindiktan sonraki durumu karsilagtirtlmis ve 14 hata modunun 6ncelik siralamasinin
degistigi belirlenmistir. Bunlarin 5 tanesi daha diisiik 6ncelige gerilerken 9 tanesi daha
yiiksek oncelige ylikselmistir.

Ornek: Kumlama Makinesi (1. Satir)
Olasilik (O): 7

Siddet (S): 9

Denetlenebilirlik (D): 7

Geleneksel ROS: 7x9x7=441
Bulanik ROS: 7,18

Geleneksel FMEA, kesin sayisal degerlere dayanir ve bu riski yiiksek oncelikli olarak
degerlendirir. Bulanmik FMEA, belirsizlikleri ve uzman goriisiinii daha iyi yansitarak
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daha diisiik bir ROS degeri (7,18) iiretir. Bu, riskin gercek etkisinin daha diisiik
oldugunu gostermektedir.

Tablo 3’de bulanik FMEA uygulamasi sonrasi risk oncelik siralamasimin degisimi
goriilmektedir.

Tablo 3. Bulanik FMEA Uygulamasi Sonras1 Risk Oncelik Siralamasi Degisimi

o
o ~ é e
2 <2 <5 <5 @ ArEE
=) P 1) =
z| S8 28 gz gz Ol w|a uooémoﬁaﬂ
Gl 2& <9 << <5 2EZ T2 8|20
= == T = ==l [ A C=E=]
@ = =) lea
z =
Kumlama Agir I;/lllall(rllilé?n
1 | Kumlama | makinesinin aral%inma gka?:)ine 7 9 7 441 1 |7,18]| 1 0
caligmasi ¥y .. .
girilmesi
Hammadde | Forkliftin bi‘l’;];ﬁfi‘e
2 Hamg‘add ?e;‘f’]l‘ffif‘fiﬂ ljﬁig;‘ vetkilikisiler | 8 | 8 | 6 |384] 2 [7.11]2] o
sevki olmast kullanilmamas
1
Sevk edilen
tﬁggﬁ? Vincin Vinci belgeli
3 Hammadd capina kazaya ve _ye_:tklh 7 3 6 |336] 3 l666|3] 0
e uveun neden kisiler
ygr%ere olmasi kullanmamasi
yiiklenmesi
Preslenen
sicak Sicak -
malzemenin | malzemeyle ) Tilllllll(keh -
4 | Presleme | sogutmak temas scai are?iya 9 8 4 288 4 |639|4| 0
igin sonucu olrflamam
dilendirilmes| yaralanma
i
Malzemeleri| Solunum Banyodan
5 | Kaplama n sistemi ¢ikan gazlarin | 6 8 6 [288] 5 [6,16| 6| -1
kaplanmasi | hastaliklari teneffiisii
Montajlanan
tiriinlerin -
6| Montaj | toplandigi arﬁﬁﬁlam ;flmr?lz:l 8 | 7|5 |280| 6 |626]5] 1
sepetin ¥y $
taginmasi
Malzemeleri Isik perdesinin
7| Montaj nelle E;(lpfn“;‘;‘k ‘;ahgma‘:;:“/ 6 | 716 25207 |57]7] o0
beslenmesi $ ypass
edilmesi
Malzemeleri Cift el butonu
8 | Montaj nelle E;ﬂng::k 01?““:::” 6 | 7|6 |252] 8 |57]8]| 0
beslenmesi $ ypass.
edilmesi
Sicak Ambalajlanan
9 | Paketleme| Kolileme |malzemeyle| iiriinlerin 6 6 7 1252 9 [5719] O
temas toplanmasi
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= Zz [
Malzemenin| S| e
10| Presleme | makinede . 10 240 | 10 5 [10] 0O
. kabine arizasi — by
preslenmesi .. . . .
girilmesi | pass edilmesi
Makine Emnl.yc.:t
Kumlama alisirken tellerinin
11 | Kumlama | makinesinin Qkaiine arizasi — 8 240 | 11 S |11 0
¢aligmasi ilmesi islevsiz
girtimest birakilmasi
El yaniklar Stcak
12 | Paketleme | Kolileme malzemeyle 8 240 | 12 5 [12] 0
olusmasi
temas
Islenecek
hammaddeni | Hamaddenin
13| Kesme | "Vineile | gahsanin Bagn 10 2400 13| 5 [13| 0
kesme ayagini patlamasi
makinesine ezmesi
yiiklenmesi
Islenecek Tasima
hammaddeni isleminden
14| Kesme n ving ile Sapanin once sapan 7 175 | 14 s |14l o
kesme kopmasi kontrol
makinesine edilmemektedi
yiiklenmesi r
Islenecek Tasima
hammaddeni isleminden
15| Kesme | MVineile Bagin dnce bag 7 1751 15 | 5 15| 0
kesme patlamasi kontrol
makinesine edilmemektedi
yiiklenmesi r
16| Kaplama Banyolarin | Goz veucﬂt Kimyasalin 6 50| 16 s 116l o
kurulmasi yamg1 sigramast
Preslenen
malzemenin
operator Kulaklik
17| Presleme t"arztﬁ ndan Isitme kaybi | kullanilmamas 8 144 | 17 5 [17] 0
Olciisel ve ;
gorsel
kontrol
yapmasi
. Ayni
Malzemeleri Bel ve eklem| pozisyonda
18| Montaj nelle M pozisy 6 14418 | 5 |18] 0
. agrilarn calisma ve
beslenmesi .
statik durus
FFP2 tiirii toz
Kumlama Pnémokon; maskesi
19 | Kumlama | makinesinin y 8 144 19 5 1191 0
oz hastalig1 |kullanilmamas
¢alismasi .
Bel ve eklem Kolinin elle
20| Paketleme | Kolileme M palete 6 144 | 20 5 120 0
agrilar S .
dizilmesi

241




G. Tak, F. Oztiirk

Bir Vana Uretim Siirecindeki Is Saglig1 ve Giivenligi Risklerinin
Bulanik Hata Tiirii ve Etkileri Analizi ile Degerlendirilmesi

o
o ~ é o
= <2 <5 <3 2 AEE
= @l 1) =
z| S8 =€ =% Sz 08SE b 2|22
LN 7 ¥ = =2 Rl - PR R T
=z - = == [CRe Q
7 = = 2|z g
= Zz [
-
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Malzemeleri Kavma
22| Kaplama n Ayma, Islak zemin 126 | 22 5 1221 0
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Grafit
makinesinin | Kas iskelet
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kurulmasi .
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30| Kumlama | makinesinin . 120 | 30 | 4,3 [35| -5
yayilimi | temizlenmeme
¢aligmasi s
Kas ve Kimyasal
Banvolarin iskelet madde
31| Kaplama Y sisteminde | bidonlarinin 120 | 31 | 43 (36| -5
kurulmast -
agri ve elle
rahatsizlik | kaldirilmasi
Kazan
dolduktan | Kas iskelet
Capak sonra sistemi Transpaletin )
32 Alma |transpalet ile [rahatsizliklar|itilip ¢ekilmesi 108132 1449134 -2
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kontrol
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Tanimlanan hata modlarinin geleneksel hata tiirii ve etkileri analizi sonuglart ile bulanik
hata tiirleri ve etkileri analizi sonuglar1 karsilastirildiginda oncelik siralamasinin
%31,82 oraninda degistigi; genel olarak %11,36’smnin daha sonraki oncelik sirasina
gerilerken %20,45’inin 6ncelik siralamasinin yiikseldigi ortaya koyulmustur. 4. ve 5.
siradaki FMEA ROS sayismin ayni olmasina karsin Bulanik ROS sayismin farkl
oldugu ve siralamada birbiriyle yer degistirdigi tespit edilmistir. Buradan hareketle O,$
ve D degerlerinin garpanlarinin farkli ancak ROS degeri ayn1 oldugu durumda Bulanik
FMEA degerlendirmesinde siralamanin degisebilecegi tespit edilmistir. Ancak diger
sonuglar incelendiginde genel bir ifadeyle bunun gergeklesecegini sdylemek miimkiin
degildir. Bunun yaninda 37. ve 38 satirdaki hata modunun FMEA ROS sayismin
sirastyla 96 ve 90 olmasina karsin Bulanik ROS sayilari sirastyla 3,54 ve 4,03 olarak
belirlenmis olup FMEA ROS sayisi yiiksek olan hata modunun Bulanik FMEA’ya gore
daha sonraki ROS siralamasina geriledigi goriilmektedir. Benzer sekilde 6. siradaki
daha diisiik FMEA ROS sayisina karsilik belirlenen Bulanik ROS sayisinin 5. Siradaki
ROS sayisindan daha yiiksek oldugu ve siralamada 1 satir yukariya g¢iktigl
belirlenmistir.

Tablodaki 6rneklerde goriildiigii gibi, geleneksel FMEA ve Bulanik FMEA sonuglari
arasinda siralama farkliliklar1 olmaktadir. Bu farkliliklarin temel nedenleri sunlardir:

a. Belirsizliklerin Yonetimi:

Geleneksel FMEA, belirsizlikleri tam olarak yansitamamaktadir. Ornegin, "orta
siddette bir risk" gibi niteliksel ifadeler, kesin sayisal degerlere doniistiiriiliirken
gercekeiligini kaybedebilir. Bulanik FMEA, belirsizlikleri iiyelik fonksiyonlar1 ve

"
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kural tabani ile daha iyi yonetmektedir. Bu, risklerin daha gergeke¢i bir sekilde
degerlendirilmesini saglamaktadur.

b. Oznelligin Azaltilmas::

Geleneksel FMEA, 6znel degerlendirmelere dayanmaktadir. Farkli uzmanlar, ayni risk
icin farkli degerler verebilmektedir. Bulanik FMEA, 6znelligi azaltmaktadir. Ornegin,
birden fazla uzmanin degerlendirmeleri bulanik kiimelerle birlestirilerek daha tutarli
sonuglar elde edilir.

c. Aym1 ROS Degerlerinin Farklh Yorumlanmasi:
Geleneksel FMEA'da farkli riskler ayn1 ROS degerine sahip olabilir, ancak bu risklerin
gergek etkileri farkli olabilir. Bulanikk FMEA, bu riskleri daha detayli bir sekilde
degerlendirerek farkli ROS degerleri iiretmektedir.

Gelencksel FMEA ile bulanik FMEA degerlendirmesinin sonuglari karsilastirildiginda,
risklerin  Onceliklendirilmesinde ve degerlendirilmesinde &nemli degisimler
yasanmistir. Bulanik FMEA, belirsizliklerin daha iyi modellenmesi, 6znelligin
azaltilmasi, ROS hesaplamalarinin daha gercek¢i olmasi, karmasik ve dinamik
sistemlerde daha etkili analizler yapilmasi gibi avantajlar1 sayesinde, risklerin daha
dogru ve kapsamli bir sekilde degerlendirilmesini sagladigi bu nedenle bulanik
FMEA’nin geleneksel FMEA'ya kiyasla daha dengeli ve giivenilir sonuglar verdigi
degerlendirilmisgtir.

Genel olarak diger risk analizi yontemlerine kiyasla FMEA’nin bulaniklastirilmig
olarak hesaplanmasinda ROS sayilar1 degisebilmekte ve eylem siralamasinin yeniden
belirlenmesine neden olmaktadir. Sonug olarak hata tiirii ve etkileri analizi ile diger risk
analizi yontemlerinin risk dnceliklerini belirleme ve analiz etmede kendilerine 6zgii
dezavantajlart var olup hata tiirii ve etkileri analizinin bulanik mantik ile ¢6ziimi
yapildiginda risk oncelik siralamasinda degisimler gerceklesmekte, geleneksel hata
tirii ve etkileri analizi yonteminde daha diisiik dneme sahip olan hata modlarinin
bulanik yontemde 0n siralara gelebilmekte veya gerileyebilmektedir. Bulanik hata tiirii
ve etkileri analizinin benimsenmesindeki temel argiiman risk Oncelik sayisinin
belirlenmesi asamasinda hata tiirii, hata etkileri ve hata nedenlerinin ¢arpanlarinin ayni
sonucu verdigi durumda risk onceliklerinin de ayni olmasi fakat farkl etkilere sahip
olmasidir.

Bulantk FMEA yo6ntemi, vana iiretimi gibi belirli bir siire¢le smirli olmayan ve
genellestirilebilir bir yaklasimdir. Bu yontem, belirsizlikleri ve 6znelligi yonetme
konusundaki esnekligi sayesinde otomotiv, havacilik, saglik, enerji, gida, kimya ve
ingaat gibi farkli endiistrilerde basariyla uygulanabilir. Ornegin, otomotiv endiistrisinde
iiretim hattindaki karmasik siireclerdeki riskleri analiz ederken, saglik sektoriinde tibbi
cihazlardaki hata modlarim1 degerlendirmede kullanilabilir. Bulanik FMEA, veriye
dayali analizler ve uzman goriislerini entegre ederek, hem kiigiik 6lgekli iiretim
siireglerinde hem de biiyiik 6l¢ekli endiistriyel sistemlerde riskleri daha etkili bir
sekilde degerlendirir. Bu, siireglerin giivenilirligini ve verimliligini artirarak,
isletmelerin daha proaktif bir risk yonetimi stratejisi benimsemesini saglar.

Sektor calisanlari, Bulanikk FMEA'y1 etkili bir sekilde uygulamak icin egitim, veri
toplama, uzman goriigii entegrasyonu ve yazilim kullanimi gibi adimlar takip edebilir.
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Ozellikle MATLAB Fuzzy Logic Toolbox gibi araglar, bulanik mantik sistemlerinin
kolayca modellenmesini ve gorsellestirilmesini saglar. Calisanlarin bu yontemi
benimsemesi, siire¢lerdeki riskleri daha iyi anlamalarina ve dnlem almalarina yardimci
olur. Ayrica, siirekli iyilestirme yaklagimiyla Bulanik FMEA sonuglari diizenli olarak
gbzden gegirilerek, siireglerin siirekli optimize edilmesi miimkiin hale gelebilir. Bu,
hem is giivenligini artirabilir hem de operasyonel verimliligi maksimize edebilir.

Yazarlarin Katkisi

Oztiirk galismanin kavramsal ve tasarim siireglerinin belirlenmesi ve ydnetimi, Tak veri
toplama ve veri analizi, Oztiirk ve Tak veri analizi ve yorumlama konusunda katkida
bulunmustur.

Cikar Catismasi Beyam
Yazarlar arasinda herhangi bir ¢ikar ¢atismasi bulunmamaktadir.

Arastirma ve Yayin Etigi Beyam
Yapilan ¢alismada arastirma ve yayin etigine uyulmustur.
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1. INTRODUCTION

The aim of this study is develop a numerical solution using CFDS for the Burgers-
Huxley equation

Ve — Uy + @000, = (1 —v%)(v® —7), 0<x <1, t=0 (D

The solution of (1) is given by

Ol

v(x,t) = (}2—/ + }Z—ltanh (wi(x —wy t))) )

~a5+8\a +4B(1+6) _ 97 _ (+8-N(-a+/a?+4B(1+))
4(1+6) » W2 =705 2(1+68)

a,B,7 and & are constants such that § > 0,8 > 0,7 € (0,1) (Satsuma, 1987) The

initial and boundary conditions obtained using the solution in (1).

where w; = , the parameters

The Burgers-Huxley equation appears in many different areas, such as the motion of
the domain wall of a ferroelectric material in an electrical field, certain ecological
models, etc. (Yefimova et al.,2004) The generalized Burgers-Huxley equation was
investigated by Satsuma et al. in 1987.

There are many research to get the solution of the Burgers-Huxley equation using
different methods. Javidi computed the solution using the spectral collocation method
and pseudospectral method (Javidi 2006, Javidi 2006). Bratsos (2011) used a fourth-
order finite difference scheme in two time level recurrence relation to get the numerical
solution. Also various mathematical methods such as adomain decomposition method
(Ismail et al., 2004, Hashim et al., 2006), homotopy analysis method (Molabahramin
et al., 2009), variational iteration method (Batiha et al., 2011), NSFD schemes (Zibaei
et al., 2016), local discontinuous Galerkin method and tanh-coth method (Wazwaz
2008), the collocation method (Singh et al., 2024), Galerkin method (Chin, 2023),
finite element method and lie symmetry analysis (Anjali et al, 2025), Crank Nicolson
logarithmic finite difference method (Celikten et al, 2022) have been used to solve the
equation.

Many researchers used the CFDS for the solution of Burgers-Huxley equation.
Shenggao et al. (2011) applied compact scheme which has a fourth-order accuracy in
space and second-order accuracy in time. Mohanty et al. (2015) used new two-level
implicit compact operator method with on of order two in time and four in space for
the solution of Burgers-Huxley equation. In addition to that modified compact finite
difference method given to get numerical solution (Rusli et al., 2025).

Although there are many methods to construct compact schemes, the Pade
Approximation Method and the Taylor Series Method are two of the most basic and
commonly used approximations. For the first and second derivative approximations
compact finite difference schemes (CFDS) were given both for the inner points and the
boundary points by using the Taylor approximation (Lele, 1992). The paper is arranged
as follows: In Section II, CFDS for Burgers-Huxley equation is presented. Section III
deals with the dispersion relations of compact finite difference scheme for linearized
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Burgers-Huxley equation. In Section IV, numerical results for different problems are
presented in tables and conclusion is given in Section V.

2. COMPACT FINITE DIFFERENCES SCHEME

The spatial domain is given as [a, b] with the spatial step length ~=(b—a)/(N—1). Here
N represents spatial grid points (x; = h(i — 1)). Equal sub-intervals have been chosen
to better compare the obtained results with those in the literatiire. Furthermore, the
method is expressed for equal sub-intervals. f; = f(x;) are the function values at the
grid points and the approximation to the first derivative f; is expressed as in the
following

Bfiz + & fiy + f + & fl1+Bflsa
_ Cfi+3 — fi-3 + bfi+2 — fi2

fivr = fia
6h a4 o 3)
The Taylor expansion is applied to find out the coefficients. If we choose the
coefficients f= c=0, we obtain tridiagonal schemes, Although the order of accuracy
for derivatives is O(h®) for inner points, it is 0 (h®) for the boundary points. Also,
the approximation for the second derivative of the function is given as in the following

Ele—rz +a~fi’—,1 +fi” +a i’4’-1 +[§fi’+’2 — Cfi+3—;1:;‘+fi—3 +bfi+2;1;i2"'fi—z +
fir1=2fitfia
a——— 4
n2

The approximation formula are given in the equation (4) and (5) for boundary point at
i=1.

e  For first derivative

1
fi+taf; :E(af1+bf2+cf3+df4) 4)
e For second derivative
1
1 +a z”=ﬁ(af1+bfz+6f3+df4+efs) (5)

For the boundary point at i = N, we can get easily using the equations (4) and (5). The
compact schemes with their calculated coefficients are obtained for inner points from
i=3uptoi =N — 2 and for boundary points at i = 2 and i = N — 1, respectively.

S(-17f -4+ ) =fo+ 8 —9f, ,i=2 )
S+ Af i) = —fieat fur L i=3,. N2 %
SG s =t i 2 f) = ~fua +fu i=N -1 ®
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h2 n n n n .

E(l4fl =5 +4f3' =5f)=fo—-2fit+f, ,i=2 €)
hz n n n .

E(fi—l-l-lofi + fiv1) = fica = 2fi + fisr ,i=3,..,N— 2 (10)
hz n n n n .

E(_fN—l +4fy_3 = 5fv2 + 14fN_1) = fa—2 = 2fy-1 t fy ,i=N -1 11

For example, with 7 nodes, the matrices below are constructed using the compact
schemes from (6) , (7), and (8) as shown below

r—17h  —-14h

= S5 00
L fi
3 3 3 fz’
h 4h h .
A =] 0 S 3 3 0} V' = :
0o o M o1 fa
3 3 3 fs
o0 b zsho19n on
- 24 24 24 24-
8 -9 0 0 0 fo
-1 0 1 0 0} 0
Ki=|l0 -1 0 1 o0} H =0
0 0o -1 0 1J 0
L 0 0 0o -1 1 0

The matrix V' having the approximation values of the first derivative at each node is
calculated via the equation (12).

AV' =K,V + H, (12)

We will apply the LU decomposition technique to the known matrix A; and then the
following calculations to obtain V'

(LOV0)V, = K1V + Hl (13)
Lg'LoVoV' = L3 K,V + Ly H,

Let’s take T; as Ly'K; and G, as Ly*H,

T, = L51K1 (14)
G, = Lg'H, (15)

Let's repeat the operations done so far for V,

VoV' =T,V +G, (16)
VoWV = VTV + VG,

S, =VytG, (17)
V' =CV+S (18)

Using the compact schemes in (9), (10) and (11), having the approximation values at
each grid point the matrices below are obtained to get the matrix V"',
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r14h?> —5hn2 ﬁ —_h2 0 T
12 12 12 12 .,
h?  10n? K2 0 0 f1”
12 12 12 f2
h? 10h? h? " 1
A, =1 0 — — 0 |, V' =113
12 12 12 "
0 0 E 10h2 E fa
12 12 12 i
0 —h*  4h*  —5h?  14h2
L 12 12 12 12
21 -2 1 0 0 0 fo
U, 1 -2 1 0 0 0
V =1v3], K,=10 1 -2 1 0l H,=1|0
2 0 0 1 -2 1 0
US 0 0 0 1 _2 f6
A V" =K,V + H, (19)
V'"=0CV+S, (20)

2.1. Compact Finite Difference Scheme for Burgers-Huxley Equation

Equations (18) and (20) is substituted to the equation (1). We use CFDS for spatial
dimension and finite differences along the time axis, lastly they are written via explicit
approximation and the discretization scheme is obtained. The discrete solution at a
point will be represented V" =~ V (x;, t™)

n+1 n
Vi Y

—L (V) +S,) +aVI(Cv +5,) = B (1 - (Vj”)‘s) ((V].“)‘S -7) @

This scheme is explicit because the solution values at time t™*! are calculated directly
from the known values at time t™.

3. DISPERSION RELATION

Traveling wave or soliton solutions of nonlinear PDEs can be investigated through their
dispersive behavior. To understand the solution behaviour of the compact finite
differences methods, linearized equations and investigate numerical dispersion relation
will be considered. The linearized PDEs will be solved again by using the compact
finite differences scheme in order to compare to continuous and the discrete versions
of the dispersion relations of the equations. Assume that #: R? — R is a second order
continuously differentiable function, such that |#(x, t)| < 1. Letalso v = ¥ + ¥, where
v and ¥ are solutions to (1). Hence, v, = U, Uy, Uy = U, + Uy and Uy, = Upy + Uy
For dispersion analysis we get @ = § = § = 1, 7 = 0.001. Substituting this into the
equation (1), we get

U+ P+ @+ DBy + D) — (Dx + D) — (1= T+ D)@+ ¥ —0.001) (22)
Since ¥ is the solution of (1)
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D, + TV, — By, — (1 — D) (7 — 0.001) = 0

When we also ignore the higher order terms and linearize it around the constant solution
¥ the linearized equation becomes

¥, + ab, — U, — 2.002a¥ + 3a%% + 0.0017 = 0 (23)
where a = 7.

Assuming each wave mode as a solution of a linearized PDE (23), the solution takes
the following form

7= ﬁei(kx+wt)

where ¥ = (k) denotes the amplitude, k is the wave number, and w is the frequence.
By substituting this solution into linearized equation and simplifying, we get

w = ik? — k + (3a? + 0.001 — 2.002a)i (24)

Which is a dispersion relationship for the linearization of the Burgers-Huxley equation
(23) around the plane wave solution.

In order to get discrete version of the dispersion relations for the equations (23), the
linearized system will be solved again using the compact finite difference scheme. The
compact finite differences scheme is applied by taking a = 1 the following discritized
equation (25) is obtained

T — BT+ ALC, TP + ALSP — ALC, BT — AtSF + At0.99957 = 0 (25)

where 7' = ¥(x;, t,,) and which has a discrete general solution of the form

17}1 — ﬁez(kxj+wtn) = pelUkix+nwAt) — p,i(jk+nw)

where k = kAx is the numerical wave number and W = wAt is the numerical
frequency such that —m <k <m and —w <w < m. As in the continuous case,
substituting the numerical plane wave solution in (25) into the linearized equation and
simplifying, the numerical dispersion relation is calculated as in (26) (Aydm et al.,
2004).

—i 1 _
= —[In(r,) = In(1 +y)] - -jk (26)

_ 1+n+y;
1+y1

where y; = —1 + AtC, — AtC, + 0.999At, y, = At(—=ST + SI),

In Figure (1) and Figure (2) the exact and numerical dispersion of the linearized
Burgers-Huxley equation are shown for the continuous w, k and discrete W, k which
are frequencies and wave numbers for real and imaginary parts, respectively. In all
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computations, At and Ax are let to be 0.1. For the continuous dispersion relation and
the discrete dispersion relation there are certain frequencies corresponding to each
wavenumber. In Figure (1) and Figure (2) the analytical and numerical dispersion
relation have been plotted. If the dispersion graphs given in Figure (1) and Figure (2)
are compared with each other, it's obvious that, real continuous and real numerical
dispersion curves have similar behaviours.The imaginary exact dispersion relation has
the term k? but any similar term is not included in imaginary numerical dispersion
relation. From the figures, we see that numeric dispersion relations of the compact finite
difference method preserves the continous dispersion relation for small wave numbers
k.

Dispersion analysis of the compact finite difference scheme for the problem studied in
this paper reveals that there doesn’t exist diffeomorphisms 1, and y, satisfying the
exact dispersion for the imaginary part

Dy (W, k) = Dy (W), P, (k)

where DN(V_V, E) is numerical dispersion relation and D(w, k) is exact dispersion
relation.

These dispersion relations exist for the real parts.

4. NUMERICAL RESULTS

In this part, solution for equation in (1) is obtained using CFDS. To illustrate the
efficiency of the CFDS for the problem handled in this study, the maximum error which
is given by the equation below

Ly, = maxlsjs,vlv(xj, t) =V (x;, 1)

where v(xj, t) and V(xj, t) refer to the exact solution and solution via compact finite
difference scheme, respectively.

Example 1.

Consider equation (1) with @ = =1, 7% = 0.001 and At = 0.00005. Numerical
solutions at t = 0.2 and t = 1 are presented for computational domain [0,1] in Table
(1) and Table (2) . For N = 8 and N = 16 numerical solutions are given. As it can be
seen from the Table (1) and Table (2) the compact finite difference scheme is more
accurate.

Example 2.

Obtained numerical solutions have been presented with maximum errors for @ =5,
At = 0.0001 in Table (3) and Table (4). In Table (3) and Table (4), the errors are
presented for various values of 7 and 8 for N = 9.
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5. CONCLUSION

In this study, compact finite difference scheme is used to solve Burgers-Huxley
equation. The performance of the scheme is tested on the considered test problems, and
maximum absolute errors are computed. For some constant values, maximum error
values for the presented scheme are almost the same with those for the other methods
(Javidi et al., 2009, Zhang et al., 2012) in literature. But the error values of presented
scheme are more satisfactory in comparison with the error values in (Bratsos, 2011)
and (Mohanty et al., 2015). This study focuses on analyzing the dispersive
characteristics of the linearized Burger-Huxley equation and the numerical dispersive
properties of the compact finite difference method. The real numerical and real exact
dispersion relations are very close to each other.

Table 1. Maximum Error with a=1, § =1, #=0,001, At=0,00005 and N=8
for Example 1

t Javidi et al., 2009 Zhang et al., Presented
2012 method

0,2 6=1 4,0138e-8 3,7725¢-8 2,6442¢-8
6=4 1,3139¢-5 1,2348e-5 9.3302¢-6

6=28 3,5540e-5 3,3397e-5 2,6091e-5

1 6=1 4,6849¢-8 4,3914e-8 2,8443¢-8
=4 1,5325e-5 1,4366¢-5 1,0063e-5

=28 4,1407¢e-5 3,8818e-5 2,8157e-5

Table 2. Maximum Error with a™=1, ﬁ=1,7=0,001, At=0,00005 and N=16
for Example 1

t Javidi et al., Presented
2009 method

0,2 6=1 4,0138e-8 3,3402e-8
=4 1,3139¢-5 1,1287e-6

6=28 3,5540e-5 3,0979e-5

1 6=1 4,6849¢-8 3,7349¢-8
=4 1,5325e-5 1,2630e-5

6=28 4,1406e-5 3,4658e-5
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Table 3. Maximum Error with a™=5,7=0,001, At=0,0001 for Example 2

t Javidi et al., Bratsos Mohanty | Presented
2009 2011 et al., Method
2015
0,3 f=1 3,1616e - 8 3,1570e-8 | 3,0414e-8 | 2,3242e-8
=4 3,9742e-7 3,9668e-5 | 3,8439¢-7 | 3,0600e-7
=8 5,0365e-6 5,0291e-6 | 4,9161e-6 | 4,0219e-6
09 | =1 3,3394e-8 3,3393e-8 | 3,2090e-8 | 2,3805e-8
L =4 4,1977e-7 4,1976e-7 | 4,0977e-7 | 3,1351e-7
=8 5,3166¢e-6 5,3165e-6 | 5,216le-6 | 4,1195e-6

Table 4. Maximum Error with &™=5, #=0,0001, At=0,0001 for Example 2

t Javidi et al., Bratsos Mohanty et Presented
2009 2011 al., 2015 Method
0,3 f=1 3,1630e-10 3,1584e -10 3,0428e-10 2,3253e-10
g =10 4,9760e-9 3,9702¢ - 9 3,8442e-9 3,0614e-9
B =100 5,0389¢- 8 5,0316e - 8 4,9176e-8 4,0239e-8
0,9 f=1 3,3409¢-10 3,3408e -10 3,2099¢-10 2,3816e-10
=10 4,1996e-9 4,1995¢ - 9 4,0983e-9 3,1365e-9
B =100 5,3223e-8 5,3221e -8 5,2211e-8 4,1234e-8
11
10}
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Figure 1. For At= Ax=0,1, Exact (dot) and Numeric (solid) Dispersion Relation for
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kAx

Figure 2. For At= Ax=0,1, Exact (dot) and Numeric (solid) Dispersion Relation for
Real Part of Linearized Burgers-Huxley Equation
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Abstract Oz

This study aims to present an innovative approach to the
music composition process by applying mathematical
principles. Five musical pieces were composed using
mathematical techniques such as the Golden Ratio and
Fibonacci sequences, and the potential applications of
these techniques in the field of music therapy were
examined. The compositions were played for healthy
volunteers, and their neurological and emotional responses
were measured using EEG tests. The results of these tests
were systematically analyzed through brainwave
measurements, allowing for the identification of new
techniques and methods for potential use in music therapy.
The findings highlight the therapeutic potential of music
based on mathematical foundations and contribute to a
deeper understanding of the relationship between music
and mathematics. This study seeks to fill existing gaps in
the literature by integrating mathematical methods into the
music composition process and enhancing the
effectiveness of music therapy.

Keywords: EEG, Fibonacci numbers, golden ratio, music
therapy.

Bu c¢alismanin amaci, miizik besteleme siirecine
matematiksel ilkeler uygulayarak yenilik¢i bir yaklasim
sunmaktir. Bes miizik eseri, Altin Oran ve Fibonacci
dizileri gibi matematiksel teknikler kullanilarak
bestelenmis ve bu tekniklerin miizik terapisi alanindaki
potansiyel uygulamalari incelenmistir. Besteler, saglikli
goniillillere dinletilmis ve EEG testleri yoluyla norolojik
ve duygusal tepkileri 6l¢lilmistir. EEG test sonuglari,
beyin dalgasi Olglimleriyle sistematik olarak analiz
edilmis ve bu analizler, miizik terapisinde kullanilabilecek
yeni teknikler ve yontemlerin belirlenmesine olanak
saglamigtir. Calismanin bulgulari, matematiksel temellere
dayali miiziklerin terapétik potansiyelini ortaya koymakta
ve miizik ile matematik arasindaki iligkiyi daha
derinlemesine anlamamiza katkida bulunmaktadir. Bu
¢aliyma, mevcut literatiirdeki bosluklar1 doldurmay1
amaglamakta  olup, mizik besteleme siirecine
matematiksel ~ yontemlerin  entegrasyonuyla — miizik
terapisinin etkinligini artirmay1 hedeflemektedir.

Anahtar Kelimeler: EEG, Fibonacci sayilari, altin oran,
miizik terapi.
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Music in EEG Brainwave Frequencies

1. INTRODUCTION

Music and mathematics share a profound connection, with mathematical principles
being integral to music theory and prompting further exploration. Historically,
mathematics has significantly influenced the structural framework of music, illustrating
its impact and potential for devising new sound systems based on mathematical ratios
(Panti, 2020). For instance, Pythagoras elucidated the harmonious relationships
between note frequencies, leading to the Pythagorean tuning system (Nyhoff, 2024).
Similarly, Bach explored the mathematical dimensions of instrument tuning
(Siddharthan, 1999; Lindley & Ordgies, 2006).

The psychological impact of music is a captivating subject that continues to attract
substantial research interest. Researchers often employ music, particularly classical
compositions, as stimuli to investigate its effects (Okay & Ece, 2019; Canyakan, 2020).
Studies have demonstrated that music significantly influences various physiological
responses, including changes in blood oxygen saturation, heart rate, and respiration,
especially in infants (Cassidy & Stanley, 1995). Leonard Meyer’s seminal work,
"Emotion and Meaning in Music," emphasizes the intricate relationship between music
and psychology (Spitzer, 2009).

Music therapy has a longstanding history, with early mentions found in the writings of
Plato, who advocated for the inclusion of music in education for holistic development
(Plato, 2006). Islamic scholars, such as Farabi, also acknowledged the impact of
musical notes on emotional states (Yilmaz et al., 2019). Throughout the Seljuk and
Ottoman periods, music therapy was employed as a complementary treatment in
bimarhanes (mental hospitals) and dariissifas (hospitals), and its practice has now
expanded globally (Sufie & Sidik, 2017). Moreover, the novel sound system developed
in this paper holds the potential to contribute to the existing literature on music therapy.

The electrical activity of the brain is measured using the EEG
(Electroencephalography) testing method (Medicalpark, 2024). The psychological
assessment for the project was conducted using this method, following ethical
committee approval. Brain waves, which are crucial for our project, can be obtained
through this test. They are categorized based on their frequency and carry different
meanings. Delta waves, with frequencies up to 3Hz, are observed during deep sleep.
Theta waves, ranging from 4Hz to 7Hz, occur during drowsiness, deep thinking, and
meditation. Alpha waves, with frequencies between 8Hz and 12Hz, are present during
wakefulness. Beta waves, ranging from 13Hz to 30Hz, are associated with focused
thinking and concentration. Gamma waves, with frequencies above 30Hz, are
important for learning and memory (Teplan, 2002; Koudelkova et al., 2018).

Given the distinct characteristics and implications of alpha, beta, delta, gamma, and
theta waves, they will play a central role in analyzing the music compositions created
in our project. For instance, the relaxation associated with alpha waves, as well as the
logical and analytical thinking linked to beta waves, can provide valuable insights for
the examination of music compositions (Koudelkova et al., 2018).

Mathematical structures are extensively used in music, serving as a foundation for
various musical compositions. J.S. Bach’s works, for example, exhibit structural and
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artistic features that can be analyzed and divided into distinct musical pieces, such as
"prelude" and "recitative." This approach reveals the significant utilization of
mathematics in music, including the exploration of values converging toward the
golden ratio (Mutver, 2007). In addition to Bach’s works, studies have investigated the
mathematical and musical harmonies in different pieces of music. Frequency tables
have been constructed, showcasing the mathematical and musical relationships
between various measures. These studies have consistently demonstrated the use of the
golden ratio across different sections of music, providing further evidence of Bach’s
extensive application of mathematics (Mutver, 2007).

Despite these endeavors, the relationship between mathematics and music remains a
subject of ongoing debate, and its full elucidation has yet to be achieved. In light of
this, our project aims to examine this relationship objectively by relying on medical
and scientific data, thus contributing to a deeper understanding of the subject.

In this study, music has been designed using mathematical structures such as Fibonacci
sequences and the Golden Ratio. To facilitate a systematic analysis of the music, the
use of an EEG (Electroencephalography) device has been decided. The generated music
will be played for subjects, and during this process, brainwave data will be collected
through the EEG device. The collected data will be analyzed and interpreted in light of
the mathematical properties of alpha, beta, delta, gamma, and theta waves. This
approach aims to examine how the mathematical structures of music interact with brain
activity and their effects on neurological responses.

2. METHOD

In this paper, three pieces of music were created using the Fibonacci sequence and the
Golden Ratio by consulting the full-text project named "Effects of Musics Composed
Using Mathematical Methods and DNA On the EEG Frequency Bands of Healthy
Individuals". The classical music piece "Grieg: Peer Gynt Suite No. 1, Morning Mood"
was used for comparison with the Golden Ratio music composed in this project.

2.1. Creating Music with Mathematical Structures

In this study, the process of musical composition was restructured through the
application of mathematical frameworks. Specifically, the Fibonacci sequence and the
Golden Ratio were employed to determine the distribution and frequencies of musical
notes.

The first method involved mapping the Fibonacci sequence, modulo 7, onto musical
notes. This approach translated the inherent mathematical order of the Fibonacci series
into a musical form. An algorithm developed using Python automatically generates a
music file based on a user-defined number of Fibonacci numbers.

The second method was based on Zeckendorf's Theorem, which states that every

positive integer can be uniquely represented as the sum of non-consecutive Fibonacci
numbers. This principle was utilized in the creation of musical compositions. Selected
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Fibonacci numbers were mapped to musical notes, ensuring a balanced distribution
within the composition.

The third method involved the application of the Golden Ratio to musical frequencies.
The traditional Pythagorean Diatonic Scale was redesigned using the Golden Ratio,
resulting in a novel frequency structure derived from this mathematical constant.
Considering the limited existing literature on the integration of the Golden Ratio into
music theory, this scale was optimized for mathematical harmony.

The methods used in the creation of music can be categorized into three main
approaches:

2.1.1. First Method

This approach involves calculating the remainder of each element in the Fibonacci
Number Sequence when divided by 7 (mod 7 operation). Each resulting number is then
paired with a corresponding musical note. This method allows for the selection of the
desired number of Fibonacci numbers and the subsequent generation of a music file.
The corresponding algorithm has been implemented in Python code, allowing for the
determinaton of the number of Fibonacci numbers to be processed and the generation
of a music file accordingly

2.1.2. Second Method

This approach is based on Zeckendorf's Theorem, which states that every positive
integer can be expressed as the sum of one or more Fibonacci numbers. In this case, a
specific Fibonacci number (e.g., 34) is chosen, and it is represented as the sum of
various Fibonacci numbers. Each resulting number is then assigned to different musical
notes through a cyclical process, ensuring equal representation of all notes. This
cyclical process ensures that all notes are equally represented. An example composition
generated by this method is provided in Figure 1. Similarly to the first method, a Python
code is created and the cyclical process is implemented in Python.

- - — P

A\

1.
L YHi
i

|

Figure 1. The Music Composition Example Generated Through the Method Based on
Dividing Fibonacci Numbers According to the Zeckendorf Theorem
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2.1.3. Properties of Fibonacci Sequence Music

The properties of the Fibonacci sequence music are summarized in the following table:

Table 1. Correspondence of Note Frequencies and Fibonacci Numbers for the First
Period in Music based on the Zeckendorf Theorem.

Note Count in t he First Fibonacci Number
Period
Do 1 Fi
Re 5 Fs
Mi 5 Fs
Fa 8 Fs
Sol 5 Fs
La 5 Fs
Si 5 Fs
Total 34 Fo

Table 1 contains the numbers corresponding to the notes in 'Figure 1, while Table 2
presents the distances between the notes. The red vertical line in 'Figure 1' indicates the
end of the first period, with subsequent periods shifting the notes by one digit.

Table 2. Correspondence of Intervals between Notes and Fibonacci Numbers for the
First Period, on a Note-by-Note Basis

Note Distances Between Distances Between Consecutive Notes as
Consecutive Notes Fibonacci Numbers

Do - -

Re 3-3-13 F,—F,—F,

Mi 3-3-5-5 F,—F,— F; — F

Fa 3-5-3-3-5-5-0 F,—F—F,—F,—F,—F;—F,

Sol 3-3-3-3-3 F,—F,—F,—F,—F,

La 3-8-3-5 F,—F,—F, — F;¢

Si 8-2-2-2 Fe—F;—F;—F;

2.1.4. Third Method

The Golden Ratio, approximately 1,618 (often denoted by the Greek letter phi, ¢), is
an irrational number found throughout nature, art, and mathematics. It's defined when
a line is divided into two parts, and the ratio of the whole line to the longer part is equal
to the ratio of the longer part to the shorter part. It's often associated with aesthetic
appeal and harmonious proportions. The third music was composed by manipulating
the Pythagorean Diatonic Scale. In this context, the formula of the Pythagorean

Diatonic Scale that is equal to (g)” changed with the ¢p™. As a result, new frequencies

were obtained by using the Golden Ratio. The ratios and the frequencies of the scale is
given in Table 6 and Table 7.
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On the other hand, the methodology used to compose 3 pieces of music was automized
by writing the Python algorithms. The Python algorithms that were used in this paper
are given in Code Block 1 and Code Block 2.

In music theory, the following formula is used to compare the frequencies of two notes:
If the first note is denoted as x, and the second note as y;

Distance Between Notes = 8 log, (y — x)

The ratios between consecutive notes in both sequences are presented in Table 7, based
on the provided formula.

Table 3. Ratios between Consecutive Notes

Ration Do-Re | Re-Mi | Mi-Fa | Fa-Sol | Sol-La | La-Si | Si-Do
Notes

Pythagorean | 1,34 1,38 0,58 1,38 1,39 131 0,62
Golden 0,64 0,67 1,14 0,66 0,65 2,45 1,80
Ratio

Table 4. Frequencies Generated According to the Original Pythagorea

Do Re Mi Fa Sol La Si Do
260Hz | 292Hz | 329Hz | 346Hz | 390Hz | 440Hz | 493 Hz | 520 Hz

Based on the provided ratios in Table 3 under the "Golden Ratio" designation, an
approximation of the corresponding musical note frequencies can be extrapolated. This
derivation assumes that the listed numerical values represent the multiplicative factor
between the frequencies of consecutive notes within a musical scale. Utilizing the
frequency of Do (260 Hz) from the accompanying frequency table as the initial
reference point, the subsequent frequencies are estimated as follows:

Do: 260 Hz (reference frequency)

Re: Frequency of Do multiplied by the Do-Re ratio
(260 Hzx0,64=166,4 Hz)

Mi: Frequency of Re multiplied by the Re-Mi ratio
(166,4 Hzx0,67=111,49 Hz)

Fa: Frequency of Mi multiplied by the Mi-Fa ratio
(111,49 Hzx1,14=127,10 Hz)

Sol: Frequency of Fa multiplied by the Fa-Sol ratio
(127,10 Hzx0,66=83,89 Hz)
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La: Frequency of Sol multiplied by the Sol-La ratio
(83,89 Hzx0,65=54,53 Hz)

Si: Frequency of La multiplied by the La-Si ratio
(54,53 Hzx2,45=133,59 Hz)

Do (octave): Frequency of Si multiplied by the Si-Do ratio
(133,59 Hzx1,80=240,46 Hz

Table 5. Frequencies Generated According to the Golden Ratio

Do Re Mi Fa Sol La Si Do
260Hz | 166 Hz | 111 Hz | 127Hz | 83 Hz 54 Hz 133 Hz | 240 Hz

In order to ensure harmony between the frequency values of the notes in the
mathematical music to be created, it is not appropriate to change the "3/2" ratio too
much. At this point, it is seen that the golden ratio does not disrupt the harmony between
the note frequencies due to its numerical value.

2.1.5. Modification of the Pythagorean Diatonic Scale for 12 Notes

This study can be applied to the twelve-tone equal temperament system.The
Pythagorean Diatonic Scale plays a crucial role in modern frequency generation, and
thus studying the Pythagorean sequence is important. However, there is a lack of
exploration regarding redesigning the Pythagorean sequence using the golden ratio.
The current method utilizes (3/2)"n as the basis for constructing the Pythagorean
sequence and obtaining frequencies. The original ratios and frequencies of the
Pythagorean sequence are presented in Tables 6 and 7, respectively

Table 6. Frequencies Generated According to the Golden Ratio

Do | Do# | Re Re# | Mi Fa Fa# | Sol | Sol# La La# | Si

1,00 [ 1,05 | 1,12 [ 1,18 | 1,25 [ 1,30 | 1,38 | 1,46 | 1,55 | 1,61 | 1,71 | 1,81

Table 7. The Frequencies of the Newly Constructed Phytagorean Scale
by Golden Ratio

Do Dot Re Rett Mi Fa Fa# Sol Sol# La La# Si

271,9 288,0 | 304,9 | 322,9 | 342,0 | 356,0 | 376,9 | 399,2 | 422,7 | 440,0 | 4659 | 4934

2.2. Conversion of Music into Audio Files

To perform the playback of music compositions created using mathematical structures,
software methods were employed. A software was developed using the Music21 library
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in Python, resulting in the generation of '.mp3' audio files. The project attachments
provide access to these audio files

Studies were carried out under the supervision of Assoc. Prof. Dr. Mustafa Kemal
KARAOSMANOGLU and Prof. Dr. Arda Eden, who are listed in the
"Acknowledgements" section, in order to improve the notation of the music and
increase its reliability.

2.3. Electroencephalography (EEG) Test Methods and Analysis Techniques

In this study, music was created using mathematical structures. This study aims to
analyze the changes in brainwave activity of healthy individuals in response to music
composed using mathematical principles. At this point, a systematic analysis of these
musical compositions is necessary. To facilitate a systematic analysis, the use of an
Electroencephalography (EEG) device was decided upon. it is known by researchers
that factors such as the number of volunteers and the duration of listening to music are
important for the EEG test method, which has a wide area of use in the health field and
is a test method, to provide objective data to the research. Electroencephalography
(EEQG) tests employed in the study were conducted in the EEG recording room of
Erenkoy Psychiatry Hospital, following approval from the ethics committee (Decision
No: 25, Date: March 31, 2023). The participant group consisted of 12 healthy
individuals (8 males, 4 females) aged over 18 years with a minimum of a high school
diploma The study was conducted in the EEG recording room at Erenkdy Psychiatric
Hospital, with ethical approval obtained from the institution's ethics committee and the
EEG Test process have been taken at the Erenkoy Psychiatric Hospital.

During the experimental procedure, participants listened to designated musical pieces
in a quiet environment while their brainwave activities were recorded using an EEG
device. Prior to the music listening session, a ‘music-absent’ baseline measurement was
taken to evaluate the participants' neurological status. The music listening process
comprised five distinct phases, with each phase structured into two-minute segments.

In the data analysis phase, delta, gamma, and theta wave activities, with a primary focus
on alpha and beta waves, were evaluated in detail. Brain topography maps were
generated to visualize the cognitive and emotional effects of the music on the
participants. A decrease in beta waves (associated with stress and arousal) and an
increase in alpha waves (associated with relaxation and focus) were considered
significant indicators for understanding the therapeutic potential of mathematical
music.

The objective is to have all the generated music compositions listened to by individuals
and, during this process, collect brainwave data through the EEG device. The music
compositions are analyzed using the EEG testing method, the brain waves namely alpha
and beta waves were essential for this process The collected data will then be analyzed
and interpreted in light of the characteristics of alpha, beta, delta, gamma, and theta
waves, as explained in the introduction section. In the data analysis phase, brain
topography maps were central. Beta waves, symbolized by red color, implying
emotional states such as stress and action, are expected to be transformed into blue
regions through the designed mathematical music.
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Appendix 1 shows the brain topographical mapping images for all individuals and for
all tried hypothesis. The occurred red areas imply a more beta-oriented brain state,
while blue areas imply a more alpha-oriented brain state.

At the end of the composing process, the four pieces of music were examined by
analyzing the 12 healthy individuals’ EEG test results that were made by looking at
their Brain Topographical Maps. The participant sample consisted of healthy
individuals over the age of 18, including 8 males and 4 females, all with at least a high
school diploma. The experimental procedure involved playing pre-designed musical
sequences to participants in a fixed order, within an environment free from external
noise and stimuli. Prior to the musical presentations, a "music-free recording" was
conducted to establish a baseline of brainwave activity. Classical music was played
during this baseline phase and served as a control. The playback sequence commenced
with the "music-free period," followed by presentations of Fibonaccil, Fibonacci2,
sequence-influenced music, golden ratio music, and finally, classical music. Each phase
was structured into two-minute segments. The analyses were conducted under the
supervision of neurology specialists at the hospital."

3. RESULTS
With the given methods, some results thought to be intriguing are found. Table 1 shows
the comparisons for the given people (named anonymously) in 4 different categories.

The results are given in Table 8 and Table 9.

Table 8. EEG Test Result

Comparison with No-Music State
Name Fibonacci 1 Fibonacci 2 Golden R. Classic
Male 1 + + + +
Male 2 - + +/- (Neutral) -
Male 3 - +/— (Neutral) +/— (Neutral) -
Male 4 + +/— (Neutral) - +/— (Neutral)
Male 5 + - + +/— (Neutral)
Male 6 +/— (Neutral) + +/— (Neutral) Not-Tested
Male 7 +/— (Neutral) +/— (Neutral) + -
Male 8 + + +/— (Neutral) +
Female 1 + - - Not-Tested
Female 2 | +/— (Neutral) +/— (Neutral) +/— (Neutral) -
Female 3 - - - -
Female 4 + + + +
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Table 9. EEG Test Results by Brain Topographical Maps

No-Music Fibonacci 1 Fibonacci 2 Golden Ratio Classis Music
M1 | gasicosmsmmsans passsrmasays BNy | B R EEse| s R
M1 Eil;onaco-in TPosltin ?hlue ;:: exl;;hd:(l). -
RE Fibonacci 2: Positive (blue area expended, red area diminished)
IS;‘I Golden Ratio: Positive (red area disappeared)

Classic Music: Pos1t1ve (redd1sh area stayed the same, although blue area expended)
M2 | psnsimsmmsans| B FRREER| B FeEERaEa| B FEERa Bt R GAER
M7 | Fibonacci I Negative (redarea oxpended)
RE Fibonacci 2: Positive (blue area expended)
il'll Golden Ratio: Neutral (no significant change seen)

Class1c Music: Negative (bluelsh are declmed smoothly, redd1sh area increased smoothly)
M3 Bt s e eEE A
M3 ;il;:)nacchn:. Negatizé'zblue:l:s dllhin‘lsh;d) I
RE Fibonacci 2: Neutral (blue and red areas diminished together)
IS_AI"l{ Golden Ratio: Neutral (blue and red areas diminished together)

Class1c Music: Negatwe (s1gn1ﬁcant increase in red area is shown)
M4 el e I T
M4 l;‘lbc::a:; mlTPo.s“i:tiv‘: c(‘lalue ;;_éS inh“:eas.e;l) -
RE Fibonacci 2: Neutral (no significant change reported)
IS}I‘J Golden Ratio: Negative (red area occurred)

Classic Music: Neutral (no significant change reported)
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MS as| :u-l‘*»-'):'-“ L= gaRadl & | :VA'I‘L«')-- RiRsRaiall & ) :Cl-t-\.l}." NI
(o ool | ol | e oz
M5 | Fibonacci 1: Positive (red area disappeared)
RE Fibonacci 2: Negative (red area increased significantly)
SU
LT Golden Ratio: Positive (blue are expanded)
Classic Music: Neutral (blue are moved to the eye region, where we don’t take in our
calculations)
M6 :q-r o) Wilahicsau :il-l-\.’),': REEERT :ﬁ-r‘uz):‘»‘ WhAtaw No-Test
R e aq SnmRTAIE o] BT o] BT i ol
M 6 | Fibonacci 1: Neutral (only change is seen in the eye region)
RE Fibonacci 2: Positive (little change in the back and the left side of the head)
SU
LT Golden Ratio: Neutral (no significant change)
Classical Music: No test conducted
M7 :‘;%\;;‘E\H':"':U'V.. :le-\—*]:‘-‘ lalapttt|mw AR AR NI SRl &) :K-l"\J)lF?- w2 g8
Lo ol e e el o
M7 | Fibonacci I: Neutral (red and blue areas increased together)
RE Fibonacci 2: Neutral (red and blue areas disappeared together)
SU
LT Golden Ratio: Positive (blue area increased significantly)
Classical Music: Negative (red area increased significantly)
M8 :a-r».;a:v»s‘;uuu. :a-px:iﬁ G T ;éwm»n-: altnt A :-;u—-_-'::e PR T :-;\-r--w SElanociue
T o R g o] B 3] 2mmpesee Ll mmesme
M 8 | Fibonacci 1: Positive (red are at the back disappeared, some blue regions occurred)
RE Fibonacci 2: Neutral (no significant change seen)
SU
LT Golden Ratio: Positive (blue areas expended very significantly)
Classical Music: Positive (blue areas expended very significantly)
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F1 E e RRERATE R R TICE No-Test
F1 ;i;;nacci I: Pos.;tiv: ?; very-:{gfrliﬁz;ntmbclille are:z:cur'r;d)
RE Fibonacci 2: Negative (blue areas diminished slightly)
SU Golden Ratio: Negative (red areas appeared)
. Classic Music: No test conducted
F2 l?ii;)nacc;i-mr Ne:traTao sig:imf;ant. gha;éz rep(;;) - e
RE Fibonacci 2: Neutral (no significant change reported)
iITj Golden Ratio: Neutral (no significant change reported)
Classic Music: Negative (blue areas diminish)
F3 | Fibonacci 1: Negative (blue areas dimimished) |
RE Fibonacci 2: Negative (blue areas diminished, while red areas expanded)
i‘; Golden Ratio: Negative (blue areas diminished)
glassic Music: Negative (blue areas diminished)
Fd4 | sasicoomsmnesus gasiosmicneses Sascosmaanaoe gars) maananuu Satossnieassivl
F4 Fibonacci 1: Positive (red areas diminished)
RE Fibonacci 2: Positive (red areas diminished, while blue areas expended)
Is}lwj Golden Ratio: Positive (blue areas expanded)
Classical Music: Positive (blue areas expanded)
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The EEG test results obtained with the given methods reveal several intriguing
findings. The analyses summarized in Table 8 and Table 9 highlight the brainwave
responses of individuals to different types of music. These responses are discussed

below.
Table 10. Distribution of Positive, Neutral, and Negative Responses
by Participants and Conditions
l;;;;;onse Fibonacci 1 Fibonacci 2 | Golden Ratio | Classic
Male 1, Male 4, | Male 1, Male 1,
Positive Male 5, Male 8, | Male 2, Male 5, Male 1, Male 8,
Ty Female 1, Male 6, Male 7, Female 4
Female 4 Female 4 Female 4
Male 3, ﬁzi 5’
Neutral Male 6, Male 7, | Male 4, Male 6, Male 4, Male 5,
Female 2 Male 7,
Female 2 Male 8,
Female 2
) Male 2, Male 3, Male 5, Male 4, Male 2, Male 7,
Negative Female 3 Female 1, Female 1, Female 2,
Female 3 Female 3 Female 3

Table 11. Gender-Based Response Percentages Across Different Music Conditions

Positive Positive Neutral Neutral Negative | Negative
Condition | Responses | Responses | Responses | Responses | Responses | Responses
(Male) (Female) (Male) (Female) (Male) (Female)
Fibonacci | 50% 50% 25% 25% 25% 25%
1 (4/8) 2/4) (2/8) (1/4) (2/8) (1/4)
Fibonacci | 50% 25% 37,5% %25 12,5% 50%
2 (4/8) (1/4) (3/8) (1/4) (1/8) (2/4)
Golden 37,5% 25% 50% 25% 12,5% 50%
Ratio (3/8) (1/4) (4/8) (1/4) (1/8) (2/4)
Classic 28,6% 33,3% 28,6% 33,3% 42,9% 66,7%
(2/7) (1/3) 2/7) (1/3) 3/7) (2/3)

Note. In the classical music tests, the test results for Male 6 and Female 1 were not

obtaine
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4. DISCUSSION
Let's analyze the EEG results in three separate sections: Positive, Neutral, and Negative
4.1. Positive Responses
Fibonacci 1:
Participants: Male 1, Male 4, Male 5, Male §, Female 1, Female 4

Observation: The positive responses in Fibonacci 1 are distributed across both male
and female participants. However, the male participants exhibit a broader range of
responses, with Female 1 and Female 4 being the only female participants providing
positive feedback in this condition. This suggests that Fibonacci 1 might be perceived
more favorably by males in this context.

Fibonacci 2:
Participants: Male 1, Male 6, Male 8§, Female 4

Observation: Fibonacci 2 sees a more limited distribution of positive responses,
especially when compared to Fibonacci 1. Notably, Female 4 is the only female
participant providing a positive response in this condition, which contrasts with the
more frequent positive responses from male participants. This might indicate a gender-
based difference in how Fibonacci 2 is perceived.

Golden Ratio:

Participants: Male 1, Male 5, Male 7, Female 4

Observation: Golden Ratio yields positive responses predominantly from male
participants, with Female 4 being the only female participant providing a positive
response. This pattern suggests a stronger tendency for male participants to respond
positively to the Golden Ratio condition compared to their female counterparts.
Classic:

Participants: Male 1, Male 8, Female 4

Observation: The distribution of positive responses for Golden Ratio - Classic is
similar to the Golden Ratio condition, where only a few participants (Male 1, Male 8,
and Female 4) provided positive responses. Again, this suggests that females may have

a more restrained reaction in this condition, as only Female 4 provides a positive
response.
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4.2. Neutral Responses

Fibonacci 1:

Participants: Male 6, Male 7, Female 2

Observation: Neutral responses are relatively evenly distributed across both male and
female participants. Female 2 is the only female participant who gives a neutral
response in Fibonacci 1, indicating that this condition does not evoke strong positive
or negative reactions from the participants.

Fibonacci 2:

Participants: Male 3, Male 4, Male 7, Female 2

Observation: Neutral responses are similarly distributed among male and female
participants in Fibonacci 2. This condition shows a relatively balanced response, with
Female 2 again showing a neutral stance, which is nearly consistent with the response
pattern observed in Fibonacci 1.

Golden Ratio:

Participants: Male 2, Male 3, Male 6, Male 8, Female 2

Observation: The distribution of neutral responses is broader in the Golden Ratio
condition, with both male and female participants providing neutral feedback. This
suggests that Golden Ratio might be a less polarizing condition than Fibonacci 1 or
Fibonacci 2, as it elicits a more mixed set of responses.

Classic:

Participants: Male 4, Male 5

Observation: In the Golden Ratio - Classic condition, neutral responses are
overwhelmingly from male participants, with no female participants providing neutral
feedback. This indicates a greater tendency for males to respond neutrally in this
condition compared to the others.

4.3. Negative Responses

Fibonacci 1:

Participants: Male 2, Male 3, Female 3

Observation: Negative responses in Fibonacci 1 are distributed among both male and
female participants, with Female 3 being the only female to provide a negative response
in this condition. This could suggest that the Fibonacci 1 condition has a more

significant negative impact on certain participants, though the gender distribution is
fairly balanced.
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Fibonacci 2:
Participants: Male 2, Male 5, Female 3

Observation: Similar to Fibonacci 1, Fibonacci 2 also evokes negative responses from
both male and female participants, with Female 3 again being the only female
participant to provide a negative response. The higher frequency of male participants
giving negative responses could suggest that Fibonacci 2 may be less favorable for male
participants compared to the other conditions.

Golden Ratio:
Participants: Male 4, Female 1, Female 3

Observation: The Golden Ratio condition elicits a higher proportion of negative
responses from female participants, with both Female 1 and Female 3 giving negative
feedback. This could indicate that the Golden Ratio condition is perceived more
negatively by female participants compared to male participants, who provided fewer
negative responses.

Classic:

Participants: Male 2, Male 7, Female 2, Female 3

Observation: In the Classic condition, both male and female participants provided
negative responses. Notably, the inclusion of both female participants (Female 2 and
Female 3) in the negative category could indicate that this condition has a particularly
strong negative effect on certain individuals, particularly females.

4.4. Overall Observations and Gender-Based Trends

4.4.1. Gender Differences in Responses

There is a noticeable gender-based trend in the positive responses, with male
participants more frequently providing positive feedback across most conditions

(Fibonacci 1, Fibonacci 2, and Golden Ratio).

Female participants, on the other hand, tend to provide more neutral and negative
responses, especially in the Golden Ratio and Classic conditions.

4.4.2. Condition-Based Trends

Fibonacci 1 and Golden Ratio tend to generate more positive responses overall, but
there are significant variations in how male and female participants react to these
conditions. Males tend to react more positively, while females show more mixed

reactions.

Classic elicits more negative feedback, especially from female participants, suggesting
that this condition may be perceived unfavorably by them.
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4.4.3. Neutral Responses as a Balanced Stance

The neutral responses generally appear across all conditions but are most common in
Golden Ratio and Fibonacci 2, where participants seem to lack a strong preference or
opinion. This might indicate that these conditions are not as strongly polarizing as
others, such as the Classic.

5. CONCLUSION AND FURTHER RESARCH

Traditional music systems are rooted in the Pythagorean diatonic scale. To maintain the
desired consonance between note frequencies in mathematical music compositions, it
is crucial to avoid significant modifications of the "3/2" ratio. In this context, the
numerical value of the golden ratio appears to not disrupt the harmony between note
frequencies. Considering the proportional relationships between notes in the newly
constructed scale and the golden ratio-based musical system, it is posited that this
approach does not negatively impact the harmony of the classical system and may even
offer certain potential advantages. This proposition suggests new avenues of
exploration for researchers in the context of musical harmony and mathematical
relationships.

This analysis suggests that participants' gender plays a significant role in their response
patterns across different conditions. Male participants appear to have a more favorable
response to Fibonacci 1 and Golden Ratio conditions, while female participants tend to
show more neutrality or negativity, particularly in the Classic condition.

The analysis reveals several key insights into how different types of music influence
brain activity.

5.1. Fibonacci-Based Music

The Fibonacci-based compositions (Fibonacci 1 and Fibonacci 2) generally elicited
positive responses in many participants, particularly in the male group. This suggests
that music based on mathematical sequences can have a beneficial effect on brainwave
activity, potentially enhancing cognitive functions and emotional states.

5.2. Golden Ratio-Based Music

The Golden Ratio compositions showed a mix of positive and neutral responses, with
fewer negative reactions compared to other music types. This indicates that the Golden
Ratio may create a harmonious effect on the brain, promoting a state of balance and
well-being.

5.3. Classical Music
Classical music, used as a control, elicited varied responses. While some participants

experienced positive effects, others showed negative or neutral responses. This
variability could be due to individual preferences and familiarity with the music.
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5.4. Gender Differences

The results indicate potential gender differences in response to music, with males
generally showing more positive responses to Fibonacci-based music, while females
displayed more variability in their reactions.

5.5. Topographical Changes

The brain topographical maps highlight the specific regions affected by different music
types. Positive responses were often associated with increased blue areas, indicating
enhanced brain activity and potentially improved cognitive functions.

In conclusion, the findings suggest that mathematical structures in music, such as the
Fibonacci sequence and the Golden Ratio, can positively influence brainwave activity.
These insights could inform future research on the therapeutic applications of music
and its potential benefits for cognitive and emotional health.

Further research could focus on investigating why these gender-based differences
occur, possibly exploring psychological or cultural factors that may influence how
individuals perceive and respond to the conditions presented. Additionally, examining
the underlying reasons for the higher frequency of neutral and negative responses in
certain conditions could provide deeper insights into participant preferences and
perceptions.

6. SOFTWARE

In this section, the Python code we created while generating music will be provided
from music21 import *

index =0

a4 = note.Note('A4")

a4.duration = duration.Duration(0.5)
b4 = note.Note('B4")

b4.duration = duration.Duration(0.5)
c4 = note.Note('C4")

c4.duration = duration.Duration(0.5)
d4 = note.Note('D4")

d4.duration = duration.Duration(0.5)
e4 = note.Note('E4")

e4.duration = duration.Duration(0.5)
f4 = note.Note('F4")

f4.duration = duration.Duration(0.5)
g4 = note.Note('G4")

g4.duration = duration.Duration(0.5)

defadd note(note letter):
if note letter =="a":
n = note.Note('A4")
n.duration = duration.Duration(0.5)
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s.append(n)
elif note letter =='b"
n = note.Note('B4')

n.duration = duration.Duration(0.5)

s.append(n)
elif note letter =='c":
n = note.Note('C4")

n.duration = duration.Duration(0.5)

s.append(n)
elif note letter =="'d"
n = note.Note('D4")

n.duration = duration.Duration(0.5)

s.append(n)
elif note_letter =="e":
n = note.Note('E4")

n.duration = duration.Duration(0.5)

s.append(n)
elif note letter =='f":
n = note.Note('F4")

n.duration = duration.Duration(0.5)

s.append(n)
elif note_letter =='g"
n = note.Note('G4")

n.duration = duration.Duration(0.5)

s.append(n)

s = stream.Stream()
add_note('c)
add_note('d")
add_note('f")
add_note('g")
add_note('a")
add_note('d")
add_note('f")
add_note('g")
add note('a')
add note('d")
add_note('e")
add_note('g")
add_note('f")
add_note('b")
add_note('e")
add_note('g")
add_note('f")
add_note('a')
add note('e")
add note('g")
add note('f")
add note('a")
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add_note('b")
add_note('d")
add_note('e")
add_note('b")
add_note('f")
add note('a")
add note('b")
add note('d")
add note('e")
add note('b")
add_note('f")
add_note('f")

for j in range(0, 6):
for i in s[(34%*)):(34*(+1))]:

if i ==c4:
a =note.Note('B4")
a.duration = duration.Duration(0.5)
s.append(a)

elifi ==d4:
a = note.Note('C4")
a.duration = duration.Duration(0.5)
s.append(a)

elif i == e4:
a = note.Note('D4")
a.duration = duration.Duration(0.5)
s.append(a)

elif i == f4:
a = note.Note('E4")
a.duration = duration.Duration(0.5)
s.append(a)

elifi == g4:
a = note.Note('F4")
a.duration = duration.Duration(0.5)
s.append(a)

elif i == a4:
a = note.Note('G4")
a.duration = duration.Duration(0.5)
s.append(a)

elif i == b4:
a = note.Note('A4")
a.duration = duration.Duration(0.5)
s.append(a)

s.show()

Code Block 1. Code to Produce the Fibonacci Music 1
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from music21 import *

fibonacci = [1, 1, 2, 3, 5, 8, 13, 21, 34, 55, 89, 144, 233, 377, 610, 987, 1597, 2584,
4181, 6765, 10946, 17711, 28657, 46368, 75025, 121393, 196418, 317811, 514229,
832040, 1346269, 2178309, 3524578, 5702887, 9227465, 14930352, 24157817,
39088169, 63245986, 102334155, 165580141, 267914296, 433494437, 701408733,
1134903170, 1836311903, 2971215073, 4807526976, 7778742049, 12586269025,
20365011074, 32951280099, 53316291173, 86267571272, 139583862445,
225851433717, 365435296162, 591286729879, 956722026041, 1548008755920,
2504730781961, 4052739537881, 6557470319842, 10610209857723,
17167680177565, 27777890035288, 44945570212853, 72723460248141,
117669030460994, 190392490709135, 308061521170129, 498454011879264,
806515533049393, 1304969544928657, 2111485077978050, 3416454622906707,

5527939700884757, 8944394323791464, 14472334024676220,
23416728348467684, 37889062373143904, 61305790721611584,
99194853094755488, 160500643816367072, 259695496911122560,
420196140727489664, 679891637638612224, 1100087778366101888,
1779979416004713984, 2880067194370816000, 4660046610375530496,

7540113804746346496, 12200160415121876992, 19740274219868225536,
31940434634990100480, 51680708854858326016, 83621143489848426496,
135301852344706760704, 218922995834555203584, 354224848179261997056]
remainders = []

for i in fibonacci:
remainders.append(i % 7)

s = stream.Stream()
def write_letter(n):

if (n==0):
a = note.Note('C4")
a.duration = duration.Duration(0.5)
s.append(a)

elif(n==1):
a = note.Note('D4")
a.duration = duration.Duration(0.25)
s.append(a)

elif (n ==2):
a = note.Note('E4")
a.duration = duration.Duration(0.5)
s.append(a)

elif (n==3):
s.append(note.Note("F4"))

elif (n ==4):
s.append(note.Note("G4"))

elif (n==15):
a =note.Note('A4")
a.duration = duration.Duration(0.5)
s.append(a)

elif (n == 6):
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a =note.Note("B4")
a.duration = duration.Duration(0.25)
s.append(a)

for i in remainders:
write letter(i)

s.show()

Code Block 2. Code to Produce the Fibonacci Music 2
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Abstract Oz

In this study, firstly, the harmonic distortions of terminal
voltage and current of a three-phase 1,5 kVA, 150V, 50 Hz,
and four poles permanent magnet excited Claw Pole
Synchronous Generator (CPSG) supplying a 6-pulse
rectifier load are simulated using its 3D Finite Element
Model (FEM) in Ansys Maxwell software environment.
Then, various low-pass passive filters are designed with a
practical approach to reduce the terminal voltage and
winding current harmonics in the analysis system. Finally,
the terminal voltage and current harmonic distortions,
losses, torque oscillations, and efficiency of the modelled
CPSG are evaluated when the designed filter is connected
to the system. According to the numerical results obtained,
the best-performing filter among the designed ones is
determined. It is also concluded that with the help of this
best-performing filter, the terminal voltage harmonic
distortion, losses, torque oscillations, and efficiency of the
CPSG are considerably improved.

Keywords: Claw pole synchronous generator, low-pass
passive filter, nonlinear load, filter design.

Bu galigmada, ilk olarak, 1,5 kVA, 150V, 50 Hz, dort
kutuplu, kalict miknatis ile uyarilmigs Penge Kutuplu
Senkron Generatoriin (PKSG), 6 darbeli dogrultucu yiikii
beslerken terminal gerilimi ve akimindaki harmonik
bozulmalarmin 3 Boyutlu Sonlu Elemanlar Modeli (SEM)
kullanilarak ~ Ansys Maxwell yazilim ortaminda
simillasyonu gergeklestirilmistir. Daha sonra, analiz
sistemindeki  terminal  gerilimi ve sargt akim
harmoniklerini azaltmak igin pratik bir yaklagimla cesitli
algak gegiren pasif filtreler tasarlanmistir. Son olarak,
tasarlanan filtrelerin sisteme baglanmasi durumunda,
modellenen PKSG'nin terminal gerilimi ve akim
harmonik bozulmalari, kayiplari, tork dalgalanmasi ve
verimi  degerlendirilmistir.  Elde  edilen sayisal
sonuglardan, tasarlanan filtreler arasinda en iyi
performansa sahip olan belirlenmistir. Ayrica, bu en iyi
performansa sahip filtre yardimiyla PKSG'nin terminal
gerilim harmonik bozulmasi, kayiplari, tork dalgalanmasi
ve veriminin dikkate deger dlgiide iyilestirildigi sonucuna
vartlmusgtir.

Anahtar Kelimeler: Penge kutuplu senkron generator,
algak gecisli pasif filtre, dogrusal olmayan yiik, filtre
tasarimi.
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Y. Toprak, O. Karakaya, S. Cantiirk, M. E. Balc1 Design of Passive Harmonic Filter for The Claw-Pole
Synchronous Generators Under Non-Linear Loading

1. INTRODUCTION

The Claw Pole Synchronous Generator (CPSG), also called as the Lundell-type
generator, is a three-phase alternating current (AC) machine with a diode rectifier
(Lequesne, 2015). It is popular in internal combustion vehicles (Lequesne, 2015; Omri
et al., 2018a; Whaley et al., 2004). In the recent literature, they are also considered for
small-scale wind turbines (Artal-Sevil et al., 2018; Phyo & Aung, 2014). According to
the excitation method, CPSGs have three types: electrically excited (Whaley et al.,
2004), permanent magnet excited (Jurca, 2016), and hybrid excited (excitation with
both winding and permanent magnets) (Omri et al., 2018a). The rotor constructions of
these three types are given in Figure 1. As seen from this figure, the rotor of the CPSG
is fabricated by interlocking two iron pieces with claw-shaped protrusions.

Field
current
\

\

Carbon \
ke
3

brushes

STATOR

Field winding
NdFeB PM /

Rotor
claw pole %

___Permanent
magnet

Rotor core Armature winding |
Stator
laminated yoke

Plate with claws

(b) (©)

Figure 1. (a) Electrically Excited (Whaley et al., 2004), (b) Permanent Magnet
Excited (Jurca, 2016), and (c) Hybrid Excited CPSG (Omri et al., 2018a)

There are several studies in the literature on the performance analysis of CPSGs (Jurca
et al., 2006; Jurca et al., 2019; Omri et al., 2018; Pillai et al., 2006; Tan-Kim et al.,
2014; Tan-Kim et al., 2017; Wu & Zuo, 2018; Yang et al., 2015; Ye et al., 2018). They
are generally conducted with the three-dimensional finite element method (3D FEM)
(Jurca et al., 2008; Jurca et al., 2019) and magnetic equivalent circuit (Cao et al., 2022;
Ye et al., 2018) based simulations, and measurements (Tan-Kim et al., 2014).

The analysis studies mainly focused on the noise and vibration performances of the
machine (Tan-Kim et al., 2014; Tan-Kim et al., 2017; Wu & Zuo, 2018; Yang et al.,
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2015). The effects of the design parameters (Wu & Zuo, 2018; Yang et al., 2015),
production processes (Tan-Kim et al., 2017), and thermal conditions (Tan-Kim et al.,
2014) on the electromagnetic vibration and acoustic noise were investigated. In
addition to these studies, Balci conducted a comparative analysis of the permanent

magnet CPSG in terms of efficiency for cores made of various magnetic materials
(Balci, 2024).

Furthermore, some studies aimed to maximize the output torque and efficiency of these
machines while minimizing their torque fluctuations, acoustic noise, and losses (Bao
& Liu, 2012; Cao et al., 2022; Shuguang et al., 2019; Zhang et al., 2016). Additionally,
some works proposed new CPSG designs regarding the geometry and construction
material of the rotor (Geng et al., 2020; Hagstedt et al., 2012; Li et al., 2022; Omri et
al., 2018a; Zhao et al., 2018).

In another part of the literature on the CPSGs, it was shown in (Jurca et al., 2019) and
(Jurca et al., 2008) that the air gap has a significantly distorted waveform of magnetic
flux density in the machine. Due to this, they have considerably distorted terminal
voltages under no-load and loading conditions (Omri et al. 2018b; Pillai et al., 2006;
Ye et al., 2018). In the study (Toprak et al. 2023), the voltage harmonic distortion and
losses of the permanent magnet CPSG were analyzed under different loading levels of
the uncontrolled six-pulse rectifier load. They also investigated the same performance
quantities for various values of the circuit parameters (snubber capacitor and choke
inductor) of the same load. It was concluded that both the loading level and circuit
parameters considerably affect the performance of the CPSG.

The power electronic circuits draw the distorted currents and result in harmonic
distortion of the voltages in the system. Thus, they cause a significant increase in
winding losses. The increased winding loss leads to overheating of the windings and
reduces the lifespan of electrical machines (Cantiirk et al., 2024; Fuchs & Masoum,
2011; Singh, 2009). Harmonic distortion also causes torque vibrations in rotating
electrical machinery (Donolo et al., 2016). It is well known in the literature that
harmonic filters are employed to avoid the detrimental effects of harmonic distortion
on power system equipment. However, according to the best knowledge of the authors,
there is no study on the application of harmonic filters to mitigate the harmonic
distortion of terminal voltages and currents of the CPSG under nonlinear loading
conditions (Toprak, 2023; Toprak et al., 2024).

In this study, firstly, the terminal voltage and winding current harmonic distortions of
a three-phase 1,5 kVA, 150V, 50 Hz, four-pole, permanent magnet (PM) excited CPSG
supplying a 6-pulse rectifier are simulated using a three-dimensional (3D) Finite
Element (FE) Model in the Ansys Maxwell software environment (ANSYS Innovation
Courses, 2020; Rosu et al., 2017). Then, various low-pass passive filters are designed
with a practical approach to reduce the terminal voltage and winding current harmonics
in the analysis system. Finally, the terminal voltage and current harmonic distortions,
losses, torque oscillations, and efficiency of the modelled CPSG are evaluated when
the designed filters are connected to the system, and the best-performing filter among
the designed ones is determined.

286



Y. Toprak, O. Karakaya, S. Cantiirk, M. E. Balc1 Design of Passive Harmonic Filter for The Claw-Pole
Synchronous Generators Under Non-Linear Loading

This study is produced from the M.Sc. of the first author (Toprak, 2023), and it is partly
presented in the abstract paper for the 3rd International Conference on Applied
Mathematics in Engineering (Toprak et al., 2024).

2. HARMONIC ANALYSIS OF THE PM EXCITED CPSG SUPPLYING
SIX-PULSE RECTIFIER LOAD

In this section, the 3D FE modelling of the 3-phase 4-pole PM excited CPSG with rated
values of 1,5 kVA, 150 V, 1500 rpm and 50 Hz, which is considered for the analyses,
is introduced in Ansys Maxwell software environment (ANSYS Innovation Courses,
2020; Rosu et al., 2017). In addition to that, for its analysis under the loading
conditions, the equivalent circuit of the considered CPSG is provided using Circuit
Editor module of Ansys Maxwell. Lastly, a six-pulse uncontrolled rectifier circuit
accompanied by a pure resistor and smoothing capacitor at its DC side is modelled as
the load of the CPSG in the Simplorer environment.

2.1. Modelling of the Simulated CPSG in Maxwell 3D

The studied CPSG is a modified version of the model that existed in the library of the
Ansys Maxwell. It is modified by using RMxprt module of the Ansys Maxwell. And
then, it is transferred to the 3D FEM module of the software. Note that due to the
asymmetrical rotor structure of the CPSG, its FE analysis can be achieved with 3D
modelling. Detailed views of the 3D model of the studied CPSG are shown in Figure 2
(Toprak et al., 2023; Toprak et al., 2024).

. Stator winding

Shaft  Stator core Rotor

CPSG

Rotor poles

Magnet

Stator core Stator winding Rotor

(b)

Figure 2. (a) Complete View of the 3D Model From Different Perspectives and (b)
Stator Core, Stator Winding, and Rotor Views of the Model Separately.
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Figure 4. The 3D Mesh View of the Modelled CPSG.

It is seen from Figure 2 that the modelled machine has four poles and PM excitation,
and its stator contains 24 slots. The type of PMs, rotor core material, and stator core
material are selected as XG196/96, 1008 steel, and JFE Steel 35IN360, respectively.
The inner/outer diameters and length of the stator are 216 mm, 324 mm, and 65 mm,
respectively. The diameter and length of the rotor are 212,76 mm and 80 mm,
respectively. Other rotor pole parameters and their sizes are detailed in Figure 3. The
3D mesh view of the modelled CPSG is given in Figure 4. The number of the mesh
elements is automatically set to 90037 by Ansys Maxwell. Here, it should also be noted
that to reduce the analysis time, only half of the machine geometry is simulated.

2.2. Creation of the Equivalent Circuit in Maxwell Circuit Editor

For the filter design study, the equivalent circuit of the CPSG modeled in Ansys
Maxwell 3D is provided by the Maxwell Circuit Editor environment. The provided
equivalent circuit is shown in Figure 5. In this circuit, voltmeters and ammeters are
placed to measure the generator's terminal phase voltages, terminal line voltages, and
terminal currents. In the circuit given in Figure 5, there is no load. In other words, the
generator is operating under no-load conditions. Under no-load conditions, the
magnitudes of the terminal voltage harmonic components, per the magnitude of the
fundamental harmonic, are presented in Figure 6. In this figure, the blue, green, and red
lines represent the harmonic components for the three phases line voltages. It can be
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mentioned from the harmonic spectrum that the line voltages have significant harmonic
distortion, and their dominant harmonic components are the 7th, 13th, 19th, 21st, and
39th harmonics.

In addition to that, for the analysis, the total harmonic distortion (THDv) and RMS (V1)

values of the terminal line voltages are calculated using Equation (1) and (2) (Toprak,
2023):

VIn=2 Vit

Vi

v, = vV thl th (2)

where Vi and Vj denote the fundamental and non-fundamental harmonic voltages.

THD, = 100 (1)

Accordingly, for the no-load operation of the modelled CPSG, Vi and THDv are
approximately found as 186 V and 14%.

Terminal of the CPSG (output)

1l (<) TRl
0.00136743H RL LPhaseA
+
@ o
0.00136743H RL LPhaseB —
‘H 96/ VYN eyl
0.00136743H RL LPhaseC

Equivalent circuit of CPSG

Figure 5. The Equivalent Circuit of the CPSG in Maxwell Circuit Editor
Environment.
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Figure 6. Harmonic Spectrum of the Terminal Line Voltages of the CPSG
Under No-Load Condition.

2.3. Modelling of Six-pulse Rectifier Load

For the analysis, a six-pulse uncontrolled rectifier circuit accompanied by a pure
resistor and smoothing capacitor at its DC side is considered as a load of the CPSG in
this study. Accordingly, the rectifier load is modelled in Ansys Maxwell Circuit Editor.
The equivalent circuit model of the CPSG supplying the rectifier load is completely
given in Figure 7. In the circuit, Rq and C4 values are selected as 5Q and 125uF,
respectively. For these two-circuit parameter, the loading ratio of the CPSG is nearly
100%, and the relative ripple of the rectifier’s DC output voltage is 4,3%.

To evaluate the performance parameters of the CPSG such as harmonic distortion of
terminal voltage and current and losses, firstly, the system without the filter is
simulated. Due to this, there is no filter in the system shown in Figure 7. The total
harmonic distortion (THD;) of the terminal current is calculated using the non-
fundamental (Iy) and fundamental harmonics effective values as follows (Toprak,
2023):

2 17
THD, = @100 A3)
1

In addition to that, by means of the machine loss calculation tools, the core and winding
losses are found. In the Ansys Maxwell, for a frequency (f), the total core loss is
calculated regarding maximum magnetic flux density (Bmax), Hysteresis coefficient
(Kn), classic eddy current coefficient (K.), and additional loss coefficient (K.) (ANSYS
Innovation Courses, 2020; Tikhonova et al., 2017).

Pe= KHB‘I%‘LaXf + KcBrglaxfz

4
bR BYG S @

290



Y. Toprak, O. Karakaya, S. Cantiirk, M. E. Balc1 Design of Passive Harmonic Filter for The Claw-Pole
Synchronous Generators Under Non-Linear Loading

Since the rotor is excited by the permanent magnets, the winding losses consist of only
stator winding losses (Pw) for the modelled CPSG. Pw can be found using current
density (J) and electrical conductivity of windings (Tikhonova et al., 2017):

Py = %ﬂ J2av (6))

Accordingly, the sum of Pw and Pc gives the total loss (Pr) of the CPSG:
PT = PC + PW (6)

By neglecting the windage and frictional losses, the efficiency of the CPSG is
approximately computed as the ratio of output power and input power:

P

n(%) = 1005 (7)

Where P is the active power at the terminal, and it is calculated by averaging of sum of
the instantaneous powers drawn from a, b and ¢ phases for a period (T) (Balci, 2009):

1 T
P= Tf (Waig + vpip + Vi )dt (8
0

Last performance parameter is the relative value of the torque oscillation that is
calculated as follows:

AT = 100 (Tmax - Tmin)

Tav ©)
Where Trmax, Tmin, and Tay stand for maximum, minimum, and average values of the
shaft torque, and all are calculated by using Ansys Maxwell tool.

Thus, for the modelled six-pulse rectifier without a passive filter, the Vi and THDv of
the terminal line voltages and the THD values of the line currents drawn by the rectifier
are given in Table 1. It can be mentioned from this table that the average values of the
respected quantities are 131,46 V, 27,86%, and 4,99%. Thus, one can see that THDv
and THD; have considerable values that may lead to an increase in both core and
winding losses, and overheating in the machine. Note that for the same case, the losses
(Pc, Pw, Pr) and the torque oscillation (AT) values of the CPSG are calculated as 21,73
W, 78,40 W, 100,13 W, and 21,23%, respectively.
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Figure 7. The Equivalent Circuit Model of the CPSG Supplying the Rectifier Load
in Ansys Maxwell Circuit Editor Environment.

Table 1. Vi, THDy, and THD; Values at the Terminal of CPSG Supplying the
Six-Pulse Rectifier Without a Passive Filter.

VL (V) THDv (%) THD1 (%)
L1 130,92 29,02 4,58
L2 130,90 27,60 5,93
L3 132,56 26,97 4,45
Average 131,46 27,86 4,99

3. DESIGN OF PASSIVE HARMONIC FILTER

In this section, to mitigate harmonic distortion of the terminal voltage and current, and
reduce the losses and the torque oscillation of the CPSG under nonlinear loading, it is
aimed to design a passive filter.

For the harmonic mitigation in the electric power networks, several tuned passive filter
types are employed in the literature (Fuchs, 2011; Karadeniz & Balci, 2018). However,
in this study, to effectively filter a large number of harmonic components in a wide
frequency range in the terminal voltage and current, the low-pass LC filter is preferred

instead of tuned filters. The single-phase circuit of the low-pass filter is given in Figure
8.
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The resonance frequency of the filter can be written in terms of Lt and Cr as follows
(Adak, 2021; Zubi, 2005¢).

1

f=r 10
" 2nLiC; (10)

The delta-connected three-phase filter, which is illustrated in Figure 9, is employed in
the analysis system. Therefore, regarding Equation 11, the resonance frequency of the
delta connected filter can be written:

1

fp=—— 1
" 2mLe3Cp, (b

Figure 8. The Single-Phase Circuit of the Low-Pass Filter.
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Figure 9. The Delta-Connected Three-Phase Circuit of the Low-Pass Filter.
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Figure 10. The Circuit of the System With The Low-Pass Passive Filter Provided
in Ansys Maxwell Circuit Editor.
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The circuit of the system with the low-pass passive filter provided in Ansys Maxwell
Circuit Editor is given in Figure 10.

Since the performance parameters of the CPSG is obtained by 3D FE analysis,
optimization of the filter parameters is a highly time-consuming process. Due to this,
in this study, the proper values of the filter parameters are practically achieved by
generating possible solutions in the feasible region. The considered approach has three
stages:

o First stage: Analyse the effect of the filter inductor (Lr) on the performance
parameters of the CPSG, and choose a feasible value for the inductor
accordingly. In this step, only the inductors of the filter exist in the circuit,
while its capacitors are disconnected from the circuit.

e Second stage: Determine resonance frequency (f;) according to the lowest
harmonic order in the system and find the filter’s capacitor (Cra) using Eq. 11.

o Last stage: Test the system with the filter, and evaluate the losses, loading
level, torque oscillation, terminal voltage distortion, and terminal current
distortion of the CPSG.

3.1. Determination of the Filter’s Inductance (Lf)

Here, it is aimed to determine the feasible value of the filter’s inductor. To achieve this,
the effect of the inductor on the performance parameters of the CPSG is evaluated.
Accordingly, for the filter’s inductance values (L¢) as 2,5 mH, 5 mH, and 10 mH, the
system is simulated. The results are given in Figure 11 and Figure 12.

It is observed from Figure 11 that the average Vi levels for L¢values as 2,5 mH, 5 mH,
and 10 mH are 128,63 V, 123,83 V, and 120,71 V, respectively. Thus, it can be
mentioned that the effective value of terminal voltages decreases as Ly increases. The
same figure also shows that for L¢ values of 2,5 mH, 5 mH, and 10 mH, Pt is 93,16,
88,15, and 77,77 W, respectively. For the same inductance values, P¢ is 20,89, 20,34,
and 19,32 W, while Pw is 72,27, 67,81, and 58,45 W, respectively. As a result, losses
decrease with the increment of Ly. In addition to these results, Figure 12 indicates that
the average values of THD; and THDv are 4,82% and 28,68% for L=2,5 mH, 4,55%
and 24,34% for L=5 mH, and 4,37% and 21,66% for L=10 mH. Therefore, one can
see that an increase in Lr value improves THDv and THD. Lastly, it can be concluded
from the analysis that the tested two L¢values 5 mH and 10 mH cause considerable
reduction in THDy and THD;. Due to this case, in the second stage, they will be
considered for the filter design.
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Figure 11. (a) The RMS Terminal Voltages and (b) Losses of the
CPSG For Three Lt Values.

295



Istanbul Commerce University Journal of Science 24(47), Spring 2025, 284-302

6
WIL1 mIL2 mIL3 ®Average value
5 4,82
4,35 437
4
3
a2 3
o=
=
2
1
0
25 5 10
L (mH)
(a)
35
EVL] EVL2 VL3 H Average value
30 28,68
2434
25
-~ 21,66
(-]
< 20
2
w15
[
10
5
0
25 5 10
L (mH)
(b)

Figure 12. (a) THDy and (b) THD; Values for Three L; Values.
3.2. Determination of the Resonance Frequency (fr) and Filter’s Capacitors (Cra)

It is seen from Figure 6 that the lowest order harmonic of the no-load terminal voltages
of the CPSG is the 3™ one. In addition to that, it is well-known from the literature that
six-pulse rectifiers draw currents that contain odd-numbered, non-triplen harmonics
such as the 5%, 7% 11", etc. Accordingly, to reduce the harmonic distortion of terminal
voltage and current, the resonance frequency of the filter (f,) is set to 145 Hz (slightly
below the 3™ harmonic) and 205 Hz (below the 5™ harmonic).
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Regarding two filter inductor values (5§ mH and 10 mH) and two resonance frequency
values (145 Hz and 205 Hz), four filter choices can be provided as in Table 2.

In the last stage, the performance parameters of the CPSG supplying the six-pulse
rectifier will be evaluated for these four filter designs, and the best one will be selected.

Table 2. The Parameters of Determined Four Filter Designs.

L Cia fr
Design 1 81uF 145 Hz
Design 2 SmH 41 2uF 205 Hz
Design 3 40,5uF 145 Hz
Design 4 10 mH 20,6uF 205 Hz

3.3. Evaluation of the Performance Parameters of the CPSG for the Designed
Filters

The performance parameters of the CPSG supplying six-pulse rectifier load
compensated with the determined four filter designs are presented in Table 3.

Table 3. Obtained Results for the Determined Four Filter Designs.

Design-1 Design-2 | Design-3 Design-4 | No filter
P(W) 2283,42 1774,23 1505,72 1305,62 1531
Vi (V) 152,56 135,52 137,44 126,98 131,46
THDv (%) 7,44 15,24 9,46 22,53 27,86
THD:1 (%) 3,62 4,30 4,12 5,22 4,99
Pr (W) 157,55 116,08 85,94 82,83 100,13
AT (%) 12,63 17,09 11,09 25,79 21,23
Efficiency-n (%) 93,54 93,85 94,60 94,03 93,87

This table shows that designs 1 and 3 significantly reduce THDv and THD; values.
THDy and THD; values are 7,44% and 3,62% for design 1, and 9,46% and 4,12% for
design 3. Among these two designs, design 1 results in overloading, and it provides
lower efficiency (1) in CPSG when compared to the other one.

Besides, for the six-pulse rectifier load compensated with the design 3 filter, the P, V1,
THDv, THDy, Pr, AT and 1 of the CPSG are 1505,72 W, 137,44V, 9,46%, 4,12%, 85,94
W, 11,09 and 94,60%. Therefore, it can be mentioned that design 3 filter can properly
be used for harmonic mitigation of the CPSG supplying the six-pulse rectifier under its
rated loadig level.

For the system with design 3 filter, the magnitudes of the voltage and current harmonics
at the terminal in terms of fundamental ones are plotted in Figure 13.

This figure clearly shows that the filter does not cause any resonance problem in the
system.
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Figure 13. The Magnitudes of Voltage and Current Harmonics at the Terminal in
Terms of Fundamental Ones for the System With Design 3 Filter.

4. CONCLUSION

The harmonic currents and voltages have detrimental effects on the rotational electric
machines such as increased losses, overheating, and torque oscillations. Due to these
effects, they may have reduced life span. To prevent the reduction in the life span of
the rotational machines operated in the distorted systems, the harmonic filters can be
employed.

In internal combustion vehicles, claw pole synchronous generators (CPSGs) are
employed to supply the electric loads and charge batteries. The ac energy at the
terminals of the CPSGs is converted to the DC energy by means of the rectifiers. Thus,
these generators are operated under highly distorted load currents. In addition to that,
due to the geometry of their rotors, their no-load voltages have considerable harmonic
distortion.
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In this study, which was partly presented ICAME’24 conference (Toprak et al., 2024),
it is aimed to design a passive harmonic filter for the harmonic mitigation of the
permanent magnet CPSGs devoted to supplying the six-pulse rectifier loads. For this
aim, firstly, the 3D FEM model of a CPSG is provided in Ansys Maxwell environment.
Secondly, using Ansys Maxwell circuit editor, a six-pulse rectifier circuit is modelled
as a load of the CPSG. And then, in a practical way, several low-pass passive filters are
designed to reduce the harmonic pollution of the terminal voltages and currents in the
analysis system consisting of the CPSG and six-pulse rectifier load. Finally, the
designed filters are tested, and the best one is determined by evaluating the efficiency
(n), total losses (PT), relative torque oscillation (AT), terminal voltage total harmonic
distortion (THDv), and terminal current total harmonic distortion (THD;) of the studied
CPSG. As a result, it is concluded that low-pass filters can properly be used to avoid
the negative effects of the harmonic distortion on the CPSG.

This study investigated the performance of the CPSG for a six-pulse uncontrolled
rectifier load. Additionally, only a low-pass filter was used to mitigate the harmonic
distortion in the terminal voltage and current. Due to the 3D analysis of the CPSG,
systematic optimization would require a significant amount of time. Thus, a systematic
algorithm was not employed to design the passive filter in this study.

In future studies, the authors plan to perform a comparative performance analysis of
the low-pass harmonic filter with other filter types for several nonlinear loading
conditions of CPSGs. They will also try to propose a computationally efficient method
for optimization of the filter within Ansys Maxwell environment.
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Abstract Oz

Vacuum measurements are widely utilized in numerous
critical ~ applications including defense industries,
aerospace technologies, composite material
manufacturing, and various industrial processes. The key
performance parameters in vacuum systems include
measurement range, accuracy, and operational lifetime of
the sensing elements. This study presents a comprehensive
investigation of an Inverted Magnetron (IMT) cold
cathode vacuum measurement sensor, which offers distinct
advantages over conventional hot cathode systems,
including an extended measurement range, prolonged
operational lifetime, and user-friendly operation. The IMT
cathode configuration demonstrates superior performance
in low-pressure regimes (below 107 Torr) by optimizing
electron trajectories through magnetic field confinement,
thereby achieving high ionization efficiency. To optimize
sensor performance, a high-stability digital electronic
readout system was designed and implemented.
Experimental characterization was conducted using a
turbo-molecular vacuum pump, with measurement results
successfully demonstrating the system's capability to
accurately measure vacuum levels down to 9,9 x107# Torr.
These findings validate the IMT cathode design's
exceptional stability and wide dynamic range in ultra-high
vacuum applications. The developed flexible electronic
system enables high-precision digital measurement and
control of vacuum systems. This research contributes to
the development of an economical, long-lifetime vacuum
measurement system capable of stable operation at low-
pressure regimes, based on IMT cathode technology.

Keywords: Vacuum measurement, cold cathode
ionization sensor, electronic design, low pressure
measurement.

Vakum 6l¢limleri, savunma sanayisi, uzay teknolojileri,
kompozit malzeme iiretimi ve endiistriyel uygulamalar
gibi birgok kritik alanda yaygin olarak kullaniimaktadir.
Vakum sistemlerinde performans: belirleyen temel
parametreler arasinda 6l¢iim araliginin genisligi, 6lgtim
hassasiyeti ve sensor kullanim omrii yer almaktadir. Bu
calismada, sicak katot sistemlere kiyasla daha genis
6lgtim araligi, uzun kullanim 6mrii ve kullanim kolaylig:
sunan Inverted Magnetron (IMT) soguk katot vakum
Ol¢tim sensori detayl bir sekilde incelenmistir. IMT katot
yapist, diisiik basinglarda (10 Torr alt1) manyetik alan
etkisiyle elektron hareketini optimize ederek yiiksek
iyonizasyon verimliligi saglamasiyla 6ne gikmaktadir.
Sensoriin performansini optimize etmek amaciyla, dijital
okuma yapabilen yiiksek kararliliga sahip bir elektronik
sistem tasarlanmis ve turbo molekiiler vakum pompasi ile
deneysel karakterizasyon g¢aligmalar1 gerceklestirilmistir.
Yapilan deneysel galismalar sonucunda, IMT katot soguk
katot sensor ile 9,9 x10°® Torr seviyesine kadar olan
vakum degerleri basartyla 6l¢iilmiistiir. Bu sonuglar, IMT
katot tasariminin diisiik basing uygulamalarinda sundugu
stabilite ve genis dinamik araligin bir gostergesidir.
Tasarlanan esnek elektronik sistem sayesinde, vakum
sistemlerinde yiiksek hassasiyetle dijital 6l¢iim ve kontrol
imkani saglanmistir. Bu galisma, IMT katot teknolojisini
temel alan ekonomik, uzun Omiirli ve disik basing
seviyelerinde kararli 6l¢lim yapabilen bir vakum dlgiim
sisteminin gelistirilmesine katki sunmaktadir.

Anahtar Kelimeler: Vakum o6l¢limii, soguk katot
iyonizasyon sensorii, elektronik tasarim, diisiik basing
Olgtimil.
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1. INTRODUCTION

Vacuum measurement technology plays a vital role across a wide range of industrial
and scientific fields, serving as an essential tool for achieving and maintaining
controlled environments required for specific processes. In the semiconductor industry,
vacuum systems are indispensable for procedures such as thin-film deposition and
etching, where precise pressure control is critical to ensuring the desired quality of
semiconductor components (Li et al., 2021). Similarly, in the food and beverage
industry, vacuum technology is employed to extend product shelf life and preserve
quality during packaging and processing, with accurate pressure measurement being
crucial for these applications (Hubbard et al., 2021). Vacuum measurement also plays
a critical role in space research, where vacuum chambers are used to simulate
extraterrestrial conditions, thereby ensuring the reliability of experiments and the
performance of materials intended for outer space applications (Li et al., 2021).
Moreover, in space programs, vacuum measurement technology is essential for
enhancing the performance of satellites and spacecraft (Chen et al., 2023). In the
pharmaceutical industry, vacuum environments are essential for sterile manufacturing
processes, where maintaining precise pressure levels is vital for production control and
operational safety (Hubbard et al., 2021). Furthermore, vacuum technology supports
material characterization studies, allowing researchers to investigate the physical and
chemical properties of materials under controlled conditions, thereby improving the
accuracy of experimental outcomes (Fu, 2024; Zhou et al., 2014). Recent advancements
such as cold atom vacuum metrology have significantly enhanced measurement
accuracy, enabling highly sensitive pressure readings in the range of 10 to 107 Pa
(Fu, 2024). These developments reflect the continuous evolution of vacuum
measurement technologies to meet growing demands for precision and reliability in
various applications. This study reviews the utilization of vacuum measurement
technologies in key industrial and scientific domains and analyzes the measurement
methodologies employed, highlighting their contributions to technological and process
advancements. The effectiveness of vacuum systems largely depends on the precision
and reliability of the measurement methods used. Among these, Pirani gauges, which
operate based on thermal conductivity principles, provide accurate readings in low to
medium vacuum ranges (Wei et al., 2019; Song, 2024). Thermocouple gauges are often
preferred in high-temperature environments due to their robust performance under
extreme conditions (Wei et al., 2019). For ultra-high vacuum (UHV) conditions,
ionization gauges offer exceptional precision by utilizing gas molecule ionization (Fu,
2024; Li et al., 2021). Capacitance manometers, which determine pressure through
changes in the capacitance of a sensor, are favored for their accuracy in low-pressure
scenarios (Shirhatti et al., 2020; Wei et al., 2019). In recent years, novel techniques
such as cold atom technology have been introduced for vacuum measurement,
providing the capability for highly sensitive measurements in extremely low-pressure
environments (Li et al., 2021). Additionally, graphene-based sensors have gained
attention for their high sensitivity and rapid response times (Shirhatti et al., 2020; Zhu
etal., 2019). Advanced technologies such as microelectromechanical systems (MEMS)
offer compact and highly sensitive solutions for vacuum measurement applications
(Song, 2024; Takashima & Kimura, 2008). Pirani gauges function based on the
principle of wire heating, where the temperature of the wire changes according to the
pressure of the surrounding gas, allowing for accurate pressure measurements in low-
pressure ranges (Song, 2024; Takashima & Kimura, 2008). MEMS-based Pirani
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sensors are particularly notable for their smaller size and enhanced sensitivity (Chen et
al., 2023; Xiao et al., 2010). Cold cathode gauges operate on the principle of gas
ionization through electrical current and are preferred in high vacuum applications for
their high measurement accuracy (Fu, 2024; Takashima & Kimura, 2008). Hot cathode
gauges measure ions generated by electron interactions with gas molecules, offering
high precision but requiring high operating temperatures and currents, which makes the
system more complex (Fu, 2024; Li et al., 2021). Capacitance sensors are widely used
in industry for pressure, flow, and level measurements, offering advantages such as
high accuracy and low power consumption (Shirhatti et al., 2019; Lee et al., 2006).
They are also effectively utilized in vacuum measurement applications (Teotia, 2023).
In vacuum measurement, both cold and hot cathode technologies present distinct
advantages and disadvantages that are critical for various scientific and engineering
applications. Understanding these differences is important for selecting the appropriate
technology based on specific measurement requirements. Cold cathode gauges,
especially those incorporating materials such as carbon nanotubes (CNTs), offer several
advantages over hot cathode devices. Their ability to emit electrons without preheating
results in lower power consumption and operational simplicity. These features enable
fast response times and miniaturization, making them suitable for field emission
displays (FEDs) and other microelectronic devices (Shao et al., 2018; Chen et al., 2021;
Chen, 2023). Moreover, due to their lower sensitivity to environmental conditions, cold
cathodes exhibit enhanced stability and reliability across various operating
environments (Shimawaki et al., 2010; Yamaguchi et al., 2003). They are capable of
achieving high brightness and uniform electron emission across large areas, making
them especially advantageous for applications requiring consistent performance over
wide surfaces (Shimawaki et al., 2010; Yamaguchi et al., 2003). The chemical inertness
of materials such as graphene and CNTs reduces vulnerability to performance
degradation from residual gas adsorption, thereby contributing to improved long-term
stability (Shao et al., 2018; Zhang et al., 2021). Additionally, the “cold” nature of their
operation minimizes outgassing, offering significant benefits for UHV and extreme
high vacuum (XHV) measurements (Shimawaki et al., 2010; Yamaguchi et al., 2003).
However, cold cathode gauges also present certain limitations. A notable drawback is
their sensitivity to outgassing, which can lead to performance degradation over time.
Research indicates that outgassing increases with emission current density, potentially
compromising the accuracy of vacuum measurements (Yamaguchi et al., 2003).
Although cold cathodes are highly effective under UHV conditions, they may not
perform as well as hot cathodes in low vacuum ranges (Cui et al., 2011; Yang et al.,
2008). Hot cathode devices, such as thermionic emission ionization gauges, represent
a well-established technology for measuring pressures from low to ultra-high vacuum.
They offer high measurement precision, particularly in pressures below 107! Pa, due to
their robust electron emission capabilities (Wang & Yu, 2015). The thermionic emission
process allows hot cathodes to generate a substantial number of electrons, which
enhances sensitivity under low-pressure conditions. The long-standing use and well-
developed infrastructure around hot cathodes make them a reliable choice for many
traditional applications (Wang & Yu, 2015). Their effectiveness across a broader
vacuum range, particularly in low vacuum environments, further reinforces their
reliability (Wang & Yu, 2015; Krishnan & Cahay, 2003). Nonetheless, hot cathodes
also exhibit some disadvantages. Their high-temperature requirements lead to increased
power consumption and longer warm-up periods, posing limitations for applications
requiring rapid response times (Shao et al., 2018). Thermal operation may result in
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filament degradation and contamination due to outgassing, which can compromise
measurement accuracy over time (Wang & Yu, 2015). Thermal noise and operational
instability may also present concerns, especially in precision measurement contexts
(Wang & Yu, 2015).

In conclusion, the choice between cold and hot cathode vacuum measurement
technologies depends on the specific application requirements, including desired
pressure range, response time, power consumption, and environmental stability. While
cold cathodes offer advantages in terms of efficiency and miniaturization, hot cathodes
provide robustness and reliability for low-pressure measurements. In this study, an
Inverted Magnetron (IMT) cold cathode vacuum measurement sensor was selected due
to its superior performance characteristics, such as extended operational lifetime, wide
measurement range, and cost-effectiveness compared to conventional hot cathode
systems. Leveraging the advantages of IMT technology—particularly its high
ionization efficiency in low-pressure regimes a vacuum measurement system capable
of operating down to 10°® Torr was developed. The sensor features an analog output,
and a high-stability digital readout circuit was specifically designed and implemented
to enhance measurement precision. Experimental measurements were carried out using
a turbo-molecular pump supported by an auxiliary pump, confirming the system's
effectiveness in ultra-high vacuum applications. The results validate the IMT cathode’s
suitability for long-term, accurate measurements in advanced vacuum

2. METERIAL AND METHOD

In this study, a cold cathode vacuum sensor was integrated with a custom-designed
electronic circuit to enable accurate measurement and digital display of vacuum levels
down to 107'° Torr. To generate the required vacuum environment, the experimental
setup was constructed using one Edwards backing pump and one Pfeiffer turbo
molecular pump, connected via sealed clamps, gaskets, and flexible metal hoses to
ensure vacuum-tight integrity. The developed system allowed real-time monitoring of
ultra-high vacuum conditions, demonstrating the sensor’s capability to operate reliably
within extremely low-pressure ranges. This setup validates both the effectiveness of the
cold cathode sensor and the stability of the electronic readout system for high precision
vacuum applications.

2.1. System Components and Instrumentation

In this study, the Inverted Magnetron Transducer (IMT) used is the MKS 903, a
compact cold cathode vacuum sensor equipped with an integrated electronic module.
This sensor operates based on cold cathode ionization principles to measure vacuum
pressure. It is available with four standard vacuum interface options: KF 25, KF 40,
2%" CF (rotatable), and 1" tube; the KF 25 interface was selected for the present study.
The primary function of the IMT sensor is pressure measurement, specifically designed
for applications requiring measurements in the pressure range of 3 x 107'°to 5 x 1073
Torr. It features fast response time and a wide dynamic measurement range. Pressure
readings are obtained through a linear voltage output ranging from 1,5 to 8,7 V (DC).
Compared to hot cathode sensors, cold cathode sensors such as the IMT offer several
advantages: absence of a consumable filament, immunity to convective air currents,
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resistance to vibration-induced damage, elimination of x-ray limit issues at low
pressures, no need for emission current adjustment, and reusability of the sensor tube
after cleaning. The inverted magnetron geometry used in the IMT enhances
measurement repeatability by providing a more consistent conductivity-pressure curve
and ensures stable discharge operation without the risk of extinction at low pressures.
The sensor is factory-calibrated for air/nitrogen. When used with other gases, the output
corresponds to an equivalent nitrogen pressure; thus, correction factors or additional
calibration are required for accurate measurement. This gas dependency also makes the
sensor suitable for leak detection applications. The IMT sensor is designed for
maintenance-free operation under normal conditions. However, contamination of the
sensor tube may result in unstable or inaccurate readings. Prolonged operation at
pressures above 1073 Torr can accelerate contamination. Nevertheless, the sensor can
be restored by cleaning the internal components and reused. Figures 1(a) and 1(b) show
the sensor unit and the corresponding pin diagram, respectively.

Standard Alternate

Relay - NO HV enable

[e2]

1
2 | Relay - NC VIN
7 2 3 | +VvIN Analog Output (+)
3 4 [ -VIN +VIN
5 | Analog Output (+) no conn
8 4 6 | Relay - Common no conn

Relay - Disable Analog Output ()

Analog Output () no conr

olo|vw|lo|o|s|w|n| =

oo~

HV enable Status

(b)
Figure 1. MKS 903 sensor (a) and Pinout (b)

As illustrated in Figure 1(b), pins 2 and 3 of the sensor were utilized to provide the
required power supply. According to the sensor’s technical documentation, the
operating voltage range for the power supply is specified as 14-30 V (DC), with a
maximum power consumption of 3 W. For the analog output signal, pins 3 and 7 were
used. Additionally, pin 1 was employed to enable the High Voltage (HV) supply of the
sensor, ensuring proper measurement initiation. An RS232 connector was employed to
interface both the power supply and analog signal connections. To process the analog
voltage signal from the sensor, an Arduino Nano microcontroller was used. The
measured pressure values were displayed in real time using a 2-line, 16-character
alphanumeric display unit. This configuration allowed for a compact, low-cost, and
effective monitoring solution for vacuum measurements. The Arduino Nano and
display unit utilized in the system are shown in Figure 2.

307



T. Unler Development of An Embedded System-Based Cold Cathode
Vacuum Measurement System for (Ultra High Vacuum) UHY Applications

RS (Register Select)

RW (ReadM/rte)

E (Enabie)
Backlight Cathode
Backiight Anode

5
s
8
S
4

VDD (5V)

VE (Contrast)
Do

D1

D2

D3

D4

D5

Dé

D7

(b)

Figure 2. Arduino Nano (a) 2-line 16-character Display (b)

Since the sensor provides an analog voltage output in the range of 0—10 V, it was
necessary to adapt this voltage level to be compatible with the input range of the
Arduino Nano, which operates at a maximum input voltage of 5 V on its analog pins.
To achieve this, a simple resistive voltage divider circuit was implemented, effectively
scaling down the sensor output to a level suitable for safe and accurate analog-to-digital
conversion by the microcontroller.

\a’ino—l

3SR1
———o\oul

&
<R2

GRD
Figure 3. Voltage Divider Circuit

Figure 3 illustrates the voltage divider circuit used in the system for voltage matching.
In this configuration, Vi, represents the input voltage, which is the sensor's output
voltage. The Vo is the voltage that is fed to the analog input pin of the Arduino Nano,
which will be used for the pressure measurement. The output voltage V. can be
calculated as shown in Equation 1.

Ry
R1+R»

Vi (M

Vour =

When the values of R1 and R2 are calculated using the equation, it is observed that in
order to reduce a 10V input to 5V, the resistance values of R1 and R2 must be equal.
Accordingly, considering the current value, the resistors are chosen to be 1kQ. In order
to achieve low vacuum levels (down to 1078 Torr), a Pfeiffer Vacuum TMH 071P turbo-
molecular vacuum pump and an Edwards back pump were used in the system. The
Edwards back pump has a vacuum capacity of 10~* Torr, and when used in conjunction
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with the Pfeiffer vacuum pump, it can achieve vacuum levels down to 10-® Torr. The
vacuum pumps used in the system are shown in Figure 4.
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Figure 4. Edwards Back Pump (a) Pfeiffer TMH 071P Vacuum Pump (b)

All connections in the system have been made using KF25 and KF10 fittings.
Additionally, to prevent leakage during measurements, the system termination has been
achieved with a gasket and a termination plug, ensuring a leak-free setup. For the power
supply, a 220V AC to 24V DC, 4A SMSP (Switching Mode Power Supply) has been
used to power the sensor, the Pfeiffer vacuum pump, and the electronic systems.

Figure 5. 24V 4A AC/DC Switching Mode Power Supply (SMSP)

Figure 5 illustrates the use of the SMPS converter in the system. This converter was
selected due to its current limiting capabilities, which are crucial for protecting the
pump motor in case of any malfunctions in the vacuum pump. The current limitation
feature ensures that the pump motor is safeguarded against potential damage. For the
electronic systems, the 24V output from the power supply is regulated to 5V using a
voltage regulator, making the system compatible with the required specifications.

2.2. Measurement System and Experimental Setup

The most critical components of the measurement system are the MKS903 sensor and
the microcontroller system responsible for reading the data from the sensor. The sensor
provides an analog voltage output in the range of 0—10 V for pressure values between
3 x 107 Torr and 5 x 1073 Torr. However, this voltage varies in direct proportion to the
pressure. The relationship between pressure and voltage is logarithmic in nature. In
order to convert these values into a more understandable form, it is necessary to
linearize them numerically through the embedded system.
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Figure 6. Relationship between Pressure and Output Voltage

Upon examining the graph in Figure 6, it is evident that there is no linear relationship
between pressure and voltage. Therefore, an additional calculation is required for the
conversion. The MKS 903 catalog suggests using the equation provided in Equation 2
for pressure measurement calculations, specifically for air or nitrogen.

Pindicated = 10(VK) (2)

In Equation 2, P indicates the pressure for air and nitrogen in Torr, mbar, microns, or
Pascal (depending on K), and V represents the voltage for 1,5 <V < 8,7. The constant
K takes the following values: 11000 for Torr, 10875 for mbar, 8000 for microns, and
8875 for Pascal. The calculation process was performed using a software application,
facilitated by the microcontroller. Additionally, since the analog input level of the
microcontroller is 5V, a voltage converter was used to adjust the voltage range to 0-5V.
Measurements were calculated in Torr, using the commonly employed constant
K=11000 for vacuum systems, and the results were displayed on the screen.
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Figure 7. Relationship Between Pingicaicd and True Pressure for Different Gases
In Figure 7, the relationship between the indicated pressure (Pindicaed) and the actual
pressure values in Torr for different gases is presented. The graph provides values for

four gases commonly used in the system: hydrogen, helium, nitrogen, and argon.

Table 1. Gas Correction Factors for Series 903 (IMT) Cold Cathode Ionization Gauge

Correction Factor .
Gas (True Pressure/indicated Applicable Pressure Range
(Torr)
Pressure)
Hydrogen (H») 2,5 3x107°to 5x1073
Helium (He) 8 3x1071°to 5x1073
Argon (Ar) 0,8 Below 1x10~*
Argon (Ar) 0,5 Around 1x1073
Argon (Ar) 0,2 Around 1x1072

For gases other than air and nitrogen, the correction factors provided in Table 1 should
be applied. The following equation, as given in the sensor catalog, must be used for
vacuum pressure measurements of these gases.

PGas = Pindicatea X Correction Factor 3)
In the equation, Pingicatea represents the value calculated for air. The pressure value for
the gas to be measured can be obtained by multiplying this value by the correction

factor of the specific gas, as provided in Table 2. For argon (Ar), as shown in Figure 6,
the variation in pressure is more erratic compared to other gases in certain regions,
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which means that the correction factor will vary depending on the measurement range.
The schematic of the experimental setup is shown in Figure 8.
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Figure 8. Measurement System and Experimental Setup Diagram

The experimental setup consists of a MKS 903 cold cathode sensor, an Arduino Uno
embedded system for reading analog data, an LCD screen for displaying pressure
values, a voltage divider for adapting the sensor data to the embedded system's
conversion voltage (from 0-10V to 0-5V), and a 24V DC power supply. Additionally,
two voltage regulators are employed for the electronic board. To prevent excessive heat
generation caused by the large voltage drop, the 24V input is first stepped down to 10V
using a 7810 linear regulator before being further reduced to 5V by the microcontroller
board's onboard voltage regulator, ensuring efficient and stable power conversion. This
approach enhances both the system's performance and safety. Furthermore, the
regulator serves as a filter, preventing parasitic signals from the power supply and
isolating the pump system from any noise in the voltage source. The A0 pin is
configured as an analog input to read the analog data received from the sensor. The A1l
pin is set as a digital output to enable the sensor's High Voltage (HV) pin and initiate
the measurement process. For the display interface, the D2 and D3 pins are connected
to the RS (Register Select) and EN (Enable) control lines, respectively, while the D4,
D5, D6, and D7 pins are assigned as the data lines to establish communication with the
display module, thereby finalizing the circuit design. All connections within the system
are mounted on the PCB using connectors, making the system modular. For the vacuum
measurement, the Edwards back pump is connected to the Pfeiffer vacuum pump using
a flexible metal pipe, with a KF25-KF10 adapter employed at the Pfeiffer end. The
connection is made with flexible pipes and seals. In the experimental setup, the sensor
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is connected to the Pfeiffer vacuum pump via a T-adapter with a three-way KF25
connection, along with a KF25 connection fitting and KF25 seal. The third port of the
T-adapter is terminated with a KF25 cap and seal, ensuring the system's vacuum
tightness. This setup ensures that the system is ready for accurate vacuum
measurement.

2.3. Experimental Setup and Vacuum Measurement Results

Within the scope of this study, vacuum measurements were conducted utilizing an
experimental apparatus incorporating an integrated sensor and electronic circuitry. The
measurement accuracy was validated through comparative analysis with an MKS903
reference vacuum gauge, which serves as an industry standard measurement device.
Figure 9 provides a comprehensive illustration of the specifically designed
experimental configuration implemented for vacuum measurement purposes.

Figure 9. Experimental Setup for Vacuum Measurement

During testing, while measurement errors were observed at low vacuum levels, it was
determined that the system achieved stable measurements and consistently displayed
values on the screen as vacuum levels increased. This behavior is consistent with the
manufacturer's specifications and, therefore, expected. Considering the reference
MKS903 device's measurement capability in the range of 3x107'° Torr to 5107 Torr,
these deviations in the low vacuum region were considered within acceptable limits.
Notably, below 5x1073 Torr, the system demonstrated significantly improved
measurement stability and began reading true vacuum values with high accuracy.
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Figure 10. Measurement Results of Various Vacuum Levels Using the
Experimental Setup

The experimental setup presented in Figure 10, through its high voltage (HV) control
strategy, protected the sensor from adverse effects in low vacuum regions and
successfully performed extremely stable and reliable measurements in the 9,9x107#
Torr to 9,9x10°®* Torr range. These successful results, achieved through hardware
optimization and integrated measurement algorithms, demonstrate that the system
provides an advanced solution for both academic research and industrial applications.

3. CONCLUSION

In this study, an embedded system-based cold cathode vacuum measurement sensor
employing Inverted Magnetron (IMT) cathode technology was designed and
experimentally characterized. The system demonstrated stable measurement
performance, particularly in the ultra-high vacuum (UHV) regime below 10~* Torr, with
comparative testing against the reference MKS903 sensor confirming accurate
measurements down to 9,9x1078 Torr. The optimization of electron trajectories through
magnetic field confinement enabled the sensor to achieve high ionization efficiency at
low pressures. Furthermore, the implemented digital electronic readout system
effectively compensated for the sensor's non-linear output characteristics through
mathematical modeling, thereby enhancing the precision of real-time measurements.

The key advantages of the developed system can be summarized as follows:

1. Extended Measurement Range: The system offers a broader dynamic range
compared to conventional hot cathode systems, particularly in UHV
conditions below 107 Torr.

2. Extended Operational Lifetime: The cold cathode configuration eliminates
filament consumption, significantly reducing maintenance requirements and
ensuring industrial operational continuity.

3. Energy Efficiency: With a maximum power consumption of 3 W, the system
contributes to environmental sustainability while maintaining high
performance.

4. Modular Design: The microcontroller-based electronic interface and KF25
vacuum connections enhance the system's adaptability to diverse applications.
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In conclusion, the developed system presents an economical and reliable alternative for
high-precision applications in defense industries, aerospace technologies, and
semiconductor manufacturing. The advantages offered by IMT cathode technology
pave the way for next-generation cold cathode applications in vacuum measurement
systems, demonstrating significant potential for both academic research and industrial
implementation.
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Abstract Oz

In recent years, Wireless Sensor Networks (WSNs) have
gained attention due to their real-time monitoring
capabilities. These networks use low-power devices to
collect and transmit data, becoming significant with the
rise of 5G and the Internet of Things (IoT). Initially used
for military purposes, WSNs have expanded into various
sectors, particularly in smart agriculture, where they
enhance efficiency through modern technology. By
providing real-time data, WSNs help farmers optimize
yields, reduce waste, and improve productivity, supporting
the digital transformation of agriculture. Despite their
advantages, WSNs face challenges such as routing,
localization, energy efficiency, and coverage. This study
provides a comprehensive survey of the coverage
optimization problem in WSNs, focusing on meta-
heuristic algorithms such as the Gray Wolf, Whale Swarm,
Flower Pollination, and Cuckoo Algorithms. These
algorithms are analyzed based on metrics like maximum
coverage rate, energy consumption, and solution time. The
survey highlights their potential to address challenges in
WSN applications, particularly in agriculture and other
domains, by optimizing sensor placement and improving
network efficiency.

Keywords: Target coverage optimization, wireless sensor
networks, meta-heuristic optimization algorithms.

Son yillarda Kablosuz Sensér Aglari (WSN), gercek
zamanli izleme yetenekleri sayesinde dikkat cekmektedir.
Bu aglar, diisiik giiglii cihazlar kullanarak veri toplar ve
iletir, 5G ve Nesnelerin Interneti (IoT) ile birlikte daha da
onemli hale gelmistir. Ilk olarak askeri amaglarla
kullanilan WSN’ler, giiniimiizde 6zellikle akilli tarimda
modern teknolojilerle verimliligi artirmak i¢in yaygin bir
sekilde kullanilmaktadir. Ger¢ek zamanli veriler
saglayarak ciftgilerin verimliligi optimize etmesine,
atiklar1 azaltmasina ve iiretkenligi artirmasina yardimei
olmakta ve tarimin dijital doniistimiinii desteklemektedir.
Avantajlarina ragmen, WSN’ler yonlendirme,
konumlandirma, enerji verimliligi ve kapsama gibi
zorluklarla kargilagsmaktadir. Bu ¢aligma, WSN'lerdeki
kapsama optimizasyon problemini ele alan kapsamli bir
derleme sunmaktadir. Gri Kurt, Balina Siiriisii, Cigek
Tozlasma ve Guguk Kusu Algoritmalari gibi meta-
sezgisel algoritmalar, maksimum kapsama orani, enerji
tiiketimi ve ¢6zlim siiresi gibi metrikler temelinde analiz
edilmistir. Caligma, bu algoritmalarin 6zellikle tarim ve
diger alanlardaki uygulamalarda karsilagilan zorluklari
ele almadaki potansiyelini, sensor yerlesimini optimize
ederek ve ag verimliligini artirarak vurgulamaktadir.

Anahtar Kelimeler: Hedef kapsama optimizasyon,
kablosuz algilayic1 aglar, meta-sezgisel optimizasyon
algoritmalar.
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1. INTRODUCTION

The development of 5G and Internet of Things (IoT) technologies expand the
application areas of Wireless Sensor Networks (WSN), offering more effective
solutions in various fields such as military, agriculture, healthcare, industrial
automation, and environmental monitoring. WSNs, which have been particularly
utilized in military applications, have gained broader opportunities for usage with the
influence of 5G and IoT technologies (Rawat et al., 2014). In military applications,
WSNs hold strategic importance, playing a vital role in areas such as security and
surveillance to detect enemy activities and protect strategic regions. By providing real-
time data to military units, WSNs strengthen operational decision-making processes
and enhance the effectiveness of military forces.

Wireless sensor networks play a significant role in various application areas such as
environmental monitoring, data collection, and transmission. These networks provide
a structure where sensor nodes can interact wirelessly with each other and detect
changes in the environment. They consist of systems comprising low-power
consumption and small-sized sensor nodes. These sensors are electronic devices that
collect environmental data, such as temperature, humidity, motion, etc., and transmit it
to a central unit. However, the placement of these devices in the monitored areas is
often done randomly due to cost and complexity reasons. Random placement has
several disadvantages that negatively affect the effectiveness and efficiency of sensor
networks (Li & Zhang, 2010). Among these disadvantages, factors such as efficiency
loss and data interruption play a significant role. Additionally, challenges such as
increased energy consumption, imbalance in coverage areas, and cost escalation may
also be encountered. Therefore, strategically placing sensors and carefully planning
coverage areas are crucial to increase efficiency and minimize disadvantages.

In mobile wireless sensor networks (MWSNSs), the target coverage problem refers to
the ability of sensor nodes to cover all or specific targets in a given area. With randomly
placed sensors in MW SN, the entire area where data is to be collected may not be fully
covered. This results in incomplete data collection in certain regions of the monitored
area, leading to inaccurate analyses and ineffective decision-making. Moreover, the
imbalance in coverage areas may lead to excessive data density in certain areas and
insufficient data in others, negatively impacting the performance of the sensor network.
To address these issues, strategic placement and data collection methods are crucial.

The coverage problem in WSNs can generally be defined as a measure of whether a
network area is effectively monitored by sensor nodes. This problem is one of the
fundamental issues directly affecting the energy consumption and network lifetime of
WSNs. The coverage problem aims to achieve maximum coverage with the placement
of the minimum number of sensor nodes. Being NP-Hard, meaning lacking a
polynomial-time algorithm that solves all instances optimally, this problem falls into a
category of challenging optimization problems (Hanh et al., 2016). NP-Hard problems
are known for their difficulty and complexity since there is no polynomial-time
algorithm that optimally solves all instances. Typically, acceptable solutions are sought
for NP-Hard problems, or constraints are introduced to make them easier.
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Coverage problems in WSNs can be classified into three categories: target coverage
problem, area coverage problem, and barrier coverage problem. In the target coverage
problem, there are specific targets that need to be monitored by mobile sensors. Due to
limited energy resources, it is important to ensure effective coverage of the monitored
area. Area coverage problems aim to have at least k sensors covering each point in a
specific area. Barrier coverage problems, on the other hand, target the detection of
objects moving along a barrier (Ozdag & Canayaz, 2021).

Next-generation meta-heuristic algorithms can be highly effective in solving NP-Hard
problems such as the target coverage problem. These algorithms typically consist of
evolutionary computation, artificial bee colonies, particle swarm optimization, and
similar techniques. Their characteristic feature is the ability to generate fast and
optimized solutions over large datasets. The use of next-generation meta-heuristic
algorithms in solving complex problems like the target coverage problem is a
significant step towards enhancing the effectiveness of WSNs. These algorithms can
optimize the strategic placement of sensor nodes, reduce energy consumption, and
maximize the coverage area of the network. Consequently, next-generation meta-
heuristic algorithms are considered as important tools in overcoming critical challenges
like the target coverage problem, enabling WSNs to operate more efficiently and
effectively.

The main objective of this study is to comprehensively evaluate the performance of
next-generation meta-heuristic algorithms used in various fields for solving the target
coverage problem in the literature. This evaluation aims to determine how different
algorithms approach the target coverage problem and under what conditions they are
more effective. Additionally, by identifying the limitations of existing algorithms and
potential areas for improvement in the current literature, the study aims to provide
guidance for future research. In this way, a new perspective is brought to research on
the target coverage problem in WSNs, aiming to contribute to the more effective
utilization of algorithms in practical applications. This study aims to provide guidance
on algorithm selection for individuals working in this field, encouraging effective
utilization of these methods. By evaluating a wide range of algorithms and facilitating
appropriate selections, the research aims to enhance efficacy within the sector.

Sections 2 and 3 respectively contain a literature review and the materials and methods
used in the literature search. Section 4 provides the mathematical formulation of the
problem, while Section 5 discusses the advantages and disadvantages of some of the
metaheuristic algorithms investigated in the study. The final section, Section 6, presents
the conclusions of the study.

2. LITERATURE REVIEW

In recent years, WSN technology has made significant advancements, with application
areas encompassing industries, smart agriculture, environmental conservation,
healthcare, and many others (Sharma & Gupta, 2022; Qadir et al., 2020; Akyildiz et al.,
2002). Today, with the development of smart agriculture applications, the use of WSNs
has become widespread to better fulfill the task of acquiring information and sensing
about agricultural land environments. The foundation of smart agriculture application
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lies in the collection and processing of soil environment information. In a study
conducted by Li (Li, 2022), an algorithm was proposed to address coverage holes
caused by the failure of nodes in Wireless Sensor Networks (WSNs). This algorithm,
based on the behavior of artificial fish swarms, efficiently simulates node movements
to repair these holes with minimal energy consumption and node displacement, thereby
improving overall network coverage and extending its operational lifetime. To enhance
the effectiveness of the optimization, new actions and self-adaptive vision and step
length are used. The algorithm quickly repairs holes with minimal node movement,
thereby increasing WSN coverage and extending the network's lifetime. Simulation
results show that the algorithm provides high accuracy, efficiency, and robustness.
Coverage is considered one of the most important factors contributing to the quality of
WSN systems (Liang et al., 2021). Therefore, the coverage optimization problem has
been extensively investigated in the literature, and numerous studies have been
conducted on this topic. In the literature, there are studies focusing on improving
coverage area and network lifetime by efficiently and effectively utilizing the energies
of the sensors. In these studies, mathematical models of the problem have been first
established, and then meta-heuristic approaches yielding optimal or near-optimal
results have been developed based on these models. Figure 1 illustrates the types of
algorithms used in solving Coverage Optimization problems as general categories. The
algorithms used in solving coverage optimization problems can be categorized into
three main headings: mathematical algorithms, heuristic algorithms, and meta-heuristic
algorithms.

Mathematical algorithms typically define the problem as a mathematical model and
develop a solution strategy suitable for this model. These algorithms usually leverage
mathematical techniques to optimize the constraints and objective function of the
problem. Mathematical algorithms may vary based on the structure and size of the
problem, and they typically strive to optimize the problem effectively while efficiently
utilizing computational power during the solution process.

| Coverage Optimization |

|
[ 1 I

| Mathematical Algorithms | ‘ Heuristic Algorithms ‘ ‘ Meta-Heuristic Algorithms
—{ Linear Programming | Evolutionary algorithms Swarm algorithms
-Genetic Algorithms, -Ant Colony Optimization,
—‘ Integer Programming I -Genetic Programming, -Particle Swarm
. . Optimization,
-Evolution Strategies, ...
i i -Firefly Algorithm, ...
—‘ Dynamic Programming |

Figure 1. Types of Algorithms Used in Solving Coverage Optimization Problems
Heuristic algorithms are often methods inspired by natural systems or social behaviors

to solve problems. These algorithms typically explore potential solutions in the solution
space using a set of heuristic rules or metaphors. Heuristic algorithms generally require
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less computational power to solve the problem and can produce effective solutions in
a specific problem domain.

Meta-heuristic algorithms are methods that combine multiple heuristic algorithms to
provide stronger and more flexible solutions. These algorithms work on a population
or solution set created by the combination of different heuristic algorithms to optimize
the problem. For example, evolutionary programming, which consists of a combination
of evolutionary strategies and genetic algorithms, leverages both the flexibility of
genetic algorithms and the effective solution potential of evolutionary strategies in the
problem domain. Thus, meta-heuristic algorithms can offer more effective and
consistent solutions in complex problems like coverage optimization.

These algorithms offer different approaches to solve coverage optimization problems
and can be preferred based on suitability to a specific problem domain.

In a study conducted by Jia et al. (2009), the issue of sustaining detection coverage in
wireless sensor networks with low energy consumption and a reduced number of active
sensor nodes was examined. In the study, a detection model addressing a large number
of randomly placed and adjustable sensing radius sensors was proposed. This model
was implemented with a novel coverage control scheme based on the elitist non-
dominated sorting genetic algorithm (NSGA-II). Sensor selection and sensing radius
adjustment were improved using binary coding methods. The results demonstrated the
fast and effective nature of NSGA-II.

In a study by Wang et al. (2018), a wireless sensor network coverage optimization
model based on an enhanced whale optimization algorithm (WOA) was proposed. The
mathematical model of node coverage in wireless sensor networks was developed to
achieve complete coverage for the area of interest. The algorithm presented in the study
was developed with the idea of reverse learning to optimize the initial distribution of
the population, unlike the whale swarm optimization algorithm. Experiments showed
that this algorithm could effectively improve the coverage area of nodes in WSNs and
optimize network performance.

Deepa and Venkataraman (2021) combined the WOA with a Levy flight mechanism
(LWOA) to address the weak exploration problem in WOA. The proposed method
enhances the exploration ability of WOA and improves global search capacity,
convergence efficiency, and overall network performance. Compared to WOA, LWOA
significantly improves network coverage.

Guo et al. (2013) proposed a multi-objective cultural algorithm inspired by quantum
mechanics to solve the multi-objective optimization problem of network coverage rate
and energy efficiency of wireless sensor networks. The algorithm effectively utilizes
information obtained from the dominant individual set and encourages more efficient
search. Simulation results indicate that the wireless sensor network arrangement
obtained with this algorithm has a higher network coverage rate and a lower node
redundancy rate.

Artificial bee colony algorithm was utilized to increase the network lifetime for solving

energy-efficient coverage problem of sensor networks (Khalaf et al., 2020; Roselin &
Latha, 2016). In a study by Zhu and Wang (2021), the hybrid strategy grasshopper

322



G. Bayat, E. E. Ulkii, B. Dogan, A Comprehensive Survey of Next-Generation Optimization Algorithms for Target
Coverage in Mobile Wireless Sensor Networks

algorithm (LRDE IWO) was used to optimize the coverage rate. This algorithm
prevented early convergence and accelerated convergence by balancing global and
local search capabilities and optimizing the competitive process. Zang et al. (2021)
claimed that the newly optimized gray wolf algorithm, simulated annealing, improved
coverage area, reduced energy consumption, and extended the network lifetime of
wireless sensor networks compared to other optimization algorithms such as particle
swarm optimization and standard gray wolf optimization.

Chowdhury proposed a Dynamic Fuzzy Inference System Based Reverse Glowworm
Swarm Optimization (FIS-RGSO) algorithm for mobile wireless sensor networks
aiming to minimize energy consumption and maximize area coverage by applying
limited and organized sensor movements (Chowdhury & De, 2020). In a study by Lee
et al. (2017), a new Ant Colony Optimization (Three Pheromones ACO, TPACO)
algorithm was proposed to solve the Efficient-Energy Coverage Problem in Wireless
Sensor Networks. TPACO was shown to be more successful than classical ant colony
algorithms. Arivudainambi and his colleagues (2017) proposed a deterministic
distribution strategy using the cuckoo search algorithm to minimize energy
consumption and maximize target coverage area in three-dimensional underwater
wireless sensor networks.

In a study by Jiao et al. (2022), an improved flower pollination algorithm (IFPA) was
proposed to optimize sensor nodes' coverage and connectivity problems in monitoring
areas with complex terrain and harsh environments while minimizing energy
consumption. Fang and Sun (2017) developed an enhanced artificial fish swarm
algorithm-based optimization method for WSN coverage area with multiple
optimization objectives. The method evaluated network coverage, node utilization, and
average energy consumption together to eliminate the irrationality of randomly
deploying sensor nodes. The algorithm exhibits good global search capabilities but
consumes a high amount of time.

In Zhang Qi-wei's (2009) study, a hexagonal grid and Poisson distribution-based node
deployment method was successfully applied to solve the problems of connectivity,
coverage, and sensor distribution in WSNs. Through Matlab simulation, it was
demonstrated that this method could provide uninterrupted network coverage in low
node density scenarios while maintaining network connectivity.

Haifeng Ling et al. (2020) addressed the coverage area issues in wireless sensor
networks and proposed a coverage optimization method based on the Fruit Fly
Optimization Algorithm (FOA). The proposed FOA-based network model optimizes
the coverage area by simulating the behavior of fruit flies, thereby enhancing energy
efficiency. By balancing the movement and energy consumption of fruit flies, the
algorithm extends the network's lifetime while improving coverage area. Similarly,
Cheng et al. (2023) also proposed a method based on the Fruit Fly Optimization
Algorithm (FOA) to solve coverage issues in wireless sensor networks. The results
indicate that the proposed method increases coverage rate and enhances network
performance.

An innovative solution called Improved Sparrow Search Algorithm (ISSA) was
proposed in (Wang et al., 2023) to address the low coverage area problem in WSNs.
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The authors improved the SSA algorithm by modifying the random population
initialization to create balance and diversity. Additionally, a reverse learning strategy
was applied to prevent falling into local optima. By resolving the issues in SSA, better
coverage optimization was achieved.

In the study by Jinyan Liang et al. (2022), the focus was on the information monitoring
area of Soil Moisture Wireless Sensor Networks (SMWSNs) used for precise farm
irrigation. The researchers developed the Adaptive Cauchy Variant Butterfly
Optimization Algorithm (ACBOA) to optimize the coverage area of SMWSNs and
increase water use efficiency. Additionally, they designed a coverage optimization
model that integrates node coverage area and network service quality. Simulation
experiments demonstrated that the ACBOA optimization increased the coverage rate of
SMWSNs by 9,09%, 13,78%, 2,57%, and 11,11% compared to other swarm
intelligence algorithms (BOA, ABC, FOA, and PSO), respectively.

Qiang Zhao et al. (2022) proposed the combined use of PSO and chaos optimization.
By using a method that encodes sensor locations, PSO optimized the sensors while the
Variable Domain Chaos Optimization Algorithm (VDCOA) was used to achieve higher
coverage rates. Six versions of VDCOA were investigated, including circular, logistic,
Gauss, Chebyshev, sinusoidal, and cubic maps. All six versions outperformed PSO and
CPSO, achieving coverage areas exceeding 90% in the first two cases.

In the study by Chowdhury and De (2021), effective deployment of sensor nodes,
crucial for enhancing MWSN performance, was emphasized. A Voronoi - Glowworm
Swarm Optimization - K-means algorithm (Voronoi-Firefly Swarm Optimization
Algorithm) was introduced as an energy-efficient coverage optimization technique. By
combining Glowworm Swarm Optimization, K-means algorithm, and Voronoi cell
structure, this approach increased coverage area with minimum active node count. The
proposed method also extended network lifetime by saving energy, and simulation
results demonstrated coverage rates of up to 99,99%.

Kapoor and Sharma (2023) proposed a routing protocol inspired by firefly swarms to
ensure the sustainability of energy-constrained wireless sensor networks. Glowworm
swarm optimization aimed to improve network coverage area and connectivity for
message transmission. As this algorithm converged faster compared to alternative
techniques such as Particle Swarm Optimization, Firefly Algorithm, Grey Wolf
Optimization, Genetic Algorithm, and Bat Algorithm, it showed effective potential in
solving multi-objective optimization problems.

In the study by Biswas et al. (2018), a distributed shortest path data collection algorithm
using sensor nodes was proposed to minimize energy consumption in WSNs. This
algorithm aimed to increase network lifetime by providing connected target coverage
in both static and mobile WSNs. The performance of the proposed algorithm was
evaluated with parameters such as live node percentage, node load distribution, and
network lifetime using the TOSSIM simulator in the TinyOS environment.

Keshmiri and Bakhshi (2020) addressed the connected target coverage problem in

energy-constrained wireless sensor networks. They proposed a new two-stage
optimization approach; in the first stage, maximum disjoint cover sets were created
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with integer linear programming, and in the second stage, a complex integer linear
programming model was used to plan information gathering and transmission for
targets. The effectiveness of the two-stage method was demonstrated through
experiments conducted in various scenarios.

In the study by Pitchaimanickam and Murugaboopathi (2020), a hybrid approach
combining Particle Swarm Optimization (PSO) with Firefly Algorithm was proposed
to enhance the energy efficiency of wireless sensor networks (WSNs). This hybrid
algorithm improved the selection of the optimal cluster head in the LEACH-C
algorithm, resulting in energy savings. The performance of the proposed method was
evaluated based on parameters such as live node count, energy efficiency, and
utilization. The results showed that the proposed hybrid method achieved more efficient
results by prolonging network lifetime compared to the Firefly Algorithm.

Da-Ren Chen et al. (2019) proposed a protocol called CEMST aiming to improve
coverage and energy efficiency in wireless sensor networks. This protocol includes
intra-cluster and inter-cluster methods considering sensor node density and coverage
area overlap. Additionally, it generated balanced clustering structures using a self-
balancing algorithm and Bortivka algorithm to enhance energy efficiency. Simulation
results demonstrated that CEMST provided better coverage area and network lifetime.

In the study by Sampathkumar et al. (2020), the Glowworm Swarm Optimization
approach (LBR-GSO) was proposed for energy-efficient routing and load balancing in
WSNs. LBR-GSO utilized an enhanced route discovery algorithm for energy savings
and employed a pheromone-based update strategy and energy-based transmission
strategy. Evaluated in various application scenarios using MATLAB simulations, LBR-
GSO demonstrated more effective improvements compared to other approaches such
as ACO, EE-ACO, and s-Ant.

Weifeng Sun et al. (2020) reviewed representative Swarm Intelligence (SI) algorithms
and summarized their applications in the Internet of Things (IoT), particularly focusing
on Sl-based applications in WSNs. Additionally, SI-based applications were evaluated
in other IoT areas such as Unmanned Aerial Vehicle (UAV)-supported wireless
networks, and future research expectations and trends were discussed.

Hui Wang et al. (2020) focused on the centrality of energy efficiency in the design of
routing algorithms for wireless sensor networks. They developed a routing algorithm
based on the Elite Hybrid Meta-Heuristic Optimization Algorithm to maximize the
survival time of sensor networks communicating with the receiver node. By combining
the global search capabilities of Particle Swarm Optimization, the differential operator
of differential algorithm, and the pheromones of ant colony optimization, this new
algorithm offered an innovative approach. The new algorithm was tested through
comprehensive simulations and observed to increase the lifetime of wireless sensor
networks by 38% compared to other routing algorithms.

The study by Singh et al. (2021) addressed the use of nature-inspired optimization
algorithms to solve the sensor lifespan limitations in WSNs. Highlighting the
importance of achieving optimum network coverage, the use of these algorithms in
WSNs to reduce energy consumption of battery-operated sensors and increase network
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efficiency was examined. The paper classified optimization algorithms in the first half
and summarized WSN problems, while the second half compared the performance of
two nature-inspired algorithms: Enhanced Genetic Algorithm and Binary Ant Colony
Algorithm (IGA-BACA) against Lion Optimization (LO). Simulation results showed
that LO provided better network coverage and faster convergence rates.

Gunjan (2023) focused on research into the practical challenges of integrating nature-
inspired multi-objective optimization (MOO) algorithms into WSNs. The study
examined the use of MOO algorithms and evaluated their effects on various application
domains. Providing a significant evaluation to guide future researchers, it presented an
assessment of the integration of WSNs with MOO and the potential contributions of
this integration.

The literature survey indicates that coverage optimization in wireless sensor networks
(WSNss) is a significant research topic. Studies in this field emphasize the use of various
next-generation metaheuristic algorithms to increase sensor node energy efficiency,
extend network lifetime, and optimize data transmission. The findings obtained from a
comprehensive literature review highlight the importance of new research and
development efforts to improve WSN performance and enable more effective
utilization in various application domains. These studies, which will guide future
researchers, underscore the potential and significance of metaheuristic algorithms used
in coverage optimization of WSNss.

3. SURVEY SCOPE AND METHODOLOGY

In this study, studies aiming to solve the coverage optimization problem, which aims
to determine the optimal placement of sensor nodes in Wireless Sensor Networks
(WSNs), were examined in Web of Science, Springer, Elsevier, Google Scholar,
Semantic Scholar, Scopus and IEEE Xplore databases. In all databases, 522
publications referring to “WSN and/or coverage optimization” were detected in the
period 2016-2023. The search on all databases focused on the following string: WSN
AND Coverage AND Optimization AND Heuristic. 73 publications were selected after
scope and content evaluation, and 45 publications were selected after suitability
evaluation. The most important of the 45 studies analyzed are presented in Table 1.

Table 1. Overview of Algorithm Used in Coverage Optimization

Reference | Type of Problem Advantages/Disadvantages
algorithm type
used
St1 Harmony Maximum | Adapts number and position of nodes
Search Coverage to maximize coverage and minimize
Algorithm cost. Integrates adaptable length
(HS) encoding in solution vectors,
allowing dynamic adjustment of
sensor counts. Superior performance
in optimizing network coverage
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compared to genetic algorithms and
random deployment.

St 2 Cuckoo Maximum | When compared with the RA
Search Coverage, | algorithm, the coverage rate is higher
Algorithm Energy in the CSA.

(CSA) Consumpti
on

St3 Particle swarm | Maximum | The proposed algorithm provides
optimization Coverage better coverage area compared to
(PSO) and PSO-Grid within a reasonable
Voronoi computation time.
diagram.

St4 Distributed Maximum | This paper primarily focuses on
Data Coverage, | energy-efficient connected target
Gathering Network coverage in Wireless Sensor
Algorithm Lifetime Networks (WSN). On one hand, we

propose a distributed data collection
algorithm to provide energy-efficient
shortest path routing, and on the other
hand, we allow for multi-path routing
to ensure the reliability of the
network. The performance of the
algorithm has been analyzed on both
static and mobile WSNs. We
observed that mobile WSN’s
outperformed in terms of both
network lifetime and live node
percentage.

Sts Coverage- and | Maximum | This paper proposes a coverage and
energy-aware | Coverage, | energy-aware method with Minimum
method with Energy Spanning Trees (CEMST) for multi-
minimum Consumpti | hop clustered WSNs. In CEMST, the
spanning trees | on, cluster size is detailed with all
(CEMST) Network experiments, and the effectiveness of

Lifetime proposed parameters such as sensor

overlap degree, node density is
examined. The distance to the BS is
used to balance node energy
consumption using self-organizing
algorithms. Compared with existing
methods, CEMST forms more
suitable cluster structures and energy-
efficient routes.
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Ste6 Energy- Maximum | OA has been improved in terms of
improved Coverage, | energy so that the algorithm can
Fruit Fly Network monitor the energy of each node, stop
Optimization Lifetime iterations when the node energy is
Algorithm (E- low, reduce node energy loss, and
FOA). decrease the number of dead nodes.

This enhanced method optimizes the
coverage area of the wireless sensor
network.

St7 Fuzzy Maximum | The FIS-RGSO algorithm
Inference Coverage, | demonstrates that it is more energy-
System Based | Energy efficient compared to the previous
Reverse Consumpti | EEMRGSO algorithm. It reduces
Glowworm on sensor movements to minimize the
Swarm total distance covered, thus
Optimization increasing the network's lifespan.
(FIS-RGSO) Additionally, it improves the

utilization of the sensor's detection
area by reducing the overlap with
neighboring sensors.

St8 Energy- Maximum | The approach proposed in this paper,
efficient Coverage, | developed using the GSO algorithm,
coverage Network K-means algorithm, and Voronoi, has
optimization Lifetime shown the best performance, reaching
based on K- a coverage rate of 99,99% when
means- compared with 7 different algorithms.
Voronoi-GSO
algorithm

St9 Levy Flight Maximum | The LWOA algorithm, by enhancing
mechanism Coverage and balancing the exploration
with WOA capability of WOA, can facilitate the
(LWOA) capture of local optima. When

compared with Particle Swarm
Optimization and Whale
Optimization Algorithm, LWOA can
effectively increase the coverage area
of wireless sensor network nodes,
achieving a higher coverage rate with
fewer nodes. As a result, the total
cost of deploying the network is
minimized.

St10 Artificial Fish | Maximum | The speed of escaping local optima
Swarm Coverage, | has been improved by introducing
Algorithm Energy such a fusion with virtual force.
(AFSA) However, the algorithm still has

disadvantages such as delayed
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Consumpti | response to serious local optimization
on and noticeable improvement in
coverage performance.

St 11 Multi- Maximum | This algorithm demonstrates that the
objective real- | Coverage, | wireless sensor network layout
coded Energy obtained achieves a higher network
quantuminspir | Consumpti | coverage rate and a lower node
ed cultural on redundancy rate.
algorithm
(MORQCA)

St 12 Non- Maximum | Traditional NSGA overcomes
dominated Coverage, | disadvantages such as high
sorting genetic | Energy computational complexity, premature
algorithm Consumpti | convergence, and the necessity of
(NSGA-II) on assigning sharing parameters.

St13 Improved Maximum | The I-FPA algorithm demonstrates
flower Coverage, | higher search efficiency and accuracy
pollination Energy compared to standard FPA, IGWO,
algorithm Consumpti | AIFS, and IPSO. Simulation results
(Improved - on confirm that our proposed CCFPA
FPA) can achieve 100% coverage and

connectivity with fewer sensor nodes
and less movement energy usage.

St 14 Improved Maximum | The proposed technique's
GSO Coverage, | applicability in terms of solution

Energy efficiency has been compared with

Consumpti | alternative techniques such as Particle

on Swarm Optimization, Firefly
Algorithm, Grey Wolf Optimizer,
Genetic Algorithm, and Bat
Algorithm. Findings indicate that our
technique outperforms the others due
to the high likelihood of providing
globally optimized solutions for
multi-objective optimization
problems, especially in terms of
convergence speed.

St 15 New 2-phase Maximum | The proposed two-phase system
optimization Coverage, | improves the lifespan compared to
method Energy OECCH and EECC due to the

Consumpti | creation of more qualified cluster
on heads (CS).

St 16 Bee algorithm | Maximum | According to the results obtained, the
Coverage bee algorithm provides a better
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wireless sensor network coverage
area compared to the genetic

algorithm.

St 17 Three Maximum | The new ACO algorithm (Triple
Pheromones Coverage, | Pheromone ACO, TPACO) uses
ACO, TPACO | Energy three types of pheromones to

Consumpti | efficiently find the solution, while

on traditional ACO algorithms only use
one type of pheromone. Another
advantage of the TPACO algorithm is
that it uses fewer user parameters.

St 18 Adaptive Maximum | The BOA algorithm has been
Cauchy Coverage improved to enhance coverage rate
variational by addressing issues such as falling
butterfly into local optima and weak
optimization convergence performance. ACBOA
algorithm has achieved a better coverage rate
(ACBOA) compared to BOA, ABC, FOA, and

PSO.

St19 Improved Maximum | Many experiments show that the
comprehensiv | Coverage, | proposed ICLPSO is effective and
e learning Network performs well under all these
particle swarm | Lifetime conditions, and QPSO also
optimization outperforms SPSO.

(ICLPSO)

St 20 Dynamic Energy Enhances network lifetime by using
Cuckoo Consumpti | nodes with maximum residual
Search on, energy, efficiently covers areas with
Algorithm Network fewer sensors, dynamically adjusts

Lifetime active and sleep modes for energy
conservation. Complexity in real-
world application due to dynamic
energy levels and network conditions,
may require more computational
resources for continuous monitoring
and adjustment.

St 21 Epsilon Congestion | High throughput (0,99), efficient in
Constraint- Avoidance | handling packet losses and delays,
based and adaptively adjusts step size to find
Adaptive Control in | optimal solutions, reduces bandwidth
Cuckoo Wireless consumption.Complexity of the
Search Sensor algorithm might require more

Networks | computational resources, specific to
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scenarios where congestion detection
and control are critical.

St 22 Hybrid approa | Energy In this paper, a hybrid approach
ch of Firefly A | Consumpti | combining Particle Swarm
lgorithm with | on Optimization (PSO) with Firefly
Particle Swar Algorithm (FA) is proposed to find
m Optimizatio the optimal cluster head selection in
n (HFAPSO) the LEACH-C algorithm. The hybrid

algorithm enhances the global search
behavior of fireflies using PSO and
ensures the optimal positioning of
cluster heads.

St 23 Energy Maximum | The C-ABC algorithm, which
Efficient Coverage, | provides both coverage and energy
Coverage Energy consumption optimization, addresses
based Consumpti | both problems as multi-objective
Artificial Bee | on compared to E-ABC. It optimizes
Colony both coverage rate and energy
Optimization consumption better than ABC.
(EEC-ABC)

St 24 load balancing | Energy LBR-GSO, along with metrics such
and routing Consumpti | as energy efficiency, energy
strategies on consumption, and network lifetime
using the extension. The results obtained from
Glowworm this comprehensive analysis indicate
swarm that LBR-GSO offers effective
optimization improvement compared to existing
approach approaches such as ACO, EE-ACO,
(LBR-GSO) and s-Ant.

St 25 Survey Paper | Maximum | The study provides a comprehensive

Coverage, | analysis by comparing the

Energy performance of various nature-
Consumpti | inspired algorithms, offering valuable
on insights to guide readers in selecting

the most suitable algorithms for
specific applications. Additionally, it
highlights the wide applicability of
these algorithms by discussing their
advantages and challenges across
different application scenarios.
However, as a survey paper, it lacks
algorithm-specific details and does
not delve deeply into the unique
advantages or disadvantages of
individual algorithms.
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St 26

Survey Paper

Energy
Consumpti
on,
Maximum
Coverage

The study offers a comprehensive
overview of swarm intelligence
algorithms used in the Internet of
Things (IoT), focusing on their
applications in wireless sensor
networks (WSNs). It emphasizes the
potential of these algorithms to
address challenges such as energy
consumption, coverage optimization,
and data routing in dynamic IoT
environments. The paper also
highlights the adaptability of swarm
intelligence techniques to various loT
domains, showcasing their
effectiveness in solving multi-
objective optimization problems.
However, as a survey paper, it
provides limited implementation
details and lacks experimental results,
which may leave readers seeking
more in-depth evaluations of specific
algorithms.

St 27

Wolf Pack
Optimization
Algorithm

Maximum
Coverage

Increases the neighborhood search
range, improving the ergodicity and
distribution uniformity of the wolf
pack. Enhances calculation speed and
accuracy of coverage optimization.
Improves residual energy efficiency
of sensor nodes significantly
compared to Particle Swarm
Optimization (PSO) and Artificial
Fish Swarm Algorithm (AFSA).

St 28

elite parallel
cuckoo search
algorithm

Maximum
Coverage

Compared to PSO and ACO-based
methods, especially for WSNs with a
large number of sensor nodes, it
shows that it can increase regional
coverage rate compared to traditional
PSO and ACO approaches.

St 29

Elite Hybrid
Metaheuristic
Optimization
Algorithm
(EHMO)

Energy
Consumpti
on,
Network
Lifetime

Comprehensive simulation studies
demonstrate that the proposed
algorithm can increase the maximum
lifetime of wireless sensor networks
by 38% compared to results obtained
with state-of-the-art algorithm
routing algorithms based on other
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population-based optimization
algorithms.

St 30 Improved Maximum | OA has been improved in terms of
Sparrow Coverage energy so that the algorithm can
Search monitor the energy of each node, stop
Algorithm, iterations when the node energy is
ISSA low, reduce node energy loss, and

decrease the number of dead nodes.
This enhanced method optimizes the
coverage area of the wireless sensor
network.

St 31 Minimum Maximum | Directed sensors have been used, and
exposure path | Coverage by dynamically adjusting the
(MEP-PSO) locations of directed sensors, the

coverage performance of DSNs can
be significantly improved.

St 32 Improved Maximum | In the model, the idea of inverse
whale Coverage, | learning has been added to the
algorithm Energy original Whale Optimization

Consumpti | Algorithm to optimize the initial

on distribution of the population. This
method enhances the search
capability of nodes and accelerates
global search.

St 33 Grey wolf Maximum | GWO is more successful than PSO in
algorithm Coverage, | optimizing both energy consumption
optimized by Energy and coverage rate.
simulated Consumpti
annealing on
method (SA-

GWO)

St 34 Particle swarm | Maximum | Among the versions of PSO-
and chaos Coverage VDCOA, PSO-Circle demonstrates
combined better performance compared to PSO-
method (PSO- Logistic, PSO-Gaussian, PSO-
VDCOA) Chebyshev, PSO-Sinusoidal, PSO-

Cubic, LdiwPSO, PSO, and CPSO
algorithms, making it a viable choice
for practical coverage optimization in
WSNSs.
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St 35

A hybrid
strategy-based
improved
weed
algorithm
(LRDE_IWO)

Maximum
Coverage,
Energy
Consumpti
on

The study presents an improved weed
algorithm (IWA) tailored for
coverage optimization in wireless
sensor networks (WSNs). The
algorithm effectively addresses
challenges such as limited sensor
coverage and high energy
consumption by balancing global and
local search capabilities. It prevents
premature convergence and improves
the optimization process through
dynamic adjustments of parameters,
ensuring higher coverage rates and
reduced energy usage. However, the
algorithm may require significant
computational resources for fine-
tuning parameters, which can be a
limitation for large-scale WSN
applications.

St 36

Cuckoo
Search
Algorithm

Maximum
Coverage

Effectively jumps out of local optima
using long-distance searches.
Achieves global optimal solutions to
maximize coverage performance. Can
handle dynamic and complex
environments due to the adaptable
search pattern of Levy Flights. First
to use cuckoo search for coverage
hole repair in WSNSs, introducing a
novel approach.

The year in which the most publications were produced in the selected time period was
2020 (12 publications), and the year in which the least publications were produced was
2019 (2 publications). The number of publications produced in other years is as follows,
as shown in Figure 2: 2016 is 3 publications, 2017 is 6 publications, 2018 is 3
publications, 2021 is 9 publications, 2022 is 5 publications and 2023 is 5 publications.
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Distribution of selected studies by year
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Figure 2. Distribution of Selected Studies by Year

When examining the distribution of selected studies by geographical locations, it is
observed that the leading continent is Europe (n=21), followed by America (n=13), Asia
(n=10), and Africa (n=1). The distribution of studies by countries where they were
published is presented in Figure 3, and the distribution by geographical regions is
shown in Figure 4.
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4. DEFINITION OF TARGET COVERAGE PROBLEM

In the context of a wireless sensor network, the target coverage problem addresses the
optimal placement of N sensors in a specific area. This problem aims to maximize the
coverage ratio, where the coverage ratio represents the ratio of the area covered by the
sensors to the region of interest. In Figure 5, T = {Ty, T,, Ty, ... T;} represents the set
of target points, and S = {51,52, S, ... S j} represents the set of sensors. Additionally,
it is assumed that all sensors are identical and each sensor can detect objects within its
sensing range 7.

S
N

T3@

Figure 5. Target Coverage Problem

When the elements of target T;(x;, y;) and sensor S;(x;,y;) are deployed in the field,
the coverage of target t; by sensor s; is calculated as shown in Equation 1.

d(Sj, Ti) = /(i —x)? + (v —yp)* <t (1)

Here, d is the Euclidean distance between the sensor and the target point. (x_j,y j) and
(x_1, y i) are the coordinates of the sensor and target points, respectively. r is the
sensing radius of the sensor node.

To measure coverage, Boolean disk coverage is commonly used (0: No coverage / 1:
coverage exists). The coverage probability of sensor §; for T is denoted by
Peov = (S, T). A target is considered covered if it is detected by at least one sensor, as
expressed in Equation 2.

1,ifd(S;,T) <r

S, T) =
Peov(Sp T) = 1{ 0, otherwise

(@)

Typically, the probability of a target being covered by a single sensor is less than 1. To
increase the probability of coverage for a target, multiple sensors need to detect the
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target together. The joint coverage probability of all sensor nodes for a specific target
is shown in Equation 3.

PanST=1= | (1=pen($97)) 3)

Sj

Here, S represents all the wireless sensor nodes in the monitoring area. Area coverage
ratio is one of the primary evaluation criteria of the coverage model. It is expressed as
the ratio of the coverage area of the node set to the total area of the monitoring area,
and the area coverage ratio of the node set is denoted as Rcov (S).

ZPcov(S,T)
Reoy (S) = T w “4)
Here, > Pcov (S,T) is the sum of the probabilities of target points being covered by all

covering sensor nodes. Assuming the monitored area is a rectangle, the total area would
be LW m?.

When looking at the equations above, the problem to be solved falls into the category
of NP-Hard.

NP-Hard problems belong to the NP (Non-deterministic Polynomial Time) class. There
is no known polynomial-time algorithm that can solve all problems in the NP-hard
problem class optimally. Examples include problems like the Traveling Salesman
Problem (TSP) and the Knapsack Problem.

When the solution space is large, no polynomial-time method can be used to solve the
problems described above. Various algorithms and methods can be used to solve NP-
Hard problems, but these problems may not actually be solvable or their solutions may
take a very long time. Therefore, for solving NP-Hard problems, acceptable solutions
are generally sought, or the problems are transformed into easier problems by applying
some constraints. Optimization algorithms are suitable solutions for such problems
because they enable finding the desired result in polynomial time.

5. ALGORITHMS

Traditional optimization algorithms typically focus on fixed and specific problem
types, while new generation optimization algorithms offer more flexible and dynamic
solutions by drawing inspiration from natural systems and utilizing machine learning
techniques. These new generation algorithms encompass evolutionary processes,
swarm behaviors, artificial intelligence methods, and meta-heuristic approaches. For
example, genetic algorithms, particle swarm optimization, ant colony optimization,
among others, have become popular for solving complex problems. These algorithms
can offer various advantages in problem-solving, such as optimizing multiple
objectives, adapting to dynamic environments, and handling high-dimensional
problems.
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Therefore, the use of new generation optimization algorithms in solving the target
coverage problem in mobile wireless sensor networks has the potential to provide more
effective and efficient solutions. In this section, the advantages and disadvantages of
some frequently used new generation optimization algorithms in the selected studies
are discussed.

5.1. Particle Swarm Algorithm (PSO)

The Particle Swarm Optimization (PSO) algorithm is an optimization algorithm
inspired by nature, which operates by mimicking the movements of bird flocks. The
PSO algorithm can be applied to various optimization problems in wireless sensor
networks, such as the target coverage optimization problem (Wang et al., 2020; Aziz
et al., 2009). In this problem, the objective is to find the optimal distribution and timing
of sensor nodes while minimizing energy consumption, extending network lifetime,
and achieving maximum coverage of a specific target area.

The PSO algorithm can be used to find the optimal location for each sensor node that
provides the best coverage area and to determine the optimal schedule for each sensor
node that ensures the best connectivity and energy efficiency.

Following the definitions provided below, the PSO equation is given in Equation 5.

Vij41 = Uy + ¢ Randy;(t) * (pbestij(t) — xij(t)) + c;Randy;(t) *
(gbest;(£) = x;;(£)) = x;;(6) + vy;(¢ + 1). )

Where:

(1) i.particle X; = (X1, Xiz, - Xin)-

(2) The current speed of particle iis V; = (Vi1, Viz, v ) Vi ).

(3) Personal best position of particle i is pbest; = (pbest;;, pbest;,, ..., pbest;,).
(4) the best position of the group being gbest

In Equation 5, the index "j" represents the dimension of the problem being searched by
the particles; "i" represents the number of particles; "t" denotes the iterations; c;and
¢, represent the acceleration coefficients in the algorithm and typically range from 0 to
2;" Rand;" and " Rand," are two independent uniformly distributed random variables,
ranging from 0 to 1.

In the context of the PSO algorithm, gbest j represents the best global position among
all particles for the dimension j. Here, j refers to the dimensionality of the problem
being optimized, and gbest j indicates the coordinate value of the globally optimal
solution in the j-th dimension at the current iteration. This value is determined by
comparing the personal best positions (pbest) of all particles in the swarm. The gbest j
value is then used to guide the particles in the swarm towards this optimal solution in
subsequent iterations.

The output of the PSO algorithm is the optimal position of each sensor node that ensures
the best coverage of the target area.
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Some advantages and disadvantages of PSO algorithms in WSN coverage area
optimization are as follows:

Advantages:

e PSO is a simple, effective, and computationally efficient optimization
algorithm that can find solutions close to the optimum for complex and
nonlinear problems.

e Implementation of PSO is easy, and it requires only a small number of
parameters to be adjusted, making it suitable for WSN applications.

e PSO can adapt to dynamic environments and handle multiple objectives
simultaneously, which are important features for WSN coverage area
optimization.

Disadvantages:

e  PSO may suffer from early convergence and stagnation, meaning that particles
can get trapped in local optima and cease to explore the search space.

e PSO may struggle to address constraints common in WSN coverage area
optimization problems. Constraints can limit the feasibility and diversity of
solutions, affecting the convergence speed and quality of the algorithm.

e PSO may require a large number of iterations and evaluations to reach a
satisfactory solution, leading to more time and energy consumption in WSN
applications.

5.2. Ant Colony Optimization (ACO)

Ant Colony Optimization (ACO) is a popular optimization algorithm used in various
fields, including WSN. ACO is an optimization algorithm developed by taking
inspiration from the foraging behavior of ants in nature (Dorigo & Stiitzle, 2004).

This algorithm utilizes a group of artificial ants to solve a problem. Each ant represents
a solution path, and the ant colony attempts to solve the problem by exploring these
paths while sharing information. ACO employs a probability-based search method to
find the best solution. The ant colony can be effectively utilized to optimize a problem
or find the best route, and it is often applied to complex and large-scale data problems.
In the context of WSN, ACO can be applied to address many important challenges such
as routing, coverage, energy efficiency, and data fusion.

Advantages and disadvantages of the ACO algorithm in WSN coverage area
optimization are as follows:

Advantages:
e [t is an algorithm capable of conducting simultaneous searches over a large
population.

e Itallows minimizing the computational burden of finding the optimal or near-
optimal path or paths.
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Disadvantages:

e Insome cases, it can provide slow convergence, meaning it may require long
durations to reach the desired outcome. This could pose issues in real-time
applications.

e The effectiveness of ACO depends on accurately tuning a set of parameters.
Selecting and tuning these parameters can be challenging in some cases.

e ACO is a probability-based search algorithm and therefore does not always
guarantee the global optimum. There may be a chance of finding a better
solution in some cases, but there is no guarantee of providing exact results.

In conclusion, ACO is a powerful optimization tool that can be used for WSNs, but it
should be applied carefully and configured according to the problem requirements. Its
advantages generally outweigh its disadvantages, but it requires proper parameter
settings and design decisions.

5.3. Whale Swarm Algorithm (WGA)

The Whale Optimization Algorithm is the launch of a metaheuristic plugin that mimics
the hunting behavior of humpback whales. This update can be used to resolve various
issues such as WSNs.

The schedule and results of this new method are listed below:
Advantages:

e The Whale Optimization Algorithm offers the ability to more effectively
approximate local and global optima. This increases the ability to obtain better
results for a variety of problems (Gu, 2020).

e  Whale Optimization Algorithm is capable of handling multiple expansion
problems with different parts. This presents speech in a more attractive way
in various application areas (Gu, 2020).

e Note that this attenuation requires less parameter speedup than some other
security techniques.

Disadvantages:

e The convergence speed of the algorithm can sometimes be slow, especially for
large and complex problems. This may be a disadvantage in applications of
time differences (Deng et al., 2023).

e The Whale Optimization Algorithm may produce results with low precision
in some problems. This may limit use in high-definition applications (Deng et
al., 2023).

e It is possible for the algorithm to lose local optima, but for some problems it
can be made more difficult with better results.
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5.4. Grey Wolf Algorithm (GWA)

The coverage problem in WSN addresses the optimization of sensors' ability to
effectively cover a certain area. The Grey Wolf Algorithm offers a nature-inspired
population-based optimization approach to tackle this challenge. The algorithm mimics
the behaviors of grey wolves and updates the positions of sensors like these wolves.
Through collaboration among leaders, followers, and other roles, sensors optimize their
positions and aim to increase coverage. It utilizes crossover and mutation operations
reminiscent of genetic algorithms to determine the best positions during iterations. As
a result, the Grey Wolf Algorithm is considered a powerful tool for solving coverage
problems in WSNs and determining the optimal positions of sensors.

The advantages and disadvantages of the Grey Wolf Algorithm for the coverage
problem in WSNs are as follows:

Advantages:

e  The Grey Wolf Algorithm adopts a population-based approach and allows for
the simultaneous evaluation of many different positions, providing an
advantage in exploring alternative solutions.

e The algorithm includes crossover and mutation operations used in genetic
algorithms, thus maintaining genetic diversity and the ability to discover new
positions.

e Grey wolves update the positions of sensors using leadership, followership,
and other roles, enabling them to adapt to environmental changes.

Disadvantages:

e  The success of the algorithm depends on specific parameter settings, making
it challenging to adjust these parameters correctly.

e The Grey Wolf Algorithm may sometimes exhibit slow convergence,
requiring more iterations to achieve the desired outcome.

e The cost of sensor displacement and the requirement for continuous
movement can be disadvantages in practical applications.

e The Grey Wolf Algorithm does not always guarantee the global optimum,
meaning there is a chance of finding the best solution, but no guarantee of
precise results.

In conclusion, the Grey Wolf Algorithm can be an effective optimization tool for
addressing coverage problems in WSNSs, but careful attention to parameter settings and
problem requirements may be necessary. Its advantages generally outweigh the
disadvantages, but this may vary depending on the problem context and application
scenario.

5.5. Cuckoo Search Algorithm (CSA)

CSA is an optimization algorithm inspired by nature. This algorithm is based on the
breeding and nest robbing behavior of cuckoos.
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Each cuckoo represents a potential solution and expresses this solution with a nest. The
purpose of the Cuckoo Algorithm is to find the smallest or largest value of an objective
function (Tian et al., 2021).

CSA has 3 main parameters.

Population Size: Specifies how many cuckoos will be used for the algorithm
(Tian et al., 2021).

Breeding Rate: It is a rate that controls how many offspring the cuckoos will
leave from the current nest when breeding. This rate determines the frequency
of new solutions joining the population.

Egg Laying: Cuckoos lay eggs in nests (Tian et al., 2021). How to place eggs
in nests is important when coming up with new solutions.

How the Algorithm Works:

Cuckoos produce new solutions using existing nests (solutions). The new
solutions produced are placed in some of the existing slots. This fitting process
evaluates whether the new solution improves the existing slot. Better solutions
favor existing slots and bad solutions are eliminated over time (Narawade &
Kolekar, 2017).

The algorithm continues to run until it reaches a certain stopping criterion or
exceeds a certain number of iterations (Narawade & Kolekar, 2017).

Advantages:

Can Solve High Dimensional and Complex Problems: CSA can deal with high
dimensional, complex and nonlinear optimization problems. This provides a
great advantage in solving the coverage problem in WSNs (Narawade &
Kolekar, 2017).

Avoidance and Convergence Ability: CSA has the ability to avoid local optima
and converge to global optima. This makes it easier to obtain better solutions
(Masoodi et al., 2018).

Suitability for Dynamic Environments: CSA stands out for its ability to adapt
to challenging conditions such as changing network topologies and dynamic
environments. This is important to adapt to the changing conditions of WSNs
(Zhuang et al., 2017).

In (Thirugnanasambandam et al., 2021) authors proposed novel Multi-Objective Binary
Reinforced Cuckoo Search Algorithm (MOBRCSA) designed for solving connected
coverage target-based problems in WSNs, particularly addressing critical targets.
MOBRCSA efficiently balances multiple objectives such as minimizing the number of
deployed nodes, maximizing coverage, and ensuring connectivity.

Disadvantages:

342



G. Bayat, E. E. Ulkii, B. Dogan, A Comprehensive Survey of Next-Generation Optimization Algorithms for Target
Coverage in Mobile Wireless Sensor Networks

e CSA may require a large number of iterations and evaluations. This can be
costly in terms of time and computational resources (Alia & Al-Ajouri,
2017).

e Parameter Tuning Challenges: CSA may require parameters to be tuned
correctly. Incorrect parameter settings may negatively affect the
performance of the algorithm (Narawade & Kolekar, 2017).

6. CONCLUSION

In this study, a survey was conducted to explore optimization algorithms aimed at
maximizing coverage within Wireless Sensor Network (WSN) areas of interest. The
review included 45 articles, underscoring the crucial importance of coverage
optimization, a topic of growing interest among researchers. Recently, nature-inspired
algorithms have emerged as effective solutions for addressing challenges related to
maximizing target coverage and enhancing energy efficiency within WSNs.

As mentioned in Table 1, among the various algorithms reviewed, the Cuckoo Search
(CS) and Grey Wolf Optimization (GWO) algorithms were identified as particularly
effective. These algorithms are favored in the literature due to their robust ability to
avoid local minimal and efficiently converge on global optima, which significantly
reduces computational complexity compared to other methods. The CS algorithm, for
example, excels in achieving higher coverage rates by adapting its search strategy
dynamically, which is crucial for extensive and unpredictable WSN environments.
Similarly, the GWO algorithm has shown superior performance in optimizing both
energy consumption and coverage rate, thanks to its simulated annealing-enhanced
search capabilities.

This review highlights the pivotal role that advanced optimization algorithms play in
enhancing the functionality and sustainability of WSNs. The ongoing development of
such algorithms is vital for advancing network technologies and catering to the
increasing demand for smart and efficient monitoring systems in various applications.

Authors' Contribution

In this study, the first author contributed to the research, data collection, analysis,
interpretation, literature review, and writing of the article. The second author
contributed to the idea, criticism, and writing of the article. The third author contributed
to the idea, criticism, and writing of the article.

Acknowledgements
This work was supported in part by Marmara University Scientific Research Projects
Coordination Unit under grant number FYL-2023-10950

Conflict of Interest Statement
There is no conflict of interest between the authors.

Research and Publication Ethics Statement
Research and publication ethics were followed in the study.

343



Istanbul Commerce University Journal of Science 24(47), Spring 2025, 318-348

REFERENCES

Akyildiz, I. F., Su, W., Sankarasubramaniam, Y., & Cayirci, E. (2002). A survey on
sensor networks. IEEE Communications Magazine, 40, 102—114.

Alia, O. M., & Al-Ajouri, A. (2017). Maximizing wireless sensor network coverage
with minimum cost using harmony search algorithm. IEEE Sensors Journal, 17 (3),
882-896. (St 1)

Arivudainambi, D., Balaji, S., & Poorani, T. S. (2017). Sensor deployment for target
coverage in underwater wireless sensor network. In Performance Evaluation and
Modeling in Wired and Wireless Networks (PEMWN) (1-6). (St 2)

Aziz,N.A. B. A., Mohemmed, A. W., & Alias, M. Y. (2009). A wireless sensor network
coverage optimization algorithm based on particle swarm optimization and Voronoi
diagram. In 2009 International Conference on Networking, Sensing and Control
(602-607). Okayama, Japan. (St 3)

Biswas, S., Das, R., & Chatterjee, P. (2018). Energy-efficient connected target coverage
in multi-hop wireless sensor networks. In Bhattacharyya, S., Sen, S., Dutta, M.,
Biswas, P., Chattopadhyay, H. (Eds.) Industry Interactive Innovations in Science,
Engineering and Technology Lecture Notes in Networks and Systems (11).
Springer, Singapore. (St 4)

Chen, D. R., Chen, L. C., Chen, M. Y., & Hsu, M. Y. (2019). A coverage-aware and
energy-efficient protocol for the distributed wireless sensor networks. Computer
Communications, 137, 15-31. (St 5)

Cheng, J., Fang, Y., & Jiang, N. (2023). Research on wireless sensor networks coverage
based on fruit fly optimization algorithm. In 2023 IEEE 3rd International
Conference on Power, Electronics and Computer Applications (ICPECA), 1109-
1115. (St 6)

Chowdhury, A., & De, D. (2020). FIS-RGSO: Dynamic fuzzy inference system based
reverse glowworm swarm optimization of energy and coverage in green mobile
wireless sensor networks. Computer Communications, 163, 12—-34. (St 7)

Chowdhury, A., & De, D. (2021). Energy-efficient coverage optimization in wireless
sensor networks based on Voronoi-glowworm swarm optimization-K-means
algorithm. Ad Hoc Networks, 122, 102660. (St 8)

Deepa, A., & Venkataraman, R. (2021). Enhancing whale optimization algorithm with
Levy flight for coverage optimization in wireless sensor networks. Computers &
Electrical Engineering, 94, 107359. (St 9)

Deng, H., Liu, L., Fang, J., Qu, B. & Huang, Q. (2023). A novel improved whale

optimization algorithm for optimization problems with multi-strategy and hybrid
algorithm. Mathematics and Computers in Simulation, 205, 794-817.

344



G. Bayat, E. E. Ulkii, B. Dogan, A Comprehensive Survey of Next-Generation Optimization Algorithms for Target
Coverage in Mobile Wireless Sensor Networks

Dorigo, M., & Stiitzle, T. (2004). Ant Colony Optimization. MIT Press.

Fang, Q., & Sun, Y. R. (2017). Wireless sensor network coverage efficiency
optimization simulation. Computer Simulation, 34(8), 297-301. (St 10)

Gu, W. (2020). An improved whale optimization algorithm with cultural mechanism
for high-dimensional global optimization problems. In 2020 IEEE International
Conference on Information Technology, Big Data and Artificial Intelligence
(ICIBA) (1282-1286). Chongqing, China.

Gunjan. (2023). A review on multi-objective optimization in wireless sensor networks
using nature inspired meta-heuristic algorithms. Neural Processing Letters, 55,
2587-2611.

Guo, Y., Liu, D., Chen, M., & Liu, Y. (2013). An energy-efficient coverage optimization
method for wireless sensor networks based on multi-objective quantum-inspired
cultural algorithm. In Proceedings of the ISNN’13: Proceedings of the 10th
international conference on Advances in Neural Networks (349). Springer:
Berlin/Heidelberg, Germany. (St 11)

Hanh, N. T., Hanh, P. T. H.,, Binh, H. T. T., & Nghia, N. D. (2016). Heuristic algorithm
for target coverage with connectivity fault-tolerance problem in wireless sensor
networks. In 2016 Conference on Technologies and Applications of Artificial
Intelligence (TAAI) (235-240). Hsinchu, Taiwan.

Jia, J., Chen, J., Chang, G., Wen, Y., & Song, J. (2009). Multi-objective optimization
for coverage control in wireless sensor network with adjustable sensing radius.
Computers & Mathematics with Applications, 59, 1767—1775. (St 12)

Jiao, W., Tang, R., & Xu, Y. (2022). A coverage optimization algorithm for the wireless
sensor network with random deployment by using an improved flower pollination
algorithm. Forests, 13, 1690. (St 13)

Kapoor, R., & Sharma, S. (2023). Glowworm swarm optimization (GSO) based energy
efficient clustered target coverage routing in wireless sensor networks (WSNs).
International Journal of System Assurance Engineering and Management, 14(Suppl
2), 622-634. (St 14)

Keshmiri, H., & Bakhshi, H. (2020). A new 2-phase optimization-based guaranteed
connected target coverage for wireless sensor networks. IEEE Sensors Journal,
20(13), 7472-7486. (St 15)

Khalaf, O. 1., Abdulsahib, G. M., & Sabbar, B. M. (2020). Optimization of wireless
sensor network coverage using the bee algorithm. Journal of Information Science
and Engineering, 36, 377-386. (St 16)

Lee,J. W, Choi, B. S., & Lee, J. J. (2017). Energy-efficient coverage of wireless sensor

networks using ant colony optimization with three types of pheromones. IEEE
Transactions on Industrial Informatics, 7, 419-427. (St 17)

345



Istanbul Commerce University Journal of Science 24(47), Spring 2025, 318-348

Li, J., Cui, L., & Zhang, B. (2010). Self-deployment by distance and orientation control
for mobile sensor networks. In International Conference on Networking, Sensing
and Control (ICNSC) (549-553). IEEE.

Li, D. (2022). Research on coverage holes repair in wireless sensor networks based on
an improved artificial fish swarm algorithm. *International Journal of Autonomous
and Adaptive Communications Systems, 15(4), 312-330.
https://doi.org/10.1504/ijaacs.2022.127412

Liang, D., Shen, H., & Chen, L. (2021). Maximum target coverage problem in mobile
wireless sensor networks. Sensors, 21, 184.

Liang, J., Tian, M., Liu, Y., et al. (2022). Coverage optimization of soil moisture
wireless sensor networks based on adaptive Cauchy variant butterfly optimization
algorithm. Scientific Reports, 12, 11687. (St 18)

Ling, H., Zhu, T., He, W., Luo, H., Wang, Q., & Jiang, Y. (2020). Coverage optimization
of sensors under multiple constraints using the improved PSO algorithm.
Mathematical Problems in Engineering, 2020, Article ID 8820907, 10 pages. (St
19)

Masoodi, I. S., Dar, M. A., & Banday, M. T. (2018). Energy efficient routing in WSN’s
based on dynamic cuckoo search algorithm. In 2018 3rd IEEE International
Conference on Recent Trends in Electronics, Information & Communication
Technology (RTEICT) (2514-2517). Bangalore, India. (St 20)

Narawade, V. E., & Kolekar, U. D. (2017). EACSRO: Epsilon constraint-based
adaptive cuckoo search algorithm for rate optimized congestion avoidance and
control in wireless sensor networks. In 2017 International Conference on I-SMAC
(IoT in Social, Mobile, Analytics and Cloud) (I-SMAC) (715-720). Palladam, India.
(St21)

Ozdag, R., & Canayaz, M. (2021). A new metaheuristic approach based on orbit in the
multi-objective optimization of wireless sensor networks. Wireless Networks, 27,
1-21.

Pitchaimanickam, B., & Murugaboopathi, G. (2020). A hybrid firefly algorithm with
particle swarm optimization for energy efficient optimal cluster head selection in

wireless sensor networks. Neural Computing and Applications, 32, 7709—7723. (St
22)

Qadir, J., Ulaih, U., de Abajo, B. S., & Zapirain, B. G. (2020). Energy-aware and
reliability based localization-free cooperative acoustic wireless sensor networks.

IEEE Access, 8, 121366—121384.

Qi-wei, Z. (2009). Coverage optimization of wireless sensor network. Mechanical &
Electrical Engineering Magazine.

346



G. Bayat, E. E. Ulkii, B. Dogan, A Comprehensive Survey of Next-Generation Optimization Algorithms for Target
Coverage in Mobile Wireless Sensor Networks

Rawat, P., Singh, K. D., Chaouchi, H., & Bonnin, J. M. (2014). Wireless sensor
networks: A survey on recent developments and potential synergies. Journal of
Supercomputing, 68(1), 1-48.

Roselin, I., & Latha, P. (2016). Energy efficient coverage using artificial bee colony
optimization in wireless sensor networks. Journal of Scientific & Industrial
Research, 75, 19-27. (St 23)

Sampathkumar, A., Mulerikkal, J., & Sivaram, M. (2020). Glowworm swarm
optimization for effectual load balancing and routing strategies in wireless sensor
networks. Wireless Networks, 26, 4227-4238. (St 24)

Sharma, N., & Gupta, V. (2022). A survey on applications, challenges, and meta-
heuristic-based solutions in wireless sensor network. In EAI/Springer Innovations
in Communication and Computing. Springer, Cham.

Singh, A., Sharma, S., & Singh, J. (2021). Nature-inspired algorithms for wireless
sensor networks: A comprehensive survey. Computer Science Review, 39, 100342.
(St25)

Sun, W., Tang, M., Zhang, L., Huo, Z., & Shu, L. (2020). A survey of using swarm
intelligence algorithms in IoT. Sensors, 20(5), 1420. (St 26)

Thirugnanasambandam, K., Raghav, R. S., Anguraj, D. K., et al. (2021). Multi-
objective binary reinforced cuckoo search algorithm for solving connected
coverage target based WSN with critical targets. Wireless Personal
Communications, 121, 2301-2325. (St 27)

Tian, M., Bai, J., Li, J., Huang, M., Zhan, C., & Ren, L. (2021). Elite parallel cuckoo
search algorithm for regional coverage control problem in high-density wireless
sensor networks. In 2021 3rd International Conference on Artificial Intelligence and
Advanced Manufacture (AIAM) (285-289). Manchester, United Kingdom. (St 28)

Wang, H., Li, K., & Pedrycz, W. (2020). An elite hybrid metaheuristic optimization
algorithm for maximizing wireless sensor networks lifetime with a sink node. IEEE
Sensors Journal, 20(10), 5634-5649. (St 29)

Wang, J., Zhu, D., Ding, Z., & Gong, Y. (2023). WSN coverage optimization based on
improved sparrow search algorithm. In 2023 15th International Conference on
Advanced Computational Intelligence (ICACI) (pp. 1-8). Seoul, Korea, Republic
of. (St 30)

Wang, L., Li, C., Wang, H., Zhang, Y., & Liu, Z. (2020). MEP-PSO algorithm-based
coverage optimization in directional sensor networks. In GLOBECOM 2020 - 2020
IEEE Global Communications Conference (pp. 1-6). Taipei, Taiwan. (St 31)

Wang, L., Wu, W, Qi, J., & Jia, Z. (2018). Wireless sensor network coverage

optimization based on whale group algorithm. Computer Science and Information
Systems, 15, 569-583. (St 32)

347



Istanbul Commerce University Journal of Science 24(47), Spring 2025, 318-348

Zhang, Y., Cao, L., Yue, Y., Cai, Y., & Hang, B. (2021). A novel coverage optimization
strategy based on grey wolf algorithm optimized by simulated annealing for
wireless sensor networks. Computational Intelligence and Neuroscience, 6688408.
(St33)

Zhao, Q., Li, C., Zhu, D., & Xie, C. (2022). Coverage optimization of wireless sensor
networks using combinations of PSO and chaos optimization. Electronics, 11(6),
853. (St 34)

Zhu, F., & Wang, W. (2021). A coverage optimization method for WSNs based on the
improved weed algorithm. Sensors, 21. (St 35)

Zhuang, Y., Wu, C., & Zhang, Y. (2017). A coverage hole recovery algorithm for
wireless sensor networks based on cuckoo search. In 2017 IEEE 7th Annual
International Conference on CYBER Technology in Automation, Control, and
Intelligent Systems (CYBER) (1552-1557). Honolulu, HI, USA. (St 36)

348



istanbul Ticaret Universitesi Fen Bilimleri Dergisi, 24(47), Bahar 2025, 349-379.

L] L ISTANBUL TICARET UNIVERSITESI FEN, e
FEN BIiLIMLERI DERGISi Blixcisi
Istanbul Commerce University Journal of Science o

http://dergipark.org.tr/ticaretfbd

Derleme Makale / Review Article

OTOIMMUN HASTALIKLARDA GLIiKAN
BIYOBELIRTECLERIN KESFi:
TANI VE TEDAVIDE SON GELISMELER

DISCOVERY OF GLYCAN BIOMARKERS IN AUTOIMMUNE DISEASES:
RECENT ADVANCES IN DIAGNOSIS AND TREATMENT

Miiserref CAGLI

Rafig GURBANOV?

https://doi.org/10.55071/ticaretfbd. 1660449

Sorumlu Yazar
(Corresponding Author)
rafig.gurbanov@bilecik.edu.tr

0Oz

Gelis Tarihi
(Received)
18.03.2025

Ismail POYRAZ3
Revizyon Tarihi Kabul Tarihi
(Revised) (Accepted)
01.05.2025 05.05.2025

Abstract

Glikanlar, insan viicudunda salgilanan ¢ok sayida proteine
baglanarak bu proteinlerin  yapisal ve islevsel
ozelliklerinde 6nemli degisikliklere yol acan kompleks
seker molekiilleridir. Glikozilasyon olarak bilinen bu
siregteki ~ anormallikler,  kanser,  kardiyovaskiiler
hastaliklar, otoimmiin bozukluklar ve kronik inflamatuvar
hastaliklar gibi birgok patolojik durumla yakindan
iliskilidir. Ozellikle otoimmiin hastaliklarda, glikan
yapilarindaki  degisiklikler,  hastahgin  baslangici,
ilerlemesi ve tedavi siirecinde kritik bir rol oynar.
Giintimiizde, glikan yapilarindaki degisikliklerin analizi
i¢in yaygin olarak kullanilan kiitle spektrometresi gibi ileri
analitik teknikler, glikan profillerinin yiiksek hassasiyetle
belirlenmesine ve hastalikla iliskili spesifik glikan
modifikasyonlarinin tespit edilmesine olanak tanir. Erken
donemde yapilan bu analizler, hastahgin tanisi, tedavi
stratejilerinin belirlenmesi ve tedaviye yanitin izlenmesi
agisindan klinik karar verme siireglerine onemli katkilar
saglayabilir. Bu calijmada, otoimmiin hastaliklar bagta
olmak iizere ¢esitli patolojik durumlarda glikan
yapilarindaki degisikliklerin rolii ele alinmakta ve bu
degisikliklerin  potansiyel  biyobelirtegler  olarak
kullanimina yonelik giincel bilgiler sunulmaktadir. Ayrica,
glikan biyobelirteglerin klinik uygulamalarda kullanimini
kolaylastiracak yeni teknolojik yaklasimlar ve gelecek
perspektifleri de degerlendirilmektedir.

Anahtar  Kelimeler: Biyobelirteg, glikan, kiitle
spektrometrisi, otoimmiin hastaliklar.

Glycans are complex sugar molecules that bind to
numerous proteins secreted in the human body,
significantly altering their structural and functional
properties. Abnormalities in this process, known as
glycosylation, are closely associated with various
pathological conditions, including cancer, cardiovascular
diseases, autoimmune  disorders, and  chronic
inflammatory diseases. Particularly in autoimmune
diseases, alterations in glycan structures play a crucial role
in disease onset, progression, and treatment. Nowadays,
advanced analytical techniques, such as mass
spectrometry, are widely used to analyze glycan structure
modifications, enabling the high-sensitivity profiling of
glycans and the detection of disease-associated
alterations. Early identification of these changes can
significantly contribute to clinical decision-making,
particularly in disease diagnosis, treatment strategy
development, and therapeutic monitoring. This study
explores the role of glycan modifications in various
pathological conditions, with a particular focus on
autoimmune diseases, and provides up-to-date insights
into their potential as biomarkers. Furthermore, emerging
technological approaches and future perspectives to
enhance glycan biomarkers' clinical applicability are
evaluated.

Keywords: Autoimmune diseases, biomarker, glycan,
mass spectrometry.
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1. GIRIS

Viicudu hastaliklara karsi korumak igin hiicresel ve molekiiler unsurlarin bir araya
gelmesiyle olusan bagigiklik sistemi, normal sartlarda ‘kendi’ olarak bilinen
molekiillere tolerans gostermektedir. Kendi kendine tolerans ortadan kalktiginda,
bagisiklik sistemi viicudun kendi molekiillerine kars1 ‘otoantikor’ iireterek anormal
adaptif bagisiklik tepkisine neden olur (Bolon, 2012). Otoimmiinite ad1 verilen bu
durum romatizmal eklem iltihabi, sistemik lupus eritematozus, multipl skleroz, tip 1
diyabet ve otoimmiin tiroid hastaliklar1 gibi ¢ok sayida hastalikla iliskilidir (Marrack
ve ark., 2001). Otoimmiin hastaliklar (Autoimmune Diseases /AD) ciddi doku veya
organ tahribatina ve hatta 6liimciil sonuglara yol acgabilir. Bu hastaliklarin artan
prevalansi halk saglig1 agisindan endise verici hale gelmektedir. Amerikan Otoimmiin
Mliskili Hastaliklar Dernegi tarafindan AD'lerden etkilenen popiilasyon oranmin diinya
¢apinda yaklasik %10'a ulasabilecegi rapor edilmistir (Li ve ark., 2023). Otoimmiin
hastaliklar genellikle, genetik yatkinlik ve ¢evresel faktorler arasindaki etkilesim
sonucu ortaya c¢ikar. Bu hastaliklarin erken teshisinde, siiflandirma ve hastalik
aktivitesinin belirlenmesinde ¢ogunlukla otoimmiin hastaliklar i¢in karakteristik olan
otoantikorlar kullanilir (Pisetsky, 2023). Ancak otoantikorlar bir otoimmiin hastaligin
varligin1 kesin olarak belirleyemez. Bunun yanmda taniy1 desteklemeye yardimci
olacak hastaliga uygun belirti ve semptomlarin eslik ettigi serolojik testler, tam kan
sayimi, immiinolojik caligmalar ve sitokin analizi gibi birden fazla laboratuvar testi
gereklidir (Castro & Gourley, 2010). Bu nedenle, hastaligin erken teshisini saglamak,
gelisimini tanimlamak, seviyelerine gére siniflandirmak ve doku hasarini 6nlemek i¢in
hastaliga 6zgii ve duyarliligi yiiksek biyobelirteglere biiyiik olgiide ihtiyag¢ vardir
(Burska ve ark., 2014).

Glikosilasyon, 6karyotlarda en yaygin translasyon sonrasi modifikasyonlardan biridir
ve proteinlerin fonksiyonunu diizenleyerek gelisim, nérojenez ve bagisiklikta ¢ok
onemli bir rol oynar (Pasala ve ark., 2024). Protein glikosilasyonu, spesifik amino asit
kalintilarina karbonhidrat (glikan) yapilarinin kovalent olarak baglanmastyla olusur. Bu
proteinler ¢ogunlukla N- veya O- glikozilasyon yoluyla glikosile edilirler. N-bagl
glikanlar, N-asetilglukozaminin (GlcNAc) proteinlerin asparagin kalintisi iizerindeki
amid grubuyla kovalent olarak baglanmasiyla olusur. O-bagl glikanlar ise proteindeki
serin (Ser) veya treonin (Thr) kalintisindaki hidroksil yan zincir grubuna baglanir.
Insanlarda Ser veya Thr'ye bagli en yaygin sekerler GleNAc ve N-asetilgalaktozamin
(GalNAc)’dir (Ohtsubo & Marth, 2006; Kam & Poon, 2008; Reily ve ark., 2019).
Protein glikosilasyonu, hem saglikli hem de patolojik dokularda gerceklesen temel bir
biyokimyasal siirectir. Bununla birlikte, glikan yapilarmin dagilimi ve profilleri,
hastalik durumlarina bagli olarak o6nemli Olclide degisiklik gosterebilmektedir.
Ozellikle otoimmiin bozukluklarda, immiin hiicrelerin yiizeyinde ve serum
proteinlerinde bulunan glikan yapilarinin, saglikli bireylere kiyasla farklilik gosterdigi
ve bu farkliliklarin hastalik patogenezi ile iliskili olabilecegi 6ne siiriilmektedir
(Flevaris & Kontoravdi, 2022).

Bu ¢aligmanin temel amaci, insanlarda bulunan farkli glikan yapilarini, otoimmiin
hastaliklar baglaminda saglikli ve hasta bireyler arasinda karsilastirmak ve her bir
otoimmiin hastalik i¢in spesifik glikan profillerini belirlemektir. Giiniimiizde gelisen
analitik yontemler sayesinde, glikan yapilarindaki degisiklikler yiiksek hassasiyetle
tespit edilebilmekte ve bu yapilar, noninvazif biyobelirtecler olarak biiyiik bir
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potansiyel tasimaktadir. Hasta ve saglikli bireyler arasindaki glikosilasyon
farkliliklarinin ~ tanimlanmasi, yalnizca erken ve dogru tami konulmasini
kolaylastirmakla kalmayip, ayn1 zamanda uygun tedavi stratejilerinin belirlenmesine
ve tedavi siirecinin izlenmesine de onemli katkilar saglayacaktir. Bu ¢alismada,
otoimmiin hastaliklar alaninda yapilan mevcut arastirmalarda analiz edilen glikan
yapilarina genel bir bakis sunularak, bu alandaki bilgi birikiminin derlenmesi ve
gelecekteki arastirmalara yon verilmesi hedeflenmektedir.

2. GLIKOSILASYONUN ANTIiKOR ARACILI IMMUN YANITA ETKIiSi

Otoantikorlar, hastaligin klinik baslangicindan once tespit edilebilmekle birlikte,
immiin yanitin olusumunda ¢esitli ek faktorler de kritik bir rol oynamaktadir. Bu
siirecte, antikorlar ile hiicresel reseptorler arasindaki molekiiler etkilesimler, 6zellikle
otoimmiin hastaliklarin patogenezinde biiylik Onem tasimaktadir. Antikorlar,
komplemana bagimli sitotoksisite (CDC), antikora bagimli hiicresel sitotoksisite
(ADCC) ve antikora bagimli hiicresel fagositoz (ADCP) gibi ¢oklu immiin yanit
mekanizmalarini diizenleyerek immiin sistemin efektor fonksiyonlarini modiile eder.
Bu immiin yanitlarin gergeklesmesinde, antikor molekiiliiniin kristallesebilir fragman
(Fc) bolgesinin, Fc reseptorleri (FcR) ve kompleman sisteminin 6nemli bir bileseni olan
Clq proteini gibi farkli reseptorlere baglanma afinitesi ve spesifikligi belirleyici bir rol
oynamaktadi (Zhou ve ark., 2021). Ayrica, otoimmiin hastaliklarin patogenezinde yer
alan serum proteinleri, antikorlar ve reseptorler gibi molekiiler bilesenlerin
glikozilasyon modifikasyonlarindaki degisiklikler, bu alanda yeni biyobelirteglerin
kesfi ve gelistirilmesi igin 6nemli bir potansiyel sunmaktadir. Bu bulgular, otoimmiin
hastaliklarin tan1 ve tedavisinde yeni stratejilerin gelistirilmesine katkida bulunabilir.

Serum proteinleri ve otoantikorlarin glikosilasyon modifikasyonlarinin, birgok
otoimmiin hastalikta 6nemli 6l¢iide degisiklik gosterdigi bilinmektedir. Bu baglamda,
insan serumunda en yiiksek konsantrasyonda bulunan glikoproteinlerden biri olan
immiinoglobulin G (IgG)’nin N-glikosilasyonundaki farkliliklar, biyolojik ve patolojik
stirecler agisindan biiyiik nem tagimaktadir (Seeling ve ark., 2017). IgG nin yapist, iki
ozdes v agir (H) zincir ve iki 6zdes A hafif (L) zincirden olusan ve birbirlerine disiilfit
kopriileriyle kovalent olarak baglanan dort polipeptit zinciriyle karakterize edilir. Her
bir agir zincir, bir degisken alan (VH) ve ii¢ sabit alan (CH1, CH2, CH3) igerirken her
bir hafif zincir, bir degisken alan (VL) ve bir sabit alan (CL) icerir. IgG’nin islev
acisindan o6nemli olan diger kisimlar1 ise antijen baglanma pargasi (Fab) ve
kristallesebilir fragman (Fc) boliimleridir. Agir zincirlerin sabit bolgelerinin amino asit
sekansina bagl olarak IgG’ler IgGl, IgG2, IgG3 ve IgG4 olmak iizere dort alt sinifa
ayrilabilir (Clerc ve ark., 2015). Glikosilasyon IgG’lerin hem Fc hem de Fab
kisimlarinda meydana gelir ve Fc bolgesinde bulunan N-glikanlar efektor role sahiptir.
Fc bolgesinin CH2-84,4 glikosilasyon bolgesi tiim IgG alt siniflarinda korunmaktadir
(Maverakis ve ark., 2015). Saglikli bireylerin CH2 alanlarinin her birinde asparjin 297
(N297 ya da Asn297) pozisyonunda korunmus bir glikan yapisi bulunur. Bu glikan
yapisi, temel olarak fukoz (Fuc), galaktoz (Gal), sialik asit (NeuAc) ve ikiye bolen
(bisecting) N-asetilglukozamin (GlcNAc) ile birlikte mannoz (Man) ve GlcNAc
kalintilarindan olusan bir ¢ekirdek yap1 igermektedir (Sekil 1) (Puci¢ ve ark., 2011).
Saglikli bireylerde, toplam serum IgG’nin Fc bdlgesindeki glikan yapisi biiyiik 6l¢iide
fukosile edilmistir (>%90). Bunun yani sira, saglikli bireylerdeki IgG glikan profili,
yaklasik %35 agalaktosile (IgG-G0), %35 monogalaktosile (IgG-G1), %15
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digalaktosile (IgG-G2) ve %10-15 oraninda mono- ve disialile edilmis yapilar (IgG-S)
icermektedir (Flevaris & Kontoravdi, 2022).

in (GlcNAC)

Asn297 Bolgest

Sekil 1. IgG Yapisi1 ve Korunmus Glikan Ozellikleri
[Flevaris & Kontoravdi, 2022 esinlenerek yeniden tasarlanmistir]

Bagigiklik  hiicrelerinin  iizerindeki Fc reseptorleri (FcyR), antijene bagh
immiinoglobulinlerin Fc bolgesi ile birlesmesi ardindan proinflamatuar veya sitotoksik
yollart baslatabilir. Memeli tiirlerinde FcyR ailesi igerisinde FcyRI (CD64), FcyRII
(CD32), FcyRIII (CD16) ve FcyRIV reseptorleri sayilabilir. Fc alanmin farkli FcyR'lere
yonelik afinitesi ve baglanma 6zgiilliigli, IgG alt siniflarinin amino asit sekansindaki
farkliliklara ve Fc bolgesindeki glikan yapilarina bagli olarak degismektedir
(Nimmerjahn & Ravetch, 2006; Bournazos ve ark., 2020). Fc bolgesinin glikosilasyonu
ADCC ve CDC’nin yonlendirilmesinde dnemli rol oynamaktadir. ADCC, fukoz,
galaktoz ve sialik asit igeriginin azalmasiyla desteklenerek IgG’nin Fc bolgesinin,
bagisiklik hiicreleri lizerindeki aktivator Fcy-RlIlla reseptorlerine baglanmasini saglar
ve inflamasyona neden olur. Fukoz, galaktoz ve sialik asitlerin artmasi durumunda ise
inhibitdor Fcy-RIIb reseptdr baglanmasi tesvik edilerek anti-inflamatuar bir yanit
olusturulur (Haslund-Gourley ve ark., 2023). Fc bolgesinde CH2-84,4’e bagh glikanlar
G0, G1 ve G2 seklinde siniflandirilabilir. Galaktoz igermeyen (agalaktosile-GO)
glikanlar FcyRIII reseptorleri i¢in daha yiiksek afiniteye sahiptir ve bu durum birgcok
otoimmiin hastalikla iliskilidir. Fc CH2 glikanlarimin yiiksek GO orani proinflamatuar
etkiyi arttirirken, sialile edilmis veya fukosile edilmis glikanlar FcyRIII igin Ig
afinitesini azalttifindan antikora anti-inflamatuar &zellikler kazandirir (Sekil 2)
(Maverakis ve ark., 2015).
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Sekil 2. IgG N-Glikan Yapilarinin inflamatuar Ozellikleri
[Maverakis ve ark., 2015 esinlenerek yeniden tasarlanmistir]

Glikan yapilarindaki farkliliklarin inflamatuvar siiregler iizerindeki etkileri ve bu
yapilarin otoimmiin hastaliklarin tanisindaki potansiyel rolii, saglikli ve hasta bireylerin
karsilastirildig1 ¢ok sayida bilimsel ¢alismaya konu olmustur. Giinlimiizde gelisen
analitik teknolojiler sayesinde, glikan yapilarinin detayli bir sekilde karakterize
edilmesi miimkiin hale gelmektedir. Bu ilerlemeler 1siginda, glikan profillerinin
otoimmiin hastaliklarin teshisinde giivenilir biyobelirtecler olarak kullanilabilecegi
ongoriilmektedir.

3. GLIKAN YAPILARININ ANALIZi

Glikanlarin profilinin ¢ikarilmasi, karakterizasyonu, yiiksek verimli bir sekilde
ayrilmasi ve analizi igin g¢esitli yontemler mevcuttur. Bunlar arasinda giincel olarak,
hidrofilik etkilesim sivi kromatografisi (HILIC) (Wuhrer ve ark., 2009), kapiller
elektroforez (CE) (Lu ve ark., 2018), matris destekli lazer desorpsiyon/iyonizasyon
kiitle spektrometrisi (MALDI-MS) (Hu & Mechref, 2012), elektrosprey iyonizasyon
kiitle spektrometresi (ESI-MS) (Stadlmann ve ark., 2008), sivi kromatografisi-kiitle
spektrometresi (LC-MS) (Wuhrer ve ark., 2004), niikleer manyetik rezonans (NMR)
(Lundborg & Widmalm, 2011) ve glikan mikrodizi (Liang ve ark., 2008) yontemleri
sayilabilir.

Glikan yapilarmin analizi 6nemli ve karmasik siirecleri igerir. Ozellikle diisiik
seviyelerdeki glikanlarin tanimlanmasi ve yapisal analizi i¢in belirli 6n islemlere tabi
tutulmasi1 gerekir. Genel olarak glikan analizi i¢in uygulanan is akig silirecine
bakildiginda, drneklerin hazirlanmasi, glikanlarin ayrimi, glikan analizi, elde edilen
verilerin yorumlanmasi ve son olarak glikan yapilarin karakterizasyonu asamalarini
icermektedir (Tekin & Gurbanov, 2024). Glikanlari, protein veya peptid omurgasindan
ayirmak amaciyla baglanan 6rneklerin hazirlanma siirecinde genellikle kimyasal (alkali
borohidrit ile hidrazinoliz veya B-eliminasyon) veya enzimatik (PNGase F veya Endo
H) sindirim yontemleri kullanilir (Paton ve ark., 2021). Hazirlanan 6rnekler, karmagik
biyolojik matristen sahip olduklari yiik, boyut ve gesitli fizikokimyasal 6zelliklerine
gore ayrilmalidir. Glikan ayrimi igin yaygin olarak, kromatografi (iyon degistirme
kromatografisi-IEC, boyut dislama kromatografisi- SEC, yiiksek performansli sivi
kromatografisi-HPLC, hidrofilik etkilesim sivi kromatografisi-HILIC, afinite
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kromatografisi), elektroforez (poliakrilamid jel elektroforezi-PAGE, kapiller
elektroforez-CE) ve kiitle spektrometrisi gibi ¢esitli yontemler kullanilmaktadir (
Buszewski & Noga, 2012; Mahan ve ark., 2015; Smith ve ark., 2017; Kosanovi¢ ve
ark., 2017; Alvarez-Manilla ve ark., 2006; Iwaki & Hirabayashi, 2018). Farkli
ozelliklerine gore ayrilan glikanlar genellikle kiitle spektrometrisi (MS), niikleer
manyetik rezonans (NMR) ve glikan mikrodizi gibi analitik yontemler kullanilarak
analiz edilir. Analiz edilen Orneklerden elde edilen veriler mevcut glikan veri
tabanlarinda karsilastirilarak dogrulanir. Son asamada ise tespit edilen spesifik
glikanlarin, teshis veya tedavi amaciyla kullanilmak {izere biyolojik fonksiyonlarinin
karakterizasyonu gerceklestirilir (Tekin & Gurbanov, 2024). Glikan yapilarinin analizi,
daha dnceki caligmalarimizda kapsamli bir sekilde incelenmis olup (Tekin & Gurbanov,
2024), bu ¢aligmada s6z konusu bdliime kisaca deginilmistir.

4, OTOIMMUN HASTALIKLARDA BELIRLENEN GLiKAN YAPILARI

Otoimmiin inflamatuar hastaliklarda glikan biyobelirteclerin kullanimi, tan1 ve tedavi
siire¢lerinde 6nemli bir alan olarak dikkat ¢ekmektedir. Otoimmiin hastaliklarda,
glikosilasyon profillerinde proinflamatuar bir immiin yanit1 tetikleyecek nitelikte
degisiklikler tespit edilmistir. Bu degisiklikler tani, prognoz ve tedavi takibinde 6nemli
rol oynayan biyobelirtecler olarak kullanilabilir (Tektonidou & Ward, 2011; Giacomelli
ve ark., 2019). Ayrica, glikosilasyon siireci hem saglikli hem de patolojik hiicrelerde
gerceklesmekle birlikte, her bir otoimmiin hastaligin kendine 6zgii glikan imzalar
tasiyabilecegi hipotezi ileri siiriilmektedir (Ohtsubo & Marth, 2006). Bolgeye 6zgii
glikan imzalari, proteinlerdeki farkli glikan yapilarmin miktar1 ve yapisal 6zellikleri
Olciilerek belirlenebilmektedir (Maverakis ve ark., 2015). Glikan analizi 6zellikle
serum/plazma ornekleri (IgG, alfa-2-makroglobin vb.), doku o&rnekleri (sinovyal
membran, bobrek dokusu vb.), biyolojik sivilar (idrar, tiikiiriik, gézyas1 vb.) ve hiicre
ylzey glikanlar1 gibi farkli biyolojik 6rnek tipleri kullanilarak gerceklestirilebilir
(Etxebarria & Reichardt, 2016; Zou ve ark., 2017). Hangi 6rnek tipinin kullanilacagi,
hastalign tiirii, glikan biyobelirtecin kaynagi ve analiz metodolojisine baglidir.

4.1. Tip I Diyabet

Tip 1 diyabet (TIDM), genellikle ¢ocukluk ve ergenlik déneminde baslayan,
pankreastaki insiilin lireten B hiicrelerinin, T hiicreleri (CD4+ ve CD8+) ve adacik
hiicrelerine karsi olusan otoantikorlar nedeniyle tahrip olmasi sonucu ortaya ¢ikan
kronik bir otoimmiin hastaliktir (Ziegler ve ark., 2013; Gillespie, 2006). Bu
otoantikorlarin pankreas {izerinde meydana getirdigi hasar, diyabetin karakteristik bir
ozelligi olan diisiik insiilin seviyelerine bagl olarak kalic1 hiperglisemiye neden olur
(Gillespie, 2006). T1DM, klinik bulgularn agirlikli olarak yasamin erken
donemlerinde ortaya ¢ikmasina ragmen, literatiirde yetiskinlik doneminde ortaya gikan
vakalar da bildirilmektedir (Maahs ve ark., 2010). Hastaligin erken evrede tanilanmasi,
morbiditeyi azaltma ve hastalarin yasam kalitesi ile prognozu iyilestirme potansiyeli
nedeniyle, etkin tanisal yontemlerin gelistirilmesi ve tedavi stratejilerinin optimize
edilmesi kritik 6nem tagimaktadir (Katsarou ve ark., 2017). Bu baglamda, son yillarda
yuriitiilen arastirmalar, glikanlarin patogenezdeki rolii ve terapdtik hedef olarak
kullanimina yonelik ilgiyi artirmis; bu molekiillerin diyabet yonetimindeki potansiyel
katkilarina dair kanitlar giderek giiclenmistir (Sharma ve ark., 2024).
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T1DM ile iliskili glikozilasyon siireclerini inceleyen bir ¢alismada, T1DM hastalarinda
spesifik bir glikoprotein olan ol-asit glikoproteinin (AGP) a3-fukozilasyon
diizeylerinde artis oldugu ve bu artisin vaskiiler fonksiyon bozukluklari ile korelasyon
gosterdigi  bildirilmistir. Bu bulgu, a3-fukozilasyon modifikasyonunun, T1DM
hastalarinda vaskiiler komplikasyonlarin erken tanisi ve izlenmesinde potansiyel bir
biyobelirte¢ olarak kullanilabilecegine isaret etmektedir (Poland ve ark., 2001). Son
yillarda yapilan bir calismada, bobrek hastaligi komplikasyonu bulunan T1DM
hastalarinda hem serum proteinlerinin N-glikosilasyon profili hem de immiinoglobulin
G (IgG) N-glikan yapilarindaki degisiklikler incelenmistir. Calismada, toplam serum
proteinlerinde yiiksek derecede dallanmis N-glikanlarin (ii¢ antenli ve dort antenli
glikanlar) arttig1, buna karsilik iki antenli N-glikanlarin azaldig1 gozlemlenmistir. IgG
N-glikan profili analizinde ise, iki antenli yapilar arasinda galaktosile edilmis ve sialile
edilmis formlarm artti§1, monogalaktosile edilmis iki antenli glikanlarin ise azaldig1
tespit edilmistir (Bermingham ve ark., 2018). Yakin zamanda gergeklestirilen bir bagka
calismada, yeni tani almis T1DM’li ¢ocuklarin plazma proteinleri ve IgG N-glikomlari
detayl bir sekilde karakterize edilmistir. Saglikli kardesleriyle karsilastirildiginda, bu
¢ocuklarda hastaligin baglangicinda yiiksek mannoz i¢eren glikanlarin ve ikiye ayrilan
GlcNAc yapilarinin oraninda artis oldugu, IgG disialilasyonunda artis, asialilasyonda
azalma ve monogalaktosilasyonda azalma gozlemlenmistir. Bu bulgular, T1DM nin
erken tanisinda  biyobelirtec  olarak  kullanilabilecek  potansiyel  glikan
modifikasyonlarini igaret etmektedir (Rudman ve ark., 2022). Benzer sekilde, TIDM’li
eriskin bireyler iizerinde yapilan bir ¢alismada, serum proteinlerinin N-glikosilasyon
profili incelenmis ve ¢cocuklarda goriilen yapilarla hem benzerlikler hem de farkliliklar
tespit edilmistir. Ornegin, monogalaktosilasyondaki azalma her iki grupta da ortakken,
eriskinlerde digalaktosilasyon, monosialilasyon ve anten fukosilasyonunda artis
gozlemlenmistir. Bu degisikliklerin, glikoz metabolizmasindaki bozukluklar ve eslik
eden inflamatuvar siireglerle iliskili olabilecegi 6ne siirlilmiistiir. Ayrica, gocuklarda
T1DM baslangicinda goriilen yiiksek mannozlu ve ikiye ayrilan GlcNAc yapilariim
eriskinlerde bulunmamasi, bu glikan modifikasyonlarinin ¢ocuklara &zgii
patofizyolojik bir 6zellik olabilecegini diisiindiirmektedir (Nemcié¢ ve ark., 2023).

IgA, insan plazmasinda en ¢ok bulunan ikinci immiinoglobulindir (Kerr, 1990) ve
serum IgA'nin N-glikosilasyonu su ana kadar yeterince arastirilmamistir. Yakin
zamanda yapilan bir ¢alismada hem ¢ocuk hem de yetiskin T1DM hastalarindaki IgA
N-glikan yapilar tespit edilmeye ¢alisilmistir. Calismanin sonucuna gore, ¢ocuklar ve
yetigkinler arasinda IgA N-glikosilasyonunda onemli farkliliklar gézlemlenmistir.
Cocuklarda, ¢ekirdek yapisit N-asetilglikozamin ve bes mannoz kalintisindan olusan
yalnizca bir glikan Ozelligindeki artisin TIDM ile iligkisi tespit edilmistir.
Yetigkinlerde ise, yiliksek derecede dallanmig glikanlar, trisialile edilmis ve
trigalaktosile edilmis yapilarda artig gézlemlenmistir. T1DM’nin baslangicinda ¢ocuk
ve yetiskinler arasindaki bu farkliliklar, IgA N-glikosilasyonunun hastaligin
baslangiciyla giicli bir sekilde iliskili olmadigin1 ancak bagisiklik tepkileri ve
inflamatuar siireclerde etkileri olabilecegini ortaya koymaktadir (Nemci¢ ve ark.,
2024). Elde edilen sonuglardaki glikosilasyon farkliliklari, IgA’nin T1DM ig¢in
biyobelirteg olarak kullanimma yoénelik daha fazla aragtirma yapilmasi gerekliligini
vurgulamaktadir. Literatiirde T1DM ile iligkili glikan yapilarindaki degisiklikleri
inceleyen ¢aligmalarin bir kismi, Tablo 1'de 6zetlenmistir.
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Tablo 1. Tip 1 Diyabet (T1DM) Hastalig1 ile {liskili Glikan Profilleri

Protein Calisma Grubu Glikosilasyon Kaynak
al-asit Poland
. , T1DM hastalar1 | a3-fukozilasyon ve ark.,
glikoprotein 2001
Toplam Yiiksek derecede dallanmig N-
serum glikanlarda artma Bermi
proteinleri . Iki antenli N-glikanlarda azalma erming
Bobrek - — — ham ve
- . | Galaktosile edilmis ve sialile
hastaligina sahip R . ark.,
IgG divabet hastalart edilmis iki antenli yapilarda artma 2018
Y Monogalaktosile edilmis iki
antenli glikanlarda bir azalma
Yiiksek mannozlu ve ikiye ayrilan
Plazma GlcNAc yapilarinin oraninda Rudman
roteinleri Cocuklar artma ve ark
p IgG disialilasyonunda artis ”
ve IgG s 2022
asialilasyonda azalma ve
monogalaktosilasyonda azalma
Monogalaktosilasyonda azalma
(cocuklarla benzer) e
. . Nemcié
Serum I Digalaktosilasyon,
s Yetiskinler o ve ark.,
proteinleri monosialilasyon ve anten
. 2023
fukosilasyonunda artma
(cocuklardan farkli)
Cekirdek yapis1 N-
asetilglikozamin ve bes mannoz
Cocuklar .
kalintisindan olugan yalnizca bir s
. Nem¢ié
IgA glikan yapisinda artma
~ ve ark.,
Yiiksek derecede dallanmis 2024
Yetiskinler glikanlar, trisialile edilmis ve
3 trigalaktosile edilmis yapilarda
artma
4.2. Romatoid Artrit

Romatoid artrit (RA), diinya ¢apinda niifusun %1-2'sini etkileyen ve eklemlerin
sinoviyal membraninda, kemik ve kikirdak dokusunda geri doniisii olmayan eklem
hasarlarina neden olan en yaygin kronik inflamatuar otoimmiin bir hastaliktir
(Cojocaru ve ark., 2010). Sinoviyal eklemlerin yani sira daha az siklikla kalp, bobrek,
sindirim sistemi, akciger, goz cilt ve sinir sistemi gibi eklem dis1 organlara da etki
edebilir (Radu & Bungau, 2021). Hastalik siirecinde, immiin yanittaki anormallikler,
otoantikorlarin yani sira romatoid faktorlerin (RF) ve sitrulinasyon (ACPA),
karbamilasyon (aCarP) ve asetilasyon (AAPA) gibi g¢esitli translasyon sonrasi
modifikasyonlara karsi gelisen antikorlar1 i¢eren anti-modifiye protein antikorlarinin
(AMPA) olusumuna neden olmaktadir (Scherer ve ark., 2020). Hastalik tedavi
edilmedigi siirece sakatliga ve 6liime neden olabileceginden erken teshis edilip tedavi
edilmesi gerekmektedir. Bu nedenle hastaligin ilk evrelerinde ortaya ¢ikan belirteclerin
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tespit edilmesi hastaligin erken teshis edilmesine yardimci olabilir (Kolarz ve ark.,
2021). Mevcut biyobelirtegler arasinda RF, anti-sitriilinlenmis protein antikorlari
(ACPA), C-reaktif protein (CRP) ve siklik sitrulinlenmis peptitleri (CCP) taniyan
otoantikorlar sayilabilir (Li ve ark., 2019). Ancak bu biyobelirteclerin yiiksek duyarlilik
ve Ozgiillikte olmamasimndan dolayr yeni biyobelirteclerin gelistirilmesine ihtiyag
vardir.

Immiinoglobulin G (IgG), insan serumunda en bol bulunan glikoproteindir ve 1gG
glikosilasyonundaki anormalliklerin romatoid artrit de dahil olmak iizere cesitli
otoimmiin hastaliklarin patogenezinde 6nemli oldugu dogrulanmistir. Otoimmiin
hastaliklar arasinda 6zellikle RA, IgG glikosilasyon farkliliklari agisindan kapsamli
olarak incelenmistir (Deng ve ark., 2023). RA hastaligindaki otoimmiin yanit, dzellikle
ACPA’larm varligi ile karakterize edilmektedir. RA hastalarinda, ACPA-IgG immiin
komplekslerinin ve saglikli bireylerin IgG Fc bolgesi N-glikan yapilar1 arasinda
belirgin farkliliklar bulunmaktadir (Gyebrovszki ve ark., 2022). Saglikli bireylerde IgG
glikoproteinleri, Fc bdlgesinin CH2 alanlarinda yer alan asparajin 297 (Asn-297)
pozisyonunda korunmus iki antenli N-glikan yapilar icerir. Bu glikan yapisi, N-
asetilglukozamin (GlcNAc) ve mannoz kalintilarindan olusan bir ¢ekirdek yaprya sahip
olup, fukoz, galaktoz, sialik asit (NeuAc) ve ikiye bolen GlcNAc gibi modifikasyonlara
ugrayabilir (Cobb, 2020). Bununla birlikte, ACPA-IgG'lerin Fab bolgesinde N-
glikanlar bulundugu ve bu glikanlarin tamamen galaktosile ve sialile edilmis iki antenli
N-glikanlar oldugu tespit edilmistir (Hafkenscheid ve ark., 2017; Rombouts ve ark.,
2016). Yakin zamanda yapilan bir ¢alismada, ACPA-IgG Fab N-glikanlarinin
varliginin, hastalik Oncesi donemde RA gelisimini Ongoriip Ongoéremeyecegi
aragtirtlmisgtir. Bu ¢alismada, RA hastalar1 ve bu hastalarin birinci derece yakin
akrabalarindan almman serum ACPA-IgG kompleksleri incelenmistir. Sonuglar,
akrabalardan alinan ACPA-IgG'lerin Fab bolgesi glikan seviyelerinin, RA
hastalarindan alinan 6rneklerle karsilastirildiginda 6nemli 6l¢iide daha diisiik oldugunu
gostermigtir. Akrabalar alt gruplara ayrildiginda, 6zellikle daha sonra RA gelistiren
bireylerin, hastalik baslangicindan ¢ok oOnce yiiksek diizeyde Fab bdlgesi
glikosilasyonuna sahip oldugu gézlemlenmistir (Hafkenscheid ve ark., 2019). Benzer
sekilde, bagka bir ¢aligmada da RA hastaliginin baslangicindan énce ACPA-IgG Fab
bolgesinde artan glikosilasyon oldugu bildirilmigtir. Bu ¢alismada, RA'nin farkli
evrelerindeki bireylerden alinan 6rnekler, semptomsuz saglikli bireylerden alinan
ACPA-IgG'ler ile karsilastirilmistir. Sonuglar, saglikli bireylerdeki ACPA-IgG Fab
bolgesi glikosilasyonunun, pre-RA fazina dogru énemli dl¢iide arttigin1 ve hastalik
baslangicinda daha da yiikseldigini gostermistir (Kissel ve ark., 2022). Bu bulgular,
ACPA-IgG Fab bolgesinin yogun glikosilasyonunun, ACPA -pozitif bireylerde RA'nin
erken tanist i¢in  potansiyel bir Dbiyobelirte¢ olarak kullanilabilecegini
disiindiirmektedir. Bu glikan modifikasyonlarinin, RA patogenezindeki roli ve
hastalik 6ncesi donemdeki tanisal degeri, gelecekteki arastirmalarla daha detayli
incelenmelidir.

RA hastalig: ile ilgili diger bir arastirma alani, saglikli bireyler ile hasta bireyler
arasindaki anormal IgG N-glikolizasyon yapilarinin karsilastiriimasidir. Bu alanda ilk
caligma Parekh ve arkadaslar1 (1985) tarafindan gerceklestirilmistir. Calisma
sonuglarina gére RA hastalarinda saglikli bireylere gore galaktosilasyonun 6nemli
Olclide azaldig1 ve bunun sonucunda antenlerin birinde veya her ikisinde terminal
GlcNAc kalintilarina sahip karmagik iki antenli N-glikanlarin arttig1 tespit edilmistir
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(Parekh ve ark., 1985). Sonraki yillarda yapilan ¢ok sayida ¢caligmada, farkli yontemler
kullanilarak analiz edilen anormal IgG N-glikolizasyon yapilarinda agalaktosile
edilmis IgG glikoformlarinin varligi dogrulanmistir (Parekh ve ark., 1988; Martin ve
ark., 2001; Sun ve ark., 2019; Su ve ark., 2020; Huang ve ark., 2017). Bu ¢aligmalar
dogrultusunda RA hastalariin serum IgG agalaktosilasyonunun bu hastaliga ait bir
ozellik oldugu ve bir biyobelirte¢ olarak kullanilabilecegi sdylenebilir. Ayrica IgG’ nin
anormal glikosilasyonunun RF {iretimine neden olabilecegi bildirilmistir (Gindzienska-
Sieskiewicz ve ark., 2016). Diisiik galaktosilasyon seviyelerinin tespitinden sonra
sialilasyon ve fukosilasyon seviyeleri aragtirilmistir. Yapilan arastirmalarin sonucuna
gore RA hastalarinda agalaktosilasyona ek olarak azalan sialilasyon ve artan
fukosilasyon tespit edilmisir (Su ve ark., 2020; Huang ve ark., 2017; Gudelj ve ark.,
2018) . Bu calismalardan farkli olarak hamilelik sirasinda RA hastalarinda IgG
glikosilasyonu seviyelerindeki degisiklikler izlenmis ve diger RA hastalarina kiyasla
bazi degisiklikler gozlemlenmistir. Birbirini destekleyen bu ¢aligmalarin genel
bulgulari, RA hastalarinin  biiyiikk ¢ogunlugunda hamilelik déneminde IgG
galaktosilasyon seviyelerinin arttigini, bu donemde hastalik aktivitesinin azaldigini,
ancak dogum sonrasinda hastaligin tekrar niiks ettigini ortaya koymaktadir (Rook ve
ark., 1991; De Man ve ark., 2008; Van de Geijn ve ark., 2009; Bondt ve ark., 2013).
Ozellikle hamile RA hastalarinda artan IgG galaktosilasyon seviyelerinin, hastalik
aktivitesiyle dogrudan iligkili oldugunun tespit edilmesi (Van de Geijn ve ark., 2009),
IgG galaktosilasyonundaki degisikliklerin RA'nin tan1 ve izlem siireglerinde kritik bir
rol oynayabilecegini gostermektedir.

RA’nin erken tanisi ve tedavisinde, 1gG glikosilasyonundaki degisikliklerin analizi
o6nemli bir rol oynamaktadir. Bunun yani sira, RA hastalik aktivitesini degerlendirmek
amaciyla farkli viicut sivilarindaki N-glikan yapilann  ve ¢esitli  serum
glikoproteinlerinin seviyeleri de incelenmektedir. Ozellikle lipopolisakkarit baglayic
proteinin (LBP), RA tanisinda hassas bir biyobelirte¢ olabilecegi gdsterilmistir (Wen
ve ark., 2018). Yapilan bir caligmada, RA hastalarinin serum glikoproteinlerindeki
glikosilasyon seviyeleri analiz edilmis ve bu degisikliklerin RA ile iligkisi ortaya
konmustur. Caligmada, LBP ve kortikosteroid baglayict globulin (CBG) gibi iki
spesifik glikoprotein iizerinde odaklanilmistir. RA hastalarinda, LBP ve CBG'nin
glikosilasyon seviyelerinin azaldig1 gdzlemlenmistir. {leri ¢aligmalar igin bu N-glikan
yapilarinin yapisal karakterizasyonu gerekmekle birlikte, glikosilasyondaki bu
azalmanin RA ile gii¢lii bir iligskiye sahip oldugu one siiriilmiistiir (Ciregia ve ark.,
2020). Son yillarda yapilan bir bagka ¢alismada ise, ilk kez RA ve osteoartrit (OA)
hastalarindan alinan sinoviyal sivilarda N-glikoproteomik analiz gerceklestirilmis ve
RA patogeneziyle iliskili ¢cok sayida N-glikan tanimlanmistir. RA ve OA hastalarina
ait orneklerin karsilagtirmali analizi sonucunda, 60 RA-spesifik ve 4 OA-spesifik N-
glikan tespit edilmistir. RA'da gézlemlenen bu glikanlarin ¢cogunlukla yiiksek mannoz
iceren, kompleks tip ve fukozile edilmis glikanlar oldugu belirlenmistir (Xu ve ark.,
2023). Sonu¢ olarak, RA teshisinde biyobelirte¢ olarak kullanilabilecek c¢esitli
otoantikorlarin ve serum glikoproteinlerinin glikosilasyon degisiklikleri, birgok
¢aligsmada incelenmis ve bu bulgularin bir kism1 Tablo 2'de 6zetlenmistir.
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Tablo 2. Romatoid Artrit (RA) iliskili Glikan profilleri (ACPA: Anti-sitriilinlenmis
protein antikorlari, OA: Osteoartrit, LBP: Lipopolisakkarit baglayici protein, CBG:

Kortikosteroid baglayici globiilin)

yakin akrabalari

ayrildiginda daha sonra
RA gelistirenlerin
hastaligin baslangicindan
¢ok dnce tespit edilebilen
yiiksek diizeyde Fab
alani glikosilasyonu

Protein Calisma Grubu Glikosilasyon Kaynak
Tamamen galaktosile ve Hafkenscheid
ACPA-IgG Fab 1 Lo .| ve ark., 2017
. RA hastalar sialile edilmis iki antenli
N-glikanlart N-glikanlar Rombouts ve
ark., 2016
Akrabalardan alinan
ACPA-IgG’lerin RA
hastalarindan alinan
orneklerle
kiyaslanmasrtyla 6nemli
ACPA-IgG Fab | RA hastalar1 ve Olgiide qaha du§uk Fa.b .
N-glikanlart birinci derece alan1 glikan se\{}yelen Hafkenscheid
Akrabalar alt kiimelere ve ark., 2019

Saglikli bireylere kiyasla

ACPA-IgG Fab | Saglikli bireyler | RA dncesinde ve Kissel ve ark.,
N-glikanlart ve RA hastalart | baslangicinda artan Fab 2022
alan1 glikosilasyonu
Onemli 6l¢iide azalan Parekh ve ark.,
galaktosilasyon 1985; Parekh
Buna bagli olarak ve ark., 1988;
antenlerin birinde veya Martin ve ark.,
IgG RA hastalari her ikisinde terminal 2001; Sun ve
GIcNACc kalintilarina ark., 2019; Su
sahip karmasik iki ve ark., 2020;
antenli N-glikanlarda Huang ve ark.,
artis 2017
Su ve ark.,
Galaktosilasyon ve 2020; Huang
IgG RA hastalar1 sialilasyonda azalis ve ark., 2017;
Fukosilasyonda artig Gudelj ve ark.,
2018
Rook ve ark.,
RA hastalarinin biiyiik 1991; De
IeG cogunlugunda hamilelik | Man ve ark.,

8 Hamilelik doneminde IgG 2008; Van de
galaktosilasyonununda Geijn ve ark.,
artis 2009; Bondt

ve ark., 2013
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Serum LBP Ve CBG . Ciregia ve
glikoproteinleri RA hastalari ghkoprot@nl@mde ark., 2020
azalan glikosilasyon
Yiiksek mannoz igeren,
Sinoviyal sivi RA ve OA kompleks tip ve fukozile | Xu ve ark.,
N-glikanlart hastalar1 edilmis RA spesifik N- 2023
glikanlar

4.3. Sistemik Lupus Eritematozus

Sistemik lupus eritematozus (SLE), cilt, eklemler, merkezi sinir sistemi ve bobrekler
gibi bircok organi etkileyebilen kronik otoimmiin bir hastalikti (Kaul ve ark., 2016).
Diinya ¢apinda yaygin olarak goriillen SLE, cinsiyet, irk/etnik grup, yas ve bolgesel
farkliliklara bagli olarak farkli seviyelerde goriilebilir. Hastaligin prevalansinin
kadinlarda erkeklere kiyasla daha yiiksek oldugu bulunmustur. Ozellikle dogurganlik
cagindaki kadinlarin daha yiiksek SLE riski tagimasi, hastaligin gelisiminde
hormonlarin anahtar rol oynadigini diisindiirmektedir (Danchenko ve ark., 2006; Pons-
Estel ve ark., 2017). Bunun disinda genetik ve ¢evresel faktorler de SLE gelisimini
etkilemektedir. Bu etkiler, B ve T hiicreleri, sitokinler ve makrofajlarin seviyelerinde
immiin diizensizliklere neden olarak bagisiklik sisteminde kusurlar ortaya g¢ikarabilir.
Hastaligin ge¢ tanimlanmasi, hayati organlarda hasarin artmasina sebep olabilir (Kaul
ve ark., 2016). SLE ¢oklu otoantikorlarla karakterizedir ve antiniikleer antikor (ANA),
anti-¢ift sarmalli DNA (dsDNA) antikoru ve anti-Smith (Sm) antikoru gibi mevcut
otoantikorlarin farkli otoimmiin ve inflamatuar hastaliklarla iligkili oldugu
bildirilmistir (Ippolito ve ark., 2011). Dolayisiyla diisiik o6zgiilliige sahip bu
biyobelirtegler yerine, erken tani icin ideal yeni belirteglerin gelistirilmesi
gerekmektedir.

Onceki yillarda yapilan galismalarda SLE hastalarinda RA’ ya benzer sekilde IgG’de
galaktosilasyon eksikligi rapor edilmistir. SLE, Sjogren sendromu (SS) ve Crohn
hastaligi (CD) gibi farkli otoimmiin ve inflamatuar hastaliklarda IgG’de galaktoz
eksikliginin tespit edilmesi bu durumun ortak bir &zellik oldugunu diisiindiirmektedir
(Tomana ve ark., 1988; Tomana ve ark., 1992; Pilkington ve ark., 1995) . Bu nedenle
ilerleyen donemde, benzer gruplardaki hastalar i¢in her bir hastaliga 6zgii farkliliklar
ayirt edecek calismalar yapilmistir. Bu amagla yapilan bir ¢alismada RA hastalari ile
SLE hastalarinin sialile edilmis serum IgG seviyeleri karsilastirilmis ve SLE’li
hastalarda IgG’nin 6nemli 6l¢iide daha az sialile edildigi bulunmustur (Chen ve ark.,
2015). Sjowall ve arkadaglar1 (2015) tarafindan yiiriitiilen bir ¢alismada, serumdan
spesifik olarak izole edilen IgG komplekslerinin lektin baglanma analizi kullanilarak,
IgG ile iliskili fukosil kalintilar1 ve fukosile edilmis tri-mannoz N-glikan ¢ekirdegi
yapilarinin incelenmesi amaglanmigtir. Caligma, SLE hastalarinin hastaligin aktif ve
inaktif donemlerine ait ardisik serum Ornekleri iizerinde gerceklestirilmistir. Sonuglar,
aktif SLE hastalarindan alinan serum IgG komplekslerinin, fukosil kalintilarin1 agiga
¢ikardigimi ve bu kalintilarin, ¢6ziiniir lektinler tarafindan glikan g¢ekirdegine
baglanabildigini gostermistir (Sjowall ve ark., 2015).

Genis bir hasta grubu lizerinde yiiriitilen bir baska c¢aligmada, IgG

galaktosilasyonundaki azalmanin yani sira sialilasyonda azalma ve ikiye bolen GlcNAc
yapilarinda artis oldugu bildirilmistir (Vuckovic ve ark., 2015). Yakin zamanda SLE'ye
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0zgli biyobelirteclerin gelistirilmesine yonelik yapilan bir ¢aligmada, secilen 12
biyobelirteg arasindan Sekil 3'te belirtilen IgG iizerindeki iki N-glikan yapisinin, SLE
tanisi i¢in yiiksek 6zgiillik ve duyarliliga sahip oldugu gosterilmistir. Bu iki N-glikan
biyobelirtecin, RA ve SS gibi diger otoimmiin hastaliklardan ayirt etme kapasitesinin
siirli  oldugu, ancak ANA, anti-dsSDNA ve anti-Sm gibi SLE ile iligkili
otoantikorlardan bagimsiz olarak tanisal deger tasidigi ortaya konmustur (Pan ve ark.,
2023).
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Sekil 3. Sistemik Lupus Eritematozus (SLE) Tanis1 I¢in Belirlenen N-glikan
Biyobelirteglerinin Yapisal Gosterimi
[Pan ve ark., 2023 esinlenerek yeniden tasarlanmistir].

SLE, bagisiklik sisteminin viicudun kendi dokularina saldirdigi ve c¢ogunlukla
bobrekler olmak tizere gesitli organlar etkileyebilecegi bir otoimmiin hastaliktir. SLE
bobrek iltihabina yol agtiginda, bu durum lupus nefriti (LN) olarak adlandirilmaktadir
(Almaani ve ark., 2017). SLE hastalarinda LN prevalansi farkli popiilasyonlara gére
onemli 6l¢lide degismekte ve genellikle hastaligin baslangicindan sonraki bes yil iginde
gelismektedir (Mahajan ve ark., 2020). Tedaviye zamaninda baslamak, hastalik
aktivitesini ve terapdtik yaniti izlemek, hastaligin ilerlemesini ve ciddi bobrek
hasarlarinin 6niine gecebilmek i¢in SLE hastalarindaki LN tanisina ait biyobelirtegler
gelistirilmektedir. Tan1 koymada serolojik biyobelirtecler (anti-dsDNA antikorlar, anti-
Clq antikorlart vb.), idrar biyobelirtegleri (proteiniiri, pro-inflamatuar
sitokinler/kemokinler vb.) ve histolojik biyobelirtegler (bdbrek biyopsisi) temel olarak
calisiimaktadir (Renaudineau ve ark., 2023). Ozellikle bobrek biyopsisi LN tanisi icin
en onemli aractir. Ancak bu yontem, invazivlik, yliksek maliyet ve hastaligin stirekli
olarak izlenememesi gibi bazi smirlamalara sahiptir (Yao ve ark., 2020). Bu
siirlamalart  ortadan kaldiran, giivenilir ve Ozellikle noninvaziv 6zellikli
biyobelirteglerin gelistirilmesi gerekmektedir. LN’yi, saglikli kontrol 6rneklerinden ve
diger bobrek hastaliklarindan ayirmak i¢in N-glikan 6zellikleri incelendiginde, LN
hastalariin saglikli kontrollere kiyasla yiiksek oranda mannozla zenginlestirilmis N-
glikanlara sahip oldugu ve bu mannosilasyon seviyelerinin LN tayininde yiiksek
ozgiillige sahip oldugu belirlenmistir (Alves ve ark., 2021). LN’nin, kadinlarda
erkeklere kiyasla daha sik goriildiigii bildirilmistir. Dolayisiyla sadece kadin hastalar
tizerinde yapilan bir ¢alismada, LN’li ve LN’siz SLE hastalarindaki IgG N-glikan
profilleri incelenmistir. Sonuglara gére LN’li hastalarda sialilasyon, galaktozilasyon ve
¢ekirdek fukozilasyonununda azalma ve ikiye bdlen GIcNAc yapilarinda artis
gozlemlenmistir. Bulgular, elde edilen glikan yapilarmin LN geligiminde rol oynadigin
ve SLE hastalar1 arasinda LN tanis1 i¢in potansiyel biyobelirteg olarak
kullanilabilecegini gostermektedir (Lu ve ark., 2023). Baska bir calismada, yeni tani
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almis SLE hastalarinda LN ile anti-dsDNA IgG antikorunun glikosilasyonundaki
degisiklikler arasindaki iligki incelenmistir Buna gore anti-dsDNA IgG
siyalilasyonunun LN patogenezi ve prognozu ile yakindan iliskili oldugu bildirilmistir
(Yang ve ark., 2024). Literatiirde mevcut olan ve Tablo 3’de 6zetlenen caligmalara
bakildiginda, SLE hastaligi ve buna bagli olarak gelisen LN hastaligina ait tani
amaciyla kullanilabilecek glikan biyobelirtecler bulunmaktadir. Ancak bu belirteglerin

klinik olarak kullanilabilmesi i¢in daha ileri ¢aligmalarin yapilmasi gerekmektedir.

Tablo 3. Sistemik Lupus Eritematozus (SLE) iliskili Glikan Profilleri
(RA: Romatoid artrit, LN: Lupus nefriti)

Protein Calisma Grubu Glikosilasyon Kaynak
Tomana ve ark.,
1988; Tomana ve
IgG SLE hastalari Galaktosilasyonda azalma ark., 1992;
Pilkington ve ark.,
1995
IgG RA ve SLE ?LE h. 1'1.asta larda IgG nin Chen ve ark.,
6nemli 6l¢iide daha az
hastalari . 2015
sialilasyonu
Aktif ve aktif Aktif SLE hastalar1 [gG
156G olmayan SLE komplekslerinde fukozil Sjowall ve ark.,
2015
hastalar1 kalintilar:
Galaktosilasyonda azalma Vuekovic ve ark
IgG SLE hastalari Azalan sialilasyon ve artan 2015 ?
ikiye bolen GIcNAc yapilari
N- LN’li hastalar ve ggnﬁfﬁilsfi?ayuksek Alves ve ark.,
glikanlar | saglikli kontroller zenginlestirilmis N-glikanlar 2021
LN’li hastalarda sialilasyon,
LN’li ve LN’siz galaktozilasyon ve ¢ekirdek
IgG kadin SLE fukozilasyonununda azalma | Lu ve ark., 2023
hastalar1 ve ikiye bolen GIcNAc
yapilarinda artma
Anti- Nl SLE Anti-dsDNA IgG Yang ve ark.,
dsDNA .
I2G hastalari sialilasyonu 2024

4.4. Otoimmiin Tiroid Hastahklar

En yaygin otoimmiin hastaliklar arasinda yer alan otoimmiin tiroid hastalig1 (AITD),
tiroid bezinin fonksiyonunu bozan organa 6zgili bozukluklar1 igermektedir. Bagisiklik
sistemi, kendi tiroid antijenlerine karsi tolerans gosteremez ve bu antijenlere 6zgii
otoantikorlar gelistirir. Graves hastaligi (GD) ve Hashimoto tiroidi (HT) en sik goriinen
formlaridir (Ai ve ark., 2003; Lee ve ark., 2015). Bu hastaliklar, genetik ve ¢evresel
faktorler arasindaki etkilesimler sonucu gelismektir. Calismalar, hastaligin gelisiminde
cesitli duyarlilik genlerinin (FOXP3, HLA, CD25, CD40, CTLA-4) etki ettigi kalitsal
faktorleri dogrulamaktadir (Lee ve ark., 2015). AITD’de genellikle anti-tiroid
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peroksidaz (TPO), anti-tiroglobulin (Tg) ve anti-tiroid uyarici hormon reseptorii
(TSHR) olmak iizere {i¢ ana otoantikorlarinin iiretimi gergeklestirilir. Anti-TPO ve anti-
Tg antikorlarinm prevalanst GD ve HT nin her ikisinde de yiiksekken, anti-TSHR
antikorlar1 GD hastalig1 i¢in karakterizedir (Frohlich & Wahl, 2017).

Farkli otoimmiin tiroit hastaliklarina (HT, GD, papiller tiroid karsinomu /PTC,
histolojik lenfositik tiroiditli PTC /PTC-T) sahip bireylerdeki tiroglobulin otoantikoru
(TgAb) {izerine yapilan bir c¢alismada, TgAb’nin fukosilasyon ve sialilasyon
seviyelerinde fakliliklar gozlemlenmistir. HT hastalarindaki TgAb'nin ¢ekirdek fukoz
icerigi diger hastalik gruplarina gore daha diisiik seviyedeyken, PTC-T hastalarinda HT
ve GD hastalarina gore daha fazla sialile edilmis TgAb bulunmustur (Zhao ve ark.,
2013). Sonraki yillarda yapilan bir caligmada, HT hastalar1 ile saglikli kontrol grubu
arasinda serum tiroglobulin antikoru (TgAb) IgG glikosilasyon seviyeleri
karsilagtirilmistir. Calisma sonucunda, HT hastalarinin TgAb IgG'sinde mannoz,
terminal sialik asit, ¢ekirdek fukozu ve Gal(B1-4)GIcNAc(B1-2) mannoz glikan
yapilarinin, sagliklt kontrollere kiyasla anlamli derecede daha yiiksek oldugu
bildirilmistir (Yuan ve ark.,, 2015). Sonu¢ olarak TgAb‘nin glikosilasyon
farkliliklarinin, HT patogenezi iizerindeki roliiniin arastirilmasi ve biyobelirteg olarak
kullanilmasinda umut vadettigi sdylenebilir.

AITD hastalarinda merkezi bir rol oynayan tiroid otoantikorlarinin hastalik
patogenezindeki kesin mekanizmalar1 heniiz tam olarak aydinlatilamamigtir. Bununla
birlikte, daha once yapilan ¢alismalar, IgG glikosilasyonunun otoimmiin hastaliklarda
otoantikor fonksiyonlarini 6nemli Slgiide etkiledigini ortaya koymustur (Su ve ark.,
2020; Huang ve ark., 2017; Chen ve ark., 2015). Bu kapsamda yiiriitiilen bir ¢alismada,
tiroid peroksidaz otoantikorunun (TPOAD) AITD ile iliskisi ve IgG glikosilasyonunun
AITD patogenezindeki rolii arastirilmigtir. AITD'li ve TPOAb pozitif bireylerden
alman Orneklerde, IgG ¢ekirdek fukosilasyonu ve periferik kan mononiikleer
hiicrelerinin anten a1,2 fukozilasyon seviyelerinin azaldig1 tespit edilmistir (Martin ve
ark., 2020). Calisma, azalan IgG c¢ekirdek fukosilasyonunun, antikora bagimli hiicre
aracili sitotoksisiteyi (ADCC) artirarak TPOAD ve AITD ile iliskili yeni bir risk faktorii
olabilecegini one siirmektedir. Bununla birlikte, TPOAD ile AITD arasindaki iligkinin
tam olarak anlagilabilmesi i¢cin daha kapsamli ¢alismalara ihtiyag¢ duyulmaktadir.

HT hastaliginda simdiye kadar serum IgG glikoproteinleri lizerinde yogunlasilmig
olmasma ragmen, diger serum glikoproteinlerinin glikosilasyon profilleri yeterince
aragtirilmamistir. Yakin zamanda yapilan bir ¢alismada, HT hastalar1 ve saglikli
kontrollerden alinan serum orneklerinde IgG glikoproteini uzaklastirilarak, kalan
serum proteinlerinin N-glikan yapilari incelenmistir. Sonuglar, HT serumlarinda
monosialile edilmis ii¢ antenli ve disialile edilmis diantener yapilarin 6énemli 6lciide
arttigini, ayrica HT serum proteinlerinde ¢ekirdek al,6-fukozilasyonun azaldigini ve
a2,3-sialilasyonun arttigin1 gostermistir (Zabczynska ve ark., 2020). AITD’nin glikan
profillerine iliskin literatiir bilgileri, RA ve SLE gibi diger otoimmiin hastaliklara
kiyasla daha sinirhdir. Bu alanda elde edilen bulgularm bir kismi Tablo 4'te
Ozetlenmistir.
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Tablo 4. Otoimmiin Tiroid Hastaliklarinin (AITD) Glikan Profilleri (TgAb:
Tiroglobulin otoantikoru, HT: Hashimoto tiroidi, GD: Graves hastaligi, TPOAb:
Tiroid peroksidaz otoantikoru)

Protein Calisma Grubu Glikosilasyon Kaynak
HT, GD ve farkli | HT hastalarindaki TgAb'nin Zhao ve
TgAb otoimmiin tiroid gekirdek fukoz igerigi diger ark.,
hastalar1 hastalik gruplarina gére daha | 2013
diisiik seviyede
HT hastalarinin TgAb IgG
tizerinde mannoz, terminal
LIS';gtm TgAb HT hastalari ve sialik asit, ¢ekirdek fukozu ve Yian ve
saglhikl kontroller | Gal(B1-4)GleNAc(B1-2) Man ;B 1"5
glikan yapilart saglikli
kontrollere gore daha yiiksek
oranda
IgG ¢ekirdek .
TPOADb pozitif fukosilasyonunun ve periferik Martin
IgG bireyler kan mononiikleer hiicrelerinin | ¥ ark.,
anten al,2 fukozilasyonunun 2020
azalmis seviyeleri
Serumda monosialile edilmis
Serum li¢ antenli ve disialile edilmis | Zabczyns
glikopr ot.einler i | HT hastalari ve diantener yapilarda 6nemli ka ve
(IgG hari) saglhikl kontrolleri | Olgiide artis ark.,
Serum proteinlerinde ¢ekirdek | 2020
al,6-fukozilasyonunda azalis,
2,3-sialilasyonunda artig

4.5. inflamatuar Bagirsak Hastahg

Inflamatuar bagirsak hastaliginin (IBD) iki ana formu Crohn hastaligi (CD) ve Ulseratif
kolittir (UC). CD sindirim sisteminin tamamini etkileyebilir ancak genellikle terminal
ileum ve kolon bolgesi ile karakterizedir. UC ise kolon ve rektum mukozasi ile sinirlidir
(Iskandar & Ciorba 2012). IBD’nin g¢evresel faktorler ve genetik yatkinlik nedeniyle
bagirsak mikrobiyotasina karsi anormal ve siirekli bir immiin yanitin tetiklenmesi
sonucu ortaya ¢iktig1 diisiiniilmektedir (Zhang & Li, 2014).

CD ve UC’nin erken tespiti veya hasta sonuglarmi tahmin etmek ig¢in mevcut
belirteglere ek olarak yeni biyobelirteglere ihtiya¢ vardir. Bu amagla IBD’de bagirsak
miisinlerinin glikosilasyon modelleri ve inflamasyonda rol oynayan glikoproteinlerin
serum glikan seviyeleri gibi glikosilasyon profillerinin incelenmesine ydnelik
calismalar yapilmaktadir. Diger otoimmiin hastaliklara benzer sekilde IBD hastalarinda
da IgG'nin galaktosilasyonunda azalma tespit edilmistir (Nakajima ve ark., 2011;
Simurina ve ark., 2018; Trbojevic Akmacic ve ark. 2015). Ayrica IgG
fukosilasyonunun, saglikli kontrollere kiyasla CD hastalarinda arttig1 UC hastalarinda
ise azaldig1 rapor edilmistir (Simurina ve ark., 2018). IBD'li hastalar ve kontroller
arasindaki IgG glikom bilesimindeki farkliliklar1 belirlemek i¢in biiyiik bir calisma
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grubuyla yapilan bir ¢alismada onceki ¢aligmalarla uyumlu olarak galaktosilasyonda
onemli dl¢lide azalma tespit edilmistir. Buna ek olarak CD’de digalaktosile edilmis IgG
glikanlar iizerinde artan ikiye bdlen GIcNAc yapilarn analiz edilmistir (Trbojevic
Akmacic ve ark. 2015). Sonraki dénemde Clerc ve arkadaglari (2018) tarafindan 2635
IBD’li ve 996 saglikli kontrolii igeren biiyiik bir ¢aliyma grubuyla plazma N-
glikosilasyon profilleri incelenmistir. Bu ¢alisgmada hem CD hem de UC hastalarinin
plazma N-glikan profilleri saglikli kontrollerle karsilastirilmis ve CD ile UC
hastalarinda iki antenli glikanlarin daha diisiik, ii¢ antenli ve dort antenli glikanlarin
daha yiiksek seviyelerde oldugu tespit edilmistir. Ayrica, hibrit ve yiiksek mannozlu
glikan yapilarinin yani sira galaktosilasyon ve fukosilasyon seviyelerinin de daha
diisik oldugu gozlemlenmisti CD ve UC hastalar1 karsilagtirildiginda, CD
hastalarinda galaktosilasyon seviyelerinin daha diisiik, diantenner fukosile glikanlarin
sialilasyonunun daha yiiksek ve 6zellikle fukozile edilmis {i¢ antenli glikanlarin 02,3-
sialilasyonunun arttigi bulunmustur. Buna karsilik, UC hastalarinda iki antenli
glikanlarin fukosilasyon seviyelerinin daha diisiik oldugu tespit edilmistir (Clerc ve
ark., 2018). Clerc ve arkadaslar1 (2023), CD ve UC hakkindaki bilgileri genisletmek ve
invaziv olmayan biyobelirtegler gelistirmek amaciyla yaptiklari bir ¢alismada, 188 CD,
254 UC hastast ve 120 saglikli kontrolden olusan toplam 443 IBD 6rneginde IgAl ve
IgA2 glikosilasyon yapilarini incelemistir. Caligma sonucunda, IBD hastalar1 ile
saglikli kontroller arasinda IgA1 ve IgA2 antikorlari {izerindeki N- ve O-glikosilasyon
yapilarinda anlamli farkliliklar tespit edilmistir. Ancak, bu bulgularin CD'yi
tanimlamak i¢in kullanilabilecegi, UC igin ise diisiik ayrim giiciine sahip oldugu
belirtilmistir. CD hastalarinda, IgA yapilarinin Asn144 ve Asn205 bolgelerindeki N-
baglt glikanlarin diigiikk galaktosilasyon ve sialilasyona sahip oldugu bulunmustur.
Ayrica, CD ve UC hastalarinin IgAl antikorunun Ser89-126 bdlgesindeki O-
glikanlarinda, saglikli kontrollere kiyasla daha az GalNAc bulundugu ve CD
hastalarinda ayn1 bolgede sialilasyon seviyelerinin daha diisiik oldugu gézlemlenmistir
(Clerc ve ark., 2023). CD ve UC hastalarinda gozlemlenen bu glikosilasyon
farkliliklarinin, IBD hastalarinin tanimlanmasinin yant sira hastalik alt tiplerinin ayirt
edilmesine de katkida bulunabilecegi diisiiniilmektedir.

Gastrointestinal mukoza, yogun sekilde glikosile edilmig miisin glikoproteinleri i¢eren
mukus ile kaplanmis epitelyal bariyerden olusur. Goblet hiicreleri tarafindan salgilanan
miisin (MUC2) N- ve O-glikosile edilmis bir glikoproteindir (Hani¢ ve ark., 2019).
Ancak MUC2 glikoproteinleri biiylik oranda O-glikosile edilmistir ve bu O-
glikosilasyonun sindirim proteazlarmma karst koruma sagladigi bilinmektedir
(Theodoratou ve ark., 2014). Literatiirde MUC2 glikosilasyon yapilarini tanimlayan
¢esitli caligmalar vardir. Robbe Masselot ve arkadaglar1 (2023), yakin zamanda
yaptiklar bir ¢caligmada, ilk kez CD hastalarinin digki miisinlerindeki glikan yapilarin
incelemistir. Hasta ve saglikli kontroller arasinda yapilan karsilastirmada, CD’li
bireylerde sialile edilmis glikanlarin 6nemli 6lgiide azaldig1 gézlemlenmistir (Robbe
Masselot ve ark., 2023). Bu ¢alisma, bagirsak hastaliklarinin erken teshisi ve hastalik
aktivitesinin belirlenmesi i¢in serum N-glikan yapilart ile diskidaki miisin
glikosilasyon profillerinin daha detayli arastirilmasinin, yeni noninvazif
biyobelirteglerin gelistirilmesine olanak saglayabilecegini diisiindiirmektedir. IBD’ye
ait incelenen glikan profilleri Tablo 5'te 6zetlenmistir.
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Tablo 5. inflamatuar Bagirsak Hastaliginin (IBD) Glikan Profilleri
(CD: Crohn hastahig1, UC: Ulseratif kolit)

Cahisma

CD ve UC’nin IgA1 antikorunun
Ser89—126 bolgesindeki O-
glikanlarinda kontrol grubuna gore
daha az GalNAc

Protein Grubu Glikosilasyon Kaynak
Nakajima ve
ark., 2011;
IBD ' Simurina ve
IgG Galaktosilasyonda azalma ark., 2018;
hastalar1 o
Trbojevic
Akmacic ve
ark. 2015
Fukosilasyonda; S
IgG l?;?t:far[fc CD hastalarinda artis :rllr(n u;glla Sve
UC hastalarinda azalig ”
IBD CD’de digalaktosile edilmis IgG Trbojevic
IgG hastalart glikanlar {izerinde artan ikiye bélen | Akmacic ve
GlcNAc yapilar ark. 2015
Hastalarda daha diisiik seviyelerde
iki antenli, daha ytiksek seviyelerde
ti¢ antenli ve dort antenli, daha
diistik seviyelerde hibrit ve yiiksek
mannozlu glikan yapilar1 ve daha
diisiik galaktosilasyon ve
fukosilasyon kesfedilmistir
Plazma N- | CD, UC ve CD ve UC hastalar1
glikan saglikl kargilagtirtldiginda; Clerc ve ark.,
proflleri kontollerle CD’ de galaktosilasyonun daha 2018
karsilagtirma | diisiik seviyeleri, diantenner
fukosile glikanlarin sialilasyonunun
daha yiiksek seviyeleri ve 6zellikle
fukozile edilmis {i¢ antenli tiirlerin
a2,3-sialilasyonu gozlemlenirken
UC’ de iki antenli tiirlerin
fukosilasyonunun daha diigiik
seviyeleri analiz edilmistir
CD’de kontrol grubuna kiyasla
Asnl144 ve Asn205 bolgelerindeki
N-glikanlarin diisiik galaktosilasyon
ve daha diisiik sialilasyonu
CD, UC ve CD’nin IgA1 antikorunun Ser89—
oA saglikl 126 bolgesindeki O-glikanlarinda Clerc ve ark.,
& kontollerle saglikli kontrollere kiyasla daha 2023
karsilagtirma | diisiik sialilasyon
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Diski Crohn Crohn hastalig1 olanlarda sialile Robbe
miisin hastalart edilmis glikanlarda dnemli bir Masselot ve
proteinleri azalma goézlemlenmistir ark., 2023

5. SONUC VE GELECEK PERSPEKTIiFLERI

Insan émriiniin uzamastyla birlikte, yasam kalitesinin iyilestirilmesine yonelik cabalar
ve yaslanma siirecinde ortaya c¢ikan kronik hastaliklarin erken teshisi 6nem
kazanmaktadir. Bu baglamda, hastaliklarin klinik belirtiler ortaya ¢ikmadan tespiti veya
baslangic evresinin geciktirilmesi amaciyla plazma/serum N-glikom profillerinin
biyobelirteg olarak kullanimina yonelik arastirmalar artan ilgi gormektedir (Crimmins
ve ark., 2015; Cindri¢ ve ark., 2021). Otoimmiin hastaliklar, yayginligi ve siklikla
yasami tehdit edici komplikasyonlar1 nedeniyle kiiresel bir saglik sorunu olarak 6ne
¢ikmaktadir (Green ve ark., 2007). Bu hastaliklarda hem hedef doku proteinlerinin hem
de immiin sistem bilesenlerinin glikosilasyon modifikasyonlarinda dinamik
degisiklikler gozlenmektedir. Glikanlarin yapisal ¢esitlilikleri ve hastaliga 6zgi
modifikasyon kaliplari, erken tani ve progresyon izleme siireglerinde umut vaat eden
biyobelirtegler olarak degerlendirilmektedir (Zabczynska ve ark., 2021). Glikan
profillerinin, hastalik aktivitesi ve tedavi yanitina bagli olarak dinamik bir sekilde
degisebilmesi, bu molekiillerin terapdtik izlemde kullanimini desteklemektedir. Ayrica,
glikan tabanli biyobelirteglerin patogenez mekanizmalarinin aydinlatilmasma katki
saglamasi, yeni tedavi hedeflerinin belirlenmesine ve kisisellestirilmis tedavi
stratejilerinin geligtirilmesine olanak taniyabilir (Lyman ve ark., 2022). Bununla
birlikte, glikan biyobelirteglerinin klinik uygulamaya entegrasyonu heniiz erken
asamadadir. Glikan analizlerinin teknik olarak karmagik, maliyetli ve ileri diizey analiz
altyapisi gerektiriyor olmasi, klinik pratikte yaygin kullaniminin 6niinde bir engel teskil
etmektedir. Ayrica, glikan profillerindeki bireyler arasi varyasyonun yiiksekligi,
standart biyobelirte¢ panellerinin olusturulmasini giiglestirmektedir. Ancak son yillarda
yiiksek verimli analiz teknolojilerinin gelisimi ve yapay zeka destekli veri isleme
yaklagimlarinin benimsenmesi, bu sinirlamalarin asilmasint miimkiin kilabilir.

Glikan verilerinin kapsamli analizi, biyoinformatik araglar ve biiyiikk veri analitik
yontemleriyle desteklenmekte, bdylece klinik anlamliligi yiiksek glikan
biyobelirteglerin tanimlanmasi miimkiin hale gelmektedir (Etxebarria & Reichardt,
2016). Ancak, bu biyobelirteglerin rutin klinik kullanima entegrasyonu igin
standardizasyon, validasyon ve genis hasta kohortlarinda dogrulama calismalar
gereklidir. Bu siirecte, hastaligin tiim evrelerini kapsayan longitudinal ¢aligmalarin yan
sira yas, cinsiyet, cevresel maruziyetler ve epigenetik faktorler gibi demografik ve
cevresel parametrelerin dikkate alinmasi kritik 6nem tasimaktadir (Shipman ve ark.,
2020). Ayrica, glikan analiz tekniklerinin yiliksek tekrarlanabilirlik, duyarlilik ve
ozgiilliik saglayacak sekilde optimize edilmesi, klinik uygulamalarda tutarlt sonuglar
elde edilmesini garanti altina alacaktir. Uluslararasi konsorsiyumlar araciligiyla
gelistirilecek protokoller, glikan biyobelirteglerinin kiiresel dlgekte benimsenmesini
hizlandirabilir. Analitik teknolojilerdeki ilerlemeler, glikan profillemenin dogrulugunu
ve verimliligini artirarak diisiik maliyetli ve yiiksek ¢iktili platformlarin gelistirilmesine
olanak saglamaktadir (Deng ve ark., 2024). Bu teknolojik yenilikler, &zellikle kaynak
kisith ortamlarda glikan tabanli tani1 yontemlerinin erigilebilirligini artiracak
potansiyele sahiptir. Ayn1 zamanda, glikan profilleme ve biyoinformatik analizlerdeki
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ilerlemeler, biyoloji, kimya, eczacilik, biyoinformatik ve biyoistatistik gibi bir ¢ok alan
iceren multidisipliner isbirligini tesvik etmektedir. Bu tiir isbirlikleri, glikan
biyobelirteglerinin sadece tani amagli degil, ayn1 zamanda terapdtik hedefler ve ilag
gelistirme siirecinde de kullanilmasini saglayabilir.

Son yillarda yapay zeka ve makine Ogrenimi algoritmalarinin tip alanindaki
entegrasyonu, glikan biyobelirteglerinin klinik potansiyelini doniistiiriicii bir boyuta
tasimaktadir (Stafford ve ark., 2020). Yapay zeka destekli modelleme, kompleks glikan
veri kiimelerindeki desenlerin tanimlanmasi, hastalik progresyonunun tahmini ve
kisisellestirilmis tedavi algoritmalarinin gelistirilmesi i¢in giiclii bir ara¢ olarak one
cikmaktadir (Alkuhlani ve ark., 2021). Ayrica, multi-omik entegrasyon (glikomik,
proteomik, genomik) ile otoimmiin hastaliklarin molekiiler mekanizmalariin
sistematik olarak haritalandirilmast miimkiin hale gelmektedir (Bojar & Lisacek,
2022). Yapay zeka tabanli tarama yontemleri, mevcut veritabanlarinda gizli kalmis
glikan biyobelirteclerinin  kesfedilmesine ve risk stratifikasyon modellerinin
gelistirilmesine katki saglayabilir (Li ve ark., 2022). Sonug¢ olarak, glikanlarin
otoimmiin hastaliklarda biyobelirteg¢ olarak kullanimi, mevcut teknolojik ve
metodolojik ilerlemeler 1s1¢imnda 6nemli bir klinik potansiyel barindirmaktadir. Ancak
bu potansiyelin tam anlamiyla klinik translasyona doniistiiriilebilmesi i¢in; randomize
kontrollii ¢aligmalar, prospektif kohortlar ve disiplinler arasi is birligi ile desteklenen
kapsamli bir arastirma giindemi gerekmektedir. Bu siiregte, temel bilimlerden klinik
uygulamalara uzanan biitiinlesik bir yaklagim, otoimmiin hastaliklarin ydnetiminde
yeni bir paradigma olusturabilir. Son olarak, randomize kontrollii ¢aligmalarla elde
edilen giiclii klinik kanitlar ve regiilatuvar kurumlarla koordineli yol haritalari, glikan
biyobelirteglerinin onay siireglerini hizlandiracaktir. Saglik profesyonellerine yonelik
egitim programlar1 ve karar destek sistemleri ise bu yeniliklerin hasta bakimina
entegrasyonunu kolaylastiracaktir.

Yazarlarin Katkisi
Yazarlarin makaleye katkilar1 esit orandadir.

Cikar Catismasi Beyam
Yazarlar arasinda herhangi bir ¢ikar ¢atigmasi bulunmamaktadir.

Arastirma ve Yayin Etigi Beyam
Yapilan ¢aligmada arastirma ve yayin etigine uyulmustur.
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